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Introduction

A semi-popular science book on reproductive genetics: why, you may ask? Because reproduc-
tion is the central theme in both biology and evolutionary biology.

How can a species persist? The relay baton in the form of the fusion of the egg and sperm
cell creates a new generation that gets to run another lap and pass on the baton. What lies
behind this metaphor, and how does it work? What are the implications of this relay race for a
species? The field of reproductive genetics seeks answers to these questions.

The themes of reproductive genetics are at the heart of the big questions of life: where do |
come from, who am I, and where am | going? Issues that are not only relevant for any particular
individual in the present but that also greatly involve past and future generations. The thought
that the germline has never been interrupted in the time that came before us can truly make your
head spin; in a way, we are as old as life itself.

In reproductive genetics, several disciplines within biology come together, including cell biol-
ogy, molecular biology, genetics, cell genetics, molecular genetics, but also quantitative and
population genetics. Expanding the scope slightly will also bring anatomy, endocrinology and
behavioural biology into the picture. Here, we aim to map the field in such a way that high school
biology knowledge (in the Netherlands: at VWO level) combined with interest, curiosity and
(probably or most likely) professional involvement should be enough to read this book.

The first part (chapters 1-6), serves to refresh some basic knowledge. For this, we have
drawn from textbooks such as Essential cell biology by Alberts et al., (2022) and Introduction to
genetic analysis by Griffith et al., (2020).

The book then takes you on a journey through the germline, from the fertilised egg through

the first embryonic cleavage divisions, to the segregation of the cells that will later give rise to



Sex specific '
differentiation Reprogramming of
germline

Reprogramming of
paternal and maternal
chromatin
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FIG1

An impression of the germline, illustrated in humans. Gametes are specialised cells
and at the same time, they enable new life that can continue indefinitely. For this, it is
necessary that the chromatin is reprogrammed (or “reset”, Ch9) from the beginning
of fertilisation; a new round of development begins. However, this is not enough for
the germline. When the new generation of germ cells, the primordial germ cells,
is defined just after implantation of the embryo (purple, fig 43), a second round of
reprogramming follows, during which origin-specific chromatin markers (indicating or-
igin from the father or the mother) are also removed. This is covered in chapter 10,
“‘genomic imprinting”. The chromatin to which this applies, containing a small but
important group of genes, is later returned to the imprinted state. That happens during
oogenesis and spermatogenesis, at which point it matches the carrier’s sex. In this
way, it is determined which parent’s genes that are involved in this, will be “switched on”

in the next generation, the other copy being inactive.

mature eggs and sperm (chapters 7-18). The acquired insights are based on a range of research
techniques. Our understanding of the production of egg and sperm cells, the gametes, has
greatly improved in the last ten years. In this field, analyses at the single-cell level have become
increasingly important. It is another area where technological development drives research. Our
understanding of what needs to happen in the germline to activate and, in particular after fertilis-
ation, deactivate genes will continue to improve, as well as our understanding of the involvement
of specific genes in these processes.

How are the characteristics of both parents combined after the fusion of the egg and sperm
and the subsequent development of the embryo? How often do changes occur in the DNA and
possibly in the factors controlling genetic material? What causes these changes, and is this
normal? How does the clock reset with the creation of each new generation? What are the
influences of artificial reproduction (IVF) on these changes in and around DNA? In order to get
a grasp on all these subfields of reproductive genetics, | have extensively reviewed literature
from the past ten years. Not comprehensively, which is simply not feasible, but rather guided
by over 40 years of teaching and research experience in this field. The literature is an integral
part of that. At times, the insights obtained from scientific production are widely shared within

the community, while at other times, they may be more personal. The latter might be considered
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less scientifically sound, but it is still perfectly legitimate because of the incredible complexity of
cells and organisms and the interactions with their environments. There is still much to be inves-
tigated and to be learned in this regard. Besides, we can distinguish “splitters” and “lumpers”.
“Splitters” follow well-established paths. They unravel every component of the cell, down to its
smallest parts, and then try to determine the function of each component, e.g. a protein, and
sort of prove this. “Lumpers”, on the other hand, attempt to integrate everything into a whole,
pursuing a holistic view.

On a higher level than the molecular focus, there is often a situation of accumulating evi-
dence. Observations seem to support a certain way of thinking. Ultimately, the educated guess,
the lowest level of scientific certainty, can also be of value.

The aim of this book is to turn the complex events in the germline, which are repeated from
generation to generation, into language. “Why” questions will be inevitable here. These are
often tricky in biology. “Nothing in biology makes sense except in the light of evolution,” posited
Ukrainian-American geneticist, entomologist and evolutionary biologist Theodosius Dobzhansky,
who worked with fruit fly species, towards the end of his life in 1973. All the more reason to con-
fine the area in this book to mammals such as mice, occasionally cows and pigs, but with special
attention to humans. Research tools, methodologies and outcomes of scientific experiments are
rapidly expanding in scope. This brings clarification but also opens up new avenues of wonder.

Therefore, in my opinion, much of Dobzhansky’s statement is still true.

Genetics certainly comes with a specific language. Concepts need to be well defined, and a
“genetic dictionary” already existed in 1972. Nowadays, you can find all these concept descrip-
tions or definitions in the glossary at the end of textbooks. This is the approach | use here as well.
The first time concepts are mentioned in a chapter and figure/table legends, they are highlighted
in bold. These definitions are, as much as possible, based on the previously mentioned scientific
textbooks by Griffiths and Alberts. In the bibliographies provided at the end of the book, listed by
chapter and text box, those publications that are important and/or inspiring are marked with an
asterisk. This also includes the publications used for the figures and tables.

The historical development of specific insights is certainly covered in the chapters. This can
be informative, as applications in biotechnology often tend to precede the biological-genetic
understanding of concepts. Outcomes that differ from the line of thought also occur quite fre-

quently in the so-called translational sciences.
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This book is not primarily written for direct use in education, but it may very well be used
for this purpose, bearing in mind that, for example, through the increasingly wide use of DNA
sequencing, the parameters for genetic variation and mutation in the population will become
more and more precise. This is just one example of the technological revolution, mainly in cell
biology research. It results in large databases, the spin-off of which is not always easy to fully
realise and convey. The illustrations are a good starting point, and a course reader for students

could be created alongside the book.

In the late 1960s, my reproduction-oriented research activities started with cows, then pigs and
mice; | was an Animal Sciences student in Wageningen, the Netherlands. From 1971, the focus
was mainly on mice for many years, until humans entered the picture in the late 90s. Eventually,
| focused only on our own species. This was, of course, because reproductive genetics nestled
itself in society mainly through the growing significance of in vitro fertilisation, and research
questions and possibilities focused on practical applications expanded. But this was not the
only reason. Take one of the quality newspapers and cut out anything that relates to the subject.
Many weeks, relevant articles are found with, for instance, a peak in coverage around the public
release of the first genetic changes made to the human germline via the CRISPR-Cas technique,
in November 2018. However, questions also arise due to people postponing the realisation of
their desire to have children, with ageing playing a crucial role in this. And what is going on with
sperm production? These topics make it into the columns of our quality newspapers. Via the
widely discussed declining trend in male fertility, you indirectly enter the field of reproductive
toxicology, which is not only relevant for sperm development but most likely also for egg devel-
opment. This book also makes small side trips towards the identification of distant relatives
and into paleobiology, the reconstruction of our recent evolutionary past. On top of that are the
ever-increasing ambitions in the world of artificial reproductive technologies, in which a parallel
with Charles Mann’s book The Wizard and the Prophet (2018) can easily be discovered. In that
book, the biotechnologist stands as a wizard opposite the prophet, who takes spontaneous fer-
tility as a starting point.

Reproductive genetics is a field with many faces and aspects, the majority of which have
crossed my path at some point since 1968. What is the image that emerges when you try to con-
nect these aspects as much as possible? Does that lead to a greater biological understanding?

Exploring this is the real intent of this book.

Introduction 15



Sometimes, a picture says more than 1,000 words. Marc Maas, well-acquainted with genetics
and a scientific illustrator, has been eager to use his talent to fill the gap between scientific
textbooks and popular scientific writing. Judith Swart has taken great care to translate the text
up to the level of the meaning behind the sentences. We wish you an entertaining and inspiring
journey through the germline, with an open and curious mind to all the marvellous things that

take place there.
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CHAPTER1

Impression of a cell

The body consists of an astronomical number of cells, occurring in several hundreds of cell
types. For a human weighing 75 kg, this number is estimated to be 37.2 x 10'2. One special group
of cells from this enormous population takes centre stage in this book. These are the cells of
the germline, which produce the gametes (eggs and sperm) that connect generations. These
cells are already present during embryonic and foetal development. After birth, during different
stages of growth and in adulthood, they assume different forms, which is necessary to continu-
ously connect generations through time with an almost endless number of repetitions. The cells
of the male and female germline naturally have their own functions, but in certain aspects they
undergo similar processes, in which the egg becomes the largest cell in the body, and the sperm
the smallest. While an average somatic cell is about 3,000 um? in size, a sperm cell is 10 times

smaller, and an egg cell is 1,300 times larger (a pm is 1/1000 mm).

Despite years of research, we still do not understand everything about the processes that make
cells function as the smallest independent living unit of our tissues and organs. We also still
know surprisingly little about the mechanisms that cells use to remain vital and to respond flex-
ibly to the constantly changing conditions in their environment. In his valedictory lecture, deliv-
ered on June 1%, 2018, Bé Wieringa, professor of cell biology at the Radboud University Medical
Centre (Radboudumc) in Nijmegen, extensively addressed not only many well-known aspects
but also the gaps in our knowledge surrounding cells. He also provided a glimpse into possible
directions of future research. His presentation began with him showing us the chemical formula
of the composition of the human body: this can be written as C 10%7; H 10%; O 10%7; N 10%; P 10%;



S 10%4; Ca 10%; K 10%; Cl 10%*; Na 1024, Mg 10%; Fe 10%; F 102%; Zn 102?2; Si 102%; Cu 10%'; B 10?";
| 102°; Sn 102°; Mn 102%; Se 10%%; Cr 102%; Ni 102°; Mo 10'°; Co 10'%; V10'°.

With a bit of math, this brings you to about 10" atoms per cell, chemically linked in an unbe-
lievably large number of different molecules, which together define life. Besides the ubiquitous
carbon, hydrogen, oxygen and nitrogen, there is an abundance of phosphorus, sulphur, cal-
cium, magnesium, sodium and potassium. The elements that are present in smaller amounts are
called trace elements. The fact that they are not as abundant does not diminish their importance.
For example, zinc (Zn) and selenium (Se) are often associated with the quality of sperm (Ch17.4).

Figure 2 shows a somewhat artistic and extremely simplified impression of a cell. Firstly, the
prominent boundaries around the cell itself and around the cell nucleus stand out in this figure.
These boundaries consist of membranes formed by a tight double layer of different types of
lipids, with phospholipids, glycolipids and cholesterol being the most common ones.

Membranes play a role in many cellular activities; their main task is not only to form a barrier
but also to enable communication and transport between the interior and the exterior environ-
ment. The nucleus, a storage place for our genetic material (the DNA) and the centre of organ-
isation and control of the cell, even has a double membrane with special adaptations for this
purpose. To facilitate transport between the nucleus and the rest of the cell, this nuclear enve-
lope has pores (fig 2) through which even large molecular structures can be transported from the
nucleus into the cell. Around and inside the cell, single membranes are mostly found, as seen in
the organelles, compartments with specialised functions. Every cell has several types of those
organelles. Among them are the endoplasmic reticulum (fig 2), involved in the synthesis and
modification of proteins; the Golgi apparatus (fig 2), working as a kind of sorting and transport
station of the cell (and also involved in lipid metabolism); and the peroxisomes and lysosomes.
The latter two are responsible for the conversion of reactive oxygen species and waste disposal
in the cell, respectively. Remarkably, the mitochondria (fig 2), the powerhouses of the cell, which
are also involved in other metabolic conversions and even in the regulation of cell death (apop-
tosis), are enclosed by a double membrane.

The shape and function of the cell are further supported by an internal skeleton with highly
flexible properties (fig 2). This skeleton controls the dynamics and movement of the cell and
plays a particularly important role in cell division. Each of these parts of the cell has already been

extensively studied using a variety of techniques.
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Nevertheless, our knowledge of what happens in the liquid and solid environments inside the
cell — the cytoplasm, nucleus and organelles — is still far from complete. In order to keep a cell
alive, there must actually be a continuous state of slight imbalance, which can be gauged by the
concentration and behaviour of those huge numbers of molecules (RNAs, proteins, lipids, sug-
ars, ions, etc.). Consequently, there is permanently a huge dynamic in the molecular composition
within and between cell compartments, a dynamic that is also evident in the communication
between the external and internal environment. The resulting complexity is almost incomprehen-
sible, and “frozen” illustrations of the location and the often enormous amounts of different types

of molecules, as shown in figure 2, are, of course, a radical simplification of reality.

It is crowded in a cell, incredibly crowded. This is known as molecular crowding. Just keeping a
cell functional and vital requires the expression of a large number of genes. Recent estimates
indicate that the RNA and protein products of ~3000 to ~7000 of the approximately 20,000 pro-
tein-coding genes in humans (and other mammals) are involved in sustaining the basic functions
of each cell. Each protein-coding gene will lead to the synthesis of several types of messenger
RNA (box 1), and these mRNAs are translated into proteins by ribosomes, sometimes up to
hundreds or thousands of times (fig 2, box 1). For this purpose alone, each cell possesses an
enormous synthesis capacity, in the form of massive numbers of ribosomes in the cytoplasm
and on the endoplasmic reticulum (fig 2). The total number of mMRNA molecules is estimated
at more than 3 x 105, resulting in an average production of roughly 10 billion protein molecules
within each cell after translation (fig 2, box 1). About 10% of these are eventually found in the
cell membrane. However, the picture presented here only provides an impression of the average
process. Depending on the cell type and its specialisation, cell-specific gene products are also
produced.

The numbers of RNAs and proteins mentioned here can thus vary significantly and can
even be many times larger. The complexity of all of this expands not only in terms of quantity
but also in terms of the types of proteins, because a very large percentage of our genes can
encode multiple protein variants (including by so-called alternative mRNA splicing, box 1, fig 9).
Therefore, the aforementioned 20,000 genes in our hereditary material carry the information for
a multitude of different protein types. Elsewhere in the genome, codes are found for specific
classes of small proteins (up to about 100 amino acids long). Not all of them are known yet, but
they are of biological importance. Moreover, many proteins are often further modified through

the either temporary or permanent attachment of various chemical groups in order to control
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FIG2

Highly schematic representation of a cell. In the nucleus, the brown chromatin has a
higher density than the light blue (see also fig 7). The nucleolus, the nuclear body in
which the ribosomal RNA accumulates after transcription (and where it does have a
high density), is indicated. The ribosomes on the endoplasmic reticulum are yellow. The
depiction of the cytoskeleton in green is highly schematic and incomplete. The large
number of phospholipid molecules underlines the importance of membrane structures

for the cell.

their function or life span. Well-known examples out of the more than 50 reactions known for this
purpose include phosphorylation, methylation, acetylation, ubiquitination, glycosylation, hydrox-
ylation and sumoylation. Many proteins do not function on their own and can only act when they
are linked with other proteins, forming joined complexes. Their function is often only temporary.
This dynamic cooperative behaviour, and thus the biological functioning of the whole complex, is
constantly regulated by the addition and removal of the chemical modifications mentioned above
(which are, in turn, controlled by the enzymatic activity of other proteins). Another way to high-
light the mind-blowing complexity of a cell is by pointing out that approximately 10,000 different
organic and inorganic small-molecule substances may be involved in all the chemical processes
that collectively control the cell’s metabolism.

Collectively, this unimaginable amount and variety of molecules ensures that coordination
and balance are maintained in the activities of the cell, including equilibria within and between
cells. This natural physiological equilibrium is also referred to as “homeostasis”. In the regula-
tion of this homeostasis, the margins can sometimes be quite wide. While strict rules seem to
exist for the timing and quantity of production of some gene products, the generation and use of
many RNAs and proteins can sometimes seem like a rather random process. Even when a cell
becomes dysregulated and stressed as a result, it is not necessarily immediately fatal. In fact,
cells have various ways to defend themselves against stress, allowing them to regain their bal-
ance. Excessive uniformity in cellular actions and interactions with the environment is not even
good. Without any subtle disturbances of balance and gradients of molecular concentrations
(between microcompartments in the cell and between the interior and exterior), nothing would
flow or move, and a cell would be stone-dead. There is constant action and movement, and that

makes cells alive!
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Driven by technology, the insight just described has led to major changes in cell biology research.
For example, the physico-chemical environment is increasingly being studied, down to the tiniest
corners of the cell. This involves investigating the response to mechanical forces, the production,
distribution and use of energy-carrying compounds, and the peculiar interactions that molecules
can have with each other locally in the cell, where the incredible density of molecules leaves
no room for water. It has recently been discovered that in such environments, “crowd control”
is needed to manage the density, similar to the measures taken to manage the COVID-19 pan-
demic. New molecular and microscopic techniques also allow for the observation of entirely new
types of associations between RNA molecules and proteins. Here, a so-called phase transition
from liquid to solid occurs, and small-scale aggregates or membraneless organelles (“biomo-
lecular condensates”) are formed. The chemical reaction conditions inside these organelles are
not very well understood yet. One example of this is the nucleolus, known since the early days
of microscopy. This structure inside the nucleus acts as a factory for the synthesis of ribosome
components (fig 2), which are, in turn, essential for protein synthesis. The cell benefits from such
compacted structures, as it allows for certain important reactions to take place locally and very

quickly and efficiently.

Another more intensively studied new phenomenon within cell biology concerns the versatility
and flexible behaviour of RNA and protein molecules, comparable to the trend in today’s soci-
ety of a single job no longer being sufficient when hourly wages are lower. In some cases, this
concerns molecules that are evolutionarily old and have acquired multiple biological functions
over time. It can also involve protein molecules that no longer have a uniform three-dimensional
shape. They can assume their active form when action is required, “as if key and lock are made
to fit when you open the door,” as Wieringa put it in his valedictory lecture. For the population of
RNAs in the cell, new functions continue to be described almost every month. In addition to the
three classical types of RNAs, r(ibosomal) RNA, t(ransfer) RNAs and m(essenger) RNAs (box 1,
fig 9), we now know many new forms of RNA, such as the s(hort) and I(ong) n(on) c(oding) RNAs
and the circular RNAs, the functions of which are still far from being fully understood.

From the foregoing, it will be clear that the variation in the molecular content of cells can
be enormous, even within a population of one type that looks very similar at first glance. When
abnormalities become too large, causing an individual cell within the population to cross the
threshold and undergo the process of naturally regulated cell death (apoptosis), it is not a dis-

aster. In multicellular organisms, neighbouring cells in a tissue or organ can easily compensate
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for this. All of this applies to gametes as well, although the concept of quality has a different and
often more crucial connotation in that context. That will be addressed later. First, let’s focus on
the structure and function of the nucleus, the control room where our DNA is stored, embedded
in the chromatin of the chromosomes (fig 2), and from where all the life functions mentioned
above are directed (Ch2).

Chapter 1| Impression of a cell 23






CHAPTER 2

Chromosomes

2.1 Introduction

There are four reasons why chromosomes are so wonderfully fascinating. Firstly, they function
as the knowledge centre of the cell, and, collectively, of the individual (Ch1). Secondly, they
serve as a physical stage for regulating the availability of genetic information (box 1) for the cell
(and thus for the organism). Thirdly, chromosomes can copy themselves to pass on information
to daughter cells and to the next generation. For this, they must be transportable, meaning they
must be able to condense and have a specialised structure, the centromere, which can be
pulled on during cell division (fig 3). Finally, the identical types of chromosomes obtained from
the father and mother (the homologues) can find each other in the germline in preparation for

reduction divisions on their way to haploid gametes, a process known as meiosis (Ch5, fig 13).

The number of chromosomes in a single set is indicated by the symbol N (the haploid number,
fig 12). This number varies among life forms, is species-specific, and hence also varies among
mammals. In humans, this set contains a solid 3 x 10 billion DNA bases. A diploid nucleus
contains 2N chromosomes: 46 in humans, 38 in pigs, 40 in mice and 60 in cows. This makes
relatively little difference to the total amount of DNA per nucleus, which does not vary much

between these species.



2.2 Chromosomes during the cell cycle

2.2.1 Thecellcycle

Over periods of time, cells are characterised by high division activity. That means that they have
an active cell cycle which is subject to regulation, a separate branch in cell biology. The goal here
is to introduce some concepts that we will benefit from later when we go through the germline.

Figure 4 shows the cell cycle in the typical textbook-like manner.

After division, a cell may or may not decide, guided by its environment, that it has had enough.
Terminally differentiated brain cells and muscle cells are examples of this. The genes needed to
produce daughter cells are switched off.

When newly produced daughter cells do not know when division activity will occur again
(but keep that possibility open), they are in the GO stage of the cell cycle (fig 4). Preparations
to duplicate DNA are temporarily out of the picture. A G1 daughter cell has no such doubts and
immediately prepares for the next cell division. In anticipation of the occurrence of mutations,
cells have detection systems to identify problems in the DNA in general, irregularities during
DNA duplication, and the absence of a correct connection between the chromosomes, in this
case, the chromatids (a name for the duplicated chromosomes prior to cell division) and the
spindle apparatus (fig 3, 4). In the literature, these are referred to as checkpoints.

Detection of DNA damage (a broad concept, see fig 33) activates one of these checkpoints
and leads to the “freezing” of the cell cycle: repairing the DNA damage takes priority, repair
comes before progression. Later we will see how the checkpoints function in the germline; DNA
repair is also active there.

When the cell considers the damage to be unreasonably large, euthanasia may be initiated,
either independently or upon the order of neighbouring cells. This phenomenon is known as
apoptosis (Ch1). A protein that plays an important role in the decision between apoptosis and
repair is code-named p53 (fig 4). P53 is a transcription factor (box 1) and can thus contribute
to the activation of genes, thereby determining the next steps. Transcription factors, proteins
that bind to the promoter region of the gene directly or indirectly through other proteins (box 1),
never work alone (box 1). This partly explains why p53 can drive both DNA repair and apoptosis;

it depends on its partners.
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FIG3

A visual representation of the cell cycle with an emphasis on the stages (phases) during
which chromosomes are visible due to chromatin condensation; mitosis has be-
gun. First to emerge from the interphase is the prophase. The centromeres, where
the spindle apparatus attaches, are shown in red. The spindle apparatus is partly
structured by the centrosomes with the centrioles, the “salt and pepper shaker”-like
constructs that define the poles of cell division (green). Once the chromosomes have
reached the plane of division through the action of the spindle apparatus, it is referred to
as the metaphase of the cell cycle. The release of the chromatids at the centromeres
marks the onset of the anaphase of the cell cycle. The stage in which chromosomes
are still visible, shortly before the formation of a new nuclear membrane, is known as
the telophase. In the germline, nuclear division is always accompanied by division of

the cytoplasm.
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When p53 chooses the path of preserving the cell, the cell cycle machinery is halted in the
G1 stage until the DNA is repaired (fig 33). The signal will then be green, and DNA replication
can start.

This step in quality control is known as the G1-S checkpoint (fig 4). If damage is noticed or
caused while the DNA is being replicated, p53 will also be signalled about another life-or-death
decision that must be made. In a situation where an accident strikes during the G2 phase, initi-
ating the entire division apparatus is a risky operation (fig 4). Once again, a break is taken. The
signal to prepare for mitosis is postponed until the chromosomal DNA is back in order. A final
high-risk stage in the transmission of the correct genetic information to the daughter cells is divi-
sion itself (fig 3, 4). A protein complex, the anaphase promoting complex (APC), plays a central
role in preventing incorrect distribution of chromatids (fig 3, 4) among the daughter cells. The
checkpoint itself is called the “spindle assembly checkpoint” (SAC).

When there is a defect in the connection of even one chromatid to the fibres of the spindle
apparatus (fig 3), the cell division is frozen until the connection is repaired. Occasionally, things
do go wrong, leading to a chromosome missing from a daughter cell. Often, the other daughter
cell winds up with an extra copy of that chromosome. This phenomenon is known as nondis-

junction.

2.2.2 Copying DNA in preparation for cell division

The part of the cell cycle that deals with the duplication of the genetic material is called the S
phase (or synthesis phase, fig 4). The time it takes a cell to copy the DNA is at least about 5 hours
and easily about 8 hours; it can vary considerably. The replication fork (fig 5) shifts at a rate of
100 bases per second. To stay within this time frame, replication must start simultaneously at
many sites per chromosome; otherwise, copying the DNA would take days. This initiation occurs
in clusters, meaning that the DNA polymerase machinery (fig 5) is synchronously activated on

adjacent chromatin loops (the “looped domains” and thus TADs of fig 7).
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FIG4

The cell cycle, but now with an emphasis on the interphase (G1, S and G2) in which
DNA duplication during the S (synthesis) phase is the defining element. G stands for
“gap” and M for mitosis, the nuclear division (fig 3), which, together with the division of
the cytoplasm, results in two daughter cells. The checkpoints, in which the transcrip-
tion factor p53 plays such a significant role, are indicated and collectively known as
the DNA damage response (DDR). P53 is also described as a police officer (see also
fig 33). The representation of the stages of the cell cycle does not represent the time
span, which is more variable for G1 and S than for G2 (shorter) and M (even shorter).
For highly actively dividing cells, a 12-hour cycle is possible, but it is usually longer. A
centromere that is not attached to the spindle apparatus triggers the “spindle assem-

bly checkpoint” (SAC) via the inactivation of the “anaphase promoting complex” (APC).
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FIG5

DNA replication. The chains of nucleotides in DNA (and RNA) have polarity. This is
indicated at the ends by a 3’ and a 5’, a notation derived from the molecular structure.
The DNA polymerase that links the nucleotides during replication can only add them at
the 3’ end. Since the matching of complementary bases A-T and C-G requires that the
strands of the DNA double helix run in opposite directions, the DNA polymerase also
works in two directions in the replication fork. The polymerase follows the unwinding
of the double helix into single-strand DNA. The ability of the DNA polymerase to proof-
read, i.e. directly correct an incorrectly incorporated base (nucleotide), is too important

not to mention here.

Replicating information is never completely error-free. Give the person on the left side of a fully
packed front row in a theatre a short sentence and ask them to whisper it to their neighbour, and
so on. Then, ask the person on the right side of this row to say out loud what they have heard.
Chances are that, by then, not much of the original sentence will be left. In this regard, the
DNA replication system of the cell does a much better job, whether it is the intestinal bacterium
Escherichia (E) coli or a mammalian cell.

The DNA polymerase reads the single-strand DNA molecule to be copied and inserts a T
nucleotide opposite an A and an A opposite a T. Mutatis mutandis, the polymerase picks a C
when it encounters a G in the strand to be copied, and, vice versa, a G when the code contains
a C (fig 5). In doing so, it makes one error per 100,000 links. This is recognised in 99 out of 100
cases by another part of the same protein, which then takes care of repair (fig 5). The remaining
error frequency of one in 10 million is still not biologically acceptable. Even a simple organism
like the bacterium E coli already has a repair system called mismatch repair (MMR) (fig 33). It
responds to a misincorporated nucleotide, say a C versus an A instead of a T, and has survived
all evolutionary upheavals: all mammals (including us) have it. Again, 99% of misincorporated
nucleotides are corrected. How the system can distinguish the recently incorrectly chosen base
from the template to be copied, which contains the correct information, is still not fully under-
stood in mammals. Eventually, replication has an error rate of one in a billion bases. That is three
per genome, so six for a diploid cell per cell division. Apparently, this is acceptable. The MMR
system will appear several times in later sections of this book, due to its great importance in the

germline.
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Once the chromosomes have been copied, the sister chromatids remain closely connected to
each other (fig 3, 6). Even before the chromosomes are copied, a protein complex is present that
provides structure, like a backbone (fig 7). In the study of nuclear structure and the robustness
of chromosomes within that nucleus (see below), the so-called cohesin complex (fig 6) plays
an increasingly important role. During replication, the ring-shaped complex consisting of four
proteins holds the two sister chromatids together. If this complex did not play such a significant

role in the germline, it would not be introduced here.

2.3 The chromatin structure of the nucleus

2.3.1 Introduction

If you could isolate the DNA molecules of each human chromosome just after the division of a
diploid cell, stretch them out and lay them end to end, you would have a total length of 2 metres
of DNA per nucleus. This length is packed into a tiny ball with a diameter of 5-8 pm: comparable
to 2 km of thread in a tennis ball. In an interphase nucleus, there is already an average conden-
sation factor of 500. In order to make the chromosomes transportable during cell division, an
additional factor of 20 is added to this.

To help us comprehend how all of this is possible without all that DNA getting tangled in an inex-
tricable knot, chromosome models have been designed (fig 7). As technology advances, these
models are constantly refined. By no means have all mysteries been unravelled yet, if we can
even formulate them. After all, reading genes (box 1), copying chromosomes (fig 5), repairing
the DNA that is constantly needed (fig 33), and condensing chromosomes in preparation for cell
division all involve changes in the structure of the DNA, complexed with many different kinds of
proteins, collectively known as the chromatin. Its ability to be stained effectively is very helpful
for recognition of the cell nucleus in tissue preparations, and of chromosomes when they are

captured on a microscope slide just before the moment of division (fig 3, 12, Ch3.4).
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FIG 6

An illustration of the cohesin complex and one of its important functions in the cell
cycle. The involved proteins are indicated with colours (apart from the cleaving enzyme
separase). The convention is to write gene names in italics; all in capitals for humans
and only the first letter for mice. The gene-derived proteins are completely written in
capitals and are not italicised for both human and mouse. The centromere region is
dark. Heading towards metaphase, the chromosome arms lose the cohesin complex
first; in the centromere region, this happens when anaphase begins. The meiotic ver-
sion is subtly more complicated compared to the mitotic version shown here. Whereas
this complex was initially studied for its major role in the separation of chromatids in
mitosis and in the second meiotic division, and of homologous chromosomes during
the first meiotic division (fig 3, 13 and 30), it now receives at least equal attention for its

function in organising the interphase nucleus (fig 7).

The diagram in figure 7 begins with the structure of the DNA double helix (the Watson-Crick
model from 1953). For the first level of storage, cells use nucleosomes, which consist of 8 small
histone proteins around which the DNA is wound (fig 7, 8). Each nucleosome contains two of
the four main histone types: H2A, H2B, H3 and H4.
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FIG7

Highly schematic representation of the structure of chromatin in the interphase nucle-
us. The DNA double helix (a) regularly winds around a complex of 8 histone proteins,
creating the nucleosomes (see also fig 8) that form seemingly endless chains (b). The
chains are organised into loops, often referred to as looped domains (c). The cohesin
complex (fig 6), depicted here as very small green arrowheads at the base, plays an
important role in the formation of these loops, hence representing a sort of backbone
of the chromosome. Sections of these chains can have a looser and more open struc-
ture (d). The open structure is necessary to facilitate transcription (box 1). The more
recently discovered key concept for understanding the structure of chromatin in the
nucleus is the “topologically associating domain” (TAD, e). These can have a more
open (blue, larger) or a more closed chromatin structure (reddish-brown, smaller), cor-
responding to the transcription activity of genes in the looped domains that populate
these TADs. They are several hundred kb in size (median value 880 kb). Finally, in the
nucleus (f), it is indicated that the active TADs are located more inward. The chromo-
somes have their own domain here, so TADs typically (but not necessarily) consist of
chromatin from one specific chromosome. Besides the TADs, the nuclear membrane
and nucleolus also play a significant role in the chromatin organisation within the nu-

cleus.

Understandably, they have been well-conserved over the course of evolution: for example, H4
differs by only two out of 102 amino acids between peas and cows. The positions of nucleo-
somes on the DNA chain are not fixed; they can vary. This movement is carried out by special-
ised protein families called chromatin remodellers, and it naturally costs energy. It is for example
needed for transcription (fig 9). With some clever techniques, such as allowing chromatin to
unfold on a drop of water using soap, the chain of nucleosomes, wrapped around and connected
by the DNA double helix, was made visible under an electron microscope in the years 1974,
1975. A nucleosome has a diameter of about 10 nm (fig 7). How the “string of beads” is subse-
quently folded and further condensed is a major question in current research into the puzzle that
is the nucleus. It is clear that the loop formation that occurs afterwards (fig 7) is part of a mech-
anism that regulates whether the chromatin is transcriptionally active or inactive. The loops vary

in size, with 100 kilobases (kb) often mentioned, but they can also be larger. Formerly, people in

Chapter 2| Chromosomes 35



this field only talked about looped domains, but now the discussion also includes “topologically
associating domains” or TADs (fig 7) to indicate that nearby loops often have the same functional
status; the genes in these loops are predominantly on or off.

Itis clear that the cohesin complex, among other proteins, is an important player in determin-
ing the loop structure (fig 6). There is no complete overview of the backbone of the chromosome
(fig 7), which is part of the nuclear matrix, a structure which can be thought of as the skeleton
of the nucleus. However, the known functions of chromatin, such as altering its structure for the
purpose of gene expression, initiating DNA replication in preparation for cell division, unravelling
DNA, repairing DNA, and condensing chromatin in preparation for cell division, are likely related
to it.

2.3.2 Types of chromatin

Traditionally, chromatin has been divided into euchromatin and heterochromatin. This division
was strongly influenced by the staining pattern of nuclei in histological tissue sections observed
under a light microscope. Anything that appeared darker was considered heterochromatin.

Not many researchers who have made groundbreaking and significant discoveries survive
in textbooks (or on Wikipedia), but that is not the case for Murray Barr from Canada. Together
with his colleague Bertram, he published in 1949 that the nuclei of nerve cells of female and
male cats differ in their staining pattern. In the female nuclei, they observed a small sphere that
was homogeneously intensely coloured tucked against the nuclear membrane. Today, you can
still label this as a “Barr body”. In fact, it stained like heterochromatin, but what did this mean?
After the famous Japanese scientist Susumu Ohno (who had relocated to Los Angeles and was
known, among other things, for the idea that evolution is driven by the replication leading to
duplication of genetic information) discovered in 1959 that the Barr body had to represent one
of the two X chromosomes, Mary Lyon eventually hit the jackpot. In a 1961 Nature publication,
she proposed that at some point in the development of female embryos, it is decided per cell
which of the two X chromosomes, the mother’s or the father’s, throws in the towel and thus stops
expressing genes. This is, in a nutshell, the Lyon hypothesis. Mary based her hypothesis on
work with mice. These experimental animals were abundantly available where she worked, at
that time the Medical Research Council radiobiology unit in Harwell, UK. The mutation she used
affects a coat colour gene on the X chromosome, and the female mice resemble tortoiseshell

cats. Research in Harwell that involved ionising radiation and later also chemical mutagens
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yielded many mutants and biological genetic insights. In those days, all mutant lines were kept
with live animals, because freezing 8-cell embryos to create an embryo bank (cryopreserva-
tion) was not possible yet.

The inactive X chromosome stains as heterochromatin, and always has a normally stained
and functioning homologue. Since the X had the ability to choose early in embryonic develop-
ment, we refer to the heterochromatic state as facultative, in contrast to the heterochromatin
around the centromeres (fig 3, 12), which is called constitutive. Box 4 is entirely devoted to the
inactive X chromosome.

The technological revolution that has given DNA research such momentum and scale has
not bypassed the study of chromatin. The field is vast and is becoming more complicated as
research techniques advance, but universally applicable rules have certainly been discovered,
which can be used to describe the state of chromatin. Histones play a central role in this (fig 7, 8,
table 1). During the assembly of nucleosomes, two dimers are first formed out of an H3 with an
H4. Together with DNA, this constitutes the basic nucleosome. Two dimers of H2A and H2B are
then added to this. Particularly the histones H2A and H3 stand out for having multiple variants,
each of which is, of course, linked to specific functionality. Such a variant can, for example, make
the nucleosome more unstable, thereby making DNA more accessible for transcription. This is
gratefully utilised in the germline. Added to this is an even more intricate system of chemical
additions (Ch?1), ranging from simple methyl (CH,) and acetyl (C,H,0) groups (table 1) to small
proteins (ubiquitination, sumoylation, Ch1) and, in the case of DNA damage, entire arrays of
ribose sugar molecules like Christmas trees. In the search for ways to interpret the message of
these so-called post-translational modifications (PTMs), researchers have stumbled upon

some natural laws.

In 2001, a publication titled Translating the Histone Code by Thomas Jenuwein and David Allis
appeared in Science. At that time, not all elements of the code were known yet, but it was already
apparent that by examining molecular changes in the outward-projecting histone tails (see fig 8
and table 1), one could have an idea of the state of chromatin at that site. H3 is the histone type
with the most “chromatin state” indicators. The tail of H4 also has a distinct significance in this
regard. Both for ultra small-scale molecular research on chromatin (think of a gene promoter)
and for microscopic-level observation of chromatin in every cell type, including the germline,
it is necessary to have a set of antibodies that recognise histone PTMs. The fact that these

antibodies are so incredibly specific and detect the smallest differences has always amazed
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FIG8

When the nucleosomes are assembled, tails of linked amino acids protrude from
them. At specific sites on these tails, the addition (or removal) of a small chemical
molecule can start a cascade of reactions. This whole process also takes place at
neighbouring nucleosomes. The most studied of these small chemical groups (this fig-
ure and table 1) are placed on the amino acid lysine (K), which has a suitable structure
for this purpose. Depending on the type of molecule (methyl, acetyl) and which lysine
is involved, the final result is either open and active chromatin (green arrow) or dense
and inactive chromatin (red arrow). These modifications also occur in the folded parts
of the histone proteins (here depicted for H3 and H4) of the nucleosomes. The central
element in gene regulation is the accessibility of DNA. Open chromatin facilitates DNA
transcription and dense chromatin inhibits it. Ultimately, multiple interrelated chroma-

tin changes determine the defined locality and fine-tuning of turning a gene on or off.

me as a non-molecular biologist/immunologist. Enzymes are needed to apply the modifications
mentioned above. Over the years, these have indeed been discovered and described in thou-
sands of scientific publications. They are in turn removed by other enzymes.

Disabling or increasing the activity of these kinds of enzymes has opened up a world of
experiments to discover the biological significance of this all. We will see an example of this in
chapter 15. These enzymes, the regulators of the “histone regulators”, are also under regulation,

and so on. Such a cascade of regulation is quite dizzying (see also Ch1).

How do these histone PTMs convey their message? Figure 24, which will follow later on in this
book, gives an as yet simple idea of the impressive complexity of chromatin regulation. The
enzymes that place the PTMs are known as “chromatin writers”. The proteins that bind to the
PTMs and help determine the level of DNA activity (in transcription, transcription factors) are
known as the “chromatin readers”. There are “chromatin erasers”, which in turn convert the local
condition of chromatin into another condition. And then there are “chromatin remodelling com-
plexes” that can shift nucleosomes along the DNA; “histone chaperones” that assist in a change
within a histone class, as occurs most frequently for H2A and H3; and, on top of that, non-coding
RNA molecules also influence the chromatin landscape. This is all necessary to fulfil the main

functions of chromatin: transcription, replication, repair and recombination.
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Constitutive heterochromatin, such as that located around the centromeres, is al-
ways rich in H3K9me3. The inactive X of somatic cells (box 4) is marked by H3K27me3,
just like many chromatin domains in autosomes that do not undergo transcription in
the respective cell type. Hence, this chromatin can be either active or inactive, with the
inactive state being facultative. Transcriptionally active chromatin may, for example,
have an acetyl group on H3K9, two or three methyl groups on H3K4 and on H3K36.
H2AX is an important member of the H2A family. The involvement of this histone pro-
tein in DNA repair processes (detectable by phosphorylation on serine 139) is most
clearly visible at double-strand breaks. This is of great research interest due to the

availability of suitable antibodies.

Researchers believe that in the not-too-distant future we will be able to observe what happens
locally within and on chromatin in 3D, and perhaps even in 4D. Ultimately, it should now be clear
that the term euchromatin is an umbrella term, within which variation is still enormous.

When a cell goes into mitosis, the chromatin landscape is automatically passed on; it is
copied along with the DNA, so that the gene expression associated with the cell type is inher-
ited. The details of this are still largely unknown. It has proven to be a great challenge to under-
stand this “bookmarking” of chromatin for subsequent cell generations and to determine exactly
which PTMs are responsible for memory maintenance. Everything included in this subject is also
covered by the term epigenetics, which refers to the heritability, whether for shorter or longer

duration, of the functional state of DNA.
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Box1 The central dogma of molecular biology

Proteins consist of polymer chains of different types of amino acids, of which we know
20. Each type of protein has its own amino acid composition and length, determined by
the number and sequence of the types of amino acids that it contains. The total set of
proteins of a cell is known as the proteome. A human cell contains around 2 x 10° protein
molecules. Estimates of the number of truly different proteins within the proteome vary
from 40,000 to 80,000 for humans (see also below). Most types of protein are present
in numbers of about 1,000 to 10,000 molecules per cell, but some are much rarer. The
DNA of each cell contains the complete recipe, the genetic code for the formation of all
different types of proteins. Genes are the unit of information, with the information being
encoded in the nucleotide sequence of the DNA of each gene.

When a gene is activated and expressed, the DNA is first copied into the linear single-
strand nucleotide sequence of RNA, the primary transcript (pre-messenger RNA, fig 9).
This process is referred to as transcription. For the total population of all types of RNAs
formed within a single cell, the term transcriptome is often used. Usually, this means the
RNA that is translated into protein, so the collection of mature messenger RNAs (mMRNA,
~3 x 10° - 10 molecules per cell). This is the RNA that is formed in the nucleus after
maturation of the primary transcript (fig 9). In addition, there are many non-protein-coding
types of RNA. It is well known that these have significance in the construction of com-
ponents (e.g. ribosomes, fig 2), in transport (e.g. of amino acids, fig 9) or in regulation
of cellular processes. Their functions are currently being studied intensively. The term
gene also applies to these functional RNA molecules. Ultimately, the genetic code that
is transferred from DNA to RNA through transcription can be translated into the char-
acteristic amino acid sequence of a protein (fig 9). This process is called translation.
During translation, each consecutive set of three nucleotides (one triplet or codon) in the
designated parts of the mRNA (the exons) encodes one amino acid (fig 9). With a choice

of four nucleotides per position, there are 4 x 4 x 4 = 64 codon possibilities (in DNA lan-




guage the bases A, G, C and T; in RNA language the bases A, G, C and U; fig 5, 7). The
entire overview of relationships between codons and the corresponding translation into
amino acids is known as the genetic code. The nucleotide notation of RNA is usually used
to represent this. Four triplets, namely the start codon AUG and the stop codons UGA/
UAG/UAA, indicate where the translation of RNA into protein begins and ends. The start
codon codes for methionine. Therefore, almost every protein starts with this amino acid;
AUG is a unique code. The stop codons terminate the elongation of the chain of amino
acids; they do not code for an amino acid. That means there are still 64 - 4 = 60 different
codons available to incorporate the remaining 19 types of amino acids. This phenomenon
is known as the “degeneracy of the genetic code”, and it ensures that a base change (a
mutation) in the last letter of the codon in the DNA of a gene (and therefore also in its
RNA copy) often does not result in a different amino acid in the protein chain. Mutations
at the first or second position in a codon usually do lead to change. When the mutant
codon does not result in a different amino acid, it is called a “synonymous” mutation, and
when it does, it is called a “missense” or “non-synonymous” mutation. If the base change
turns the codon into a stop codon, this is referred to as a “nonsense” mutation. If there is
a change in amino acid but there are no noticeable consequences, this is called a silent
mutation. The word synonymous is also used in this context. Not every change at the
DNA level within a gene necessarily leads to a problem in the functioning of the protein,
but most of the changes do. When a gene no longer codes for a functional protein, the
term “loss of function” is used. This can be caused by a missense or nonsense mutation.
Insertion or deletion of one or a few bases (an indel) can also shift the reading frame of
the codons, causing them to no longer be correct. The location of these types of muta-
tions in the gene, and thus in the replicated mRNA chain, ultimately helps determine

whether a protein loses or maintains its function.

Traditionally, the concept of a gene was synonymous with the concept of a protein,

and therefore it was long believed that the total number of genes in our genome also
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determines the total number of different proteins, but that is not the case. We now know
that the vast majority of protein-coding genes are made up of segments, the exons and
introns (fig 9). The pre-messenger RNA of the gene still contains the linear sequence of
both (fig 9). As mentioned above, the introns are removed after maturation, after which
the exons are found in the mRNAs as very accurately linked sections (fig 9). The alterna-
tion of introns and exons allows for variation during the maturation phase, as exons can
be skipped. As such, from more than half of the pre-mRNAs that are formed, only a part
of the entire initial set of exons is used. The presence or absence of exon sequences in
mRNAs is determined during their maturation by a process referred to in the scientific
literature as “alternative splicing”. This process can be both spontaneous and cell type-
dependent and can result in the presence or absence of domains in the protein (with one
exon coding for one domain) after translation. It almost goes without saying that small
mutations can also interfere with the process of exon selection and can thus also be a

source of pathological events in a gene.

Hence, it is now assumed that the approximately 20,000 known protein-coding genes do
not code for exactly the same number of different proteins. In cells and tissues of humans
and other mammals, the number of truly distinct protein types is now estimated to be
between 40,000-80,000, as reported earlier in this box. The total amount of genetic infor-
mation in mature mMRNA molecules of a cell type, possibly a tissue or organ, is referred

to as the exome.

As mentioned above and also in chapter 1, there is a growing focus on genes that do not
code for proteins, whose primary product is not mMRNA but another type of RNA. Long
known are ribosomal RNA (which is incorporated into ribosomes via the nucleolus, Ch1,

fig 2) and tRNAs that play a role in supplying amino acids during translation into proteins




(fig 9). More recent discoveries include many other non-coding (nc) types of RNA, such
as “short non-coding” (snc) RNAs, “long non-coding” (Inc) RNAs and even circular RNAs
with often still poorly understood roles in the regulation of gene expression or other cel-
lular processes (see also Ch1). Research into the significance of these RNAs, of which
the IncRNAs are numerically by far the largest contributors, and which collectively occur
at least five times as often as the 20,000 protein-coding genes, is also a growing area of

interest for the germline.

Regulation of transcription, a topic long studied within molecular biology, is a particularly
compelling illustration of the molecular complexity involved in cell functioning. It starts
with the recognition of motifs in the DNA sequence around and/or in each gene by large
protein complexes formed from so-called transcription factors and associated activator
and/or repressor proteins. The complex molecular interactions involved ensure that RNA
polymerases (fig 9) start transcription at the correct location. They also regulate how
often and for how long this occurs, leading to pulsatile transcription activity of a gene.
The regulatory motif that determines the place where transcription starts, called the pro-
moter, often lies close to this site. DNA motifs that determine the frequency of transcrip-
tion can be located across a much larger area in or around the gene. How the multitude
of factors ultimately determines the amount of RNA produced from a gene in a specific

cell is still partly unclear. The details of this process are beyond the scope of this book.

From the above, it is clear that genetic information is transferred from DNA to RNA and
then to protein. This concept is known as the central dogma of molecular biology, first
formulated in 1958 by Francis Crick (co-discoverer of the double helix structure of DNA,
along with James Watson). In 1970, he further supplemented details relating to this

dogma in a Nature publication. Since then, it has played an important role in advances
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FIG9

The pathway from DNA to protein, via RNA. During transcription, the RNA polymerase
extends the primary (pre-messenger) RNA at the 3’ end. In the nucleus, this pre-
messenger RNA is processed by removing the parts that do not code for amino acids:
the introns. Exons remain and the mature mRNA is created. The process is known
as “splicing”. After this maturation process, the mRNA moves from the nucleus to the
cytoplasm of the cell. Here, amino acids supplied by transfer (t)RNA molecules are
strung together during translation of the genetic code. The determining factor in this
is the “anticodon” code of the tRNA, which recognises the codon (of the triplet code)
for this particular amino acid in the mature mRNA through base pairing. The genetic
code is written in RNA language, with a U in every place where there is a T in the DNA
sequence. Each amino acid has its own letter in the alphabet. A protein always starts
with the amino acid methionine (M). The C in the small piece of newly formed protein

stands for the sulphur-containing cysteine, the L for leucine and the P for proline.

within the molecular life sciences. Nevertheless, the all-encompassing applicability of
the central dogma had to be adjusted considerably over time. After all, we will see later
on that in the germline, but also for instance in processes that occur as a result of viral

infections, genetic information can sometimes also flow “in reverse”, from RNA to DNA.
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2.3.3 Types of DNA

The number and sequence of nucleotides/bases A, T, C and G contain the entire genetic infor-
mation of a species. This extensive and characteristic set of bases linked per chromosome is
known as the species’ genome, and the science that seeks to extract biologically relevant infor-
mation from this is called genomics. The word genome actually refers to the haploid situation,
but genomics is mainly practised in the diploid state, signifying the complete genetic information
of a cell or organism. Thanks to technological breakthroughs enabling the cost-effective sequenc-
ing of bases per species and per individual (“next generation sequencing”, NGS), this branch of
genetics is growing enormously, which would not be possible without nearly unlimited computing
capacity. In a narrower sense, genomics is mainly interested in the approximately 20,000 pro-

tein-coding genes (Ch1, box 1). The exons (box 1) of these make up only 1.5% of the genome.

When you focus your attention on the whole genome, the most startling fact is that about half
(table 2) of all DNA consists of base sequences with motifs that occur in many copies: in tan-
dem, like wagons of a freight train lined up one after the other, or dispersed throughout the entire
genome. The length of one such basic element can vary considerably, and so can its numbers.
The microsatellites (table 2), repetitions of a simple motif of 2-6 bases, which occur at multiple
sites in the genome, easily mutate in a number of copies of the base motif, because DNA poly-

merase does not like monotony and sometimes loses count during DNA replication (fig 5).

Minisatellites are a bit larger, as shown in table 2. These motifs also easily mutate to a different
number of adjacent copies, but through a different mechanism, related to meiosis (gene con-
version, will be addressed in Ch5.1). The reason for mentioning it here is that the concept of
DNA fingerprinting is based on this. In 1985, Alec Jeffreys, now Sir Alec, from the Department
of Genetics at the University of Leicester, discovered the large genetic variation resulting from
variable minisatellites with a basic DNA motif ranging from 10 to 100 bases. A year earlier, he
published the DNA sequence of such a 33-base pair (bp) sequence found in an intron of the
human myoglobin gene. Myoglobin is an oxygen-binding protein in muscles. This “repeat” is vari-
able in length (number of copies) and occurs at several places in the genome. DNA fingerprinting
utilises this variation and, for years, it was the technique used to provide everyone with a genetic
barcode. It proved to be quite a breakthrough in establishing parentage and in forensic personal
identification, where it is still used nowadays. Unsurprisingly, the list of scientific awards that Alec

Jeffreys has received is impressive.
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At the start of this century, we visited one of his associates, Yuri Dubrova, originally from Ukraine,
who had previously been drawn to Sir Alec’s reputation. We saw a small, unremarkable looking
person in a lab coat, deeply bent over a -80°C freezer, apparently searching for DNA samples.
It remains fascinating, this contrast between day-to-day activities, the pleasure one can derive
from them, and the discovery that opens the gates to so much insight with a wide range of appli-

cations in society.

Simple or larger DNA base sequence motifs that are linked in tandem in many copies play a
large role in specialised functions of the chromosome. For example, the constitutive heterochro-
matin around the centromeres (Ch2.3.2, fig 3, 12) consists of a number of highly related motifs.
The basis for this is a repeat that is 171 base pairs long in humans (table 2). In our species, this
is known as alpha satellite DNA (table 2), and in mice as “major” and “minor” satellites, all histori-
cally evolved terms. The structure of the different repeats for the human centromeric regions has
been resolved in the 2022 version of the human genome (Ch4.2), and the observed variation is
striking. They replicate their DNA late in the S phase (fig 4). In humans, these regions are 250 to
5,000 kilobases (kb) in size. Late replication, strong staining (in mice) and compact chromatin;
that does not indicate transcription. When an article published in 2002 by a renowned French
group hinted that non-protein-coding (nc) RNA (Ch1, box 1) was involved in the formation of

heterochromatin at the site of transcription, | really had to get used to that idea.

Now, about 20 years later, we know much more about satellite DNA. In the centre of the hete-
rochromatic centromere region, where the connection to the spindle apparatus forms (fig 3),
the structure of chromatin (fig 7) changes, allowing satellite DNA to be read. Satellite RNA is
needed on site for a subsequent chromatin change, in which the nucleosomes (fig 7, 8) are
locally degraded and rebuilt, this time carrying a different kind of histone 3, which is needed for
transporting the replicated chromosomes to the daughter cells. This is a great example of how

delicate the behaviour of chromosomes is, and how much detail is involved in it.

A very well-known motif that is repeated many times, TTAGGG, is located at both ends of each
chromosome, the telomeres. It covers about 5 to 10 kb of DNA, equivalent to 800-1,700 repeats
(table 2). In mice, which have the same basic motif, they are five to 10 times longer. You can think

of this repeat as a solution to the so-called end-replication problem.
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Table2  The contribution of different types of repetitive DNA motifs to the genome. These re-
peats can occur predominantly in long sequences (in tandem) or dispersed. The overall
influence of repetitive DNA motifs in the genome is large. Researchers emphasise that

the estimate of around 509o is probably on the low side, with two-thirds often being

mentioned.
Type of repeat Size in Tandem Dispersed N copies % genome
bases
Microsatellites 2-6 yes yes > 108 low
Minisatellites 15-100 yes yes low
locus
1-5 kb
Telomere base 6 yes at chromosome ends 800-1700 Approx.
sequence per chromo- 0.01%
some end
Centromere alpha 171 yes constitutive hetero-  + 10° 5%
satellites chromatin.
In and around each
centromere
Transposons
DNA transposons Up to yes 500,000 3%
3 kb
Retrotransposons
SINE, SINE- Alu, 100-300 yes 1,800,000 13%
of which £1000
active
LINE of which 1-5 kb yes 950,000 20%
+100 active (6 kb)
LTR ERV, no Up to yes 650,000 8%
longer active in 4 kb
humans but active
in mice
SVA of which £50 2 kb yes 5,500 0.4%
active
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Explanation of abbreviations. LINE “long interspersed nuclear element”. SINE “short
interspersed nuclear element”. In humans, most SINEs have a recognition site for the
DNA cleavage enzyme Alu. This recognition motif occurs only in primates (prosimians
and apes, including humans). LTR “long terminal repeat”. Retrotransposons that have
this motif at the ends are called ERVs “endogenous retroviruses”. SVA is an abbrevia-
tion of SINE, VNTR, Alu; it contains these motifs. Actively transcribed retrotransposons
(in RNA) can be reintegrated via the active LINEs, and thus contribute to DNA variation.
Microsatellites are also known by the abbreviation STR (short tandem repeats). Minisat-
ellites also appear under the term VNTR, “variable number of tandem repeats”. This is

what DNA fingerprinting is based on.

Normally, chromosomes become slightly shorter with each cell division, and thus with age. This
is due to properties of the DNA polymerase; the last piece of DNA is not so easily copied. With-
out delving further into molecular details, the enzyme telomerase, which has properties of a
reverse transcriptase, can extend a single-strand DNA molecule using RNA as a template.

The piece of RNA used for this is complementary to the telomere repeat.

Of course, cells should not perceive the end of a chromosome as a double-strand DNA break
(fig 33), as this would trigger the surveillance system as the first step in repairing the damage
(Ch2.241, fig 4). The solution consists of placing the last piece of single-strand telomeric DNA
back in a loop. Subsequently, a complex of six proteins aptly named “shelterin” makes the entire
structure invisible to the double-strand break detection service.

This is another example of a situation where the effect of a single protein is minimal, while its
action together with other proteins is profound. Telomeres have really captured the imagination,
and the discoverers of its DNA structure, Elizabeth Blackburn, Carol Greider and Jack Szostak,
were awarded the Nobel Prize for this discovery in 2009. For those who long for eternal life,
attention has been drawn to this. But eternal life, aside from species extinction, can really be

found in the germline.
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FIG10

Schematic representation of how active LINE-1 retrotransposons can copy them-
selves in the genome (table 2). Only a small minority of these retrotransposons is
active, meaning they can be read (transcribed) and reinserted into an AT-rich region
in the genome via the RNA intermediate. To mobilise a LINE and let it land as a DNA
copy, the proteins ORF1p and ORF2p are both required.

ORF1p has various auxiliary functions, ORF2p can both cut DNA (it has endonucle-
ase activity) and copy RNA into DNA (it has reverse transcriptase activity). This ac-
tivity can also be used to serve other types of RNA, for example, that of an active SINE
(table 2). The abbreviation RNP stands for “ribonucleoprotein particle”, the complex of

RNA with attached proteins, in this case all derived from the active LINE.

By far the largest contribution of repeat DNA structures to the genomes of many life forms,
including our own, is formed by so-called transposable elements. These are elements that
have multiplied in the genome like parasites. This can happen via DNA replication (resulting in
a transposon), but it can also occur through the enzyme “reverse transcriptase” that turns RNA
back into DNA, resulting in retrotransposons (fig 10). In that case, the original master copy
(or copies), with an evolutionary history of approximately 100 million years, is an RNA virus. In
mammals, this pathway is the most active and thus contributes most to the genome (table 2).
A characteristic of these repeats is that they appear to have been dispersed throughout the
genome by chance. This process is still ongoing, also in humans. Its drivers are about 80-100
active copies of the LINE family (table 2). An intact LINE1 of 6 kb contains two genes that can
be transcribed, with one of them producing a protein that possesses both reverse transcriptase
and endonuclease activity (fig 10). SINEs (table 2) are found in most mammalian genomes.
The origin of the small 300 bp motif is known (it is related to a non-protein-coding RNA in the
ribosomes (fig 2), which plays a role in protein synthesis). To replicate itself, it utilises the reverse
transcriptase/endonuclease of the active LINEs.

As a result, one in 20 babies has an additional SINE copy and one in 100-200 a new LINE
copy. Do these new pieces of DNA land somewhere in the genome completely by chance?
SINEs always end up in sections that are copied earlier in the S phase, while LINEs land in the
large pieces of DNA that are copied later (fig 4). Researchers view retrotransposons as a kind

of chromosomal framework for the orderly expression of the genome and the functioning of the
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cell. Later it will become clearer that a lot is needed to transmit the whole array of dispersed

retrotransposons through the male and female germline without unwanted side effects.

Using a combination of an old technique to physically separate short pieces of DNA, and next
generation sequencing to determine the DNA base sequence for each fraction, a researcher
from Naples, Giorgio Bernardi, succeeded in making a clear narrative out of the organisation of
chromosomes. After starting chromosome research in 1968, he never left this field and remained
active for a very long time. One way of looking at pieces of DNA of around 100 kb is to determine
the ratio of AT to CG base pairs. The fractions that Giorgio isolated differ increasingly in the
percentage of CG base pairs. It is now apparent that parts of loops and entire loops (fig 7) with
a similar percentage of CG in the DNA are often adjacent to each other. Loops with a slightly
higher percentage of CG content (ranging from 46% to 59%, the highest value) contain a group
of genes, about 20% to 30% of the total, that are expressed in every cell. These can be seen as
the genes responsible for the “cellular infrastructure” (encompassing structures such as mem-
branes, the cytoskeleton, the nuclear skeleton and all basic metabolic processes). This is the
“old genome”, which is not involved in the numerous specific functions of cells in a multicellular
organism with a lot of specialisation. These genes are also called “housekeeping genes”. These
loops are replicated first in an upcoming cell division (Ch2.2.1). It accounts for about 14% of the
total DNA. In CG-rich DNA, the gene density is higher. The CGs are particularly prominent in the
stretch of DNA preceding the protein code, the promoter (box 1), which partly regulates whether
the gene will be used (see fig 11). When this was discovered by Adrian Bird, sometime around
1985, the term “CG island” was introduced for this type of promoter. This old genome is located
in the centre of the nucleus (fig 2, 7). The part of the genome that relates more to differentiation
within individuals and between species, and is less rich in genes, is located more peripherally
(fig 2, 7). Each chromosome has sections of the old genome and sections of the evolutionarily
more active newer genome (represented by the light and dark bands in fig 12, respectively). As
we have just seen, the old, early replicating genome contains the SINEs, and the newer, later
replicating genome contains the LINEs, hence the idea that these elements provide structure to
chromosomes and are related to gene activity. Besides all this, chromosomes have their own
domain in the nucleus (fig 7), but that can never be very strictly regulated. And so, everything

contributes to the image of an incomprehensible complexity, as presented in chapter 1.
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CpG methylation and the C > T mutation. The number of CGs in the human genome is
estimated to be 29 million. In somatic cells, most of these are methylated, which applies
to the male germline as well (fig 23). Their main function is to confirm the inactivation
of local elements such as retrotransposons. This phenomenon is discussed in more
detail in chapters 9, 10, 15 and 16, and in box 4. The CG islands of many (>60%) pro-
tein-coding genes, including housekeeping genes (Ch2.3.3), are unmethylated, but CG
methylation does not seem to play a leading role in regulating gene activity via the pro-
moter in those regions. Understanding the methylome is a huge scientific challenge.
The advantages of CpG methylation for genome regulation must have outweighed the
disadvantage of an increased risk of the C > T mutation. Some eukaryotes can function

without this system (the nematode Caenorhabditis elegans is an example).
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CHAPTER 3

Genetic variation

3.1 Introduction

Halfway through our studies of animal husbandry in the late 60s, when we wondered what genet-
ics was really about and what the core of the field was, two words came to mind: mutation and
recombination. Both contribute to the concept of genetic variation. Mutation will be discussed
here, and recombination in chapter 5.

In its early days, genetics was “practised” based on a selection of observable traits. The
different expressions of such a trait (known as phenotypes, for example coat colour) could be
explained through patterns of inheritance, assuming the existence of a single gene responsible
for that trait. A prerequisite for the many crossbreeding experiments that have been conducted
is the genetic variation of that gene, i.e. the availability of at least two alleles, implicating the
presence of mutation(s) (Ch5, fig 13). Do realise that the structural properties of DNA were com-
pletely unknown until the end of World War II; it is hard to imagine a greater difference from our
current situation. Mutations are now simply identified by determining the DNA base sequence.

Starting from the second decade of this century, and following a genome-wide approach,
the focus was mainly on the exome (box 1), the collection of protein-coding base sequences
(whole exome sequencing, WES). Now, sequencing the whole DNA, known as whole genome
sequencing (WGS), is advancing. These approaches, summarised under the term NGS (next
generation sequencing) provide unparalleled insights into genetic variation in humans and ani-
mals. When it comes to non-coding DNA, there is often still little understanding of the relation-
ship between variation and function. It is likely that a significant portion of non-coding DNA has

no direct function and is “neutral”, meaning that it is not subject to any selection pressure. Our



understanding of variation in the total DNA profiles of humans and animals is not yet complete,
but the outlines of the ever-expanding knowledge are beginning to emerge. There have been
two dominant developments. Firstly, the number of individuals from the global population that
has been sequenced with WES/WGS is increasing into the millions. Secondly, the continuous
progress in technology allows for larger and larger DNA fragments to be read by the device in
a single analysis step. Tables 3 and 4 are attempts to summarise genetic variation at different
levels, from a single DNA base to entire chromosomes. The classification of types of genetic
variation is strongly based on the size (in base pairs) of the altered region. The great majority of
variation occurs at the level of a single base, which then changes to one of the other three bases
(for example, from C to T, which is the most common change).

When their number is limited, any missing or additional base(s) are referred to as indels
(table 3). Changes which comprise over 50 nucleotides are covered by the term structural
variants (tables 3, 4). Within the structural variants, a classification scheme has been made that
partly dates back to the time when chromosomes could only be studied in mitotic cells using a
light microscope (the basis of table 4). Finally, restless retrotransposons and the phenomenon

of “copy number variation” also contribute to genetic variation (table 3).

3.2 Variation at and around the base

As mentioned above, population-level sequencing is the main avenue for gaining insight into
genetic variation in humans. In the Nature issue of May 28, 2020, the genome aggregation
database consortium (gnomAD) provides an overview of the progress. At that date, their data-
base contained the DNA sequence, mostly exomes (WES) but also whole genomes (WGS),
of more than 140,000 people, together accounting for 270 million variants. These range from
mostly base pair changes to small indels, to a selection of structural variants with a maximum
size of around 10 megabase (10 million, 10 mb). A year earlier, TOPMed, an entirely American
human genome initiative focused on the pathology of heart, lungs, blood and sleep, reported
the first WGS analysis of the DNA of nearly 54,000 people with origins from all over the world.
With a bit of calculation, you can deduce that, across the whole group, one of every eight bases
shows variation. This variation has accumulated over very many generations and has continually

expanded. Coincidence plays a major role in its emergence. The mechanisms of DNA repair
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are not flawless (consider, for example, the errors in DNA replication, Ch2.2.2) and damage
in DNA occurs constantly under the pressure of oxygen metabolism (Ch14, fig 33) and other
environmental influences.

Most base pair variations are very rare. In large datasets, about 50% of all different mutations
are found in only one single individual. In any genetics textbook, you will find that most muta-
tions are detrimental, but this obviously does not apply to regions that have no specific function.
Therefore, functionless regions in the genome can apparently be recognised based on the fact
that the fraction of mutated bases is higher there. Conversely, you can discover in large datasets
that there has been selection pressure over the centuries on mutations that would lead to a dif-
ferent amino acid (box 1); these types of mutations are becoming rarer.

The analysis of genetic variation at the base level is, of course, extremely fascinating,
because it reveals where selection has acted during our history. It is a true goldmine for the
various subdisciplines of genetics. Analyses on the progression of the emergence of genetic
variation over the centuries will also appear, because each passage of genetic material through
the germline leads to new mutations (table 3, 4). By applying WES/WGS in combinations of
parents and children (“trio sequencing”), we now have a reasonably good understanding of the
rate at which mutations arise (present in the child but absent in the parents, table 3). For base

pair changes, this is around 60 per generation for parents who are about 30 years old (table 3).
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Table 3 This table gives an impression of genetic variation in the human population based on
next generation sequencing of a growing sample of many thousands of individuals, as
published in 2019 and 2020 (see list of references). These estimates will become in-
creasingly accurate as the sample size expands; there is currently a significant under-
representation of Africa and parts of Asia. Because short read sequencing now existsin
parallel to long read sequencing, the contribution of long read sequencing to our under-
standing of genetic variation will continue to grow. This is especially true for variation
larger than 50 bases. These are referred to as structural variants/aberrations. A dele-
tion is self-explanatory. In a duplication, a chromosomal segment has doubled locally.
In an insertion, this duplication has ended up somewhere else in the genome. De novo
structural chromosomal aberrations/variants generally arise much more frequently in
the male germline.

Type of mutation Individual  Total De novo Through  Through
incidence population mutation father mother
incidence frequency
Base change 1in 800 1in8 1.88 x 108 1.5x10%  0.37 x 108
bases bases per base per base per base
per year: 56 at age 30: atage 30:
(both parents 45intotal 11 in total
30 years old)
Indel 1in 15,000 1in 100
bases
SINE insertion ? 50,000 1in 20 babies
polymorphism
LINE SVA insertion ? 4,000 SVA  1in 100-200
polymorphism 4,000 LINE babies
Structural variants/ median
aberrations values
(unbalanced)*
Deletion 3505 186,000
. De novo rate
Duplicat 732 6000
uphication 0.3/child
Insertion 2612 121,000
CNV 548 >12,000
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For an explanation of SINE, LINE, SVA, refer to table 2. For CNV, indel and SNP, see
the glossary. The vast majority of mutation events shown here have no phenotypic
consequences. The median value is the number that lies in the middle of the entire
range of individual values. The publication of the nearly complete human genome by
the T2T (telomere to telomere) consortium in spring 2022 provided new impetus to
further develop our understanding of genetic variation in humans, for which this can
act as a better reference genome compared to GRCh37 (on which table 3 is based)
and CRCh38. In the meantime, a new genome consortium has emerged, called the
Human Pangenome Reference Consortium. The aim is to construct a more accurate
representation of genomic variation, including global genomic diversity. Of course, this
raises questions about the genotype-phenotype relationship (Ch4, 6 and 18). For in-
stance, a conclusion to date is that 48% of protein-coding genes have non-synonymous
(box 1) amino acid changes between haplotypes (Ch5, fig 16).

The doubling time for the amount of paternal de novo SNPs within one generation is
about 20 years after sperm production has started. Maternal de novo SNPs also in-
crease with age but at a much slower rate. This increase is primarily due to a change
from a C to a G, indicating the repair of a double-strand DNA break.

When comparing the rate of base changes between somatic cells (Ch2.2.2) and
germline cells, you are bound to reach the conclusion that the germline is better pro-
tected against de novo SNPs than somatic cells. To properly make that comparison,
you need insight into the number of cell divisions that separate the generations. As
indicated for the male germline in chapter 12.3, this is not possible to determine in
humans with reasonable accuracy. At the predicted rate of three base changes per
haploid genome per division in somatic cells (Ch2.2.2), only 15 divisions are needed
to arrive at the number of de novo SNPs from paternal origin per generation in humans
(thus based on the somatic DNA replication accuracy). This points out that replication
accuracy in the male germline must be higher, as 15 divisions is far too low. Recently,
in 2021, this reasoning was revisited using NGS results, that confirm the low mutation
frequency (27 times lower compared to the colon and rectum). However, the number
of divisions between generations remains unknown. The same reasoning applies to the
female germline.

*  For structural variants (>50 bp), the development of analysis technologies, including

long read sequencing combined with the examination of an increasing number of
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parent-offspring trios, will lead to a higher estimate. In addition, more and more pop-
ulations from around the world will be examined. By 2020, a number of >25,000 per
individual is already mentioned. “Unbalanced” refers to the addition or loss of DNA
compared to a reference genome. The numbers indicate the count of different SVs
per individual and in the research population up to that point (publication 28 May
2020).

A large proportion of the variation at a single base position made its way into the population
much earlier, which is extremely advantageous for the search for the genetic background
of traits (Ch6). Geneticists speak about SNPs, “single nucleotide polymorphisms”. How do
you discover such changes, preferably for many positions on the genome at the same time,
without having to sequence entire genomes? This can be done with current chip technology,
for example from the company lllumina. The chips used to determine SNPs resemble micro-
scope slides. They contain about 12 fields with a size of 9 x 9 mm, each of which can easily
read 500,000-1,000,000 SNPs. This is done using fluorescent light. The whole approach thus
relies on a combination of microtechnology, automation and data processing. The key concept
for SNP analysis is that a sequence of around 20 bases already functions as a unique address:
at each position you have a choice between an A, T, C or G. Simplifying this calculation, let's
assume they all have a probability of 25% for that one position. The probability of that special
base sequence across 20 adjacent positions then equals 0.25 x 0.25 and so on, equal to 0.25%.
This is small enough for this base sequence to be considered a unique address in the sea of
3 x 10° nucleotides per genome (Ch2.1). In reality, the frequencies of C and G are a bit lower than
0.25, and those of A and T a bit higher. In order to conduct genetic research with these data, the
SNP base that is in the minority in the population must be present in at least 1 in 50 individuals.
That individual is almost always heterozygous (and the rest are homozygous). Together, those
50 individuals have 100 bases for this one position, of which 1 is now deviant. In this case, the
allele frequency is 1%, the minimum frequency that is useful for genetic analyses. About one
in 1,000 base positions meet this condition. If the frequency is 1% or higher, which is usually the
case, you can assume that the original mutation occurred in a very distant past, perhaps even
before our departure from Africa.

Interestingly, this is not something you read much about. Another inference you can make is
that, mostly, there has been no selection pressure on such SNPs, but when there is, it does not

hamper the genetic analysis of the trait under study (rather to the contrary, Ch6).
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SNPs are very useful for tracking changes in the population, such as the departure from
Africa and the further spread of Homo sapiens around the world. Research on both of the afore-
mentioned DNA banks has shown that the variation in the group that stayed in Africa is greater
than in the group that left. This is because the latter was smaller in size and contained less
genetic variation as a group, compared to the group that stayed. An extreme illustration of this
phenomenon can be found among the Amish, who isolated themselves as early settlers in the
USA about 14 generations ago and still adhere to a simple way of life. Perhaps for this reason,

the de novo mutation frequency per base seems to be somewhat lower in this population.

3.3 Structural variants

Structural variants refer to all changes that affect a DNA segment (or segments) larger than
50 bases. In classical cytogenetics including somatic cell genetics, where studying chro-
mosomes through the light microscope was the main focus (Ch3.4), one distinguishes between
balanced variants (referred to as abnormalities, not involving any loss or gain of DNA) and unbal-
anced variants (where that is the case). The latter category includes missing segments (dele-
tions), duplicated segments (duplications in tandem), or segments that have ended up elsewhere
(and are called insertions, usually preceded by a duplication process) (table 3). In the past, due
to the limited resolving power of the light microscope (chromosome segments of 5 mb DNA
were roughly the smallest that could be detected), these analyses lacked sensitivity. Now, these
limitations have been completely removed thanks to DNA sequencing techniques, from an SNP
platform to WGS. That is where great knowledge gains lie. As it turns out, unbalanced structural
variants leading to a different “dose” of DNA than the diploid reference state, are far from rare
(see table 3). Detecting balanced chromosomal aberrations via sequencing takes a bit more.

In the most common type, two chromosomes have exchanged terminal pieces (a reciprocal
translocation, fig 12 and table 4). This occurs remarkably frequently in humans and pigs, but
hardly at all in cows and mice, a difference that remains unexplained to date. Reciprocal translo-
cations can be seen as an ultimate attempt of a germ cell to repair one or more double-strand
DNA breaks. So far, WGS has mainly used so-called “short read sequencing”, but this is quickly
changing into “long read sequencing”. The DNA fragments that are physically analysed in short
read sequencing are around 50-250 bases long. Therefore, “catching” the transition from the
base sequence of one chromosome to that of the other is not easy. Long read sequencing will

bring a change to this, but population data are not yet available for this technique. With this
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method, the equipment processes long stretches of DNA, from 10 kb to as much as 2 mb, so
transitions from one chromosome to the other will be better detected. The legend of table 3 dis-
cusses the implications of the addition of long read sequencing with regard to studying variation
in the genome. It surely stimulates the discovery of structural variants that also play a role in
evolution, despite the fact that they can be very obnoxious at the clinical level.

A special class of structural variants is brought about by the still ongoing process of jumping
(inserting) LINEs and SINEs (Ch2.3.3, table 2, 3, fig 10). In humans, one out of every 100-
200 newborn babies carries a new LINE insertion, and one out of every 20 carries a new SINE
insertion. This process also leads to genetic differences between people, as shown in table 3.
It is, therefore, not a coincidence that this type of mutation is also detected when searching for
the genetic backgrounds of diseases. However, the mobility of SINEs and LINEs is not a domi-
nant driving force behind genetic pathology.

Another source of structural variation can be found in DNA motifs ranging from 500 bases
to a megabase in length, which can occur in tandem in a varying number of copies. This phe-
nomenon is known as CNV, copy number variation. Table 3 demonstrates that this variation is
not rare. Since 2007, CNV has attracted considerable attention due to the discovery that this
process may play a role in neuropathology, as is evident in autism. Later, an involvement of CNV
was also determined in schizophrenia and intellectual disability. Currently, the role of CNV in
overall genetic variation and its contribution to human pathology is still not fully understood, but
it is certain that it can play a role. Unbalanced structural variants, as well as changes at a single
base position, are found in just one single person in about half the cases. It thus represents a

unique mutational event, something that becomes more likely as the affected area grows larger.

3.4 The history of cytogenetics, imaging structural chromosomal aberrations
and abnormalities in the number of chromosomes

Structural and numerical chromosomal variations were initially studied by cytogeneticists, spe-
cialists within the field of genetics who focused on studying chromosomes through the light
microscope (fig 12). This approach, in particular, allowed human genetics to further develop after
World War Il. Cytogenetics may seem like a dying field, as the techniques used in it are being
surpassed by DNA analysis methods, but that sells the discipline short.

From the very start, it proved challenging to routinely study mammalian chromosomes. The

time it takes for a cell to divide is relatively short compared to the time that elapses between
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A human haploid karyogram based on G(iemsa) banding. The high resolution, re-
flected here by the greater number of bands, can only be achieved when the chromo-

somes are not fully condensed yet, thus on their way to metaphase (fig 3). The light
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bands represent gene-rich regions, the dark bands represent regions with fewer genes.
Reciprocal and Robertsonian translocations are not rare in humans (table 4). The latter
category includes translocations that take place in the centromere region with hete-
rochromatin (table 1), between chromosomes whose centromere is, microscopically
viewed, close to one end (acrocentric, chromosomes 13, 14, 15, 21 and 22). The most

common mode of occurrence is shown here, where the two centromeres coordinate

their activity or one is repressed (the red cross).
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Table4  The cytogenetics of chromosomal aberrations at birth, based on a large Danish pop-
ulation study (n = 34,910) from 1991, see list of references. Estimates of the likelihood
of the occurrence of a new translocation stem from the same period and are from two
publications (listed in the references). Note that these numbers are from before popula-
tion-level prenatal diagnostics.

Structural chromosomal aberrations Per 1000 De novo frequency
balanced * births

Robertsonian translocations** 1.23 0.7x104,11 x 10
Reciprocal translocations*** 1.43 2.7x104,5x10*
Inversions 0.34

Structural aberrations unbalanced *

Deletions, duplications, markers, rings 0.29

Numerical aberrations

Autosomes **** 2.07

Sex chromosomes (including cytogenetic

variants) *****

47, XXY 0.83
47, XYY 0.60
47, XXX 0.52
45,X 0.26
Total 7.57

* An unbalanced chromosomal aberration involves the addition and/or loss of ge-
netic material.

**  Robertsonian translocations almost exclusively occur in the female germline.

***  Reciprocal translocations almost exclusively occur in the male germline.

****  Almost all of these are trisomies 21 (Down syndrome). In mothers under 30 the
occurrence is about 1 in 1500, over 40 it rises to 1 in 100 births. About 90% of
them are of maternal origin, which is generally applicable to trisomies. The ex-
ceptions to this rule are 47,XYY (all paternal) and 47,XXY (fifty-fifty paternal and
maternal).

***** To estimate the frequencies by sex, the numbers can be doubled. The research-
ers report 51.2% boys.
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two divisions (fig 4). Searching for dividing cells is a time-consuming and exhausting task. For-
tunately, in 1953, Charles Ford and John Hamerton discovered the action of colchicine as an
inhibitor of the spindle apparatus in the lead-up to metaphase (fig 3, 4). They noticed that when
using this, chromosomes remained in the highly shortened, even more condensed form.

Colchicine is a so-called alkaloid. These are nitrogenous substances of plant origin, char-
acterised by complex ring-shaped structures. Caffeine and morphine also belong to this family,
as well as vincristine from the pink periwinkle plant, which also inhibits the spindle apparatus.
Colchicine is extracted from autumn crocus, an autumn-flowering crocus-like plant. With the
discovery and use of these types of substances, a prerequisite had been met to routinely start
chromosome research. Another obstacle was related to the challenges of loosening chromo-
somes that are tightly packed in the nucleus before interacting with the spindle apparatus (fig 3).
In the 50s, it was accidentally discovered that washing cells in a simple weak hypotonic saline
solution makes them swell. This increases the distance between the chromosomes awaiting
division. The trick is to retain this situation by using a fixative. A mixture of three parts methanol
(or ethanol) and one part acetic acid was (and is) routinely used for this purpose. The finishing
touch consists of transferring a few drops of fixative with cells to the microscope slide, and letting
the specimen dry until it reaches a state referred to as “air dry”.

This is how the chromosome number of a diploid human cell was determined to be 46 in
1956, in a race that Charles Ford and John Hamerton narrowly lost. However, they were able to
confirm the results obtained by Tjio and Levan from Sweden by the end of that year. After that,
the first reaping of genetic diagnoses in humans began. In 1959 alone, the following discoveries
were made: for the autosomes: Down syndrome results from the presence of one extra chro-
mosome (47,XX,+21; 47,XY,+21); for the sex chromosomes: Turner syndrome is caused by the
absence of one X chromosome (45,X) and Klinefelter syndrome results from the presence of an
extra X chromosome (47,XXY). In the diagnosis of Turner syndrome, Charles Ford won the race.
Charles was an extraordinary man, eternally driven, sharp, somewhat eccentric and incredibly
kind.

In order to analyse a field of chromosomes fixed with methanol and acetic acid before the
computer age, you had to photograph them, print copies, cut them out and then match the
chromosomes as homologous pairs. This is how one creates a karyogram, the systematic
arrangement of identical chromosomes into homologous pairs. Sometimes, the differences in
shape are so pronounced that you can confidently place the copies from both parents side by

side (although you obviously don’t know which chromosome comes from which parent). Only the
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sex chromosomes of a male cell can often be attributed to a specific parental origin, helped by
the fact that the Y chromosome is usually relatively easy to recognise.

Depending on the species, a smaller or larger part of the set of chromosomes could not be
unambiguously identified. Therefore, those early karyograms did not actually amount to much.

In 1970, Torbjorn Caspersson of the Karolinska Institute in Stockholm published the results
of a chromosome staining with the fluorochrome quinacrine mustard. Each chromosome was
found to have its own fluorescence pattern when viewed under the appropriate microscope. For
experienced pattern recognisers, it was no longer difficult to create a karyogram that was accu-
rate. A year later, it was discovered that using the old-fashioned nuclear dye Giemsa (a mixture
from 1904, named after the German bacteriologist and chemist Gustav Giemsa) can produce an
even clearer banding pattern that can be observed under an ordinary light microscope (fig 12).
Quinacrine binds better to DNA segments that are richer in AT/TA base pairs. One of the dis-
coveries from those years was that a part of the long arm of the human Y chromosome (fig 38),
the part that does not contain genes, that is heterochromatic and can vary quite a bit in length,
fluoresces most brightly of all, and also lights up in sperm cells. This way, sperm cells can thus
be sexed, but they are no longer useful afterwards.

So, the analysis method using Giemsa bands has triumphed. The longer the chromosomes,
the better the results, but the more challenging it is to deposit the chromosomes side by side on
the glass. An American publication appeared showing as many as 2000 bands in human chro-
mosomes, still 1.5 x 108 (1.5 mb) per band. This way, it was possible to see how the dark bands
merged as the chromosomes became shorter. Soon, it became clear that the darker bands
replicate their DNA later in the S phase (fig 4) than the lighter bands. The LINEs (Ch2.3.3) are
located in the darker bands and the SINEs in the lighter ones. Giorgio Benardi’'s CG-rich seg-
ments are in the light bands, and the AT rich ones in the dark bands (Ch2.3.3). As such, there
was already plenty of speculation about the “compartmentalisation” of the genome years ago.
The appearance of bands naturally fuelled the discussion, which is now being reinvigorated with
the discovery of TADs and how they can aggregate into higher-order structures (Ch2.3, fig 7, 12).

In order to routinely examine the chromosomes of humans and mice, one needs a cell type
that can easily be obtained. Blood contains white blood cells, but those do not divide. The sub-
stance PHA (phytohemagglutinin, an extract from the bean Phaseolus) stimulates a portion of
these blood cells to divide, which was discovered around 1960. This paved the way for cytoge-
netic testing in patients: from 1978, the determination of a chromosome profile became included

in the general coverage of medical procedures in the Netherlands.
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3.4.1 The microscopy of structural chromosomal aberrations

Cytogenetics provided us with a first insight into structural chromosomal aberrations, especially
after chromosome banding became the default for making a karyogram. Now, exchanges of
chromosome segments between different chromosomes, the origin of a reciprocal transloca-
tion, were easier to detect (fig 12). When constructing the karyogram, you would end up with
four chromosomes: the two original ones, and the two with exchanged segments. In humans,
this actually occurs remarkably frequently (table 4). Usually, carriers of such translocations do
not exhibit any visible external signs. In couples using IVF, they are more common in situations
where the man is the reason for referral (Ch12.12.1, table 6). Another type of translocation, the
Robertsonian translocation, is also not rare (table 4, for an explanation, see fig 12). Transloca-
tions must have played a role in evolution; otherwise, karyograms of different mammalian spe-
cies would not have been so different. To observe a reciprocal translocation with chromosome
banding, the chromosome segments exchanged between two non-homologous chromosomes
(fig 12) must be quite large, at least in the range of several megabases.

Occasionally, such a structural chromosomal aberration establishes itself in the population.
In humans, around 2% of individuals are carriers of an inversion in chromosome 9 (fig 12). The
inverted chromosome segment is heterochromatic and contains the centromere. This does not
cause any issues during meiosis. Cytogeneticists refer to it as a neutral variant.

In mice, reciprocal translocations hardly ever occur spontaneously, and they mainly arise
after irradiation of the testis (with ionising radiation). Carriers of a reciprocal translocation in
mice, pigs and dogs have greatly reduced litter sizes. As a result of homologous chromosome
pairing during the first meiotic division, the four involved chromosomes seek each other out
(Ch5.1, fig 12, 14). During subsequent meiotic reduction divisions, this leads to the production of
gametes of which half or more than half simultaneously lack one and have a duplicate chromo-
some segment (fig 26). After fertilisation, this, in turn, leads to embryonic mortality around, and
shortly after the period of implantation. In humans, you would expect a prolonged time between
successive births, which, however, goes unnoticed in most societies today. Half of the children
will inherit the reciprocal translocation, while the other half will be chromosomally normal. Each
reciprocal translocation is different; there are some that may remain hidden in the population for
generations, with the frequency of this being unknown. There are also some that come with an

increased risk of having a child with a congenital defect. This is due to the single absence and
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triple presence of the exchanged chromosome segments in situations where the genome was
not sufficiently out of balance to lead to prenatal mortality.

A new optical technique has recently been presented by a company called Bionano, and it
bridges the gap between cytogenetics and sequence-based technologies. The technique uses
fluorescence labelling of ultra-long linear DNA at a specific sequence motif and subsequent
analysis of these linearised molecules in nanochannels. The resolving power for deletions and
insertions is in the order of 500 bp. It is greater for reciprocal translocations, inversions and

duplications, at around 40 kb.

3.4.2 The microscopy of aberrations in chromosome number

Attention to the fact of aberrations in chromosome number in humans, arising around concep-
tion, was already drawn by the well-known relationship between a mother’s age and the likeli-
hood of her having a child with Down syndrome (after the establishment of its origin in 1959,
more on this in Ch11.4.1). The work of a French couple in the 70s shed new light on this matter.
J and A Boué conducted systematic cytogenetic research on cell material from spontaneous
abortions in humans, almost all of which take place in the first three months of pregnancy. In
about 60% of this series of 1498 miscarried foetuses, the chromosome number was incorrect,
rendering them nonviable. Most commonly, they observed aneuploidy, the presence of an extra
chromosome (54% of abnormal karyotypes), and, much less frequently, a missing chromosome
(always 45,X Turner syndrome, 15%). Polyploidy (triploidy and sometimes tetraploidy) was
present in 26% of chromosomally abnormal foetuses. Later studies, in which all chromosomes
could be distinguished, confirmed that trisomy 21 (Down syndrome) is not uncommon in spon-
taneous miscarriages (this was the case in at least 10% of trisomies).

At that time, this was a sensational discovery. The work was published in a book on ageing
egg and sperm cells, which caused it to fall into oblivion, despite the fact that the Boués were the
first to demonstrate on such a large scale that determining the correct chromosome number prior
to and at conception (and, to a lesser extent, just after) shows that something goes wrong rela-
tively often. The data from their work are no longer found in current overviews on this topic. As a
tribute, the journal Birth Defects Research reprinted their publication as a classic paper in 2013.

Very recently (2023), an update was published that extends the analysis to using a genome-
wide SNP profile which includes data from the parents. A series of 1,745 spontaneous abortions

was analysed with state-of-the-art cytogenetics, mostly using Giemsa banding (fig 12). Again,
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50% of specimens were karyologically abnormal, with 40% of them attributed to autosomal
aneuploidy, 12% to sex chromosome aneuploidy (also called gonosomal aneuploidy) and 32%
to polyploidy. The remaining 16% contained structural aberrations/variants and combinations of
the aforementioned categories in more or less equal shares. The main question of this report
was whether high-level analysis through genome-wide SNP profiling, which incorporates the
genomes of the parents, could enhance the ability to detect abnormal karyotypes, including
structural variants/aberrations that cause spontaneous abortion. The main conclusion of this
small series of 94 specimens (that were found to be “normal” when standard cytogenetic testing
was used), is that one-third of them were abnormal: more aneuploidies were detected, and in line
with observations derived from ART (Ch16.3.1), it was found that aberrations can have a mitotic
origin, emerging during the cleavage divisions. This finding could only be detected with SNP
analysis that includes data from the parents (this way, a meiotic origin can be separated from an
early embryonic mitotic origin).

From the 70s onwards, it became possible to obtain embryos in mice that either had one
chromosome too many or too few for each of the 19 autosomes. The embryos with one chro-
mosome too few all perish around the time of implantation or shortly thereafter. The survival of
the embryos with one chromosome too many is much more variable, but none survive until after
birth, even when it is the smallest mouse chromosome that has the extra copy. Apparently, an
insufficient amount of gene product is considerably worse than an excess of it. This phenome-
non is known as gene dosage effects, which includes haploinsufficiency. Proteins invariably
interact with each other in many ways, and in such cooperations, ratios matter (Ch1). The fact
that, in humans, trisomies for chromosome 21, although much more susceptible to prenatal
mortality than chromosomally normal embryos, can still often go through the entire pregnancy
and be born, is partly attributed to the relatively low number of protein-coding genes on this
chromosome.

For the sex chromosomes, it is a different story. In each cell, every X chromosome beyond
the number of one is inactivated (Ch2.3.2, box 4). If this process worked perfectly, women with
three X chromosomes would not stand out in any way, but that is not the case: X chromo-
some inactivation is not complete (box 4). Despite how interesting that is in itself, you rarely
come across it in the many public journalistic investigations into the difference between men
and women. This incomplete X chromosome inactivation also plays a role in Klinefelter syn-

drome (XXY, table 4). It also explains that Turner syndrome (45,X) is a real one with associated

Chapter 3| Genetic variation VAl



phenotypic characteristics. Finally, two Y chromosomes are tolerated (table 4), with the Y being
gene-poor (Ch12.12.2, fig 38).

In the winter of 1976-1977, | worked at the Medical Research Council Clinical and Popula-
tion Cytogenetics Unit next to the Western General Hospital in Edinburgh. In Scotland, almost
every baby is born in the hospital. Since the lab specialised in creating chromosome profiles,
they started karyotyping more than 10,000 consecutive hospital births. Of course, there were
babies with abnormal karyograms, including for the sex chromosomes (table 4). Shirley Ratcliffe
worked as a paediatrician on follow-up screening of these babies. Even then, the question was
what you could or would tell parents about their child’s genetic makeup, when that makeup is not
immediately apparent in the phenotype and a deterministic interpretation of the genetic diagno-
sis is undesirable. For example, they did not inform parents about a little boy with an extra X or
Y chromosome, but they did want to perform follow-up tests.

In those with Klinefelter syndrome (XXY), spermatogenesis is impaired, which will be dis-
cussed later (Ch12.12.1). Offering reasons that were not very clear, children were lured to the
hospital for check-ups. Shirley Radcliff’s bifurcated skirt with Scottish tartan motif had two deep
pockets. In one of them, she had a string of beads of gradually increasing size (an orchidometer).
Now, the art was to palpate a testicle while, with the other hand, finding the bead of comparable
size — our sense of touch is well developed! With regard to the XYY boys, she mentioned that
they were more prone to having accidents due to clumsy behaviour. A publication on this came
out in 1999, which was her last one related to the supposed aggression of men with an extra
Y chromosome. The conclusion, based on 16 XYY boys found among the 34,380 karyotyped
babies between 1967 and 1979, was tentative. Yes, there was slightly more antisocial behaviour
and even a hint of criminality, but that could mainly be attributed to reduced intelligence. Further-
more, even this study was still somewhat statistically limited, she noted.

In the next chapter (4), | will try to address, as much as possible, the biological relevance of
genetic variation as the basis of explaining phenotype. Afterwards the role of the germline as a

driver (and/or suppressor?) of genetic variation will be described.
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CHAPTER 4

From genotype
to phenotype

41 Genetic dissection

So how does genetic variation manifest itself in what we see in another person, what we look like
ourselves and how we function — in short, how does genotype translate into phenotype? This
is a kind of holy grail, and it is the subject of countless studies. Most attention is focused on the
involvement of genetic variation in disease and health, but also the genetic basis of intelligence,
personality and BMI all pop up in the professional and popular literature. A fairly large group of
genes is responsible for recessively inherited disorders (“monogenic inheritance”), with most
of them being extremely rare. Aberrations in genes that are dominantly inherited are compar-
atively less common (Ch18.1). Not every gene leads to a distinct phenotype if only one copy is
functionally present. When this is the case, it is referred to as haploinsufficiency, the harmful
effect of a single gene dosage, which can manifest as dominantly inherited.

When the technique to knock out genes using homologous recombination in embryonic
stem cells was established in the late 80s in mice, (box 2, 3, fig 19), it marked the beginning
of a prosperous time. You can now use genetic tools more purposefully to solve a cell’s biolog-
ical or general physiological puzzle, thereby making a link to the phenotype. It does not matter
where that gene is expressed, for example, in the reproductive organs or in the early embryo.
This research approach is known as genetic dissection. As a PhD student, you could thus
embark on a project that was based on the inactivation of a supposedly important gene, which
is, for example, involved in the energy metabolism of the cell; it looked promising, otherwise it
would not have been approved by the scientific community. When the long-awaited knockout

mice (box 3, fig 19) were finally around, it was often the case that nothing about them seemed



different at first glance; but who knows what might be revealed when using more precise meth-
ods to determine the phenotype. In the field, this phenomenon is captured by the term “genetic
redundancy’.

“All roads lead to Rome”, and the cells expressing this gene are not easily misled in their ulti-
mate functionality. However, the opposite can also happen, finding something you were not at all
looking for. For instance, the male knockout homozygotes of your favourite gene unexpectedly
turn out to be sterile. The discovery that embryos that inherited defective gene copies from both
the father and the mother (and that are thus homozygous -/-) are not viable was another sur-
prise. In line with that theme, it has been found that knockouts for genes involved in repairing a
double-strand DNA break (fig 33) very often produce embryos that will die around implantation.
When the embryo enters the phase of rapid cell division and growth, shortly after implantation in
the uterine wall, things start to go wrong. By 1994, the toolbox of gene manipulators was already
extensive enough to address these issues. Ideally, the effect of the knockout should be limited
to the specific process you wish to study, for example, spermatogenesis. Box 3 and figure 20
explain how this works. By using homologous recombination in stem cells (box 2), you can basi-
cally alter the gene of choice in any desired cell type, but the complexity and high costs of the
method persist. CRISPR-Cas technology (box 3) has greatly simplified genetic manipulation, but
that does not mean that it is now possible to make any tissue- or cell type-specific modifications
at low cost.

We know the function of many genes, but for about half, this remains unknown. The scientific
community naturally strives to obtain the most comprehensive understanding possible. A lot of
information can already be deduced from a gene’s DNA code. As a next step, you want to know
in which cells and tissues the gene is expressed, and databases exist for that as well. However,
a more definitive insight is obtained when the gene is knocked out by a mutation (box 3). The
international mouse community now aspires to do this for every gene. The Jackson Laboratory
(Bar Harbor, Maine and a very large player in mouse genetics) is a driving force in this. This
global initiative is known as the International Mouse Phenotyping Consortium (IMPC). A total of
19 institutions from around the world participate in this project, with a strong presence in North
America, Europe (including the MRC unit in Harwell, Ch2.3.2) and China, but there are also
labs in India and South Africa. It is essential that the method of phenotyping is done according
to a standardised protocol. Bob Braun, a scientist affiliated with the Jackson lab who is strongly
involved with the IMPC, predicted that we would have reached half of the approximately 20,000
or so genes by the end of 2021. Up to January 2024, 8,707 genes have been examined in this
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way. Of the 7,824 genes analysed up to 2021, 871 were related to reproduction, with 200 of those
associated with sex determination. For 308 genes, knockout led to fertility impairment.

The step from the phenotype of the knockout to determining the precise function of the gene
is still a large one.

Proteins can be incredibly versatile, and even for the product of a thoroughly studied gene like
p53 (Ch2.2.1), with more than 50,000 publications in the database, new aspects are still being
uncovered. A safe assumption remains that we still don’t have a good idea of the function of half
of the protein-coding genes, and for the remaining ones our understanding is often incomplete.

| once met Bob Braun at a Gordon Conference. Gordon Conferences, an American initiative
that has been around for years, provide an informal stage for leading researchers and their
young apprentices in a specialised area of science. In the mornings, there are presentations
and so on, while everyone has the afternoons off. Depending on the conference venue, some
people go golfing while others go swimming in a beautiful pine-lined lake with clean water. After
dinner, there are more presentations and afterwards people hang out until (very) late. These
types of meetings are always competitive but, at the same time, very informal, a positive side of
the American science system.

Looking at the physiological role of gene functions, it is striking that the essential genes are
heavily involved in development and embryology and that they are often important in protein net-
works. These are also genes to which genetic redundancy does not apply. In other words, there
are no backup copies to compensate for damage. These backup copies fall under the concept
of paralogs, a logical consequence of the fact that duplications of genetic material played a role
during evolution (Susumu Ohno, Ch2.3.2). Our genome is simultaneously very robust - flexibil-
ity in DNA is tolerated — and very fragile, as a single incorrect base can already have dramatic

consequences.

4.2 Genetic dissection in humans

In 2000, the first version of the base composition of the human genome was published. A famous
photo shows a proud President Clinton standing next to Craig Venter of Celera Genomics, the
company he had founded to accelerate the pace of the Human Genome Project of the 90s.
On Clinton’s other side stands Francis Collins as a representative of the public funds of the NIH.

Since 2000, several editions of the DNA base composition, our genetic identity, have

appeared. The spring 2022 version was produced by the T2T consortium, where the T stands for
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telomere. The combination of long read sequencing with the more traditional approach of DNA
base sequencing has filled in the gaps where the repeat structure (see, for example, table 2)
of the genome was a hindrance, such as at the chromosome ends, in and around the cen-
tromeres, and in the short arms of the acrocentric chromosomes 13, 14, 15, 21, and 22 (fig 12).
The human genome is now almost completely mapped, and the published 2022 (female) version
can serve as a reference for the notation of variants (table 3). The sequence of the Y chromo-
some, which is even more resistant to the earlier sequence technology, was published in 2023,
and more attention to the genomics behind this will be given in Ch12.12.2.

Assisted by the ever-expanding human presence on Earth, the advancement of the com-
bination of “medical science - genetics” and the international nature of scientific research, we
ourselves are conducting genetic research on a large scale. And all of this is due to the never-
ending process of spontaneous mutation in the germline (Ch3, table 3). For the detection of
single gene-based (monofactorial, monogenic) genetic disorders, the hospital (the combination
of specialists and clinical geneticists, fuelled by technological advances in DNA analysis) works
as a filter. And since the number of births in countries with good medical care is high around the
world (ranging from 6-20 per 1,000 inhabitants per year), biologically extremely interesting, but
personally touching phenotypes are left on this filter. The technological developments in geno-
typing that have happened between the 70s and now, culminating in the application of WES and
increasingly WGS, are reflected in the number of genetic diagnoses in the Netherlands, from
less than 1,000 before 1978 to 125,000 in 2018 (a more recent update could not be obtained). So
this development is brought about by the interaction between genome technology and the knowl-
edge of the genes responsible for “single gene phenotypes” after mutation, see below. However,
the elucidation of the genetic architecture of polygenic traits (Ch6), if not too genetically com-
plicated, will increasingly add to this trend. One may wonder if there is an end to this develop-
ment, knowing that it is difficult to influence the environment as a variable in the expression of
polygenic traits (Ch6); examples are nutrition and low-dose complex chemical pollution (Ch17).

In the 70s, Victor McKusick of Johns Hopkins University in Baltimore began cataloguing
human genetic disorders caused by a defect in a single gene. He also listed the mode of inher-
itance, recessive, dominant or intermediate. We were still in the era of card index boxes, and
he worked on this in the early hours of the morning, aside from his regular job as a cardiolo-
gist. The list was known as “McKusick’s list” and | remember that at the time, around 1980, it
contained approximately 400 genetic defects. Every summer, the professor would travel to Bar

Harbor, Mount Desert Island in Maine, for high-level science in the breathtaking setting of Aca-
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dia National Park. On this island — actually a peninsula, connected to the mainland by a bridge,
which was a playground for wealthy families such as the Rockefellers in the 30s — the Jackson
Laboratory was founded in the year 1929. This laboratory houses the world’s largest collection of
mice with genetic abnormalities, alive and/or frozen as embryos in cryogenic vessels with liquid
nitrogen, in addition to numerous inbred mouse strains and combinations of these inbred strains.
The data storage of genetic knowledge of the mouse is also primarily in the hands of the Jackson
lab. Now, when researchers need a mutant for a specific gene (most commonly a knockout,
box 3), they can browse through the collection of the Jackson laboratory. However, it will often
be quicker to create the mutant themselves using CRISPR-Cas technology in the desired back-
ground genotype (box 3, and especially when inactivation of multiple genes is desired).

“McKusick’s list” is now called OMIM, Online Mendelian Inheritance in Man, a catalogue of
human genes and genetic disorders. In February 2024, this database already lists 4,526 mono-
genic disorders (see also Ch18.1). As the analysis of the base composition of the human genome
is now more or less complete, it is expected that this number will increase even further.

An example is “entry 176670”, Hutchinson-Guilford progeria syndrome (HGPS), a dramatic
ageing disease that is very rare and occurs spontaneously in the majority of cases. It is said
that the disease is “dominantly inherited” and that the mutation originates in the germline of
either the father or the mother. It occurs in one in 4-8 million births, and is hence extremely
rare. But, coincidentally, a pupil at the preschool of one of our children happened to have this.
Children with this form of progeria usually would not live past the age of 12, but that is slowly
changing now, thanks to medical treatment of the symptoms: a lifespan of 20 years is no longer
an exception. These children are psychologically normal and exceptional, but the deterioration
actually begins in their first year of life. People with this HGPS are spread all over the world.
Initially, the gatherings where families and children could meet would only be held in the USA.
However, since 1997, there has also been a European Progeria Family Circle that aims to bring
European children and their families together every year. Despite all the poor prospects and
daily problems, you witness a fairytale world at such gatherings, especially when it takes place
in the Efteling (a fairytale-themed amusement park in the Netherlands). Children with progeria
are endearing, and the discovery of the affected gene in 2003 has raised hopes for a cure. This
gene that is responsible for premature ageing has attracted publicity and is intuitively linked to
a longer life. Two groups released their findings around the same time. There was an indica-
tion that the gene for this form of progeria lies on chromosome 1 (fig 12). Through the arduous

procedures of those days, in which polymorphisms for microsatellites (Ch2.3.2, table 2) played

Chapter 4 | From genotype to phenotype 77



a major role, an American group came to the conclusion that this was a gene from the lamin
family, specifically the gene encoding lamin A. The results were published in Nature. The Euro-
pean path to solving this genetic puzzle was quite different. In Marseille, a clever doctor noticed
that the jawline of the children with progeria resembled something he knew from the so-called
laminopathies. There are three types of lamin genes, and a gene defect can be less severe, so
that it does result in a phenotype, but not in the striking pattern of early ageing. At that point, the
researchers immediately started looking for mutations in the lamin genes in the children with pro-
geria, and they arrived at the same result as the Americans. The publication followed in the same
year in the journal Science, in the scientific world as highly regarded as Nature. This is truly a
fine example of serendipity. The protein lamin A plays a role in the contact between chromatin
and the nuclear membrane (fig 2, 7) and that contact is extremely important for DNA stability.
The defective protein progerin, resulting from the most common mutation, dysregulates the cell
in many ways, with DNA repair being an important component of this. There are now mouse
models in which gene therapy for the most affected tissues can be tested, and a breakthrough
that happened in early 2021 could be the first step towards therapy.

Currently, the findings of large-scale genome studies that give us an insight into DNA varia-
tion (Ch3) are being merged with information from all other sources, two of which have just been

mentioned, concerning mice and humans, respectively.

At this point, | would like to revisit the concepts of haploinsufficiency and genetic redundancy.
A measure of a gene’s indispensability is whether loss of function of a single allele results in
haploinsufficiency, manifested in a phenotype. In 2018, Craig Venter co-authored a widely cited
paper that raised the question of how many of our approximately 20,000 genes we really cannot
spare one of the two copies. That question is not easy to answer, not even in mice as the genetic
model for mammals, as we have just seen. However, with the advent of large genome projects
such as gnomAD, and with the help of statistical methods/bioinformatics, it is possible. The
estimated number of genes with this sensitivity is 3,000. The presence of a defective gene copy
is referred to as “loss of function”. This is, of course, what is searched for in human genetics,
as well as in farm animals. The number 100 appears to be an estimate of the number of “loss
of function” variants/gene copies/alleles per individual. Most of these likely go phenotypically
unnoticed. The number of variant alleles that are not transmitted (due to mortality and infertility)
in the homozygous recessive state is estimated at 0.6 per person. A measure of dispensability

(genetic redundancy) is the presence of one or two defective gene copies without a phenotype.
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Another indication of lower importance is the absence of selection, reflected by the presence of
more alleles with mutations for that particular gene and genetic variation around it in the popula-
tion. When this is higher, the selection pressure is lower. A clear picture of an actual number of
genes that can be missed in the homozygous state seems difficult to obtain, although a number
of 3,000 is mentioned by Venter. Involved factors are the non-severity of the phenotypic conse-
quence(s) of missing the gene (for instance, for olfactory genes), and the fact that evolution by
gene duplication can yield copies that have not yet evolved into separate functions, so they can
still compensate each other to some degree.

The relationships between the genome and phenotype can be viewed as solving an infinitely
complex puzzle, of which the true number of pieces and their interactions is unknown. However,
as we progress, strongly stimulated by the technology to determine DNA base sequences, com-
puter intelligence and linked, to that, the methods to better “visualise” structural variants, our

understanding will steadily increase.

NB: an approach that has been used since the emergence of DNA technology in the 80s to
determine the relationship between genotype and phenotype and which has become increas-
ingly refined, is briefly discussed in chapter 6 under the abbreviation GWAS (“genome-wide

association study”).
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CHAPTER 5

The meiotic divisions

The change from a diploid to a haploid stage, and then back to the diploid stage, is intricately
linked to the concept of the alternation of generations. It turns out that the duration of the dip-
loid versus the haploid stage can vary extremely between the many organisms that reproduce
sexually. When you look up the concept of alternation of generations on Wikipedia, for instance,
you enter a complex world of classifications. Mosses are an example of a life form that primarily
exists in the haploid state.

For plants, invertebrates, and vertebrates, the diploid phase in life is by far the longest (a bit
of an open door). To transition from the diploid to the haploid stage, cells in the germline go
through meiotic or reduction divisions (meiosis fig 13). Compared to mitotic division, the whole
process takes a long time, and it can be “frozen” at a certain stage in order to give priority to
other processes, such as during the meiotic prophase of oogenesis. The same is true for the
meiotic prophase of spermatogenesis, albeit to a lesser extent. In this chapter, however, we will

focus on the basic principles that are the same for both sexes.
5.1  The pairing of homologous chromosomes

When homologous chromosomes have to part ways in an orderly manner, some preparation
is in order. All of this happens in the prophase (fig 14) of the first meiotic division, which is quite
lengthy for that reason. Cytologists and cytogeneticists have divided the prophase of meiosis into
stages based on the behaviour of the chromosomes. During genetics lectures, this was one of
those learning sequences that was quickly forgotten (fig 14). The process begins with the short-

ening of the chromosomes which, since chromosome duplication has taken place, consist of two
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FIG13

Summary of meiotic chromosome pairing, which allows crossing over, and the two
meiotic divisions for a single bivalent. The meiotic stages of oogenesis and sper-
matogenesis are called oocyte and spermatocyte, with the prefix “primary” for the
first meiotic division and “secondary” for the second meiotic division. For the sake of
simplicity in the figure, only a single crossover between loci A/a and B/b is shown (with
alleles A,a; B,b). This leads to recombination within the chromosome, represented
by a colour difference between the homologues (red for maternal, blue for paternal).
The first and second meiotic divisions happen from the beginning of the anaphase (see
fig 3). The figure also serves as an illustration of Mendel’s first law. Because bivalents
in the first meiotic metaphase and chromosomes in the second meiotic metaphase ran-
domly orient themselves in the spindle apparatus, the four meiotic products for each
bivalent have an equal chance of being transmitted from the oocyte into the zygote
(the second meiotic division is completed after the secondary oocyte (the egg cell) is
activated by the sperm cell, and a zygote is formed, see Ch13.5.1 and fig 42). The male
germline is shown up to the stage of elongating spermatids (fig 31), each of which
originates from a single spermatocyte with equal probability. This equality of chance

remains intact until fertilisation (but see Ch12.3).

chromatids, as in mitosis. The process of finding the right partner is referred to as “homology
search” in the literature. This is one of the most intriguing and completely miraculous processes
that occurs in the germline. At that point, the nuclei are remarkably small. You might expect
that a bit of space would make the search easier, but apparently, it does not. Somewhere at the
beginning of this journey, the ends of the chromosomes, the telomeres (Ch2.3.3), locate each
other. To further add to the crowding, they all tend to accumulate in one sector of the nuclear
membrane, making it just like a tangle of strings of different lengths of which you are gathering
the ends. These are discoveries from the early 90s, when antibodies against proteins involved
in the regulation of telomeres became available and could be used to microscopically visualise
the beginning of homologous chromosome pairing. The DNA code for telomeres is the same for
each chromosome end (Ch2.3.3), so that will not help to locate the homologous chromosome.
However, that is not intelligent speculation. At the domain where the telomers cluster, they attach

to the nuclear envelope and communicate with the adjacent cytoplasm. Jeopardising either this
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FIG 14

Compressed view of the classical prophase stages of the first meiotic division. The
two chromatids of the parental chromosomes are depicted with a subtle colour differ-
ence. The chromosome pairing (synapsis) is shaped by the synaptonemal complex.
The recombination nodules can be stained with an antibody against the mismatch re-
pair protein MLH1, which is a way to determine the distribution of recombination events
across the different bivalents (see fig 15). The convention is that in humans, gene and
protein are written in capital letters, with italics used when referring to the gene (and
this also applies to the mouse; in humans all capitals, in mice only the first letter). The
yellow boxes provide a simple representation of the accepted molecular crossing over
model, where the so-called “Holiday junctions” (Hj) are the core concept. Essential
is the search for homology of the single-strand (ss) DNA filament in the right panel.
Arrowheads indicate where the DNA needs to be cut and where the chain needs to be
repaired to rejoin the two double-strand (ds) DNA molecules. DNA synthesis is an inte-
gral part of crossing over. Due to condensation of the bivalents, crossing over becomes
visible as a chiasma in the diplotene. The diakinesis can still be distinguished on the

way to the final stage of condensation, the metaphase (fig 3, 30).

attachment (using a mouse knockout) or “the answer” of the cytoplasm near the centrosome
(Ch2, fig.3) (knockouts in zebrafish) disrupts the onset of homologous pairing. Homologues
may already come into contact with each other during the telomere movement, and a meiotic
version of the cohesin complex (fig 6, Ch2.2.2, Ch2.3.1) plays a role in this process.

The next stage of this mysterious process involves the creation of a large number of double-
strand DNA breaks, which are distributed throughout the genome, albeit not randomly. For a
better understanding of how these breaks are used to further tighten interactions with the homol-
ogous chromosome, figure 14 is a great resource. With some assistance and at appropriately
prepared sites, the enzyme SPO11, in collaboration with another protein, creates a cut in the
double-strand helix. You would imagine that these breaks are then repaired using the homol-
ogous DNA base sequence of the intact sister chromatid, which is nearby, but that pathway is
actually blocked.

Before the break can be introduced, the chromatin must be locally folded into a suitable

open state. This involves the action of enzymes that methylate Histone 3 at Lysine (K), among
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others at position 4 (table 1, fig 8). When Japanese researchers published an article in 2005
about a sterile mouse with a gene knockout for the meiosis-specific protein with this enzymatic
activity, it was a difficult finding to explain in lectures. After all, a link between a DNA-cleaving
enzyme and an enzyme that modifies a histone (table 1, fig 8) had never been determined

before.

It all became a bit clearer when it was revealed that this protein not only possesses the desired
H3K3 methyltransferase activity but also a domain, referred to as a “zinc finger”, which can bind
to stretches of DNA with limited variation in the base sequence. In other words, zinc fingers bind
to a specific type of DNA motifs. This meiosis-active histone methyltransferase with the addi-
tional search function for DNA motifs is now known as PRDM9 and has become part of the the-
ory of speciation (it is a protein that evolves rapidly, like other proteins involved in reproduction).
You would think that one cannot do without an enzyme that plays such a central role in gamete
formation. It is evolutionarily conserved and seems to be just as important for Homo sapiens as
it is for Mus musculus, the rodent we are so familiar with. That is indeed true, but sometimes you
still encounter mysteries.

In 2016, a genetic study of 3,222 adults born out of cousin marriages was published in
Science. The researchers had focused on Pakistani families with a Muslim background living in
the United Kingdom. The reason, of course, is that within this community, marriages within the
family are common and, as a result, children born from these marriages share a part of their
genome. If there happens to be a gene mutation on those segments which impedes the func-
tioning of the protein, that defect can come from both parents (+/- x +/-, resulting in a frequency of
a quarter according to Mendel’s first law). This way, it can be determined whether the protein can
be missed or not. To the researchers’ astonishment, they identified a woman who was homozy-
gous for a PRDM9 knockout mutation, and yet, she was fertile.

Dogs and birds actually also lack this enzyme, so they must have a different solution for
determining DNA breakpoints. Apparently, nature remains unpredictable, even for something as

essential as a core process in meiosis.
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Impression of determining numbers and positions of crossovers per bivalent in the
pachytene stage (fig 14) of the first meiotic division in primary spermatocytes (fig 13) in
humans. The numbers of crossovers predict the number of chiasmata that become vis-
ible when the bivalents condense (fig 14). The positions of crossovers are visualised
using immunofluorescence with indicator protein MLH1, represented here in yellow.
Recognition of the bivalents is based on FISH. The number of MLH1 signals per meiotic
cell is around 50-53 for male meiosis. In female meiosis, the number is higher and

varies more (for most primary oocytes (fig 13), the number ranges between 56 and 86).

Double-strand DNA breaks are quickly detected by the chromatin surveillance team (Ch2.2.1,
fig 4), and subsequently, the chromatin around the break is prepared for repair. An important
part of the preparatory work is reflected by a member of the Histon2A family (table 1) called
H2AX. H2AX is important in the germline and is evolutionarily older than the H2A found in text-
books (Ch2.3.1). We will return to H2AX in a moment, but to appreciate its significance, there
is something to address first. A class of proteins that is very important for regulating various

processes in the cell is collectively referred to as protein kinases. These are proteins that, as
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a post-translational modification (PTM), attach phosphate groups to a set of target proteins,
which then alter their function and, for example, become active (regulation by phosphorylation).
Two of these kinases are crucial for detecting DNA damage. The first is named Ataxia-Telangiec-
tasia Mutated, abbreviated as ATM. This gene is responsible for a recessively inherited disorder
called A-T, Ataxia-Telangiectasia (OMIM 607585, Ch4.2). Patients with a mutation in the ATM
gene develop a whole range of defects, and a characteristic feature is their high sensitivity to
ionising radiation (which is reflected in cell cultures of heterozygotes). The gene appears to
be able to go out of control in many ways, and many types of mutations have been found in it. A
particular mutation is prevalent among the Jewish population, one that must have originated long
ago and can be traced back to Morocco and Tunisia. Mice that are homozygous for the “knocked
out” Atm gene are sterile. In 1996, this report from two competing research groups appeared
in the top literature. Another protein kinase gene that is indispensable in keeping DNA healthy
is abbreviated as ATR (from “Ataxia-Telangiectasia and Rad3-related”). The first knockout mice
were published in 2000: the homozygous -/- embryos for Atr died around the time of implanta-
tion in the uterine wall, so around the age of 5 days in mice. This gene can also be found in the
OMIM database, under number 601215. ATM is primarily involved in dealing with double-strand
DNA breaks, while ATR is involved in single-strand DNA breaks (fig 33). As a kind of supercon-
ductor, ATM and ATR phosphorylate all kinds of proteins, including H2AX. ATM does this so
diligently that a chromatin region of approximately 2 mb of DNA is modified in this way. That can
be stained using a good antibody against gammaH2AX (H2AX with a phosphate group at that
particular site) and observed through the fluorescence microscope. This way, you can already
see double-strand DNA breaks developing during the further preparations for homologous chro-
mosome pairing, but you cannot determine their number. Figure 14 gives an impression of how,
starting from a double-strand break, a search can be conducted for an identical piece of DNA on
the homologous chromosome, which serves as a template for repairing the break.

In this process, the protein Rad51 plays a key role, and it simultaneously marks the pieces
of single-strand DNA used in “searching for homology at the base level”. It is no wonder that
counting the breaks involved in this process is successful with the use of an antibody against
Rad51. At the beginning of the pairing, this number is around 250 in the male mouse. Also, the
cutting sites themselves have surfaced. In a magnificent publication from 2016, Scott Keeney of
the Memorial Sloan Kettering Cancer Center in New York explains how they achieved this. When
SPO11 makes a cut and before it leaves the DNA (fig 14), it takes along a piece of DNA from the

crime scene, typically fragments that are approximately 20 to nearly 40 bases long. Determin-
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ing those fragments using sequencing was enough to identify the cutting site in the genome in
almost 70% of cases. In cases where this was not successful, it was caused by the large number
of “repeats” (Ch2.3.3, table 2) present in the genome. The now-located breaks were situated in
or near a so-called “hotspot” in 60% of cases, the locations where the likelihood of a crossover
(fig 14) is greatly increased. Sixty to 70% of all crossovers occur in such a hotspot of about 2 kb.
And this aligns with the DNA motif of the 36 bp “zinc finger” binding site of PRDM9. Another
demonstration of what is currently possible with molecular biology technology: it has been found
that SPO11 usually cuts in pieces of “linker DNA” (fig 7) (i.e. between nucleosomes, which are
likely temporarily shifted by a chromatin remodelling complex, Ch2.3.2). On theoretical grounds,
this already seemed more convenient, but now, this has been confirmed to be the case.

The process of exchange of genetic information between homologous chromosomes (i.e.
crossing over) is guided in parallel by the formation of protein axes along the chromosomes.
They can use some support, and that comes in the form of a protein structure with the unpro-
nounceable name synaptonemal complex. Under the electron microscope, the synaptonemal
complex resembles a Swiss rack railway, where the rails represent the protein structures that
provide stability to the homologous chromosomes, and the toothed rack rail in the middle repre-
sents how those two protein axes give each other a hand when they meet (fig 14). Research on
meiosis really accelerated when genes encoding proteins of the synaptonemal complex were
isolated. In the 90s, this was done by, for example, Christa Heyting at the Department of Genet-
ics of what is now WUR (Wageningen University & Research). The associated antibodies were
in high demand internationally and thereby contributed to the laboratory’s reputation. It is a
rule in research that when tools like these antibodies are published, they are accessible to col-
leagues worldwide. Soon enough, many of these antibodies directed at investigating meiosis
were also commercially available.

Once the homologous chromosomes are finally completely zipped together, we refer to them
as bivalents. Naturally, it makes sense that the number of bivalents in a species is equal to the
haploid chromosome number: 20 for mice, 19 for domestic pigs, 30 for cows (and zebu cattle and
yaks), 23 for humans and 24 for chimpanzees, gorillas and orangutans.

The key question, of course, is what the outcome is of repairing the double-strand DNA
breaks during the pachytene stage of meiosis (fig 14). It is clear that certainly not all of them are
used for DNA exchange between homologous chromosomes. In this process known as cross-
ing over, a segment with allele A from one homologue (from the mother) is linked to a segment

with allele b from the other homologue (from the father), and vice versa, a segment with allele B
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(from the mother) is linked to a segment with allele a (from the father) (fig 13, 14). Crossing over,
a molecular process, ultimately leads to genetic recombination within the chromosome, the
exchange of linear DNA information (homologous recombination).

During meiosis in a father mouse, only between 20 and, at most, around 30 double-strand
DNA breaks are used for crossing over. In a mother mouse, this number is about 10% higher
but still much lower than the estimate of 250 breaks that complete chromosome pairing. In
humans, the difference between the sexes is greater (Ch11.1). It remains important that at least
one crossover per bivalent is needed to halve the chromosome number during the first meiotic
division (fig 13).

Let’s go back to the “homology search” when crossing over comes into play. The single-strand
DNA filament covered with proteins, including Rad51 (fig 14), thus searches for a complemen-
tary DNA sequence on the homologous chromosome. This initially occurs at the chromosome
ends. That is probably the logical consequence of the onset of chromosome pairing, the process
in which all chromosome ends end up in a subregion of the nuclear membrane. In a population
with genetic variation, the homologous DNA fragments that meet do not necessarily have the
exact same DNA base sequence. When there is a difference at a base position with the search-
ing single-strand DNA segment (think of a length of 900 bases), for example, a C meets a T, this
is called a mismatch. The repair process that follows is known as mismatch repair (Ch2.2.2,
fig 33). This form of DNA repair does not slow down the progression of meiosis but is a normal
part of it. How was the importance of mismatch repair for meiosis discovered?

In the first half of the 90s, the technology to knock out a gene via embryonic stem cells
(box 2, 3) was operable in all leading mouse labs. In the USA, labs with extensive knowledge of
gametogenesis, with a special focus on meiosis, were relatively scarce. In other labs, molec-
ular research on DNA repair mechanisms, including mismatch repair, flourished. Whenever a
functional gene was isolated, producing a knockout mouse strain was part of the process.

At the same time, in Wageningen, we were well on our way to developing a research protocol
to let nuclei of cells spread out into a thin layer, like pancake batter, on glass or ultra-thin “plastic”
(for the electron microscope). Such protocols had existed for a long time, but they were some-
what unreliable, and the results were too variable. For both spermatogenesis and oogenesis,
the improved technique worked perfectly, and has now become the standard. During the same
period, Terry Ashley from the Department of Human Genetics at Yale University in New Haven,
Connecticut, USA, paid us a visit. | knew Terry as a meiosis researcher, mainly in mice, from her

years in Tennessee.
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For as long as | know, it has been common for students in Wageningen to go abroad for an
internship. This is how graduate student Annemieke Plug ended up at Yale, just at the time when
knockout mice for genes involved in mismatch repair became available. She, of course, brought
with her the improved dispersion technique, of which PhD candidate Antoine Peters was the
architect. The first knockout indeed showed that mismatch repair was involved in the “homology
search”. That immediately led to a publication in the top journal Cell, with an image on the cover
that was made using our technique. In that image, you can see that meiotic chromosome pairing
does not progress well when this particular mismatch repair protein is absent.

Even stronger evidence that mismatch repair plays a central role in homologous chromo-
some pairing came from the NKI (Netherlands Cancer Institute). Because abnormalities in the
mismatch repair system play a role in several forms of cancer, Hein te Riele’s group worked on
this topic. The protein family that detects the mismatch has two members that are exclusively
found in the germline (for enthusiasts, MSH4 and MSH5). After that publication from Yale, it was
a fairly obvious idea to create knockout mice in which the genes for these proteins are no longer
functional. Hein told me, somewhere abroad, that they now have a homozygous (-/-) knockout for
one of these two meiosis-specific mismatch repair genes (Msh5) in Amsterdam and that these
mice, both males and females, are sterile.

This led to a collaboration that produced even better results than those reported in the 1995
Cell article from Yale. Completely in line with the idea that this protein helps address the mis-
match that emerges when a piece of around 1 kb of single-strand DNA searches for the site with
an almost identical base sequence (fig 14), the study produced results that were even clearer.
All meiotic cells, both in the foetal ovaries (fig 28) and in the testes of sexually mature males,
died after a few days because they failed to complete the zipping up as part of the formation
of the synaptonemal complexes (fig 14). Some of the chromosomes even paired with two part-
ners, thus also with another non-homologous chromosome (in the literature, this phenomenon
is called “partner exchange”). It may be true that MSH4 and MSH5 determine mismatches at the
molecular level in the search for the homologous chromosome, but these proteins also stabi-
lise the fragile structure of the dangling single-strand DNA of figure 14; they are still objects of
research when it comes to refining our understanding of crossing over.

The double-strand DNA breaks that are not further processed in the absence of (homolo-
gous) chromosome pairing activate a checkpoint (Ch12.5.3, fig 4), and then the primary oocytes
and spermatocytes (fig 13) are eliminated.

It has long been known that the choice of a DNA break to repair itself using the DNA of the

homologous chromosome (via a crossover, fig 14) cuts off that route for other nearby breaks.
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Sometimes, those other breaks do explore the homologous chromosome, even incorporating
a piece of the homologous base sequence into their own DNA, but a true crossover does not
occur. This then results in three of the four chromatids at that site having the same genotype,
and you will find a 3:1 ratio in the gametes. This process is known as gene conversion, which
is common and also serves the purpose of meiotic pairing. Moreover, it leads to more genetic
variation. To further complicate matters, gene conversion also occurs at the site of crossing over,
and the entire process turns out to be surprisingly mutagenic; in humans, 4.4% is associated
with a form of de novo mutation, and this is particularly noticeable in the gametes of ageing
women (Ch11.3). Using the fact that the DNA sequence of the hotspots for meiotic double-strand
DNA breaks (opening the possibility for crossing over) are now known in humans and that rela-
tively many of us have their DNA sequenced by WGS, it is now possible to search for the muta-
genic aspect of the repair of these breaks by matching these potential breakage sites with their
genetic variability in the population. The results of this approach, feeding those about 28k DNA
sequences in a database of gnomAD (the hotspots), confirmed the statistic described above
(work published near the end of 2023). Apart from base pair changes, structural variants were
not rare at all. The most interesting aspect was the mutational footprint hinting at the activity of
relatively sloppy repair pathways, lacking accuracy. Furthermore, genes were implicated to have

lost their function this way.

5.2 The meiotic divisions themselves

Figure 13 provides a schematic overview of this. Returning to the structure of the bivalent: first of
all, the zip of the synaptonemal complex opens (fig 14), resulting in the separation of the homol-
ogous chromosomes, except at the sites where the crossovers become visible as chiasmata (a
historical name, singular chiasma, fig 14). You can count them under a microscope, for a long
time a specialised and, in humans, laborious task.

One of the mismatch repair proteins has the name MLH1. In 1996, a publication appeared in
Nature Genetics in which it was shown that a fluorescent antibody staining on dispersed pachyt-
ene spermatocytes (fig 14, 15) produces a dot pattern on the synaptonemal complexes, thereby
revealing the crossovers which correspond in number to the chiasmata. These MLH1 dots are
easy to count, and thus, a new field of research opened up: determining the numbers of cross-
overs in men and women and their distribution within and between bivalents. The second author

of this publication was Annemieke Plug, and the second-to-last was Terry Ashley. Crossovers
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occur spread across the chromosomes, but there are clearly more of them towards the ends.
They also tend to be located away from each other (fig 15). When studying the distribution of
crossovers across the bivalents, the patterns are subtly different between men and women. As
mentioned earlier, women have more of them, and they can lie somewhat closer together. They
are also less concentrated at the ends of the chromosomes.

To enable the first meiotic division, the sister chromatids must relinquish their close bond (in
the form of the cohesin complex, fig 6) so that the homologues (which will have undergone at
least one crossover) can be separated. It is important to wait with this until the bivalents have
oriented themselves in the centre of the spindle apparatus (fig 3, 13). During metaphase, the
chiasmata lie on the equator, held in balance by the pulling force of spindle fibres attached to
the centromere regions (fig 3). However, the sister chromatids remain connected at the cen-
tromeres. There, the dissolution of the cohesin complex must be delayed until the second meiotic
division. Crossing over is thus essential for halving the chromosome number. As mentioned just
before, it is essential that at least one crossover is present per bivalent. The great importance of

the cohesin complex in the meiotic divisions of the oocyte will be discussed in chapter 11.
5.3 The genetic consequences of meiotic divisions

In the 60s, the basic genetics course at the former Agricultural College of Wageningen, the Neth-
erlands, was marked by a high level of text retention. It was of great benefit if you could literally
reproduce the key sentences during the oral exam. These key sentences served as the frame-
work on which the lectures were built. The standard formulations certainly applied to Mendel's
laws. The first law postulates that an allele pair for gene A with genotype Aa is separated during
meiotic divisions: 50% of the gametes contain one allele A and 50% contain the other allele a
(small a, as emphasised in the lecture). Intuitively, you might think that this occurs during the first
meiotic division when the bivalents are separated, with the result that the chromosome number
is halved. But when you look at figure 13, you will find that that is only half the truth, or even less.
It applies to genes that are located between the centromere, where the fibres of the spindle
apparatus act, and the first crossover. For genes that are located beyond the point of crossing
over, the sister chromatids are no longer true sisters because recombination has occurred within
the chromosome. This chromosome, now entering the second meiotic division, is heterozy-
gous from the crossover point for all genes for which the individual is also heterozygous (fig 13).

The reciprocal situation for this chromosome can be found in the other daughter cell (fig 13).
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Altogether, you can see four genetically distinct chromatids in both daughter cells of the first
meiotic division for this example chromosome. These chromatids will be the chromosomes of the
future gametes. In order to get the chromatids into the gametes, the second meiotic division must
be completed. Only then do the alleles of the genes that lie beyond the crossover site, counted
from the centromere, segregate. The phase in which the physical segregation takes place does
not affect the final result. The famous one-to-one segregation of Mendel’s first law remains valid.
Moreover, it forms the basis for the proposition that, as an individual, you inherit half of your
genetic material from one parent.

Next, we come to Mendel’'s second law, known by the beautiful expression “independent
assortment”. This second law relies on the fact that the bivalents, as they lie on the metaphase
plate (fig 3) of the first meiotic division, are not actually aware of each other. What | mean by this
is that when, for example, the centromere of bivalent 1 inherited from the mother moves to the
left, the centromeres of the neighbouring bivalents are oblivious to this and just proceed to do
their own thing. The orientation of the bivalents is completely random when it comes to the origin
(maternal or paternal) of the chromosomes. This is the foundation of Mendel’s second law. This
law underpins the unprecedented number of gamete genotypes produced by meiosis. An often
unrealised consequence of this law is that, as a grandparent, you cannot assume that 25% of
your genetic material will be found in your grandchild. Together with your partner, the percentage
comes to 50%, but for each grandparent, most variation lies between 18% and 32%.

We also learned that in these kinds of crosses, where one parent was heterozygous for two
genes (AaBb x aabb), the fact that the gamete types AB, Ab, aB and ab were found in equal fre-
quencies in the offspring did not automatically mean that these genes were located on different
chromosomes. When a crossover always occurs between two genes on the same chromosome,
the famous AB, Ab, aB and ab combinations will appear in the gametes in equal frequencies,
exactly the outcome of “independent assortment”.

However, when two genes lie closer together and a crossover between them certainly does
not occur in every meiotic prophase cell, the two allele combinations created by recombination
each drop below the 25% proportion. In 1911, a student of the renowned fruit fly geneticist
Thomas Hunt Morgan discovered how to use the information from such crosses to create a gene
map for each chromosome, in which the measure of distance was the probability of crossing
over (the greater the distance, the higher the probability). If, for instance, out of 1000 offspring,
10 come from gametes carrying a recombined chromosome for the alleles of these genes, the

recombination rate is 1%: this is called 1 centiMorgan “genetic distance”. The student who came
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up with all of this was called Alfred Sturtevant, and he fortunately became a famous Drosophila
geneticist later on.

Before the era of “whole genome” DNA projects, the gene map based on recombination by
crossing over was the major reference point. You knew in which order and on which chromo-
some genes were located (many for morphological traits, but also protein variants that you could
observe in their “allele form” in the electrophoresis gel with simple molecular biology techniques).
The third edition of the mouse bible Genetic variants and strains of the laboratory mouse, dating
back to 1996, contains a 258-page table that shows per gene what the recombination rates are
with the other genes on that chromosome. In total, this table provides around 12,250 estimated
distances. Considering that one first had to create the mouse strains that were homozygous
recessive and dominant for the genes of interest, it is easy to realise the astronomical numbers
of mice that were used to do this. Most of this work was done in the second half of the previous
century, and in the first part of this period, social accountability for animal experimentation did
not play a significant role. The gene sequence on the DNA map has not changed, but the rela-
tive distances between genes have (distance is now an absolute value). As mentioned earlier,
crossovers are not randomly distributed throughout the DNA. In 60-70% of cases, crossovers
occur at so-called “hotspots”.

Outside those “hotspots” (i.e. “hotspots” that are less “hot”), crossovers are not equally com-
mon in all regions of a chromosome. However, viewed over many generations, they occur pretty
much everywhere. Crossing over greatly increases the number of combinations of alleles of the
roughly 20,000 genes (adding to the effect of “random assortment”). Recombination between
and within chromosomes is always seen as a beneficial aspect of sexual reproduction, because
it generates variation and therefore increases the possibilities of selection, that is, the ability to
adapt to new conditions.

Now, if right next to an allele for gene A, which provides only advantages to the carrier, a
new mutation emerges in a nearby gene B, which negatively affects the individual, then there
will clearly be less benefit from that favourable allele A. After all, most mutations are not advan-
tageous. Through recombination (fig 13), you can get rid of this situation again. This results in
the creation of “favourable” segments of chromosomes that natural selection can work with. It
can mean that individuals with such favourable contiguous pieces of genetic material (for such
a contiguous piece, the word haplotype is used, fig 16) have more offspring and thus a higher
“fitness”. Fitness is the driving force behind evolution. Sexual reproduction also has advantages

when the mutation frequency is a bit higher, and the environment is a bit more unstable. In that
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FIG16

When performing DNA analysis using, for example, SNPs, you can determine hete-
rozygosity or homozygosity for each position, but you cannot see which alleles are
located together on the same chromosome, forming a haplotype. In a DNA analysis
of individual sperm cells, you can in fact observe this. Comparing the patterns that the
SNPs make together across multiple sperm cells allows you to also see the conse-
quences of crossing over. With the method described here, it is not possible to deter-
mine which (non-recombined) haplotype originates from the sperm donor’s father and
which from the mother.

DNA screening of the donor’s parents is needed to determine that. The process of
assigning chromosome segments to the maternal and paternal copies is known as
“phasing”. In the example presented here, knowledge of the SNP patterns of the fa-
ther and the mother was already available (compare with fig 13). The right side of the
figure is an illustration of the fact that each time a haplotype passes through meiosis
during the succession of generations, it once again has the chance to become shorter
due to crossing over. Statisticians with knowledge of SNP allele frequencies and an
understanding of population genetics have studied how short a haplotype can be for it
to still function as the marker of that particular ancestor. This means that the SNP code
across that chromosome segment must be unique. Since this is not easy for a small
haplotype in the case of distant relatedness, this kind of analysis is performed across
the entire genome, allowing for the elimination of small uncertainties per haplotype.
The decreasing cost of NGS has reinvigorated this field, and the improvement of statis-

tical models has the same effect. NB the black ‘T’ of sperm cell four is a technical error.

situation, adaptation is the way to go. Developing resistance to parasites is one example. Sex is
thus well-suited to the Darwinian school of thought (Charles Darwin, On the Origin of Species
by Means of Natural Selection, or the Preservation of Favoured Races in the Struggle for Life,
1859). If you can combine the good alleles on a chromosome segment through recombination,
you can also combine the less favourable alleles in the reciprocal crossover product (fig 13),
which might lead to prenatal mortality or infertility and, thereby, a total loss of “fitness”. Jaap van
der Veen, professor of Genetics in Wageningen from the late 60s to 1988, referred to reproduc-

tive failure as “genetic killing”: the terminology in population genetics can be a bit harsh.
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5.4 The applications of meiotic outcomes

5.41 Determining kinship

The reason for going into such detail here is that society is currently inundated with massive
amounts of genetic data. Many people send their DNA to companies like 23andMe, Ancestry
and MyHeritage, and a readout in the order of 700,000 SNPs (Ch3.2) is done at these compa-
nies for a small amount of money. These SNPs meet the condition that two alleles (read: bases,
e.g. C/T) occur at this position in the genome and that the least common one is still found, on
average, in one out of 50 people, meaning the allele frequency is at least 0.01. The analytical
possibilities at the population level are impressive. Let’s start with a case of more distant kinship.
When using a 700k chip, there are about 30,000 SNPs on the average chromosome. Due to
genetic variation, you will get a unique pattern for that chromosome for each individual over a
series of adjacent SNPs, but you cannot predict in advance which allele lies on which of the two
homologous chromosomes. In meiosis, chromosomes and chromosome segments segregate.
Now imagine following a piece of chromosome through a few generations. Figure 16 illustrates
the idea behind this: per meiosis and thus per generation, a crossover-free segment is likely to
become shorter, as new crossovers occur.

Then, the haplotype also becomes smaller. As long as it is large enough and contains an
adequate number of SNPs, even much shorter chromosome segments will still exhibit a unique
pattern of SNP combinations. Think of this as a barcode representing the haplotype. In principle,
the entire genome can also be identified per chromosome segment by the allele pattern of the
SNPs. This “tracking” is somewhat like advanced mathematics because, as noted above, you
initially do not know which alleles are located together on the same chromosome in the common
ancestor. However, due to the segregation in meiosis, you can identify this in a family tree using
some calculations. What lies on the same chromosome segment has stayed together. In each
meiosis (so in each generation), the homologous segments separate again. In this way, the
number of segments with which similarity is still found decreases as you delve deeper into the
family tree to find a relative through (a) common ancestor(s). The number of passages through
meiosis is determined by tracing back to the common ancestor in the family tree and then going
forward to the distant relative. Using the recognition of allele patterns across the entire genome,
it is possible to identify a third cousin with a reasonable degree of certainty (60%). If you follow

a straight line far up the family tree, then “genetic identity” is preserved a bit longer. The book
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Who we are and how we got there by Harvard researcher David Reich, published in 2018, con-
tains a wonderful figure illustrating this principle. According to his assumptions, after 7 genera-
tions, the probability that the genetic influence of one of 128 ancestors is lost increases. Of the
1,024 ancestors from 10 generations back in time, only about half still contribute to your DNA.

Determining your genetic background in terms of regions, countries and continents is
based on the probability of an allele per SNP per region or continent. This provides information
about ancestry based on how people have spread across the world. Information about all SNPs
is added to this. As more people around the world submit their DNA, these estimates become
more accurate, and you receive an update. This, too, is data processing, another combination of
biological and statistical insights.

Appendix | further discusses the value of an SNP profile for estimating genetic predisposition

for a trait based on multiple genes, which includes the most common diseases.

5.4.2 Identifying a delinquent

An evaluation of the possibilities offered by a database like the one from 23andMe appeared in
Science in late 2018. This publication connects 1,28 million human genotypes with each other.
The DNA is primarily from the descendants of European emigrants to the USA. The research-
ers predict that when 2% of the population has donated DNA and has made it accessible for
research, almost everyone can find a distant relative. This has other implications when DNA is
left at a crime scene (assuming that this DNA is related to the crime). The then traceable distant
relative, in combination with genealogical data, gender, age (surveillance camera images) and
location of the crime (the article reports that most crimes are committed within a 160 km/100-
mile radius of the place of residence), can greatly narrow down the number of suspects. The
societal implications are obviously large, and all of this was prominently reported in the news in
2018 when, based on population genetic research in the USA, enabled by a public database, the
serial killer “Golden State Killer” was apprehended after 40 years. Another example is the inves-
tigation into the perpetrator of the murder of Marianne Vaatstra, who was killed in the Nether-
lands in 1999 at the age of 16. A population genetic DNA study among approximately 6,000 men
from the vicinity of the crime in North East Friesland, which focused on the Y chromosome, led
to the resolution of this crime in 2012. Based on the slowly mutating SNPs (table 3), which repre-
sent the entire ancient history of the carrier, it could be ruled out that the perpetrator came from

a nearby asylum seekers centre.
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Using the much faster mutating microsatellites (table 3, from 10-* to 102 per gamete per
generation) on the Y chromosome, the analysis could be shifted to the level of kinship, and the
perpetrator was identified. Socially, we are primarily individuals, but genetically, we are simply

part of the population.

5.4.3 Theremains of Homo neanderthalensis

Where do these SNPs actually come from, and how old are they? This has already been
addressed in Ch3.2 and table 3. At a reproductive age of 30 years, around 60 new SNPs are
introduced per generation (table 3). Fortunately, the base composition of the genome does not
change very quickly. Since the SNP platforms only contain SNPs with a minimum allele fre-
quency of 1%, you can conclude that these genetic variants are old. How old exactly? That
goes beyond the scope of this section, but taking a look at our genetic history may give you an
idea. Thanks to the significant improvements in techniques used to isolate and purify DNA from
palaeontological remains, a development primarily introduced by Svante Paabo in Leipzig, the
genome of Homo neanderthalensis could be published in 2010. The last common ancestors of
Homo sapiens and Homo neanderthalensis are estimated to have lived around 770,000-550,000
years ago (according to the aforementioned popular science book by David Reich, you can posi-
tion the split between Homo neanderthalensis and Homo sapiens at around 700,000 years ago).
The genetic difference with Homo neanderthalensis is large enough to detect very small seg-
ments of Homo neanderthalensis in our genomes based on these SNPs (it is known which base,
or allele, comes from Homo neanderthalensis and which one from Homo sapiens). There is not
a large amount of Neanderthal DNA present in the genome of each individual, but everyone car-
ries some. In “Caucasians”, the term typically used in the literature to refer to the combination of
Europeans and people from the Near East, around 2% is still found per individual. Overall, about
30% of the Neanderthal genome is present; we do not all have the same genetic Neanderthal
contribution.

Since the period of interbreeding between Homo sapiens and Homo neanderthalensis,
roughly from 65,000 years ago until their disappearance around 40,000 years ago, the influence
of Homo neanderthalensis in the genome has diminished through negative selection. In genes
related to keratin proteins (in nails, hair and skin), there is still more than a coincidental “Nean-
derthal” influence which indicates positive selection, and there will be more examples like this.

What this period of interbreeding has done to us remains intriguing. Based on the differences in
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the skull - the sloping forehead of neanderthalensis, and the more rounded back of the head of
sapiens — you can, for instance, explore whether you can correlate the variation in skull shapes
within Homo sapiens with a possible residual influence of neanderthalensis genes still present
in the population. These genes can thus be recognised based on Neanderthal alleles for SNPs.
Would this allow us to identify genes related to skull shape? In January 2019, a paper was pub-
lished in the journal Current Biology, in which they did everything possible to explore this. Of the
27 authors, four had a connection with Radboud University, Nijmegen, the Netherlands.

In 4,468 individuals, the researchers found two small pieces of DNA, characterised by five,
six SNPs, a haplotype with a very high likelihood of Neanderthal origin. One fragment is about
200 kb long and lies on chromosome 1; the other is about 500 kb and is located on chromo-
some 18. All of this is a result of crossing over and segregation over the many generations that
have passed since the period of sexual interactions in prehistoric times. For those who are inter-
ested, with allele frequencies of 0.044 for chromosome 1 and 0.055 for chromosome 18, respec-
tively, it is not surprising that Neanderthal homozygotes for these fragments are very rare. The
genes that have been identified in this way are associated with neurogenesis and the formation
of the myelin sheath around nerve fibres (comparable to the plastic insulation of an electrical
cord). These findings suggest that these genes contribute to skull shape during development.

The discussion regarding the influence of interbreeding with Homo neanderthalensis on fer-

tility is addressed in chapter 12.5.1.
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CHAPTER 6

The transition to
quantitative genetics

The simple insight provided by Mendel’s laws combined with chromosome behaviour during
meiotic divisions eventually leads to a mind-blowingly complex picture. With a single crossover,
without which the transition from diploid to haploid would not occur properly, you will obtain
four products for a particular chromosome, each of which will have a different “allele bouquet”
for the genes located on it (fig 13). However, the same will happen for the other chromosome
pairs. In this case, the number of combinations of allele bouquets across all chromosomes is four
to the power of the number of bivalents, i.e. for human autosomes 422. Longer chromosomes
undergo more crossovers. Crossovers, in general, occur at variable positions (Ch5), and the
number of possible allele bouquets (read: the genotype of the gametes) that an individual with
a reasonable degree of heterozygosity across their genes can produce is, in fact, many times
larger. Therefore, the complexity lies in the almost infinite number of possible combinations of
alleles across the gene set.

Thanks to SNP technology and whole genome sequencing (WGS), genetic variation is
now directly analysable at the population level. This makes it possible to make predictions about
an individual’'s genetic predisposition for each trait. While the possibilities of analysis at popula-
tion level are already impressive, advancements in technology and knowledge enable the move
towards the individual level (but see later in this chapter and the appendix). This also applies to

the commercial aspects of individual genetic analysis.



6.1  The concept of heritability, the h?

In the Department of Animal Breeding and Genomics at Wageningen University & Research,
there was a small yet significant kind of excitement in the autumn of 2018: the new edition of the
quantitative genetics textbook with the broad title Evolution and selection of quantitative traits,
a volume with a spine width of 6.5 cm (2.5 inches), consisting of 1,459 numbered pages, was
about to be released. This book is the life’'s work of Bruce Walsh and Michael Lynch. The latter
will reappear in chapter 18. While going through the book, you encounter formulas based on
statistical analysis all over the place, and the text is also not always very accessible. Quantitative
genetics turns out to be a super specialised field.

The traits of which the heritability is studied in quantitative genetics are influenced by many
coding genes with multiple alleles for each locus, in addition to an even larger number of loca-
tions in the genome that can be non-coding. They are referred to as polygenic traits. While
obvious now, these were initially assumptions. Knowledge of the genes underlying a trait and
the extent of their involvement in determining the phenotype is not necessarily required, but this
knowledge develops from the genome projects. The great achievement of people like Robert
Fisher and Sewall Wright is that they combined Mendel’s insight into the inheritance of one or a
few genes with multiple alleles with statistical methods such as correlation calculations, analy-
sis of variance and regression analysis. | have heard from colleagues that the original work of
Ronald Fisher (UK, 1880-1962) and Sewall Wright (USA, 1889-1988) is hardly readable. How-
ever, it has been picked up and translated for teaching and research purposes, for instance, by
the American Jay L. Lush (1896-1982), known as the father of modern livestock improvement.

Heritability (h?) is a central concept in quantitative genetics, but what exactly is it? The theory
behind it is based on the fact that parents transmit half of their genetic material to their children
and that in this process, for loci/genes with two alleles, one allele ends up in one gamete and
the other allele in another, as per Mendel’s first law.

The central equation in quantitative genetics is P = G + E. Here, P stands for phenotype,
G for genotype and E for environment (fig 17). In quantitative genetics, you work with average
values. At the population level, P, G and E in this formula represent the entire distribution (P) and
its components (G, E). Simply put, the formula breaks down the distribution into a contribution
of genes and a contribution of the environment (fig 17). The contribution of genes is represented
in this statistical model as a sum of the transmitted alleles for many loci. Take growth in height

as an example. Some alleles for certain genes involved in this slow down growth, while other
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alleles, either for the same or for different genes, accelerate growth. With more accelerators and
fewer decelerators, you will grow taller than average (fig 17) and, conversely, with more deceler-
ators than accelerators, you will become shorter than average. The same reasoning applies to
the environment. By definition, the h? is that part of the phenotypic variance from the mean that
is caused by the sum of the genetic variants. It is, therefore, expressed as a fraction and refers
to the population (see fig 17 for the formula). In order to estimate the h?, you need to use individ-
uals that are related in a known way. For example, you might use parent-offspring pairs that are
compared in a range of environmental conditions: this is the domain of statistical model builders.
Of course, Mendel’s first law, which states that an individual gets half of the genetic material
from each parent, is incorporated into this. Identical twins who grew up in different environments
can also be used. The more individuals you can include in the family relationships, the more
reliable the estimate of the h? will be. Family relationships encompass everything that a family
tree can offer; the models are able to deal with that. The formula also implies that the estimate is
only valid for the population in which it is performed and for the environmental conditions under
which the trait was determined. Proper “phenotyping”, the determination of traits, is therefore
very important. In terms of this field, an h? below 0.2 is considered low, between 0.2 and 0.4 is
average and above 0.4 is high. Traits such as the amount of black in a black-and-white cow have
a high heritability. This also applies to the likelihood of a cleft lip in humans and to morphological
traits related to the skeleton, such as height (human) or stature (cow). A trait like BMI (body mass
index) has an average h?, fertility parameters have a low one. Milk production in kilograms used
to have an h? of about 0.25 and is now calculated to be a bit higher. Experts have not been able to
conclusively indicate the reason for this. Fewer measurement errors, a different statistical model,
or are we currently keeping dairy cattle under more uniform conditions?

Another method to estimate an h? makes use of a selection experiment. For this, you need
to know to what extent the, say, top 15% “best” (or “worst”) animals selected for reproduction
deviate from the average, and how this manifests phenotypically in the next generation. To what
extent do the offspring deviate on average for the trait that is selected for? The fraction of these
two average deviations is known as the realised h?. Now you can see even more clearly what
happens in real life. Walsh and Lynch’s standard work provides a number of examples in which
the two estimates are compared. They are of the same order of magnitude, but they do not match
perfectly, and each estimate also has a confidence interval. The h? can be described as the most
powerful tool of the livestock improver. The higher the h?, the easier it is to select for a trait. In

practice, this happens for many traits at the same time. This includes traits with a low h?, such as
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fertility. Selection can still be successful in such cases, but with the condition that the phenotypic

distribution is large, which is the case for fertility.

6.2 The polygenic risk score (PRS) and genome-wide association studies
(GWAS)

When a saliva sample is sent to, for instance, 23andMe, a commercial organisation for DNA
research, it is theoretically possible to receive information not only about one’s ancestry, but also
about genetic predisposition to diseases. Diseases based on a single gene (monogenic, Ch4.2)
are not really meant by this. In the context of this chapter, this refers to polygenic diseases. As
the genetic basis becomes more complicated, predictions naturally become more difficult. Many
genes and their variants (alleles) and other non-coding loci will be involved in such cases, and
their identification is an ongoing but comparatively slow process.

Furthermore, these diseases are influenced by various environmental factors (e.qg. lifestyle).
This also makes prediction a lot more challenging (see appendix 1). The measure used for this
is known by the abbreviation PRS, “polygenic risk score”. It entails predicting the risks for the
individual based on the SNP polymorphisms. The estimate is obtained from an unselected pop-
ulation of many individuals who have self-documented their medical history and who have had
their SNP DNA profile determined. What all this means is further explained in the appendix. This
appendix also explains why these estimates quickly become problematic, although progress is
made in this context as well. So, it is not fundamentally impossible to make estimates, especially
when the genetic basis for a trait becomes more evident, as is, for instance, the case for both
types of diabetes.

In the livestock world, the counterpart to an SNP-based estimate of genetic predisposition for
a trait of choice is known as the genomic breeding value. This is very practically measured as, for
example, the additional litres of milk produced in the offspring of a particular bull compared to a
reference population. Cattle breeders and farmers love this, as it allows them to rank prospective
artificial insemination (Al) bulls for each trait. The PRS and genomic breeding values are two
different forms of presentation based on the same basic information. In principle, this information
can also be used to calculate an h? That h? has the suffix m, for “markers” (h?,). The Dutchman
Peter Visscher, who now works in Australia, has played a major role in developing the mathe-

matical techniques for all this, especially in transferring these techniques to human populations.
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Gaussian curves depicting the distribution of a trait and its division into components.
The distribution of the phenotype (blue, P for “phenotype”) is divided into the contribu-
tion of the genome (the genotype, red, G for “genotype”) and the contribution of the
environment (black, E for “environment”). The units on the X axis indicate the standard
deviation of phenotype. The formula for heritability, the h? is o?g/o?p, where o denotes
the standard deviation, and its square indicates the variance. Both are a measure of
distribution. The situation shown here corresponds to a relatively high h? of 0.6. To rep-
resent the phenotypic distribution per genotype in this model, you would need to have
access to a cloned population, which, as a thought experiment, you would subject to a
range of environmental conditions; this would leave you with the oe Gaussian curve.
Here, you can see this for an imaginary clone with the average genotype and thus

phenotype.

One particular difference between the human population and cattle populations is their
entirely different structure. The number of individuals from which the entire population of approxi-
mately 25 million Holstein Friesians worldwide descends is actually quite small. Some bulls have
produced hundreds of thousands of offspring through frozen sperm and Al. To make calculations

based on this, we use the concept of effective population size (Ne), developed in the 1930s.
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For Europeans, a figure of 10,000 has been mentioned; for Holstein Friesians that is 50-100.
The number Ne is directly related to the likelihood that at conception, so during the formation of
the zygote, genome segments that have the same ancestry will meet in the new individual. The
smaller this number, the greater the chance, and the higher the level of inbreeding.

There is another way to recognise that we are more related to each other than one might
suspect with some knowledge of the family tree. For every generation that we go back, the
number of ancestors in the family tree doubles. If you go back 20 generations, that number is
more than a million, and for 25 generations, it is 33+ million. Let’s assume that the parents of all
children were, on average, 25 years old at the time of their birth (the generation interval), then
going back 25 generations will take you back just over 600 years. It is then around 1400 AD, in
the period when the European population may have halved from a previous peak of 75 million.
Around 650 AD, the European population is estimated at 18 million. There is no doubt that many
of us have common ancestors, based on the family tree, far back in time.

The difference in population structure matters when it comes to making phenotype predic-
tions based on the genome. Returning to figure 16, throughout human history, crossovers near
a gene that contributes to the studied trait have occurred much more frequently than in cattle.
As a result, many more SNPs are needed per genome to ensure that there is one that is both
unquestionably linked to a gene that may contribute to the phenotype and also heterozygous.
Determining the contribution (as a variation from the mean) of basically every chromosomal seg-
ment to that phenotype is known as the genome-wide association study (GWAS). The larger
the study population, such as the population available in the UK biobank, the more accurate
this estimate will be. In humans, you will easily need half a million to a million SNPs, whereas in
cows, 10% of that amount is sufficient. In the case of a polygenic trait, the number of sites in the
genome that can be associated with that trait is astonishingly large. To give you an idea of the
numbers, think of around 50,000 in humans and 5,000 positions in cows. That is 5-10% of the
number of SNPs included on a chip. If you set a threshold for significance, you can estimate from
the UK biobank material that there are 850 locations on the genome that account for variation
in height and 160 that relate to variation in BMI. Developments in this area are progressing at a
remarkable pace. Height is regarded as the workhorse of GWAS analysis. This is covered in a
study that now (as of 2022) encompasses over 5.4 million individuals, which results in an SNP-
based heritability (the h?,) of 0.4 that is explained by 12,000 SNPs. This accounts for approxi-
mately half of the h? based on family relations (around 0.8), with the difference being known as

the “missing heritability”. This is the difference between “inheritance in practice”, determining
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the heritability (h?) in the classic way using relatives and statistical methods, and determining
heritability through the statistics behind an SNP analysis at the population level. Peter Visscher,
the main author in this area, emphasises in a review published in 2023 (with collaborators) that
a comprehensive understanding of the significance of GWAS is hampered by the fact that there
is still a lack of data on a population-wide scale (so sampling from populations of non-European
ancestry): “findings from GWAS conducted in one group are not always transferrable to another
group”.

Now that determining the base sequence of the whole genome has become affordable, you
may, of course, wonder whether it is better to use whole genome sequencing (WGS, Ch3). The
idea behind it is that this way, sooner or later, you will be able to identify the (parts of) genes,
and in fact, all non-coding sequence, that really contribute to the variation in a trait and hopefully
also the DNA changes that make a locus a locus and an allele an allele. The reason behind this
formulation is that, as determined by GWAS, the total risk burden (for common diseases) origi-
nating from coding sequence is smaller than from non-coding sequence (box 1). The literature
refers to this as determining the “genetic architecture” of a trait. This means that the part of
the genome that is involved in the emergence of the trait during development, the maintenance
of the trait, and the degree of variation per locus are known. This idea has been tested on
25,465 unrelated individuals of European ancestry from the TOPMed program (Ch3). Now, rare
mutations in protein-coding genes with a relatively large effect could be included in the heritabil-
ity, leading to an estimated h?, of 0.6-0.7 for height. This means that a portion of the heritability
as determined by family relations is still missing, according to the authors; this is the “missing
heritability” mentioned before.

The latest development here is that WGS data from an even larger population (i.e. 76,156)
allow for a search for the significance of non-coding sequence. This is done by estimating the
selection pressure (observed as a “depletion of variation”) on these sequences as a measure of
their importance. Through this metric, attention is drawn to sequences involved in the regulation
of coding genes. For instance, miRNA loci (Ch12.5.2, Ch15.2.3) now come into view.

Does the above, a tendency to expand genetic analysis across the entire genome with the
involvement of more and more individuals, help in predicting the individual risk of disease? “He
who fears he shall suffer, already suffers what he fears” is a well-known quote from Michel de
Montaigne. Let us return for a moment to polygenic risk scores (PRS) based on an SNP pro-
file. For a trait with a relatively high h? (0.6-0.8) like schizophrenia, an h?, of 0.24 was obtained
based on 53,386 patients and 77,248 controls of European descent. This study from 2022 led
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to the detection of 106 protein-coding genes as candidates to be involved in schizophrenia. So,
in order to detect informative DNA mutations, a very large number of people should be included
in the DNA analysis, since the majority of these mutations are rare. There is another important
reason why these polygenic risk scores, which are individual scores, do not mean much yet, par-
ticularly for non-extreme values. Every estimate of a contribution to the total variance also needs
an indication of the degree of accuracy of that estimate. For an illustration of this, see the appen-
dix. For most traits, the vast majority with an average h?, a reliable estimation of the phenotype
based on a commercial SNP analysis is still a rather distant prospect. However, the situation may
change when the number of genes that very significantly contribute to the trait is not too large, in
other words, when the genetic architecture of the trait is better known (see the appendix).

As previously stated, quantitative genetics is a field for specialists. An aspect of this field that
helps assess the value of genetic estimates of an expected phenotype can also be illustrated in
another way: by looking at the large genetic variation that is also present within families. Statis-
tically, this is half of the total genetic variation. Large differences in the offspring are, therefore
entirely, normal. This is also why a disease with a strong genetic component, such as cardio-
vascular disease, can suddenly emerge without a family history over three generations. And
this is due to the segregating genetic variation during meiosis on the way to the haploid level,
as well as the emergence of variation at the diploid level at fertilisation, occurring over all those
generations. The large “within family” genetic variation is also still true for the Holstein Friesian
dairy cattle population. Even at a low effective population size, this remains high. Otherwise,

the response to selection shown in figure 18 would not have been possible. On to the germline.
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FIG 18

The selection response in milk production of Holstein Friesians in the USA between
1957 and 2015. In animal breeding, this is expressed as the “estimated breeding value”
(ebv). It accounts for about half of the total increase in milk production. The other half
is a result of improved care, including nutrition. How long can this increase physio-
logically continue, and what are the implications for the environment, both locally and

elsewhere? After all, milking means feeding.
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CHAPTER 7

The origin of
primordial germ cells in
the early embryo

The cells that make it possible to produce offspring are called germ cells, from their initial devel-
opment in the early embryo to the formation of egg and sperm cells that are ready for fertilisa-
tion. In the form in which they initially appear, they are called primordial germ cells.

Embryologists have, of course, long wondered when germ cells first become distinguishable
in mammalian embryonic development. Most of the research in this area, initially descriptive
and later experimental, has been conducted on mice. For the mouse, we do not have a com-
plete atlas of embryonic development starting from fertilisation, as exists for the nematode Cae-
norhabditis (C) elegans (a simple model organism). So, there is no atlas that describes the fate of
each cell and its progeny. Nevertheless, thanks to many publications, an increasingly complete
picture is emerging for the mouse, revealing what drives the embryonic cells in the creation of
the body plan that marks the end of the embryonic period. At that point, all organs are present in
their early stages of development (human), or organogenesis is largely finished (mouse). From
that moment onwards, we talk about foetuses and about the foetal period, which will last until
birth. Just after implantation, the so-called germ layers are formed, and the longitudinal axis of
the embryo becomes visible. The earliest stages of development around and just after implanta-
tion in the uterine wall are the most difficult to approach experimentally. Yet, these are precisely
the most interesting in terms of the appearance of primordial germ cells.

Even in the 70s, there was a strong indication that during the period of formation of the germ
cells, there are very few of them. In that decade, techniques were developed to create one
embryo out of two embryos, resulting in a chimera. The oldest technique involved letting two
genetically different 8-cell embryos grow adjacent to each other. To do this, you remove the layer

of glycoproteins, the zona pellucida (fig 39, 42), and then, under a dissecting microscope, you



nudge the clumps of cells towards each other until they sort of fit together and stay “stuck”. The
next morning, you will see an embryo shaped like a short dog bone, which can be transplanted
into the uterus of a pseudopregnant mother mouse. This technique dates back to 1961. The
second method involves injecting cells from the “inner cell mass” (ICM) of one embryo into the
cavity of another blastocyst (fig 43) with a different genotype. With the injection technique, you
can also use embryonic stem cells in which a particular gene has been switched off or altered
through genetic manipulation (boxes 2 and 3). The word “chimaera” finds its origin in Greek
mythology, in which these creatures appear as a fusion of a lion’s head, a goat’s body and a
snake’s tail. They had a bad reputation and were believed to be monsters. But in reality, the cells
of the two embryos quickly intermingle: cell mobility is high during embryonic development. As
a result, all organs contain cells of both genotypes. It was soon noticed that this was not always
the case for offspring, even when the analysis was limited to fusions where the genotypes that
were combined were of the same sex (XX/XX and XY/XY).

The most reasonable explanation for this is that the number of cells from which the germline
develops is not large and originates from a small region. This increases the likelihood that one
of the two cell lines will be absent in the offspring. In humans, chimeras resulting from embryo
fusion are rare, if there is a reason at all to have the chance to discover them. For the germline,
this has never been reported.

Initially, when certainty arose about the presence of primordial germ cells in mice, these were
not surrounded by cells predestined to contribute solely to the developing embryo. Instead, they
were found to be located outward, near the embryonic membranes. Using a classical enzyme
staining technique from 1954, they could be detected as a group of around 40 cells next to the
developing 7.5-day-old embryo. We had to wait until 2005 before a little glimpse into the origin
of primordial germ cells was revealed from a molecular cell biology perspective. In that year,
the group of Azim Surani and Mitinori Saitou from the Gurdon Institute in Cambridge published
the involvement of the protein BLIMP-1 in the formation of the mouse germline, shortly after
implantation of the embryos and just before the start of the execution of the general blueprint of
the embryo with the three germ layers. In 6.5-day-old embryos, they counted between eight and
24 cells in the epiblast that stained for this protein. BLIMP-1 is short for “B-lymphocyte-induced
maturation protein-1”. It was an eye-opener for me that a protein which later, among other things,
plays a role in the differentiation of lymphocytes in the immune system, is used at an earlier

stage to initiate the succession of generations.
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But what does BLIMP-1 do? In the meantime, it has been renamed PRDM1, a relative of the
protein PRDM9 that we encountered in meiosis (Ch5.1). We already know that this family of pro-
teins has a piece (a domain), with the so-called “zinc finger” motif, which can selectively browse
the vast sea of DNA to bind to appropriate base sequences. These proteins thus aid in activating
a group of target genes, which, in this case, are required for primordial germ cell differentiation;
they can be viewed as transcription factors. Surani and collaborators “knocked out” Prdm1 to
obtain the evidence for this (box 3). In the meantime, entirely as expected, a few more proteins/
genes have been discovered that are equally indispensable in the formation of the germline. Not
too long ago (2015, 2017), the Cambridge-based group published that PRDM1 is also essential
for the development of germ cells in humans.

Human primordial germ cells emerge from approximately day 12, which is also after the
start of blastocyst implantation on day 7-8 (fig 43). Measured against the stage of embryonic
development, the specification of these cells occurs slightly later than in the mouse. This does
not make research any easier, due to ethical, moral and legal restrictions in Europe. The experi-
mental study of human embryonic development around implantation in vivo is also impossible for
biological reasons. In the UK, the boundaries of early human embryology research have been
extended, and embryos generated in the IVF lab (Ch16) can be studied up to day 14 after a form
of in vitro artificial implantation.

In recent years, interest in the early embryology of our own species, including the origin of
primordial germ cells, has been on the rise. This is strongly related to the isolation of embryonic
pluripotent stem cells from human blastocysts (fig 43, box 2) and the possibilities for research-
ers to differentiate these cells in vitro into all cell types that make up the embryo around and
after implantation. Subsequently, they can let them interact with each other to “mimic” embryonic
development and thereby gain a better understanding of it. This is the route that Azim Surani and
collaborators used to study the differentiation of primordial germ cells in humans. The epiblast,
“the embryo in the narrower sense” (fig 43), is also, in our species, mentioned as the site of origin
of germ cell precursors. The membrane of the amnion is an even stronger candidate (fig 43).
Peculiarities of early embryology in primates can explain this.

When the first differentiation steps to the primordial germ cell are taken, and the cells stain
for PRDM1, you will observe that, in the mouse, they are located near the periphery of the
embryo, before they start their journey towards the developing gonad while dividing. In mice,
this happens from day 7.5 when there are only between 27 and 52 of these cells. At this point,

the gonad does not yet have a sex (Ch8), and neither does it when the first primordial germ cells
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arrive. In mice, that differentiation step takes place in embryos from 11 days old, and in humans
it occurs from the 8th week of development (see Ch8, when the SRY gene starts to be expressed
and fig 22). In both mice and humans, the first primordial germ cells have already reached the
“gonadal ridge” at that stage (fig 22). They can move on their own but are also propelled by cell

movements, partly induced by the growth of the embryo.
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Box 2 Pluripotent stem cells

Totipotent refers to the ability of a cell to give rise to all cell types that develop from a
zygote after fertilisation, including the cells that will form the embryonic membranes and
the embryonic part of the placenta. Depending on the species, this ability is lost during
or shortly after cleavage divisions; more on this will be covered in chapter 13.6.1. Once
the preimplantation embryo in the blastocyst stage has formed a cavity and a group of
cells referred to as “inner cell mass” has accumulated on one side (fig 43), totipotency
has already come to an end for these cells. The same is true for the other surrounding
cells of the trophoblast; they can now only contribute to membranes and placenta (fig 43).
Just before implantation, in the late blastocysts, a group of cells can be distinguished
within the inner cell mass, forming the epiblast. In mice, these make up about 10% of the
190 cells that the embryo is then composed of (fig 43). At this point of development, we
have reached the stage of pluripotency. Within the embryo’s blueprint, these pluripotent
cells can still develop into anything and thus contribute to any type of tissue or organ.
They are unbiased in their choice and also contribute to the germline (Ch7). The epiblast
cells function as the embryonic stem cells (ESC) in vivo. The fact that differentiation
into different cell types is also possible in vitro is essential for embryological, genetic, and
medical biological research.

The history of this discovery dates back about 40 years and occurred around the same
time in San Francisco, USA (Gail R. Martin) and in Cambridge, UK. Martin Evans and
Matthew Kaufman from Cambridge made it into the top journal Nature with this, and the
techniques they used are also worth mentioning here. Matthew Kaufman is an expert in
the field of mouse embryology, and the atlas he created is a standard reference book for
developmental biologists. When | was in contact with him in the second half of the 80s, that
was his main preoccupation. Evans and Kaufman knew that the inner cell mass increases

sharply in size around implantation, while you do not yet see signs of cell differentiation
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in tissue sections under the microscope. Because implantation is influenced by ovarian
steroid hormones, they decided to remove the ovaries of pregnant female mice 2.5 days
after the onset of fertilisation. This delayed implantation, resulting in the development of
more mature blastocysts that could be flushed out. They have a larger inner cell mass
and more epiblast cells. For these experiments, the researchers used an inbred strain,
129 SvE. The embryonic cells were placed on a bed of skin cells (a so-called “feeder
cell layer”), which could no longer divide due to pre-treatment with a strong mutagen.
In the outgrowths of the embryos, they noticed the formation of spheres, the epiblasts,
which they could harvest and further culture to obtain large cell numbers on the layer
of feeder cells. They used a test for pluripotency that involved subcutaneously injecting
about a million epiblast cells into a mouse of the same inbred strain (the 129 SvE mice
from the Jackson laboratory in Maine, see also box 3). The injected cells developed into
teratocarcinomas, tumours in which various embryonic tissues can be recognised in a
chaotic arrangement.

In 1968, Richard Gardner published that when cells of the inner cell mass are injected
into the cavity of a blastocyst, they participate in embryonic development (Ch7). Like
attracts like; the cells attach and intermingle while dividing as cells of the epiblast. Using
genetic markers that distinguish them from the recipient blastocyst, it can be determined
that the injected cells contribute to all differentiated cell types. The result is a chimeric
embryo. The two genotypes usually (but not always) also contribute to the formation
of the germline. This is the test, the gold standard for pluripotency. Back when genetic
manipulation (box 3) did not yet exist, those markers for recognising the genetic origin of
cells in chimeric mice posed quite a challenge. Initially, in 1975, a mouse with a reciprocal
translocation, characterised by a chromosome with an abnormal length, was used for
this purpose (fig 12). The research was thus limited to dividing cells, in which the marker
chromosome could be recognised using a cytogenetic method (Ch3.4). The first analysis

of this kind was carried out by Richard in collaboration with Charles Ford and Ted Evans




in Oxford. The technique of creating chimerism through injection later paved the way for
precise genetic manipulation. This involves taking advantage of the ability of pluripotent
epiblast cells to be further cultured and genetically altered in vitro while remaining in an
undifferentiated state. We will not go into details of the culturing methods here. The fun-
damentals of genetic modification are discussed in box 3.

In addition, unravelling the gene expression patterns associated with pluripotency has
ultimately led to protocols through which virtually any differentiated cell in an adult body
can be reprogrammed into a stem cell. For this purpose, the expression of a cocktail
of four genes involved in regulating the transcription of a specific set of target genes
(Oct 4, Sox 2, KIf4 and c-Myc, see also Ch9) is upregulated. The stem cell generated
through this pathway is known as an “induced pluripotent stem cell” (iPSC). These
iPSCs are currently making their way into research (for instance, search the web for
organoids) and regenerative medicine. The question whether in vitro differentiation of
these stem cells into germ cells opens the door to guaranteed fertility for everyone is

addressed in chapter 16.7.

Lastly, a little more about the aforementioned teratocarcinomas. These were previously
accidentally discovered in 1953 at the Jackson laboratory by Leroy Stevens while he was
working on the biological effects of cigarette smoke. He used the same inbred mouse
strain 129 for this purpose. This strain appeared to be susceptible to developing tumours
in the testis, which could cause the organ to swell terribly. In addition to the product of a
chaotic embryonic development, these tumours also contained a type of embryonic stem
cells that could regrow into a tumour after transplantation.

His discoveries, which improved the definition of the term embryonic stem cell, proved
fruitful for Leroy Stevens when it came to acquiring research grants. Consequently, we
were able to attend a short course in his lab with a group of foreign visitors in the sum-

mer of 1980, focused on “creating chimeric mouse embryos by fusion” (Ch7). This was
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possible because there were enough dissecting microscopes to allow four foreigners to

practise, and, of course, because his analyst was capable of doing this.

But where did these teratocarcinomas come from? We now know that the gonocytes in
the foetal mouse testis (Ch8) are still close to the pluripotent state: the door to pluripo-
tency is, so to speak, not yet sealed with a double lock, and the cells still have some of
its molecular features. These molecular features are the same as those found in preim-
plantation embryos and in the epiblast, with the characteristic expression of the genes for
the transcription factors OCT4, NANOG and SOX2 (Ch9). Around day 14 of embryonic
development, the expression of these genes decreases in the gonocytes, and the germ
cells enter a temporary state of rest. Teratocarcinomas thus arise from an error in the
programme that must be followed in the male germline to transform a gonocyte into a pre-
spermatogonium (Ch8). When they fail to do this correctly, there is a risk that the precur-

sors of testicular germ cell cancer will develop. This is further discussed in chapter 12.10.
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Box 3 Genetic manipulation

Few tools used in genetic research capture the imagination as much as genetic manipu-
lation, genetic modification or gene “editing”. The latter term emerged with the introduc-
tion of CRISPR-Cas, a technique that has made targeted genome alteration much more
practical and widely applicable.

In 1981, two papers appeared in Nature and Science, respectively, describing the ease
with which foreign DNA is incorporated into the genome of the larger male pronucleus of
the mouse zygote (Ch13.5, fig 42) after injection with a micropipette. Whether the DNA
is of the same species or not does not matter for the integration process. Before being
incorporated at a relatively random position somewhere in the mouse genome, “trains” of
several to many copies of the injected DNA segment are usually formed in the nucleus.
The integration is stable, permanently appears in all somatic cells and the germline of
the developing embryo, and is eventually also transmitted through the gametes to sub-
sequent generations. Usually, the injected gene’s DNA is expressed, but its expression
may gradually be lost in successive generations.

We are now talking about the generation of transgenic mice, a technique that has
since also been used with other animal species. At the time, this was a small technical
(but certainly also an ethical-moral) revolution. Personally, | felt a form of disappointment
because the male genome was so “promiscuous” towards “foreign” DNA (the response
of the female genome will not be very different, but see Ch13.5.2). Undoubtedly, this is a
consequence of anthropomorphic thinking. It is reasonable to assume that the presence
of double-strand DNA breaks greatly enhances the integration process. Such breaks
occur throughout the cell cycle of the zygote, with a sharp increase during S phase. In the
male pronucleus, the number of double-strand DNA breaks is higher than in the female

pronucleus (Ch13.5.2, fig 42). The formation of these breaks is always attributed to a
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replication fork (fig 5) that momentarily halts as it encounters an obstacle for the DNA
polymerase, which makes it fragile and easy to break. Through, for example, homolo-
gous recombination (HRR) and the less precise “non-homologous end joining” (NHEJ)
(Ch13.5.2, fig 33) repair mechanisms, the zygote has the ability to repair these breaks,
either correctly or incorrectly, and in this process, “foreign” DNA can be incorporated into
the genome.

Many believed that all avenues, from gene analysis to rapid genetic improvement, were
now open. The species barrier had disappeared, and a pharmacological application, as
was pursued in the genetically manipulated and famous Dutch bull Herman, generated
venture capital. In this case, it involved the production of the anti-inflammatory protein
lactoferrin in the milk of the daughters, something that never materialised. Herman can

still be seen in preserved condition in the museum Naturalis in Leiden, the Netherlands.

The real work, however, was yet to come at that time. As mentioned in box 2, the discov-
ery of in vitro maintenance and propagation of pluripotent stem cells from the epiblast
of early embryos took place in the same period. Especially the early embryonic epiblast
cells of the mouse inbred strain 129 proved to be very suitable for this (box 2). In 1987, a
publication from the University of Utah (Salt Lake City, USA) with Mario Capecchi as the
last author described experiments showing that these pluripotent embryonic stem cells
(referred to as ESCs) can “exchange” an offered DNA fragment with their own homol-
ogous base sequence (fig 19) at a sufficiently high frequency via homologous recom-
bination (fig 14). This had previously been demonstrated for other cell types by Oliver
Smithies. Since it was already known at that time that in vitro cultured pluripotent embry-
onic stem cells can fully contribute to cell types of the mouse after being introduced into

the cavity of a blastocyst, the path to permanent and controlled genome alteration in the
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germline was open. Mario Capecchi, along with Martin Evans and Oliver Smithies, was
awarded the Nobel Prize in Physiology or Medicine in 2007 for this discovery.

The exchange of the offered fragment with the chromosomal fragment is similar to
crossing over, with the difference that two crossovers can now actually occur close to
each other (Ch5.1, fig 15). The length of the base sequence-identical segments (fig 19)
in which this occurs is important: it should not be too short, so at least a few kb long,
and “mismatches” (base differences, Ch5.1) should be avoided. Given their low level of
genetic variation, mouse inbred strains form a suitable starting point for this purpose.

Describing the surrounding techniques and tricks to isolate and characterise the cells
with successful integration goes a bit beyond the scope here. Homologous recombination
generally occurs in a single gene or locus, thus making the stem cell heterozygous for
the genetic change. Technically, any desired modification at gene level can be achieved,
from altering a single base to introducing deletions or insertions (table 3). In jargon, there
are two main classes: knockout means that the gene product is no longer functional;
knock-in indicates a completely altered or entirely new (usually related, e.g. human)
gene function at the site of choice. As indicated earlier in chapter 4, most applications of
this are aimed at genetic analyses such as genetic dissection of a trait. The ambitious
project to create a knockout for every gene in the mouse will also benefit from it (Ch4).
Of course, proposals for such experiments are subject to review by an animal experi-
ments committee and a genetic modification committee (the Netherlands). The trade-off
between biological insight and ethics is not necessarily an easy one. However, legislation

on this and hence the approach to this trade-off varies from country to country.

A refinement of the technique, which allows the genetic modification, here typically a
knockout, to be specifically introduced into a particular cell type, can address this: the

genetic defect is not present in every cell but only in the cell type to be studied. This is a
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FIG19

Simplified step-by-step representation of genetic manipulation in the mouse germline.
When the intention is to disable the function of a gene, it is referred to as a knockout;
when an alteration is made with the aim of further studying the gene and its product,
it is referred to as a knock-in. In the manipulated stem cell colonies of the 129 inbred
strain that can be selected, one allele will have been knocked out (+/-). These cells are
injected into the cavity of a C57BL6 (“black six”, B6) blastocyst (fig 43). In principle,
any female mouse can be a surrogate mother; here, an animal with wildtype coat col-
our (agouti) was chosen. When the chimeric mouse is backcrossed with 129 mice, its
129 part will result in the birth of 129 offspring of which 50% are heterozygous for the
knockout or knock-in (the 129 genetically manipulated stem cell is heterozygous (+/-).
This is typically followed by an outcrossing programme, for example with the inbred
line B6.

valuable addition to research on the germline. It is also the way to go when the knockout
is lethal in the homozygous state during embryonic development, which is relatively

common for genes involved in DNA repair, for example.

This technology, called Cre/lox, is based on tools used by a bacteriophage (a bacterial
virus called P1) to exist in a circular form. A gene of P1 encodes for the recombinase
Cre, which is specific to and can bind to two identical 34-base motifs in the phage’s DNA,
known as loxP sites (fig 20). In 1994, the way was paved for the application of Cre/lox
in genetic manipulation in mice. The first step involves using stem cell technology (as
above) to place the Cre gene under the control of a cell type-specific promoter, so that
expression of the recombinase is restricted to that particular cell type. In the second step,

two loxP sequences are inserted into/around the gene that is to be disabled using the
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FIG 20

The best technique to inactivate a gene per cell type. The promoter of a gene that is ex-
pressed only in that cell type functions as a gatekeeper. When applied in the germline,
one can target a gene that is, for example, only expressed in spermatogonia, only in
meiotic spermatocytes, or a gene that is only expressed in spermatids after meiosis.
Mice that are transgenic for the Cre gene fused to that cell-specific promoter (“Cre/+”)
are crossed with mice with the two loxP sequences at strategic positions around/in the
gene, in order to delete a part of it that is usually disabling. The /oxP mouse, also ob-

tained through genetic manipulation, must be homozygous for this.

same homologous recombination technology. Through crossbreeding, the two geneti-
cally manipulated genomes are combined in one cell, where the two loxP motifs must be
present in a homozygous state (fig 20). The knockout of the gene results from Cre-driven
recombination between the two “loxP sites” (fig 20). Mouse strains with a proper cell
type-specific Cre insertion are highly valuable research tools and are thus in demand.
This elegant multi-step technology understandably never made headlines as massively
as CRISPR-Cas9, the technique for which pioneers Emmanuelle Charpentier and Jen-
nifer Doudna were awarded the Nobel Prize in Chemistry in 2020. The origin story of
this latest branch on the genetic modification family tree is extensively described in the
popularised report by Jennifer Doudna and Samuel Sternberg: A Crack in Creation: The
New Power to Control Evolution (2018). John van der Oost, professor of microbiology at
Wageningen University, the Netherlands, who played a pioneering role in the discoveries
that made the CRISPR-Cas technology (fig 21) applicable, is also featured in Doudna and
Sternberg’s book. Once again, intriguing discoveries from microbiology are combined
with the desire to genetically intervene faster than is possible with traditional breeding

methods.
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CRISPR-Cas appears to have originated in bacteria as a defence mechanism against
viral infections, complete with a genetically encoded memory library (the so-called “clus-
tered regularly interspaced short palindromic repeats” sequences, which was shortened
to the acronym CRISPR in Utrecht and Alicante). This way, the DNA of invading bacteri-
ophages can be quickly recognised and selectively cut with the Cas enzyme (an RNA-
guided DNA endonuclease). The great strength of the CRISPR-Cas machinery is the
high degree of site specificity with which a cut in DNA can be made. But it remains
astonishing. This specificity depends on the so-called “guide RNA", a piece of at least
20 bases that, through RNA-DNA base pairing, provides a sufficiently accurate indication
of position determination in the genome (fig 21). The Cas enzyme cuts the double-strand
DNA helix with unprecedented accuracy, at a location specifically determined relative to
the paired guide RNA.

Soon, in 2014, it became clear that the mouse zygote could be genetically altered very
specifically in this way, eliminating the need to use detours via stem cells. Compared to
stem cell techniques, several advantages are speed and cost, animal welfare, and the
broad spectrum of possibilities. However, as highlighted in a 2017 review from the NKI
(Amsterdam), one should evaluate which technique “leads to Rome” for each desired
outcome. The main reason for this is that, with the current state of the CRISPR-Cas tech-
nique, a double-strand DNA break is the starting point for the genetic change. The zygote
is not a very accessible cell system for research on DNA repair, but it is clear that this cell
has many intricacies that have yet to be fathomed (Ch13.5.2): the molecular details of the
repair of the break are not fully understood. They also change during the cell cycle of the
zygote. In order to obtain more control and with the specific outcome of the repair in mind,
a single-strand DNA “template” is added, which has homology to the DNA region in which

the break was introduced and contains the desired base sequence at the correct position.
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lllustration of the basic principle of the 20 base pair specific recognition (sufficient to
approximate essentially any genomic location) and the way in which the CasRNA com-
plex can apply a double-strand break with accuracy down to the base. The Cr and
TracrRNA come from the bacterial system, the recognition sequence follows the base
sequence of the genome of the “host cell” that is to be manipulated. The PAM site,
NGG, is genomic (N can represent any base). These occur frequently enough, also
near the target site, to not hinder a researcher’s plans. The system has further evolved,
the double-strand DNA break can be exchanged for a single-strand one (“nicking”) by
a Cas variant. Base editing enzymes can be added to exchange one particular base
(“base editing”). Alternatively, to make small insertions possible, a modified guide RNA
is added in conjuncture with a reverse transcriptase. This module is named prime

editing.
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However, much more fancy modifications that are based on a single-strand break have

been developed, and more are likely to come (see the caption of fig 21).

From around 2015, publications have begun to appear in which the CRISPR-Cas tech-
nology is applied to human zygotes to repair defective genes. The majority of these are
from East Asia, especially China. As a rule, the mysteries of DNA repair in the zygote are
treated as a black box, which in turn leads to reactions from DNA repair specialists from,
for example, the USA, who point out that the discovered outcome is not actually biologi-
cally possible, thereby further increasing the mystery.

Stimulated by dr Jiankui He’'s experiments that led to the birth of genetically edited
babies, for which he was sentenced to 3 years in prison in late 2019, a futuristic vision
of germline modification in humans enabled by CRISPR-Cas has made its way from the
Dutch ART field into quality newspapers. This seems premature now. It is clear that a
double-strand break in the zygote is not a risk-free start of a mutation correction. More
research on this is currently being conducted. Researchers are particularly interested in
the so-called “off-target” effects — how infallible is that 20-base postal code — and are
curious about variations in the process around the DNA repair work resulting from the
double-strand break introduced by Cas9. Both aspects are being discovered. Benjamin
Davies from London, an active mouse researcher in this field, analysed the human situ-
ation for the European ART community for ESHRE 2019, the annual major international
congress dedicated to artificial reproductive technologies in Europe. He presented an
update of his summary for the gathered Dutch IVF biologists in a fairly dazzling lecture in
early 2020 in Zeist, the Netherlands. What became evident earlier, and also followed from
his experiments in mice, is that when the Cas enzyme is still active in at least the 2-cell
stage, it sometimes leads to mice being mosaic for the introduced mutation. Another
concern is that CRISPR-Cas often cannot properly distinguish between the mutant allele

in need of repair and the wildtype, healthy allele. For this, the difference between the
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maternal and paternal alleles in the DNA base sequence used to design the “guide RNA”
(fig 21) needs to be sufficient to selectively target one of the two. When this is not possi-
ble, the essentially unnecessary double-strand break that was introduced in the healthy
allele may result in a defective protein when repaired incorrectly (Ch13.5.2). Benjamin

Davies’ “take home message” was: it is not yet safe (see also Ch18.2), but the likelihood
of it becoming safe is increasing. For example, a double-strand DNA break might be
avoided by using the tool of active retrotransposons (Ch2.3.3, fig 10). When it comes to
introducing a single base change, “base editors” exist, for C to T and for A to G. Another
recent development is that of the so-called “epigenome editors”. These are enzymes
that allow you to (locally) modify the methylation status of DNA (fig 11) or the PTMs of
histones (Ch2.3.2, table 1), thereby influencing the transcription of a gene. This is
not (yet) the place to elaborate on this. Another bottleneck remains: mature eggs and
high-quality zygotes are costly, sometimes very costly. In every case, the outcome of the
repair will have to be monitored later in the preimplantation stage, with the possibility of
mosaicism continuing to be an issue. Whether curating is better than selecting against

the mutation is further discussed in chapter 18.
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CHAPTER 8

The development of the
embryonic gonad

Already in the early days of cytogenetics in humans, from the late 50s onwards (Ch3.4),
everything indicated that the Y chromosome is involved in the development of the testis. The
presence of a Y chromosome is decisive, and the number of X chromosomes does not matter.
Also, in mice, XXY individuals are male and XO individuals are female.

From the very beginning, that is in the 70s and 80s, there has been some sort of postulate
that in mammals, one single gene is responsible for the development of the testis. In the lan-
guage of that time, development into an ovary was considered to be a more or less autonomous
process (the “default pathway”), the basic pattern from which the embryo could only be diverted
by intervention from the Y chromosome. Without a foetal gonad, the development is female, as
was already shown in 1947. The hormonal aspects of the development of the excretory ducts of
the gonad and the external sex characteristics are beyond the scope of this book.

The hunt for this “masculinity gene” on the Y chromosome was “hot” for years. There were
some candidates, but in order to provide evidence, insertion of this gene into a pronucleus of
the zygote and subsequent incorporation into a chromosome must produce a male, even if the
sperm carries an X chromosome (box 3, fig 42). Mutations in this gene can lead to (sterile)
XY females. Also, men with two X chromosomes, who are rare and, like Klinefelter XXY men
(Ch3.4), sterile, are interesting research subjects in this case. Moreover, you would expect the
gene to be functionally conserved in mammalian evolution; the main domain of the protein that
ultimately determines gonadal sex differs in only one amino acid between humans and chim-
panzees. When DNA analysis gained momentum in the 80s, this paved the way (by using these
sex differentiation mutants) for the isolation of a candidate gene in mice and in humans, with

the possibility of testing this gene in the mouse model. The gene, called Sry (written as SRY in
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FIG 22

Schematic representations of the development of the embryonic gonad in humans
with minimal ages post conception. Sexual differentiation of the gonad begins after
6-7 weeks due to the expression of SRY, which is transient. By this time, the first pri-
mordial germ cells have already reached the gonadal ridge. Duct formation for both
sexes is present. After differentiation of the gonad, one of the two duct systems must
regress; for the female sex, this is the Wolffian duct, and for the male sex, the Mullerian
duct. The rapid transition of germ cells to meiosis in the ovary occurs much more
synchronously in mice than in humans. This tighter control is also evident in the em-
bryonic/foetal testis; in mice, the germ cells have a temporary mitotic arrest, which is
defective in humans. The rete testis tubules are part of the developing drainage system

of the testis.

humans), was inaugurated in 1990 in Nature, coming from London, for both humans and mice.
The genetically engineered XX mouse that turned male also appeared in Nature a year later. The
insertion of the Sry gene into the DNA of the zygote was done in a very primitive way in those
days. This particular DNA fragment was injected into the male pronucleus (fig 42) of a mouse
zygote in a large number of copies using a micromanipulator. When a double-strand DNA break
occurs somewhere in a chromosome, such a piece of DNA has the chance to be incorporated
into the genomic DNA of the cell, free-riding on the DNA repair systems of the zygote (Ch13.5.2,
box 3).

Sry appears to be a rather unusual gene; it has a distinctive DNA binding motif, which is
functionally conserved within mammals. In mice, it is only expressed over a relatively short
period of time in the developing embryonic gonad (fig 22). The expression begins at 10.5 days,
peaks between 11 and 11.5 days and then vanishes again. In humans, it appears 42 days after
fertilisation and decreases from day 53. SRY is a transcription factor of a specific class. The
actual work for the development of the testis is carried out by another member of the same family
of SOX proteins (SOX9) that is regulated by SRY. Sry is the founding father of this family, which
has 20 members. In turn, SOX9 elevates the expression of the genes required for this process:
SOX9 must remain “on” for sex differentiation at the gonadal level to proceed correctly.

An embryonic gonad that can still develop in two directions is called bipotential. In addition to

the arriving germ cells, this gonad consists of 3 types of cell lines: (a) the cells that will directly
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support the germ cells and are in intimate contact with them, (b) the cells capable of producing
sex hormones, and (c) the cells that provide the general structure. The cells that will directly
support the germ cells determine the sex of the gonad through the expression of Sry and Sox9.
When these cells differentiate in the direction of a testis, they first form pre-Sertoli cells, which
give rise to Sertoli cells (Ch12.2, Ch12.4, fig 22). In the female differentiation towards the ovary,
these cells develop into pre- or foetal granulosa cells and later into the granulosa cells found
in the primordial follicles (oogenesis, Ch11.1, fig 28). The activation of the Sry/SRY gene thus
leads to the differentiation of Sertoli cells. The fact that this occurs over a relatively short period,
of half a day or slightly more in mice, remains remarkable and makes this a delicate process. At
the onset of sex differentiation in mice, in 11-day-old embryos, there are around 20,000 germ
cells according to the literature. Such estimates have a large confidence interval. The capability
to eventually become a pre-granulosa cell persists for two more days. The germ cells that fol-
low the female trajectory diligently divide and form the pool of oogonia that is at the base of the
potential supply of eggs for the entire lifespan (Ch11.1, fig 28). The germ cells directed towards
spermatogenesis also divide, and they are named gonocytes.

The first insight into the dominant position of the pre-Sertoli cell for the development of the
testis came from studying the gonadal development of chimeric mice (Ch7): work done by Paul
Burgoyne in the laboratory of Ann McLaren, the “grand old lady” of early embryology in Eng-
land, in the 70s-90s. When you create chimeric mice, the sex chromosomes of the embryos
to be fused are unknown. Statistically, you will obtain 25% XX/XX, 25% XY/XY and 50% XX/
XY, XY/XX. When visually sexing these mice, it is noticeable that more males than females are
born and that very few mice have intersex characteristics. It seems that the XY cell line largely
determines the fate of the embryonic gonad, due to the early activation of the Sry gene which
results in the development of pre-Sertoli cells. In the chimeric XX/XY males, the Sertoli cells pre-
dominantly had XY chromosomes. At the same time, the molecular machinery necessary for the
development of an ovary is inhibited. The precursors of the testosterone-producing Leydig cells
can have either XX or XY chromosomes, and the same is true for the germ cells. If, due to its
genetic background, the Sry gene of the Y chromosome is switched on late during embryonic
development, thereby delaying or even indefinitely deferring testis development, an ovary with
XY oocytes may develop. This occurs in an outcrossing programme of, for example, Mus poschi-
avinus wild mice (from lItaly, the males) and females of the well-known C57BL6 (B6) inbred line.
By backcrossing onto B6 through males, starting with the F1 male, the POS Y chromosome

makes its way into this genetic background. It also happens because the SRY transcription fac-
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tor of Mus poschiavinus does not interact well with the Sox9 gene of B6; this interplay is quite
variable. With this, it became possible to systematically study XY oocytes. | thought about this
when | recently came across some researcher’s musings raising the possibility that same-sex
partners could conceive their own biological child (Ch16.7). If the partners are male, could an XY
egg obtained through stem cell technology (box 2) be an option?

Recently (2017, 2021), a Canadian group conducted extensive research on those XY oocytes
in mice, using a combination of molecular and microscopy techniques. Meiosis, especially the
second meiotic division, does not proceed smoothly, and the early embryonic development
thereafter is catastrophic. They also observed the absence of a crossover between the X and Y
chromosomes, causing them to be unpaired during the first meiotic division. In April 1980, | had
a look at an XY oocyte from the Mus poschiavinus B6 crossbreeding programme at the Jack-
son lab (Maine). The oocyte was in the metaphase of the first meiotic division, and the X and Y
chromosomes were unpaired. This was not new and had already been described in 1977, when
the Italian mice were not yet in the picture. At that time, the observation came from the MRC
Radiobiology Unit Harwell, describing a rare XX/XY chimeric female. However, scientists are
not the ones to be baffled by the laws of nature. With the inefficient in vitro oogenesis protocol
at hand, the Japanese research group led by Katsuhiko Hayashi reported in 2023 that utilising
mouse pluripotent stem cells, an XY karyotype can be converted into an XX karyotype. It
has long been known that, at least in the mouse, the Y chromosome is less stable in mitosis; a
spontaneous loss is not rare. The chance for the remaining X to be doubled after that is lower.
Here, it is helpful to invalidate the SAC (see fig 4). In vitro oogenesis after sex reversal will result
in offspring that originate from two XY germlines, proof of principle delivered. The prospect of
selfing is not brought up here, however interesting this may be for the more theoretical geneti-
cists. More intricacies of in vitro oogenesis are given in chapter 16.7.

How does gonadal development proceed from the moment of sex determination (for mice
starting at 11 days, for humans from week 8, see fig 22)? In the female pathway, the amount
of cell proliferation of the supporting pre-granulosa cells is limited, in contrast to the behaviour
of the male pre-Sertoli cells. The oogonia organise themselves at the edge of the gonad and
form connections with each other, which are called syncytia or cysts (fig 22). Later, during the
formation of the primordial follicles, these connections break down (Ch11.1). From 12.5 days of
age onwards, meiosis can be initiated, guided by vitamin A. In mice, this is a fairly synchronous
process, unlike the situation in humans. There, meiosis begins after 12 weeks, but this process is

far from accurately synchronised (see also Ch11.1), and a group of oogonia seems to escape it.
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When pre-Sertoli cells start to dominate in 11-day-old mouse embryos, testicular tubules
containing the germ cells begin to emerge a day after (fig 22). These gonocytes multiply expo-
nentially up to 13.5 days of age but enter a state of dormancy a few days later. They are located
in the centre of the testicular tubule and move towards the wall shortly after birth. This change in
location marks the transition to cells that can initiate spermatogenesis: the stem cells.

In the development of the human testis, fully developed testicular tubules with gonocytes
(fig 22) are present after 11 weeks, gradually crawling towards the wall from that time onwards.
They are then referred to as prespermatogonia, and they already tend to stick to each other after
a division using a cytoplasmic bridge: cell division is not completed entirely, which results in the
formation of syncytia here as well. This is a very important characteristic of spermatogenesis,
which is not omitted in chapter 12. As in mice, the germ cells that do not settle in the tubules by
moving towards the wall are lost and undergo apoptosis. In mouse foetuses, gonocytes cease
to divide altogether after 15.5 days, and this process only resumes shortly after birth. In humans,
this development takes place over a much longer timespan, and there is always a population of
prespermatogonia that is dividing. During the first months after birth, the lumen of the tubules
still contain gonocytes, which can then still transition into prespermatogonia. Throughout this
process, the germ cells retain some of the characteristics of a pluripotent stem cell (box 2): the

loss of pluripotency occurs heterogeneously and progresses very gradually (see also Ch12.10).
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CHAPTER 9

“Resetting” chromatin
In the germline

The succession of generations is often depicted as a chain, a commonly used metaphor for a
great miracle. The embryonic origin of a new generation of germ cells can be thought of as the
narrow neck of an hourglass. Very few cells receive the signal from their environment to develop
into primordial germ cells (Ch7).

During their formation, primordial germ cells stand out from the cells that surround them
because differentiation into somatic embryonic cell types is blocked; they thus exit the main-
stream of somatic cellular development in a timely manner. In mammals, this “escape” occurs
relatively late; in humans, it happens slightly later than in mice (Ch7, fig 43).

After being destined to become a primordial germ cell, the chromatin undergoes a “reset”.
This process is completed when the primordial germ cells have reached the embryonic gonad.
Prior to this overall reset, there is an initial reset that occurs in the embryo that has not implanted
yet. This step is necessary to make the transition from the chromatin structures that are inherent
to the formation of oocytes and sperm to the chromatin that enables the development of the pre-
implantation embryo. The early embryonic reset leads to the achievement of totipotency and
pluripotency (box 2) and is completed in the blastocyst stage (fig 43).

Within a cell, there is never a greater difference in the structure of chromatin than between
the two nuclei, the pronuclei of the zygote (fig 42). This is discussed in more detail in relation
to fertilisation (Ch13). Making the chromatin of the paternal and maternal chromosomes more
“equal” is another very important aspect of the initial chromatin reset. It takes some time, up until
the epiblast stage (fig 43), before the maternal and paternal chromatin have become virtually

“equivalent”.



The chromatin parameter CpG methylation (fig 11) was first used to visualise the “resetting”
during the development of the preimplantation embryo. This became possible when an antibody
against the methylated form of C(ytosine) became available in the 1980s, and simultaneously,
cell staining using immunofluorescence methods became more applicable. When the initial
findings from the Medical Research Council “mammalian development unit” in London appeared
in the literature in the second half of the 80s, it was a big eye-opener. More modern NGS-based
techniques that read CpG methylation at the base pair level have only confirmed this picture
later on (fig 23). The first thought upon seeing the graphs from Marilyn Monk and her fellow
researchers was that, up to the blastocyst stage, the main focus is on preparing the possibili-
ties for embryonic development around and after implantation. Observations from research and
practice focused on IVF (Ch16.3.1 and Ch16.3.2) support this notion.

During the initial reset, the DNA of both the sperm and the oocyte loses the methyl group on
the C (fig 11, 23). For the paternal DNA, this is an active process that begins immediately after
gamete fusion, one of the many tasks of the egg. This process is still not entirely resolved, but it
is clear that DNA repair systems play a role in it (BER, fig 33). For the female genome, it seems
to be a matter of thinning the level of methylation. During semi-conservative DNA replication
(Ch2.2.2, fig 5), this involves “forgetting” to add a methyl group to the newly incorporated Cs
when a CpG and a GpC separate. In the blastocyst, the methylation levels in both genomes are
equal, apart from a few exceptions. The most well-known of these exceptions are the “imprint
control regions” (ICRs) involved in genomic imprinting (Ch10, fig 27).

These DNA regions are “reset-resistant” and remain methylated on the CpGs. Genome-wide
demethylation does not affect ICRs in the preimplantation embryo; the egg has the tools for this
(fig 24). A very nice example of this is the availability of a stock of mRNA of the maternal effect
gene Trim28. The protein encoded by this gene acts as a “matchmaker” in a complex assembly
of proteins with various tasks involving chromatin, including the protection of ICRs from demeth-
ylation (fig 24, see also Ch13.5.3). It consists of a cocktail of transcription factors, “chromatin
writers” and “chromatin readers” (Ch2.3.2, fig 24).

Also in humans, paternal DNA is actively demethylated in the zygote. However, thanks to the
much greater resolving power of current techniques, it has recently been discovered that methyl
groups are subsequently reattached to Cs, and that this occurs in conjunction with the inactiva-
tion of retrotransposons (LINEs and SINEs) (Ch2,3,3, table 2). CpG methylation (fig 11) serves
as a confirmation signal for the locally inactivated state of chromatin. At this stage of human

embryonic development, this also applies to repetitive elements such as LINEs and SINEs.
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In the literature, the methylation degree of cytosine (usually in a CpG dimer, fig 11)
is used to illustrate the resetting of chromatin in the germline. The female and male
gametes are strikingly different in this regard. In the blastocyst, the overall methyla-
tion level has greatly decreased and is uniform. This is part of, and symbolises, the first
reset. After that, at the onset of embryonic development, rapid remethylation occurs,
which is a dynamic process. Following the specification of primordial germ cells, this
process is reversed to an even lower methylation level, referred to as the second reset
in the germline. The female genome is shown in red, the male genome in blue. This

figure is inspired by the situation in humans.
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CpG methylation remains a good parameter to describe the resetting in the germline (fig 23).
But in reality, there is much more that needs to happen in the transition to the totipotent and
pluripotent state. Nowadays, the complexity of chromatin remodelling in the preimplantation
embryo can be investigated with great resolving power, and the data obtained this way are hardly
comprehensible. The techniques are becoming increasingly reliable, but currently, it still takes
300 eggs (mouse) to obtain an impression for each individual gene promoter over the whole
genome. The whole process is extremely fascinating, but its details go beyond the scope of this
book. The resetting of chromatin is meant to lead to the activation of genes that are essential for
totipotency and pluripotency, so they must be “on” in the pluripotent stem cells (box 2). The
transcription factors OCT4, SOX2 and NANOG are crucial in this process. The genes encoding
these proteins are switched off during oogenesis and spermatogenesis, but they are not addi-
tionally sealed; there is no CpG methylation in the promoter region. This may be a harbinger of
their rapid activation during the early stages of embryonic development. Throughout this entire
operation, the retrotransposons (Ch2.3.3, table 2) must not get the opportunity to become active
again. Their expression is, therefore, partly suppressed by the TRIM28 complex (fig 24).

As mentioned at the beginning of this chapter, the second reset takes place during the trans-
port and proliferation of primordial germ cells on their way to the gonad (Ch7 and Ch8). Primor-
dial germ cells tackle the tasks vigorously and remove the imprint codes of both sexes; the ICRs
(fig 27) are demethylated in this process. This is necessary so that the “imprint” corresponding
to the sex can be reestablished later during gametogenesis. The overall DNA demethylation is
carried out more thoroughly than during the first reset, which primarily serves to initiate embry-
onic development (fig 23). The chromatin is also reorganised again. During this whole process,
evolutionarily relatively young retrotransposons must be prevented from becoming active. There-
fore, they retain their CpG methylation.

Each generation of germ cells thus starts with a clean slate. How clean that slate actually
is will be discussed in chapter 15. After all, it remains questionable whether the whole process
is really so straightforward. For now, it is important to note that exceptions have been found
regarding CpG methylation at the level of individual genes, a discovery made in 2015 by Azim
Surani from Cambridge. This may be an aspect of epigenetic inheritance, which is covered in
chapter 15.

A final aspect of the second reset occurs only in XX primordial germ cells of female embryos
because they were formed just after the period of random X chromosome inactivation (box 4).

The two X chromosomes locate each other at the beginning of meiosis to prepare for the
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An artistic impression of an example of a multi-protein complex that regulates DNA ac-
tivity at the chromatin level. In this case, the integrator of the functions of this complex,
which becomes functional shortly after fertilisation, is the protein TRIM28. The whole
complex is also named after this protein. Among the functions that need to be coordi-
nated, those of the chromatin “writers” (orange) and “readers” (purple, concepts intro-
duced in Ch2.3.2) are the most important. The writers perform their function through
histone post-translational modifications (the PTMs in table 1) and through DNA
methylation (fig 11). As a vital link in the regulation of gene activity, the protein ZFP57
(shown here in reddish-brown, a suppressor of transcription) is of great interest. It is a
“zinc finger” protein (as PRDM9 from Ch5.1) and it can thus arrange positioning in the
genome. The suppression of retrotransposons and protection of the “imprint control
regions” (the ICRs from Ch10 and fig 27) against genome-wide demethylation of CpG
dimers (fig 11) from fertilisation to the blastocyst stage (fig 23) are very important

functions of the TRIM28 complex.
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process of crossing over (Ch5.1, Ch11.1). Any existing difference in chromatin organisation
between the homologous X chromosomes at that time would hinder this process. Therefore, it

seems logical that the recently inactivated X chromosome must be reactivated.
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CHAPTER 10

Genomic imprinting

Secondary oocytes (fig 13, i.e. egg cells, Ch13) do not necessarily need to be fertilised to start
embryonic development. This can also be achieved with a trick, such as treatment with a bit
of alcohol. Embryos created in this way are called parthenogenotes, and they can be diploid
when the products of the second meiotic division have remained in the egg (in that case, the sec-
ond polar body has not formed, fig 42). The maximum development of these “immaculately con-
ceived” embryos is already reached before the organs are formed, so in the embryonic stage.

After fusion of the egg and sperm, two nuclei (called pronuclei, Ch13) arise in the now-formed
zygote: one male, from the nucleus of the sperm, and one female, from the second meiotic divi-
sion of the egg (Ch13.5 fig 42). Under the right microscope illumination, such mouse pronuclei
radiate like tiny micro suns. In the early 80s, it became technically possible to exchange pronu-
clei between zygotes (fig 25).

By using a fungus-derived substance to “relax” the cytoskeleton (fig 2) of the zygote, you can
extract the pronuclei using suction. Essentially, the removed nucleus is a small cell with a cell
membrane. Using a short electric pulse, this mini cell can be fused with a zygote from which a
pronucleus has first been removed. This is the protocol for constructing embryos with either only
genetic material from the mother or only from the father (fig 25). The results of this procedure
were reported by two research groups at about the same time, in 1984: the group in which Azim
Surani worked at the Animal Research Council unit of Reproductive Physiology in Cambridge,
and Davor Solter’s group worked at the Wistar Institute in Philadelphia. The embryos with two
female nuclei are called gynogenotes, and those with only male nuclei are called androgen-
otes. The difference between the aforementioned parthenogenotes and these gynogenotes is

not that large. After transplantation into a pseudopregnant mouse, the gynogenotes develop



in the same manner; development of the best ones will halt during organogenesis. For the
androgenotes, the outcome is even sadder; some may still implant, but embryonic development
ceases a few days after implantation, which is when their maximum is reached.

The development of entirely “male” embryos resembles a form of spontaneous abortion in
humans, with the abnormally shaped embryos referred to as “hydatidiform moles”. These con-
sist predominantly of extraembryonic structures, resulting in termination of the pregnancy in the
4th-5th month.

In the years before the pronucleus exchange experiments, evidence that paternal and mater-
nal chromosomes are not equal was obtained via an alternative route that, in principle, leads to
the regions in the genome where differences in expression of the maternal and paternal gene
copies can be found. Figure 26 explains the idea of these tests, for which reciprocal transloca-
tions are most informative (fig 12). When a chromosomal segment originating from the mother
is equivalent to the same segment from the father, the origin does not matter, as long as it is
present in double quantity. This is possible when the other parent does not supply that particular
segment. But how do you recognise the offspring arising from such a complementary fertilisa-
tion (2 + 0 instead of 1 + 1)? That became the experimental condition that researchers like Tony
Searle, Colin Beechey and Bruce Cattanach from the MRC radiobiology unit in Harwell (UK)
had to fulfil in the 70s and 80s. DNA markers did not yet exist at that time; those could only be
used from the early 90s onwards. The researchers approached this cleverly by building upon
the many mutants with a recessive inheritance pattern, whose homozygous recessive geno-
type could be identified by appearance, preferably already showing a phenotype at birth. And,
of course, one had to know on which chromosome and where on that chromosome the gene in
question was located. The creation of strains with the reciprocal translocations (but also Robert-
sonian translocations, fig 12) and the phenotypic marker genes on the chromosomes involved
in the translocation was the most costly in terms of the number of mice and the time spent
(fig 26). The first somewhat larger study in which heterozygotes were crossed, conducted by
Tony Searle and Colin Beechey, was published in 1978, albeit without immediate interpretation
that the remarkable failure of complementation was an example of genomic imprinting. Due
to the persistent work on this project in Harwell, a reasonably clear idea about the chromosomes
(and segments thereof) for which male and female descendants are not equivalent had emerged
by 1985. This led to the “mouse imprinting map”, in which Colin Beechey was involved until 2011.
At first, regions of chromosomes were identified that had to come from both parents to prevent

the development of an aberrant phenotype. Over the years, the genes located in these regions
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lllustration of the mouse experiment with the exchanged pronuclei, which gave the phe-

nomenon of genomic imprinting a major research boost.

for which complementation is not possible were slowly isolated as well. These genes were found
to be expressed in a single dose, either originating from the father or the mother (fig 27). Grad-
ually, the function of these genes was elucidated. There was great interest in the epigenetic
mechanism hidden behind monoallelic expression. Meanwhile, pathologies that appeared to be
related to imprinting had also been identified in humans, such as Prader-Willi syndrome, Angel-
man syndrome and Beckwith-Wiedemann syndrome. Due to these epigenetic mechanisms,
men and women cannot do without each other when it comes to reproduction, and what could
be more beautiful than that!

What is the insight so far? Jo Peters, also from Harwell, has made great contributions to the
further unravelling of the epigenetic mechanisms behind genomic imprinting during her active
research career. In this, she collaborated intensively with Gavin Kelsey from the Babraham Insti-
tute in Cambridge. The following is based on their reviews. Delving into genomic imprinting
directly leads to the resetting of epigenetic information in the germline (Ch9). The sex-specific
father-mother information must be preserved during the time span between fertilisation and the
onset of embryonic development and must then, in principle, be retained in somatic cells (the
ICRs of Ch9, fig 27). However, during the second reset in the germline, when the pool of pri-
mordial germ cells is formed, this information must be erased; these cells have not yet been
“converted” to a sex at that time (Ch7, Ch8, Ch9, fig 23). Once that has occurred and the choice
between oogenesis and spermatogenesis has been made, the correct instructions for the

ICRs of the imprinted gene clusters are reinstated, corresponding to the sex (fig 27).
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FIG 26

One of the first complementation trials performed at the MRC radiobiology unit in
Harwell (UK) in the 70s. The chromosomal segment running from the breakpoint of the
T26 translocation to the end of chromosome 2 is marked by the recessive mutation
bp which, in the homozygous state, leads to severe shortening of the bones in the
limbs (especially the phalanges of the feet). Otherwise, these mice are fully viable and
fertile. In reciprocal translocations (fig 12), the search for homology during the first
meiotic prophase in heterozygotes leads to the formation of a quadrivalent, as depict-
ed here. Explaining the distribution of chromosomes among the secondary oocytes and
spermatocytes (fig 13) goes beyond the scope of this section. Importantly, the appear-
ance of two copies in a gamete is far from rare, especially for the segments between
the translocation breakpoint and the chromosome end (away from the centromere,
marked here by bp). This can be compensated for at fertilisation by a complementary
gamete that lacks this particular segment. Beige represents the gamete with the dupli-
cation (contains chr 2 and chr 82) and lilac represents the gamete with the deficiency
(contains chr 28 and chr 8) for the segment of chromosome 2 marked by bp. The figure
shows that it does not matter which parent is homozygous for bp. All homozygotes (bp/
bp) die at birth or shortly thereafter. In this way, the entire mouse genome has been
mapped for genomic imprinting. The fact that one parent is responsible for one set of
gene products and the other parent for another set hinders complementation, but the
effects of double gene doses (where it is typically single due to genomic imprinting) per-

sist through the complementation trials. P is “parental”. F1, see the glossary of terms.

The origin of imprinting must have something to do with the development of a uterus in mam-
mals and with viviparity, the development of the placenta. But it also occurs in numerous other
life forms. Shortly after the idea of a contribution to the next generation confined to either sex
had reached theoretical biologists, they started developing concepts that accommodate this
phenomenon. The most well-known of these is the “parental conflict hypothesis” (but there are
more). This hypothesis assumes that the father and mother are in competition, because the
mother is responsible for nourishing the embryo, foetus and infant, as well as herself. For the

father, it might be advantageous to strive for heavier offspring, even if it comes at the expense
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of the mother. After all, there is competition for nutrients between mother and foetus. A single,
uniformly conclusive theory that explains imprinting will not exist and would also be difficult to
devise, given the multitude of bodily functions that are affected by it.

The phenotypes of the androgenotes and the gynogenotes seem to be each other’s opposite
when it comes to the balance between the embryo and the embryonic membranes. Later, at
birth, a reflection of this can be observed for multiple small chromosome segments that either
originate exclusively from the father or exclusively from the mother (fig 26). The Harwell group
referred to them as “opposite phenotypes”. An example: when the duplication comes from the
mother and the deficiency from the father, the mice are very thin at birth, will not suckle, and die
within 24 hours. In the opposite situation, they are fat and hyperactive but also die somewhat later.
In 2014, Jo Peters summarised the (patho)physiological processes in which genomic imprinting
is involved in a brilliant paper published in Nature Reviews/Genetics. The mentioned processes
and related conditions were: (a) prenatal and postnatal survival and growth; (b) metabolism,
including obesity; (c) neurological and behavioural effects, including sleep behaviour and social
behaviour, for example, caused by psychiatric abnormalities. And finally, cancer. For metabo-
lism, aspects such as glucose tolerance and insulin sensitivity are mentioned. Especially the
neurological and behavioural aspects of genomic imprinting are currently drawing attention. A
more recent review indicates that this side has also attracted more research in mice. Apart
from behaviour (e.g. risk-taking and impulsivity), cognitive processes may also be influenced by
imprinting. In humans, Prader-Willi and Angelman syndrome (also used to illustrate the human
manifestation of the opposite phenotypes), are a good illustration of the involvement of imprinting
in brain function, given the intellectual disability that occurs in these diseases.

In an animal experimental approach to determine the direction of paternal and mater-
nal effects, chimeras are created of normal preimplantation embryos and gynogenotes or
androgenotes, after which aspects such as brain development are examined. When the balance
shifted towards the androgenotes, the chimeras became larger, but their brains were smaller.
In the reverse situation, with a greater contribution from the mother, the exact opposite was
observed. Now, the offspring were smaller, but their brains were larger.

In mice, around 260 genes are now known to be regulated sex-specifically (by origin). For
comparable chromosomal regions in humans (the orthologes), a rough number of 228 is given.
They are found on almost all chromosomes. Completely in line with the theory and experimental
findings surrounding the phenomenon of genomic imprinting, it has been shown that the placen-

tal transcriptome is the richest in imprinted genes.
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FIG 27

A simplified representation of gene regulation around an “imprint control region” (ICR,
shown in orange here in the methylated inactive form and in green in the active form).
The addition “paternal”’/’maternal” indicates the sex of the germline in which the ICR
is methylated (the imprint). The Gnas cluster is located in the same segment of chro-
mosome 2 as the gene bp from fig 26. The transcription direction is indicated by an
arrow. Genes with maternal expression are shown in red, genes with paternal expres-
sion in blue. How exons are utilised in the Gnas cluster is indicated by connecting
lines (box 1). Among other things, the Gnas cluster codes for Nespas, as well as the
product of Exon 1A, a long non-coding (Inc) RNA. The product of H19 in the paternally
imprinted /gf2 H19 cluster is also a non-coding RNA. The grey blocks depict genes with

suppressed expression.

In the investigation of the mechanism(s) behind gene expression based on the sex of origin,
researchers came across the phenomenon called “differentially methylated region” (DMR).
These are regions in which the methylation level of C(ytosine) differs between homologous
sequences in normal body cells (these Cs are almost always followed by a G, see fig 11). There
are quite a few of such regions, and the significance of many is still unknown. However, when

they are located in a chromosomal segment for which genomic imprinting effects have been

Chapter 10 | Genomic imprinting 151



demonstrated and when they are involved in the regulation of this, they acquire significance
and are given a different name as a result. They are then called “imprint control regions” or
ICRs (Ch9, fig 27). Figuring out how the regulation of gene activity is redacted from ICRs is
an example of modern research for which genetics and molecular biology currently have the
technical capabilities. In mice, three regions with a paternally methylated ICR and 20 regions
with a maternally methylated ICR have now been identified. The transcriptional activity of a rela-
tively small number of nearby genes on the chromosome, and also on the homologous chromo-
some segment, is regulated by these ICRs. For further clarification, see the caption of figure 27.
Whether there could be communication between the homologous segments under ICR control
is an aspect that has been touched upon and that may receive attention again in the future. The
methylation status of the ICR does not automatically predict which of the genes that it controls in
its vicinity are on and which are off. For the majority of imprinted genes in humans, the paternal
allele is expressed (76%). In mice, the ratio between the expression of maternal and paternal
alleles is slightly more balanced (45% vs. 55%, respectively).

It is not the intention of this book to zoom in on individual genes more than is necessary, but
two genes encoding functionally linked proteins are worth mentioning. IGF2/Igf2 is a gene of
which the paternal allele is expressed (fig 27). It is one of the main growth factors for prenatal
development. The expression of the Igf2 receptor (Igf2r) on the cell membrane originates from
the maternal gene in mice; the paternal Igf2r gene is switched off. IGF2R transmits the IGF2
growth signal from the external to the internal side of the cell via interaction with the growth
factor. In an analysis of the genetic architecture of stature (back height) in cattle, regulators
of IGF2 were identified as relatively important. Is this an example of a “balancing act” between
the sexes? In humans, the imprint status of the IGF2 receptor is evolutionarily fading, but there
are plenty of imprinted genes in the placenta of which the maternal copy is expressed, thereby
helping to maintain the balance between mother and foetus. Effects on other physiological pro-
cesses and neurological functions are also currently receiving ample attention in research on
the role of imprinting in humans. For example, not long ago, in 2018, the role of epigenetic
changes on gene expression was examined more closely in Iceland, with a genome-wide focus
and with emphasis on the Prader-Willi region. The CpG methylation landscape (fig 11) could be
separately reconstructed for the paternal and maternal genomes, and the transcripts were also

distinguished by origin. This provided a much more detailed picture. Various ratios of paternal to

152  The Hidden Relay



maternal CpG methylation were detected, extending beyond the regulation of classically known
genes subjected to genomic imprinting. Hence, the situation is not always as black-and-white as

had been assumed until then; as is often the case, the reality is more complicated.
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Box 4 More on X chromosome inactivation

While describing heterochromatin in chapter 2.3.2, X chromosome inactivation was
already briefly brought up. In genetic jargon, this solution to the difference in the number
of X chromosomes between females and males is referred to as dosage compensation.
It has already been mentioned in chapter 3.4.2 that embryos with either one chromo-
some too few or too many are generally not born due to the numerous gene dosage
effects. The general purpose of X chromosome inactivation is to prevent a difference in
gene dosage between males and females for the genes located on the X chromosome.
Since the X and Y chromosomes, which originated from a homologous pair, have still
maintained some “homology” from their common past, inactivation is not necessary when
both gene copies are present. This more profoundly applies to the whole DNA base
sequence of the relatively small homologous chromosome segments that are known as
the pseudoautosomal regions (or PARs). They escape dosage compensation because
it is not needed, and they are essential for enabling crossing over (Ch12.5.1, fig 37). The
simple view that it is sufficient to just turn off one set of X-linked genes by inactivating
an entire chromosome has recently been challenged by the study of the expression of
X-linked genes in subjects with sex chromosome aneuploidies. The take home mes-
sage of this paper is that besides X chromosome inactivation (inactivation in cis), there
is also X-linked gene regulation in trans, occurring between the X chromosomes. This
is not rare, with more than 121 genes involved, of which 10 are most likely to have an
impact on the phenotype of sex chromosome aneuploidies (table 4). Again, the genetic
molecular approach shows that nature acts in a much more detailed and interactive way
than textbook pages can convey.

In mice, the process of inactivation in female embryos commences very soon after
fertilisation, at some point during the 4-cell stage (fig 43). The X chromosome from the

father is inactivated first; this is called imprinted inactivation (for genomic imprinting,
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see Ch10). This changes around implantation, and a selection process takes place in
each cell of the epiblast (fig 43): either the maternal X or the paternal X will become
inactive. To enable this, the imprinted activation of the paternal X has to be undone.
Eventually, across the entire population of somatic cells, the maternal X chromosome
is active in approximately half of the cells, and the paternal X chromosome in the other
half. This leads to several distinct phenotypes, of which the tortoiseshell/calico cat is by
far the most well-known. The gene for orange (O/o) is located on the X chromosome. In
the presence of the active allele (O), “orange” dominates the dark colour encoded by the
autosomal genes, while this is not the case for the inactive allele (0). Therefore, when
only one X chromosome is present, you will not find a tortoiseshell/calico pattern: these
are more often male cats.

In humans, the imprinted inactivation of the paternal X chromosome is skipped, but
the final result is the same. Around implantation, a one-to-one distribution has also been
established between both the activity and, mutatis mutandis, inactivity of the maternal a
paternal X chromosome.

The inactivation in both mice and humans is controlled by the orthologous Xist/XIST
genes. When this gene is active on one X chromosome, it must be switched off on the
other. The convention around the denotation of genes and their products is that in mice,
gene names starts with a capital letter and are written in italics; genes in Homo sapi-
ens are also italicised and written using all capital letters (in both mice and humans,
names that are not italicised and written in all capitals refer to the protein encoded by
the corresponding gene). The Xist/XIST gene contains the base sequence for a long
non-coding RNA (IncRNA) with around 15 kb of nucleotides (a XIST protein does not
exist). Ever since the evolutionary divergence of the lines that eventually gave rise to mice
and humans, the basic design of the gene has been preserved. However, as expected,
changes have occurred, especially in a part of the gene where this could be tolerated.

It is now fairly well understood how this XIST RNA works, partly as a result of the work
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of Joost Gribnau from the Department of Developmental Biology at Erasmus Medical
Centre, Rotterdam. From the XIST gene on the X chromosome, the XIST RNA covers its
environment and, in cooperation with proteins, it spreads over the entire chromosome.
As a result, the X chromosome then adopts an inactive chromatin status. Local gene
activity is thus necessary to render an entire chromosome inactive. It is believed that the
RNA subsequently serves as a kind of platform to provide access to various players in the
chromatin field. This way of inactivation is initially very similar to the regulation of genomic
imprinting (Ch10, fig 27). As expected, the inactive X chromosome is rich in H3K27me3
(table 1), and the promoters of the genes that are to be inactivated are methylated on the
CpGs, which is, of course, not the case for the active XIST gene (fig 11). Chromosome
replication occurs late in the cell cycle. The XIST promoter of the active X chromosome
is methylated, and the gene is turned off. However, despite these suprachromosomal
measures, there are still genes that have escaped these epigenetic controls. There are
many more of those genes in humans than in mice. Out of the approximately 850 X
chromosome-localised genes in mice, 17 always escape inactivation, and for 20 it is not
entirely straightforward. Of the 639 human genes with a known inactivation status, 80 are
steadfast refusers, and another 93 exhibit variable behaviour. One conclusion that could
be drawn from this may be that males and females differ more in humans than in mice
when it comes to the genetic activity of the X chromosome. This could be explored by
comparing the development of female embryos with only one X chromosome in humans
and mice. In humans, this is known as Turner syndrome (45,X), a relatively common
abnormality of the number of sex chromosomes (1 in 2,000-4,000, see also table 4). The
spontaneous occurrence of XO mice is rare, but good models exist for this. From these
models, we know that increased prenatal mortality only occurs when the X chromosome
comes from the father. When the X chromosome originates from the mother, this increase
is not observed. In humans, the overall picture is much more dramatic, with 99% prenatal
mortality. In mice, XO females grow more slowly and remain somewhat smaller, but they

are fertile. | still remember a talk that Mary Lyon gave at the laboratory in Harwell in the
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autumn of 1971, in which she reported that the fertile lifespan of XO female mice was
slightly reduced, but not very much; it was a matter of a few months at most. Depletion
of the stock of oocytes could be a plausible reason. The situation is very different in girls
with Turner syndrome. Apart from detection of the syndrome based on stunted growth,
girls with Turner syndrome are also identified because the menstrual cycle does not com-
mence during puberty: the ovaries do not harbour any germ cells or follicles (fig 28, 29).
Women with a Turner syndrome diagnosis who become pregnant after all almost always
have tissues with a combination of 45,X and 46,XX cells, a mosaic that is presumably
of very early embryonic origin. This means that an X chromosome was lost during the
division of a blastomere (fig 43), and the cell line formed from this was not subsequently
removed through selection.

The relatively large difference in the 45,X, XO phenotype between humans and mice
is consistent with the smaller number of genes that escape X chromosome inactivation
in mice: physiologically, female mice are more similar to male mice in terms of gene
functions originating from the X chromosome. These “escape genes” are, of course,
extremely interesting in the search for genetic differences between men and women,
especially when they are orthologes in mice and humans and when they are, for example,
involved in histone demethylation (table 1, fig 8).

Having seen that women and men have different levels of expression in a subset of
these genes on the X chromosome, an obvious question is whether this could also have
an effect on the functioning of the brain, which is actually a side path in this book. One
indication is that women with three X chromosomes (XXX, where two X chromosomes
are inactivated, leading to a higher activity of the escape genes) have a phenotype in
which the psyche is explicitly affected. It therefore seems that some of these escape
genes have a function in the brain.

A very recent illustration of the power of these escape genes is the gene TLR7, which
plays a role in the difference in the response to a COVID-19 infection between men and

women. The higher dose of the protein encoded by this gene contributes to women’s
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better chances of fighting the virus. A reliable radio station in Germany (WDR5) managed
to explain this perfecily.

X chromosome inactivation is something that is visible around us, as you can tell from
the story about the tortoiseshell/calico cat at the beginning of this box. My mentor in sci-
ence in Harwell, Tony Searle, scored his first widely cited paper with this in 1949. After
his time as a Japanese prisoner of war (in the period 1941-1944; this included a brief stay
near the Siam Burma “death railway”), Tony became interested in genetics in the post-
war years and pursued his studies in London. There, he came into contact with JSB Hal-
dane, one of the “founding fathers” of population genetics in the years before World War
Il. Haldane is still cited today. He was the first to recognise that mutations in genes occur
much more easily in the male germline than in the female germline (table 3). Haldane’s
second scientific legacy, which is also still cited, concerns the sterility that occurs in the
offspring of partners that have evolutionarily drifted apart. Haldane’s rule, formulated in
1922, states: “When, in the F1 offspring of two different animal races, one sex is absent,
rare, or sterile, that sex is the heterozygous sex (heterogametic sex).” Mules and hinnies
are the best-known examples of that phenomenon, and chapter 12.5.1 will provide more

information on this.

Haldane, partly of Indian descent, had the characteristics of an eccentric Englishman.
His office at the University College in London was overcrowded, and when Tony Searle
asked the secretary during his first visit to the eminent scholar where he could sit while
waiting, she said, “on a chair”. The only free chair was Haldane’s own, but Tony did not
argue with the secretary. That first meeting did lead to Tony starting a population genetic
study on coat colours and patterns in the cats of London, alongside his PhD research in
another department. These cats were spotted in the night, and deceased animals were
sometimes kept in the freezer at Searle’s house. The most famous part of this project: the

cats with two or three colours with as many “orange” as “non-orange” sons. And there
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were also female offspring with “orange” and “non-orange” coats. With a bit of math using
the Hardy-Weinberg rule, known all too well in population genetics, you can easily deter-
mine whether the cats choose each other based on appearance, or if that does not matter
to them (which is the case). If you spot a tortoiseshell/calico tomcat, then this is an XXY
“Klinefelter” male, meaning he is sterile (Ch12.12.1).

Could chromosome inactivation be the reason why women suffer much less from
monogenic X chromosome-linked disorders than men? An explanation for this would be
helped by the assumption that cells in which the “wrong” X is active have a selective dis-
advantage compared to the “right” one in competition for replication. Another possibility
is that cells with the correct X chromosome provide “neighbourly assistance” in tissues or
organs, thereby reducing the expression of the phenotype (i.e. the physiological defect).

Well-known X-linked disorders where this comes into play are colour blindness,
Duchenne muscular dystrophy, androgen insensitivity and X-linked intellectual disabil-
ity. These diseases are relatively common, in part because women can unknowingly be
carriers of the mutant allele. In boys, Duchenne muscular dystrophy occurs in about 1 in
3,500 births. Only 2.5-8% of female carriers of the mutation show symptoms of the dis-
ease. It appears that an unbalanced distribution of the active and inactive X chromosome
is associated with this, leading to a reduced number of muscle cells producing the correct
dystrophin protein.

While muscle problems are less frequently encountered in women carrying a Duchenne
allele, carriers of the X-linked intellectual disability allele are more likely to exhibit a pheno-
type. Estimates of the population frequency of this condition vary somewhat, but around
one in 1,250-4,000 men have the phenotype compared to one in 2,500-8,000 women.
This suggests that symptoms of the disorder manifest in about half the carriers, who are
thus heterozygous. However, women are less strongly affected and are also consider-
ably less likely to be diagnosed with ADHD. Here too, it seems that the severity of the

syndrome is related to the extent to which the mutated X is also the active chromosome.
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CHAPTER 11

0ogenesis

1.1 The overview

When the primordial germ cells arrive in a gonad that “opts” to go into the female direction (due
to the absence of the gene product of Sry (human SRY), Ch8), they continue to divide a few
more times and are then called oogonia. These divisions are incomplete so that cytoplasmic
bridges persist between the germ cells; cysts are formed. In mice, the oogonia begin meiosis
fairly synchronously, triggered by a vitamin A signal. As a result, about 25,000 primary oocytes
are in the zygotene or even already in the pachytene stage by day 15 post coitum (p.c.) (fig 14).
In humans, about 600,000 oogonia can be found from 8 weeks after the onset of pregnancy, and
they continue to divide after that (up to the 6th month).

After meiosis has started in the primary oocytes around week 12 (again guided by vitamin A),
the first pachytene stages can be found from 14 weeks onwards. Just like in mice, the number of
crossovers can be counted at this stage using MLH1 immunofluorescence (Ch5.2, fig 15). As
mentioned above, oogonia can continue to divide for weeks, which is why there are still oocytes
in the pachytene stage at 25 weeks. The degree of asynchrony in meiotic development is so dif-
ferent in humans compared to mice that it continues to astonish researchers. That astonishment
extends to the extreme variation that is seen among foetuses when it comes to the number
of primordial follicles formed after the pachytene (something that is not reflected in fig 28). At
about 22 weeks, the number of germ cells peaks at approximately 7 million, after which mortality
rapidly dominates (fig 28). This phenomenon was a mystery for a long time and it actually still
is. For oocytes, the normal course of events is to enter a special form of the diplotene after the

pachytene (fig 14, 28). Thereby, the structure of the bivalents locks in place, so to speak. This



can be observed from week 18 onwards, and it is the key stage during which, a little later, the
formation of primordial follicles occurs, and in which oocyte development takes place until right
before ovulation. This bivalent form, with its associated chromatin organisation, is the starting
point for all processes required to produce a mature egg. From the diplotene onwards, the cyto-
plasmic bridges between oocytes are abolished, and each oocyte must figure out how to attract
supporting cells, the pre-granulosa cells discussed in chapter 8. At this point, the formation of
primordial follicles with granulosa cells has begun (fig 28). During this process, the newly formed
follicles move further away from the peripheral edge of the ovary. This phase begins with a large
wave of oocyte mortality (fig 28). It appears that the maintenance of control over active retro-
transposons (table 2) is an important cause of this. Indeed, in 2020, in a research project that
was demanding in every respect, Alex Bortvin and collaborators from Baltimore discovered in
mice that unwanted activity of LINE retrotransposons plays a role in the high oocyte mortality
during the phase in which follicles are formed and when the pachytene comes to an end. In mice,
this occurs around the time of birth.

Baker’s famous graph from 1963 (fig 28) illustrates the large prenatal decline in the number of
germ cells in humans. This phenomenon has prompted a group of seasoned meiosis research-
ers, of the type who continue working on this topic all their lives and for whom retirement does
not exist, to thoroughly compare male and female meiosis in humans once again, hoping to gain
more insight this way. In 2017, they reported on this in the top journal Cell. For their study, they
used immunofluorescence with antibodies against several proteins involved in crossing over
(including MLH1, Ch5.2 and fig 14, 15) to map this process for our species. They paid particular
attention to chromosomes 16 and 21. The reason for chromosome 16 is that this is where errors
occur most frequently during the separation of the homologues. Chromosome 21 was moni-
tored due to its causal involvement in Down syndrome (Ch3.4.2). It had been noticed earlier that
the number of crossovers in humans is much larger (x1.5) in female meiosis than in male mei-
osis, as well as the variation. The final conclusion of this study is that about 25% of crossovers
are not completed. This is another reason for apoptosis of the oocyte. The beginning of female
meiosis in humans is thus characterised by a large variation in fate among oocytes.

Let’'s go back to the primordial follicles in figure 28. In humans, there are about 2 million of
these around the time of birth, with great variation among individuals. This is the stock for a
woman’s entire reproductive life. Right away, primary follicles (fig 28) develop from these primor-
dial follicles. The granulosa cells change shape and come into close contact with the oocytes.

They start dividing, resulting in primary follicles developing into secondary follicles. Finally, a
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small cavity forms: the tertiary follicle is born (fig 28). In all animal species, including humans,
the follicle is then between 200 and 300 um in size, approximately a quarter of a mm. From that
point on, the granulosa cells are also surrounded by theca cells, the steroid hormone-producing
cells of the follicle.

After a primary follicle is formed, the oocyte starts to grow, and a gelatinous substance, the
well-known zona pellucida, is deposited on the outside (fig 28, 39, 42). Around the time that
a cavity appears between the granulosa cells, during the formation of the tertiary follicle, the
oocyte is fully grown (fig 28). Throughout the follicular phase, granulosa cells maintain intensive
contact with each other and with the oocyte. Cytoplasmic extensions emerge, making contact
with the oocyte membrane through the zona pellucida. That allows them to communicate back
and forth, and it also enables the granulosa cell to take over tasks from the oocyte. This con-
cept is known as “bidirectional communication”, which is quite normal among cells that are part
of a tissue, but is implemented in a more detailed manner here. Naturally, it also means that
there is interdependence, for example, with regard to carbohydrate and lipid metabolism, which
involves the exchange of intermediate compounds. For energy metabolism, the emphasis in the
granulosa and cumulus cell (fig 28, 29) is on the breakdown of glucose into pyruvate and lactate,
substances that are supplied to the oocyte. Therefore, the oocyte mainly uses the citric acid
cycle in the mitochondria for energy production. However, the supporting role of the granulosa
and later cumulus cells is not limited to supplying energy; the collaboration is endlessly complex.

In this mutual communication, the oocyte is ultimately in charge. For instance, the oocyte
protects the granulosa cells and stimulates cell division, and follicle growth is influenced by sig-
nals from the oocyte. Another demonstration of this principle is the role the oocyte plays in the
appearance of the steroid hormone-producing theca cells at the time of differentiation into the
tertiary follicle (fig 28). Eventually, the granulosa cells are, in turn, involved in maintaining the
meiotic arrest in the distinctive diplotene stage (fig 14, 28) of the oocyte, although this happens
at the command of the oocyte. Oocytes can even signal granulosa cells to go into apoptosis.
In doing so, they also eventually self-destruct. The entire follicle becomes atretic, taking the
oocyte along in its deterioration. Since only about 400 eggs at most are destined for ovulation in
a woman’s lifetime, this fate befalls almost all oocytes.

Initially, the tertiary follicles are not yet large enough to become responsive to the hormones
that the pituitary gland secretes in a cyclic pattern, the gonadotropic hormones (fig 29). Further
growth is usually necessary for this, and the size of the follicle at which this happens varies

between species: in mice and rats, that size is about 0.25 mm, in pigs 1 mm, in sheep 2 mm, in
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FIG 28

An overview of oogenesis from the embryonic stage to adulthood. The foetal stage is
characterised by the prophase of the first meiotic division in the primary oocytes (fig 13)
and by the formation of the primordial follicles (PF). PGC is “primordial germ cell’.
When the primordial follicles are formed, a variant of the diplotene stage (fig 14) occurs,
called the “dictyate stage” in the literature. This stage is specific to oogenesis. In the
overview of the adult ovary, the numbers 1, 2 and 3 represent primary, secondary and
tertiary follicles, respectively. In the tertiary follicles, cumulus cells arise from the gran-
ulosa cells around the oocyte, causing it to detach more from the edge of the follicle. Af-
ter the secondary follicle, the diameters in the drawing are no longer in proportion. The
formation of the zona pellucida, which first appears in the primary follicle, is indicated
by a dark line. The loss of primary oocytes is a continuous process with a strong peak
during the formation of the primordial follicles. The loss continues after that and mani-
fests as follicular atresia. One of the few clear morphological aspects in the nucleus of
the oocyte that has been associated with this is the arrangement of heterochromatin
(Ch2.3.2) around the nucleolus (fig 2), illustrated here in the magnified image by the
tertiary follicle. Oocytes that do not exhibit this reorganisation of the nucleus are largely
eliminated. At the time of ovulation of the Graafian follicle (>18 mm), the oocyte is in
the metaphase stage of the second meiotic division (see also fig 39). Around and after
ovulation, the then empty follicle transforms into the corpus luteum, Latin for “yellow
body” (top). Birth is indicated by an interruption in the timeline that shows the change in

the number of oocytes (data all human).

humans and cattle 3-5 mm and in horses 10 mm. Since follicles are only rescued in this way from
puberty onwards, those that develop at a younger age (which indeed happens) are doomed.
This explains the approximately 80% reduction of the follicle pool that occurs between birth and
puberty in humans (fig 28).

At the beginning of puberty, the reserve of follicles consists of a pool of primordial follicles
beneath the surface of the ovary. This pool is called the baseline reserve. The other reserve,
called the dynamic reserve, consists of young tertiary follicles (with a small cavity, fig 28, 29).
The oocytes to be ovulated are selected from this reserve. Altogether, at this stage of life, there

are around 300,000 oocytes per ovary. Researchers are under the impression that the size of
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the baseline reserve can vary considerably from individual to individual. Moreover, this popula-
tion appears to consist of oocytes that started meiosis later in the foetal period and that formed
a follicle at a later stage.

To get an idea of the size of the reservoir over the course of life, ultrasound imaging can
provide an impression of the number of follicles that are 1 mm or larger; this is referred to as the
“antral follicle count” (fig 28, young tertiary follicles are about 0.4 mm in diameter). There seems
to be a fixed relationship between the number of follicles in the baseline reserve and the dynamic
reserve. At a young age, many more primordial follicles are mobilised for each ovulation than at
an older age. In order to still reach the species-specific number per cycle, the weapon of folli-
cular atresia is used more heavily. At an older age, when the baseline reserve has significantly
diminished, the species can no longer afford such a heavy selection procedure; there would be
nothing left for ovulation (fig 28, 29). The eggs will also be of lower quality due to ageing.

What is involved in this whole selection process is only partly understood. Follicles will com-
pete for follicle stimulating hormone (FSH) from the pituitary gland (fig 29). If more of that is
given, more eggs ovulate. Superovulation is a standard part of IVF treatment (Ch16.3). Another
technique, “ovum pick up”, involves harvesting oocytes surrounded by cumulus cells (fig 29) from
the larger tertiary follicles during a normal cycle. This technique is used in the artificial reproduc-
tion of cattle and horses. Also, in that case, only one egg would be released at ovulation under
normal conditions. With both superovulation and ovum pick up, follicles that may have already
been nearing their end are saved. What we know about the variation between these eggs in

superovulation and ovum pick up will be discussed in chapter 16.3.2.
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The course of follicle growth and selection (manifesting as follicular atresia) in relation
to the menstrual cycle. PF primordial follicle. As in figure 28, primary, secondary and
tertiary follicles are indicated as 1, 2 and 3, respectively. The oocyte is depicted in a
simplistic way. The menstrual cycle is schematically represented by the concentration
fluctuations of the gonadotropic hormones “follicle stimulating hormone” (FSH) and
“luteinising hormone” (LH), the latter acting as “Zeitgeber” for ovulation. The cumulus
cells of the mature tertiary follicle which surround the oocyte expand like a cloud before

ovulation, which explains the term cumulus cell expansion (see also fig 39).

11.2 Development stages in the oocyte

Since it is difficult to purify oocytes by developmental stage, researchers using mice as experi-
mental animals (which is where most of our insight comes from) have focused on the first surge
of follicle growth after birth to study the different stages of development. An oocyte does not
need to have completed its development to move from the recently described “frozen” diplotene

into the metaphase of the first meiotic division (legend fig 14). As noted above, the granulosa
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cells halt the progression of meiosis at the command of the oocyte. When you release oocytes
from a young tertiary follicle (fig 28), rescuing them from being blocked in the diplotene, they can
rapidly progress to the metaphase of the first meiotic division. When this trick is repeated with a
slightly larger tertiary follicle, the first meiotic division of the primary oocyte can be completed,
and chromosomes quickly organise into the next division shape, that of the second meiotic meta-
phase of the secondary oocyte (fig 13, 28, 39, 42). These eggs can be fertilised, but embryo
development stops at the 2-cell stage (fig 43). In mice, at this stage, “the baton is passed on”.
This means that the maternal and paternal chromosomes start expressing genes: the first mMRNA
of embryonic origin appears. In the literature, this phase is known as the “maternal to zygotic”
transition (Ch13.5.3). In humans, this occurs in the 4-8-cell stage. To overcome the blockade,
oocytes from larger and more mature follicles are needed.

It should be clear that a lot of protein is needed for the tremendous growth of the oocyte;
numerous genes are expressed for this purpose. When the follicle has become tertiary and the
oocyte is fully grown, this transcription stops and somewhat later, the structure of the nucleus
changes in a similar way in mice, pigs, monkeys, cattle and humans. The constitutive hetero-
chromatin of the centromeric regions (Ch2.3.2, fig 3) starts to surround the nucleolus (fig 28).
Oocytes that fail to achieve this are eliminated. From then on, the opportunities for embryonic
development supported by the egg start to unfold. Since no more genes are transcribed at this
point, and even in mice, a few days may pass before the egg will ovulate, mMRNA molecules that
encode proteins needed to complete the meiotic divisions are kept in a kind of dormant state.
This also applies to the mRNA of genes that are essential for initiating embryonic development
after the entry of the sperm cell, here collectively called the “maternal effect” or “maternal to
zygotic” genes (Ch13.5.3). The regulation necessary to stabilise and temporarily disable this
mRNA collection involves RNA binding proteins that enclose RNAs in large complexes called
“mitochondria-associated ribonucleoprotein domains” (MARDO). Recently, in 2022, these have
been described in more detail. It is beyond the scope of this book to go into the details of this
astonishingly complex regulation process. The oocyte stores proteins that are needed at the
onset of embryonic development in so-called cytoplasmic lattices. These are structured like
periodic filaments, characterised by their big surface. They are especially important for the man-
agement of chromatin, harbouring the tools (i.e. the enzymes) that are needed for this. But
before that phase, the chromatin of the oocyte also has to be prepared in such a way that it
facilitates embryonic development after activation of the secondary oocytes through contact with

the sperm (fig 28). In another recent mouse study, a more unifying principle around the maternal
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preparation of chromatin for early embryonic development is offered for the first time. The start-
ing point of this research is the regulation of the methylation status of H3 at K36 (table 1). It is
essential that this site is demethylated for gene activity to remain silenced. However, methylation
of the promoter (the CG islands of Ch2.3.3, fig 11), a nearly final shutdown, would be excessive,
as gene activity is required after fertilisation. In line with this concept, the overall methylation
remains relatively low during oogenesis (fig 23). The eye-opening insight is that the enzymes
that prevent methylation of H3K36 also prevent the de novo CG methylation enzyme from gain-
ing access to the DNA (not the DNMT1 of fig 24, but DNMT3A). On top of that, these enzymes
also connect with another major regulator of gene activity (for insiders: the Polycomb Repressive

Complex 1, PRC1). This level of regulation is installed when the oocyte is fully grown.

11.3  DNA repair in the oocyte

How is the oocyte able to protect itself and its chromosomal DNA from things like environmental
damage? How does the oocyte handle oxidative damage induced by the high metabolic-mito-
chondrial activity required during the enormous growth at the beginning of follicle development
(fig 28)? An initial insight comes from research on the effects of ionising radiation on the
emergence and “survival” of mutations. The aftermath of the nuclear bombing of Japan at the
end of World War Il, the introduction of nuclear power, and the potential side effects of using
imaging with ionising radiation in hospitals are all reasons why a lot of research was devoted to
the genetic risks of radiation for offspring, especially in the second half of the last century. For
this purpose, large numbers of mice were commonly used as experimental animals. As cytoge-
netics advanced, it became easier to look at individual cells in the germline, which reduced the
number of experimental animals that were needed to some extent.

Sometime in the autumn of 1971, when | was following an intensive training period at the
MRC Radiobiology Unit in Harwell, the renowned researcher Mary Lyon mentioned a stage of
oogenesis in mice that appeared to be unreasonably sensitive to radiation. As is common in
laboratories where science is a full-time occupation, she brought up this observation over morn-
ing coffee. Mary Lyon had seen that radiation damage at this stage caused a severe decline in
litter size that did not recover. Later, the same phenomenon was found in other rodents, such as
the Chinese hamster, albeit not to the same extreme extent as in mice. The moment of greatest
sensitivity apparently coincides with the organisation of primordial follicles around and just after

birth. Now, 48 years later, one can speculate that this phenomenon may have something to
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do with the defence against retrotransposon integrations, as recently discovered in Baltimore
(Ch11.1). However, the mysteries surrounding this temporal hypersensitivity in oogenesis are still
far from being clarified.

In the stage of primordial follicle organisation, the whole system of DNA damage detection is
on high alert, and any damage is barely tolerated (Ch2.2.1, fig 4). This means that when damage
occurs, the oocyte will mostly opt for apoptosis, and the primary oocytes in primordial follicles
will continue to carry this ability throughout life. When it comes to the detection of DNA damage
and the response to this in the oocyte, an important role in surveillance and regulation is fulfilled
by the protein p53, along with the oocyte-exclusive isoform of the protein p63, another member
of the p53 family (Ch2.2.1, fig 4, p53 is depicted as the police officer in fig 33). An important
step in the elucidation of the DNA damage response (DDR) of the primary oocytes in the pool
of primordial follicles has recently (in 2023) been made by Ewelina Bolcun-Filas’ group at the
Jackson laboratory. Further up the reaction chain that leads to the DDR, it was found in Maine
that the control of p53 and p63 by “upstream” CHEK2, an important protein specialised in deal-
ing with double-strand DNA breaks, is paramount for the choice of apoptosis (over DNA repair,
thereby safeguarding against mutation induction). However, not every form of DNA damage
leads to a choice for apoptosis. In the baseline reserve (Ch11.1) of primary oocytes, break repair
does occasionally take place. In the field of gynaecology, it has been noticed that women who
are carriers of a BRCA mutation have a shortened reproductive lifespan. Since BRCAT (and
BRCAZ2) are involved in the repair of double-strand DNA breaks, a mutation in a single copy of
BRCAT1 (in addition to BRCA2) is a genetic predisposition for a greatly increased risk of breast
cancer. In BRCA1/Brcal heterozygotes in humans and mice, more double-strand DNA breaks
are detected in initially surviving oocytes as age increases.

A certain level of tolerance where apoptosis is avoided is thus present in these oocytes. At
the same time, the surveillance by p53 (fig 4) and the oocyte-specific form of p63 is responsible
for the disastrous effects of chemotherapy on female fertility.

At the beginning of this century, it was found that the age of menopause (and thus the size of
the oocyte population) has a high degree of heritability (Ch6.1). With the use of contemporary
GWAS research (Ch6.2), there is now a high chance of detecting specific gene loci involved
in this phenomenon. A very large study utilising this approach was published in Nature in the
summer of 2021. Among the 290 genomic positions where genetic variation could be related to

menopausal age, as many as 35 genes were found to be involved in the DDR (damage detec-

170 The Hidden Relay



tion, repair and checkpoint control execution, fig 4). Still, we actually know surprisingly little about
the DNA repair of primary oocytes in growing follicles.

In growing oocytes, at least in mice, the apoptotic pathway is less strictly executed after the
induction of DNA damage. But with all that naturally occurring follicular atresia (Ch11.1, fig 28),
wouldn’t there be selection against follicles containing an oocyte with DNA damage? In 1974,
Mary Lyon published an experiment with one of her colleagues that, although now largely forgot-
ten, contributes to our understanding. Mature ovaries received a substantial amount of ionising
radiation (4 Gy), and the effects of this were studied in the first week and third week afterwards.
You can get an impression of the damage this does to the bivalents by freeing the oocytes from
the more mature tertiary follicles and, after meiosis has resumed, observing the condensing
bivalents of the first meiotic division under a light microscope. Some oocytes did not survive
irradiation, while those that did contained relatively high numbers of chromosomal aberrations
both in the first week and after 2-3 weeks. An explanation for this is faulty or failed repair of
double-strand DNA breaks. Among other things, you can see, for example, bivalents that are
connected to each other due to incorrect DNA repair. The oocyte and follicle do not seem to have
a very active policy to counteract these chromosomal aberrations. The oocytes from the irradi-
ated younger follicles had even more abnormalities than those released from the more mature
follicles within a week after irradiation. About 10 years earlier, a first hint was already obtained
about the oocyte being rather relaxed about the regulation of DNA damage-related checkpoints
in the cell cycle shortly before ovulation (Ch2.2.1 and fig 4).

In 1963, a paper was published by Robert Edwards, one of the pioneers (and Nobel Prize
winner for this work) of the test tube baby, and my great inspirer Tony Searle from the MRC
Radiobiology Unit in Harwell (Ch10). Female mice were injected with a hormone extracted from
the blood of pregnant mares (PMSG). This hormone mimics the action of the gonadotropic fol-
licle stimulating hormone FSH (fig 29). After 48 hours, the follicles have grown sufficiently and
the mice can be injected with human chorionic gonadotropin (HCG) as a next step. HCG is the
substitute for the body’s own LH (fig 29). Like LH, HCG stimulates the follicles to ovulate after the
oocytes have completed the first meiotic division and are arrested in the metaphase of the sec-
ond meiotic division (fig 28, 39, 42). The entire process takes about 12 hours in mice. This pro-
tocol of using gonadotropic hormones to obtain more oocytes in a “timed” manner had already
been published by Ruth Fowler and her husband (Robert (Bob) Edwards) in 1957. Edwards’
and Searle’s research revealed that from the time that meiosis is restarted by HCG, oocytes

become more and more sensitive to radiation with increasing chromatin condensation. This
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was observed as a peak in embryonic mortality from implantation onwards. At a radiation dose
of 2 Gy, only 25% of normally fertilised eggs survived until the end of the embryonic period. In
1991, we repeated Edwards’ and Searle’s trial in Wageningen and examined the maternal chro-
mosomes at the time of the first cleavage division of the zygote (fig 42). We observed that this
stage was reached at the normal pace despite the introduction of double-strand DNA breaks by
radiation shortly before ovulation. “Repair” of the breaks occurred, but this very often resulted
in a structural chromosomal abnormality (Ch3.4.1). As mentioned before, these almost always
hinder subsequent embryonic development.

It had previously been discovered in Harwell that the “repair” of these often complicated
breaks can already take place in the hours after irradiation, while the bivalents shorten and pre-
pare for the first meiotic division. Although it certainly exists, we now know that the control of the
cell cycle (Ch2.2.1, fig 4) during the meiotic divisions of the oocyte is regulated in a very special
way. This is something that will be revisited later in the context of nondisjunction.

All'in all, we understand relatively little about the ways in which the oocyte deals with threats
to the integrity of its DNA over the course of its often long lifespan, especially after follicle devel-
opment has started and checkpoints are less strictly executed. Nowadays, when research
on mutations is conducted, it is done using NGS (WES, WGS), the determination of the base
sequence of the genome (Ch3.2 table 3). Jacob Goldmann, from the Department of Genetics at
the Radboud University medical faculty in Nijmegen, was awarded his PhD in 2019 for his thesis
entitled “Characterisation of de novo mutations in the human germline”. The experimental design
that was systematically used is known as “trio sequencing”. For this, you need DNA from the
father, the mother, and one or more of their children. By comparing the children’s DNA with the
parents’ DNA base by base, you can determine the positions where the child has a different base
than the parents. Using this approach, you can essentially see the emergence of SNPs (Ch3.2
table 3). Similar research is now being conducted in different parts of the world, and the results
are all consistent. The findings seem reassuring because the changes at the single base level in
the germline are not very large per generation (table 3). The uniqueness of Jacob Goldmann’s
work was that he had a sufficiently large dataset of trios (1291), which allowed him to estimate
the influence of the mother’s age (the influence of the father’s age on the number of de novo
base pair changes is covered in Ch12.3 and Ch12.13, see also table 3). In children with slightly
older mothers, he noticed something strange. Firstly, more mutations were present than in chil-
dren with younger mothers. Moreover, his analyses (which are far too complex to present here)

indicated that these mutations seemed to have arisen as a byproduct of the repair of a meiotic
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double-strand DNA break. This finding is also more widely shared now. A puzzle that remains
to be solved concerns the phenomenon that with age, the number of crossovers in the egg that
will be ovulated increases, and the fraction of those that is “complicated” also continues to rise.
One of the statements accompanying his dissertation addresses our limited understanding of
the DNA maintenance of the oocyte and the response to that in the follicle. This is because
it remains complicated to conduct DNA-level research on individual oocytes in relation to the

physiological status of the follicle.

11.4  Nondisjunction

Nondisjunction refers to the failure of chromosomes to separate properly during the first meiotic
division and the failure of chromatids during the second meiotic division or during a mitotic
division. This leads to abnormalities in the number of chromosomes in the daughter cells, known
as aneuploidy.

A sort of general rule in gynaecology is that when all recognised pregnancies are considered
together, around 15% (10-20%, increasing with the mother’s age) of them end in spontaneous
abortion. The higher the number of children, the more likely it is for a family to experience this. In
the mid-70s, it was first shown that embryos with an abnormal number of chromosomes strongly
contribute to this phenomenon (Ch3.4.2). Currently, it is estimated that around 30% of the total
number of spontaneous abortions are caused by meiotic and early embryonic mitotic (Ch16.3.1)
errors resulting in monosomies (45,X) and trisomies (especially for chromosomes 15, 16, 21,
and 22).

11.4.1 Age effects

If anything has stimulated research into the meiotic behaviour of the oocyte, it is the image pub-
lished by the English researcher Lionel Penrose in the journal The Lancet in the mid-50s. This
graph illustrates the relationship between a mother’s age and the chance of having a child with
Down syndrome (trisomy 21), showing a marked increase in that likelihood from the age of 35.
Between the ages of around 25 and over 40, that chance increases 15 times. In the 70s and
80s, counting the chromosomes in eggs that were ready to be fertilised (fig 42) clearly revealed
that the age effect on nondisjunction (fig 30) also exists in mice, although it is much smaller.

This diminished the value of mice as an experimental model for research on nondisjunction in
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FIG 30

An as yet simplistic representation of the mechanics behind the increased risk of non-
disjunction with ageing of the oocyte in the ovary. Central to this is the deterioration
of the functionality of the cohesin complex (see fig 6), depicted here as a thin yellow
ring. Normally, this complex remains present at the centromere during the first meiotic
division. Due to reduced maintenance of the cohesin complex, partly as a consequence
of ageing, the bivalents are at greater risk of either partial or complete premature disin-
tegration (right), and the centromeric regions become susceptible to premature splitting
into chromatids. Which numerically abnormal chromosome complement ends up in

the polar body and which in the egg is assumed to be based on chance.

humans. For very understandable reasons, it is difficult to obtain an impression of the age effect
on nondisjunction in human embryos around implantation when all chromosomes are included in
the analysis. However, this is now possible thanks to artificial reproduction techniques. In 2013, a
publication out of the USA described that a trophoblast biopsy was taken from 15,169 consecu-
tive blastocysts (fig 43) in the clinic, which was subsequently analysed for the presence of ane-
uploidy using SNP technology (Ch3.2). The age of the mothers involved in this analysis ranged
from 22 to 45 years. The percentage of aneuploid blastocysts was between 20 and 90%. There
is a trough between the ages of 25 and 30, followed by a gradual increase that is almost linear,
reaching 90% around the age of 45. It was already known that the increase in nondisjunction
can follow a different course over time for different chromosomes; compared to chromosome 21,
chromosome 16 becomes a risk factor much earlier.

In 1968, Robert Edwards and his colleague Henderson postulated that the mouse oocytes
that are the first to prenatally commence meiosis in the newly formed ovary are also the first
to engage in follicle development and ovulation. This became known as the “production line
hypothesis”. The scientific significance of this postulate was closely related to the outlined rela-
tionship between the mother’s age and the chance of having a child with Down syndrome. The
researchers looked at the morphology of the bivalents of the oocyte around the time of sepa-
ration of the homologous chromosomes, a few hours before ovulation. The technique used for
this was already mentioned in chapter 3.4, but it becomes more challenging when dealing with

a single cell (or a few cells).
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What was immediately visible under the microscope after staining was the big difference
between the bivalents of egg cells from young and old females. Those from young females are
much longer and more detailed, the chiasmata (fig 14) are easier to count. In contrast, those
of older females appear much fuzzier, and the chiasmata at the end of a bivalent are often no
longer visible. Sometimes, the homologous chromosomes are situated separately but still oppo-
site each other (fig 30), not resistant to the forces exerted when the oocyte is dispersed on the
microscope slide. Henderson and Edwards were the first to observe this, and they hypothesised
that this was due to a lower number of crossovers in oocytes that come later in the “production
line” of the foetal ovary. Now that we can simply count the number of crossovers under the micro-
scope using MLH1 immunofluorescence (Ch5.2, Ch11.1, fig 15), we know that this does not hold
true in humans. Even more intriguing is the recent finding reported earlier that, in our species,

as age increases, more crossovers are actually observed in oocytes that are about to ovulate.

11.4.2 Mechanisms

Some clarity, but no more than a hint, emerged in 1991 with a publication by one single author.
Ruth Angel worked at the MRC Clinical and Population Cytogenetics Unit next to the Western
General Hospital in Edinburgh (Ch3.4.2). She had access to an IVF clinic and had permission
to look at the chromosomes of unfertilised eggs. In 38 chromosome portraits of the metaphase
of the second meiotic division (fig 13; the chromatids are only attached to each other at the
centromere), she found four with an abnormal appearance with single chromatids. Could those
have originated from the separation of a homologue into chromatids during the first meiotic divi-
sion? In one of them, that was indeed the case (fig 30).

In 2005, it became clearer what was going on here. In Pat Hunt’s group, at that time based
in Cleveland, Ohio, genetic engineering (box 3) was used to create a mouse strain with a defect
in a gene encoding one of the proteins of the cohesin complex (Ch2.2.2, fig 6), the protein
complex that holds the two sister chromatids together. They observed a disruption of the biva-
lents that was strongly dependent on the age of the mutant mice. In the eggs of relatively young
4-month-old females, these bivalents were split into four separate chromatids. But technology
has advanced: now, oocytes can be monitored in vitro under the microscope around the time
of the first meiotic division. This was reported out of Sweden in 2015. The researchers used
oocytes from young and old mice and women. In the oocytes from old mice and women over

35 years old, a chiasma is more easily released (fig 30). The univalents that are formed this way

176  The Hidden Relay



then become susceptible to splitting into chromatids: in fact, this happens one division too early.
It is evident that the ageing of the oocyte plays an important role in this.

We used to think that to have, for example, a child with Down syndrome, it was necessary to
manoeuvre the entire bivalent of chromosome 21 into the daughter cell (the secondary oocyte),
but this is not always the case. The location on the chromosome where crossing over takes
place also contributes to the risk of hazardous meiotic behaviour. Sometimes crossing over is
absent (chromosome 18), but even a single crossover located close to the telomeres, along with
ageing, predisposes the chromosomes to nondisjunction (fig 15). This is common for chromo-
some 16, the chromosome undergoing the most frequent separation failures in female meiosis.
Chromosome 21 has all the conditions that increase the likelihood of an incorrect distribution
between the oocyte and polar bodies: crossing over close to the centromere is also a factor here.

In chapter 2.2.1, the cell cycle checkpoints G2 > M and the spindle assembly checkpoint
(SAC) were discussed (fig 4). Surely, one could assume that these control mechanisms come
into play when things go wrong during female meiosis? “State-of-the-art” molecular and cell
biological work in recent years, primarily performed in mice, has shown that something peculiar
happens in the oocyte. The oocyte is, in fact, able to check whether the centromeres are con-
nected to the spindle apparatus but is relatively lax in doing so. It does not respond to a few
bivalents that are not orientated correctly in the spindle apparatus of the first meiotic division,
even though, judging by the behaviour of proteins involved in SAC, the checkpoint does exist.
Moreover, the effectiveness of the SAC is highly age-dependent, as it is much less effective in
old mice. Even reasonably high levels of double-strand DNA breaks inflicted on the contracting
bivalents do not disrupt the system. In the meantime, while quite a few of the breaks are being
repaired, either correctly or incorrectly, the meiotic divisions continue.

From all this research, it appears that the first meiotic division is the main source of origin
of abnormalities in the number of chromosomes in the egg. Apparently, the cohesin complex
(fig 6, 30) is poorly maintained with age. However, physiological factors, such as hormone levels
combined with age, also matter. Something else that also plays a role in human oocytes is the
relatively long duration of the formation of the spindle apparatus (16 hours), as well as its instabil-
ity, even in connection with the centromeres. The communication of the oocyte with the cumulus
cells (fig 28) also does not improve as age increases. In 2022, another wonderful overview of
this topic was published by Melina Schuh’s group at the Max Planck Institute in Géttingen. It

illustrates the various aspects of meiotic nondisjunction in oocytes in a particularly beautiful way.
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What stands out is the attention now being given to oxidative stress as a factor in irregularities
in meiotic divisions. Can a primary oocyte do anything about this?

Another important publication in which this is addressed was also released in 2022. In the
primary oocytes of primordial follicles (fig 13, 28), an enzyme complex of the mitochondrial res-
piratory chain (complex 1) is altered in such a way that it remains inactive, thereby reducing the
production of oxygen radicals (Ch14).

Ageing is a relative concept, and the rate at which it occurs varies from individual to individ-
ual. The stock of primordial follicles at birth is variable, and so is the rate of its depletion until
puberty. This results in a fairly large spread in the age of the last ovulation, from 35 to 45 years.
It is not clear whether and how an earlier depletion of the oocyte stock affects the likelihood of
errors in the first meiotic division. Apparently, there has never been much selection pressure in
our evolutionary history to have children at a slightly older age.

Let’s briefly return to Robert Edwards and the “production line hypothesis”. According to the
wonderful review published by Danielle Monniaux of INRA Nouzilly in France in 2014, this phe-
nomenon does exist, but, as mentioned earlier, there is no reduction in the number of crossovers
in foetal oocytes with a later onset of meiosis. Hence, what Edwards and Henderson primarily
observed was the declining functionality of the cohesin complex in the bivalents, causing the

homologues and the sister chromatids to separate too early as the oocytes age (fig 30).

11.4.3 External influences

With a system as fragile as the meiotic divisions of the oocyte, one wonders how easily external
substances can affect it. This book is not a toxicological-genetic treatise, but | want to provide
two examples as they are so closely related to everyday experiences. One example of a widely
used chemical compound is bisphenol A, BPA for short, which is used to harden plastic. Pat
Hunt’s group discovered the meiotic effect of BPA by accident. In 2003, they described prob-
lems with the arrangement of bivalents in the metaphase in mouse oocytes in their laboratory.
Usually, this did not involve total chaos, but there were irregularities in which nondisjunction
occurred. The mice were kept in old containers made of Makrolon, a hard polycarbonate plas-
tic produced using BPA. During use and cleaning, the containers become slightly damaged,
releasing BPA into the environment. This explained the observed meiotic effect, as the irregu-
larities disappeared completely after new containers were purchased. In follow-up experiments,

the researchers administered BPA in different doses and looked at the effect of both duration
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and degree of exposure. The concentrations at which there was already a noticeable effect
corresponded to concentrations that are not uncommon in human settings. The results were
published in 2003 in Current Biology, a renowned journal. This work attracted special attention
because BPA has many applications and because low concentrations of it can be detected in
most people. We now know that BPA recognises the receptor protein of oestrogens on the cell
membrane of granulosa cells (fig 28). This makes it an “endocrine disruptor”.

Next, the second example. In 1982, Matthew Kaufman (box 2) published that an ovulated
egg (fig 42) can be tricked with alcohol. The egg becomes activated and embarks on the path
of embryonic development as parthenogenote, without the baggage of the sperm cell (Ch10).

Various outcomes are possible; the embryo could become haploid, diploid, or something
in between. Ultimately, this led to another new discovery, that of an effect of alcohol (ethanol)
on the correct distribution of chromosomes in the second meiotic division of the egg. Was this
due to the way of activating the oocyte (Ch13.5.1), or is it an effect of alcohol on the spindle
apparatus? The latter seems more likely. In 1987, the same Pat Hunt published the result of a
study on ethanol and nondisjunction during the first meiotic division in male mice. Although this
process is not as sensitive as the female meiosis, there was an observable effect, namely occa-
sional abnormal outcomes of meiosis. At the time, this was a sensational discovery. But don’t be
alarmed: social drinking does not pose this kind of risk. The alcohol levels that these researchers

used in their experiments were far higher.

11.5 Oocyte quality

Prenatal mortality, in most cases embryonic mortality, is a normal phenomenon in mamma-
lian reproduction. Livestock breeders viewed it as an undesirable loss while working towards
achieving faster gestation in cows and larger litters in pigs. In mammals, embryonic mortality is
determined by counting the number of corpora lutea (fig 28) on the ovaries and comparing this
with, for example, the number of implantations. Corpora lutea arise from the emptied follicles that
remain after the release of eggs and thus provide an indication of the number of eggs released
(fig 28). In my MSc thesis from 1971, an estimate of 25% is given for prenatal mortality in gilts
(sows having their first litter). The vast majority of eggs are fertilised, and most cases of mor-
tality occur in early gestation. The still unimplanted 8-11 day old embryos, on which | attempted

to conduct chromosomal research, had been obtained from sows, aged one to a few years old
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and normally no longer used for breeding, that were mated again. The mortality was extremely
variable, ranging from under 10% to almost all embryos.

Using the assumption that preimplantation mortality is an extension of oocyte quality, we
wrote an internal discussion paper on this topic in Wageningen (at the Agricultural University)
in the second half of the 80s. We worked with mice, rats and pigs. Determining the “quality” of
each individual oocyte, while they all look more or less the same under the microscope, was a
great challenge at the time, and it actually still is. We provided the following indications for the
level of prenatal mortality: the rodents mice, rats, hamsters and rabbits have the lowest mortality
rate, at 15% or below. In cattle and pigs, we found a mortality rate of 20-40%, and in humans this
was 25-50%. Most of this occurs before weeks 8-9 of gestation and goes unnoticed. A concept
like the “maternal to zygotic” transition (Ch13.5.3) was hardly known, and molecular techniques
to address this were not available in the 80s for material as scarce as an oocyte. In species
that typically give birth to a single offspring per cycle, fertilisation does not necessarily lead to
offspring. The idea that variation in the maternal to zygotic transition (Ch11.2) is behind this is
further discussed in Ch13.5.3 and Ch16.3.2. However, this concept can easily be broadened to
the general state of protein and RNA reserves and to the preparatory state of maternal chromatin

that enables correct gene expression after fertilisation.

1.6 0ogenesis in vitro

In a commentary from 2018, John Eppig from the Jackson Laboratory Bar Harbor, Maine, USA,
a well-known and highly successful researcher on many aspects of oogenesis, mentions two
reasons why in vitro follicle development would be so valuable. (a) It can help women preserve
fertility and protect against infertility after chemotherapy, and (b) it could be used to save animal
species from the devastation caused by humans on Earth. The in vitro application mentioned
under (a) will have become less important by now due to new possibilities to freeze the tissue
layer beneath the epithelium of the ovary, where the primordial follicles are located, and trans-
plant it back after a hopefully successful treatment, if having children is desired. Even in the
Netherlands, one can unsuspectingly watch the national news on TV and hear a gynaecologist
in a white coat mention that in vitro folliculogenesis is imminent for humans. This is another
path John Eppig has taken as a trailblazer. The research field in reproductive sciences has
always pursued in vitro models to enhance the possibilities of studying life processes, and also

to reduce the use of experimental animals, now that stem cell techniques and cell differentia-
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tion methods are available (box 2). So, what explains the strong drive of a class of researchers
towards expanding the in vitro trajectory in human reproductive biology? It is probably our med-
ical focus on the individual.

The second application, mentioned under (b), concerns attempts to prevent the extinction of
animal species, of which the northern white rhinoceros is a good example. If primordial follicles
from the two remaining females of this species could be cultured, and it was then just a matter
of waiting before mature oocytes could be harvested, there might have been a high chance
of obtaining embryos of both sexes. It remains to be seen whether this could be the case for
the two frozen blastocysts that were obtained from the northern white rhinoceros and are now
preserved, as has been featured in the media. Also, as many speakers with common sense will
point out, trying to preserve the white rhino would only make sense if you can guarantee a safe
habitat. In the meantime, publicity that surrounds this ultimate biological experiment to revive the
species from an extremely small gene pool is generated as a sign of hope - or is it too little, too
late? In chapter 13.7 and chapter 16.7, in vitro fertilisation and embryo techniques used for both
humans and animals will be revisited, and in chapter 16.7, in vitro gametogenesis is discussed

in more detail.
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CHAPTER 12

Spermatogenesis

12.1 Introduction

The study of mammalian spermatogenesis has a dedicated community of practitioners. For
some of them, this work is even a lifelong addiction. Since the arrival of the knockout mouse
models in the 1990s (Ch4.1, box 3), the majority of research on the many phenomena associated
with spermatogenesis has been conducted in this species. Earlier, endocrinology (the study of
hormones) was an important point of focus, while the response of spermatogenesis to ionising
radiation also received considerable attention, starting in the 1960s. One might also presume
that the field of contraceptive research has actively focused on spermatogenesis, but this is not
so much the case. Articles with relevance to this application do mention temporary blocking of
spermatogenesis, but it generally remains silent after that. Recently, the use of the plant com-
pound triptonide has been mentioned in work from the USA/China in this field (more in this in
Ch12.6).

Spermatogenesis can easily be divided into three sub-processes: 1) the mitotic multiplica-
tion of the diploid spermatogonia originating from the spermatogonial stem cells, 2) the transi-
tion to the meiotic cell phase via a final mitotic division; the spermatogonia have now become
spermatocytes, and finally 3) the haploid phase after the meiotic divisions, in which the sper-
matids transform into spermatozoa through a process called spermiogenesis (fig 31). When
the final stage of that process has been reached, the cells detach from the wall of the seminif-
erous tubules (in fact, the cell membrane of the Sertoli cells) and enter the lumen, a process
referred to as spermiation. Then, the transport of the sperm cells to and through the epididymis

begins. Once that long journey has been completed, they reach the vas deferens (fig 31). During
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FIG 31

Schematic representation of the testis with an emphasis on the seminiferous tubules,
the drainage to the epididymis and the transition from the epididymis to the vas defer-
ens. The blood circulation is also depicted (inflow red, outflow blue).

The process of spermatogenesis takes place from the wall of the seminiferous tubule,
where the stem cells of spermatogenesis are located. The comprehensive role of the
Sertoli cell is highlighted. Spermatids whose nucleus becomes oval are known in the
literature as elongating spermatids. After a division, the spermatogenic cells hold on
to each other using a cytoplasmic bridge. The Sertoli cells that do not divide do this
with the help of a dense connection between the cell membranes (in red). Mammalian
spermatogenesis is divided into stages based on the development of the acrosome.
Certain morphologies of the acrosome (from a vesicle to a cap on a round nucleus to
largely covering an elongating nucleus, shown here in black) are associated with spe-
cific spermatocyte developmental stages and specific spermatogonial differentiation
stages.

These fixed combinations are known as the stages of spermatogenesis and all have a
certain duration. Naming these stages using microscopic analysis is a specialised task
in any species, but especially in humans. The experts will recognise stage IV of humans
in this figure. The term spermiation is used for the release of the spermatids from the
epithelium, which can now be called spermatozoa or sperm cells. The efferent ducts

from the testis to the epididymis are known as the rete testis (see also fig 22).

ejaculation, male gametes are mainly recruited from the vasa deferentia. This involves the
innervation of smooth muscle cells in the wall of the vas deferens. From the moment that stem
cells form differentiating spermatogonia, which begin their journey of multiplication and devel-
opment, the entire process is strictly time-regulated. The time course of the different phases
varies between species. When conducting research on spermatogenesis, you need some sort
of timetable for this. In mice, the trajectory from stem cell to sperm cell that is released into the

testis is estimated to take 34.5 days, and in humans, this is 74 days.
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12.2 Evaluating spermatogenesis

The stem cells of spermatogenesis are, of course, the source around which everything revolves.
When they are not sufficiently protected, and/or when their daughter cells too frequently choose
the path of differentiation, the capacity for sperm production declines faster over the course of
life.

In humans, the quest to identify the one and only spermatogonial stem cells has not yet been
completed with full collegial agreement at the time of writing this, but the picture is becoming
clearer. Before continuing, let me first introduce testis histology, the widely used approach to
gain a better understanding of spermatogenesis through the analysis of tissue sections (fig 31).
When you look at a seminiferous tubule, you can see that spermatogenesis generally takes
place in the direction from the periphery towards the centre. Spermatogonial stem cells are
situated along the wall, in relatively small numbers in mice but in large numbers in humans.
These cells, like cells at any stage of spermatogenesis, need support from the Sertoli cells; they
are fully dependent on them (fig 31). Once the Sertoli cells (which we encountered earlier in the
decision of sex differentiation towards male during embryonic development, Ch8) are formed
during development, they no longer divide. They cannot function without the signal of the steroid
hormone testosterone, of which the supplier is fortunately nearby. Testosterone is produced by
the so-called Leydig cells, located in the tissue between the seminiferous tubules. However it
may be, spermatogenesis is entrusted to the good care of the Sertoli cells throughout the entire
process, from the stem cell stage to spermiation. How directing is a Sertoli cell really? First of all,
Sertoli cells are known as the suppliers of vitamin A, which is necessary for the differentiation of
spermatogonia and also as a signalling molecule for the initiation of meiosis. So these are, so to
speak, phased assignments, which change per single location as the stages of spermatogenesis
progress over time (fig 31). If you were to be seated on the edge of a tubule, you would have to
wait 8.5 days in mice (the cycle time) before you would see the same composition of cell types
of spermatogenesis again as “a snapshot”. In mice, we have divided this ongoing, continuously
repeated display into 12 stages based on microscopic screening of histological sections (fig 31).
The shape of the developing acrosome is leading in this classification system. In this way, a
diagram of spermatogenesis in mice was created in 1956, which is forever associated with the
name of Eugene Oakberg of the Oak Ridge National Laboratory in Tennessee. Evaluating sper-
matogenesis based on this diagram does require practice. However, an experienced researcher

can then provide a quantitative estimate of any problems, if there are any.
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To determine the entire cycle duration (i.e. the 8.5 days mentioned just before), the research-
ers injected the DNA building block thymidine labelled with radioactive hydrogen into the
abdominal cavity. At desired times thereafter, mice were sacrificed and histological sections
were made, which were then covered with photographic film. The progeny of the cells, which
had incorporated the radioactive thymidine (represented by the T in fig 5) shortly after injec-
tion during DNA duplication for cell division, were covered with silver grains after development
of the film, which makes them clearly distinguishable. As time passes, you can observe the
appearance of this signal in increasingly further-developed spermatogenetic cells. Based on
this, it is possible to estimate the entire cycle duration. For the human version of this analytical
method, testis biopsies from American prisoners were studied in the early 60s. This way, the
cycle length of spermatogenesis in humans has been determined to be 16 days. While histo-
logical research on the course of spermatogenesis generally started smoothly, it proved to be
a much more laborious undertaking in humans. Instead of the 12 stages observed in mice, only
six were apparent in humans for many years. The reason for the difficulty of studying human
spermatogenesis lies in the fundamental difference between mice and humans in the strategy to
achieve a very large production of sperm cells. In mice, there are relatively few spermatogonial
stem cells and many spermatogonial divisions before meiosis begins. In humans, the opposite
occurs: the number of stem cells is large, and there are relatively few mitotic divisions. In mice,
there are seven to 10 divisions, so each stem cell that advances along the path of differentiation
into a sperm cell produces a large family of up to 1,000 spermatocytes if apoptosis does not
occur. This number is small in humans, as mentioned in the most detailed overview published in
2017: a family of spermatocytes counts a mere 8-16 members. As a result, you can distinguish
up to three different stages in a histological section of a single cross-sectioned seminiferous
tubule in humans. The analysis is then reserved for those biologists who are truly addicted to
human spermatogenesis, and there are very few of them. Guided by Dutch researcher Dirk de
Rooij, human spermatogenesis has also been categorised into 12 stages as of 2013, using the
development of the acrosome of spermatids as a reference point (fig 31). As indicated before,
this analytical methodology is too specialised for clinical research on impaired spermatogenesis.
The most widely used and relatively simple evaluation system is the “Johnson score”, named
after a Danish pathologist who simply assessed the presence of spermatogonia, spermatocytes,
round spermatids, and elongated spermatids (fig 31) in 40 histological sections per testis biopsy.
When spermatogenesis synchronously halts at a certain stage, known as a “maturation arrest”
(Ch12.12), it can be identified in this way.
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12.3 Spermatogonial multiplication

As noted earlier, there is a big difference between humans and mice in the way spermatogonial
multiplication occurs. In rodents, the stem cells, of which mice have about 35,000 per testis,
divide about two to three times during each cycle of the epithelium. Humans have a much larger
population of stem cells, which must have been established starting from the formation of the
testis until puberty. This extensive supply leads to a high occupancy of stem cells along the wall
of the tubules. They are not optimally used for differentiation. For each stem cell, this happens
less than once per cycle duration of 16 days. The intellectual father of this model from 2017 is the
aforementioned emeritus professor Dirk de Rooij, who conducted this research in collaboration
with a great laboratory team in Rome. There, they discovered that only 15% of undifferentiated
spermatogonia, which can now be classified as stem cell candidates, are in an active cell cycle.
Even with this knowledge, it is still impossible to predict how many sperm cells that will even-
tually yield. Initial ideas about the continuation of spermatogonial multiplication, based on work
in mice, were, on reflection, quite simple. It was believed that when an isolated living stem cell
divides and the two daughter cells remain connected by a cytoplasmic bridge, a clone of differ-
entiating spermatogonia is formed. When this does not happen, two new stem cells are created.
However, a slightly less systematic representation of the process is now preferred. An important
question in this regard is to what extent a differentiating stem cell can still backtrack. In any case,
the size of the stem cell population must be monitored. When the products of spermatogonial
divisions remain connected by cytoplasmic bridges, the cells move along the path of further
differentiation towards the formation of spermatocytes. Cytoplasmic bridges are also formed
during the meiotic divisions of spermatocytes (fig 31).

Spermatids, which are haploid in the nucleus, share their cytoplasm with many other sper-
matids, in principle allowing them to still have access to all products of the initial genotype.
Physiologically, they still mostly behave like diploid cells (fig 13). This mechanism may play a role
in any potentially preventable consequences of the separation of the X and Y chromosomes.
Moreover, the entire system facilitates the synchronous development of the germ cells and
prevents a phenotypic effect at the haploid level: it is an axiom (that is not frequently expressed)
that the genotype of a spermatid has no effect on the functionality of the sperm cell that develops
from it. Fortunately, technology has now advanced to the point where transcripts can be rec-
ognised for each individual spermatid. When the genetic difference between the homologous

chromosomes is large enough, the transcripts can be classified by origin per homologue, and
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you would expect to find them in equal amounts in each spermatid. Research published in 2021
largely confirmed this expectation. However, a different picture was found for about 13% of the
genes and their products. This group was enriched in genes with a role during spermiogenesis
and can thus lead to an effect of the genotype of the individual sperm on the likelihood of fer-
tilisation. The assumption that follows from Mendel’s first law may then no longer apply. In the
scientific literature on the subject, this phenomenon (a deviation from a 1:1 split) is referred to as
“transmission rate distortion”. This subtle way of still being able to distinguish between alleles
expressed during spermiogenesis seems to offer an evolutionary advantage for male fertility.

Understanding spermatogonial multiplication is not only relevant for our knowledge of sperm
production. It is also important for other aspects. For example, we know that chemotherapy for
cancer treatment is often harmful to human spermatogenesis and that recovery from this dam-
age is not a given. Often, sperm production does not properly resume afterwards (Ch12.7). It
is also known that the number of divisions, in this case, DNA duplications, that occurs between
generations plays a role in determining the amount of new mutations for a new generation.
DNA replication is inherently not error-free (Ch2.2.2, table 3, fig 5), and this is also true during
spermatogonial multiplication (but see the caption of table 3). This is one reason why children of
older fathers are found to have considerably more mutations, in this case, single-base mutations
(de novo SNPs, Ch3.2), than children of younger fathers. The number roughly doubles every
20 years as a man ages.

In addition to inaccuracies in DNA replication, other factors come into play: a change from
aCtoaT (fig11)and a C that is replaced by a G (together accounting for a quarter of de novo
SNPs) are events that are not initially linked to DNA replication, but attributed to the environmen-

tal influences (see also Ch12.13 and the caption of table 3).

12.4 The Sertoli cell barrier

The comprehensive role of Sertoli cells in spermatogenesis has already been discussed above
(Ch12.2). Sertoli cells are connected to their neighbouring Sertoli cells via a special circuit
between the cell membranes. Together, they form a contiguous layer in the seminiferous tubule,
the “blood-testis or Sertoli cell barrier” (fig 31). One possible function of this barrier is to keep
out harmful substances that could damage the DNA of the spermatogenic cells. In addition, the
barrier also helps prevent autoimmune reactions. The interfaces between Sertoli cells are very

extensive. When a spermatogenetic cell, which has just started meiosis, has to pass through
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the Sertoli cell barrier, the process resembles a passage through a narrow lock with very thick
gates. Sometime in the early 70s, | saw those “lock gates” in a large electron microscopy photo
on a poster displayed at a Dutch natural science meeting in Utrecht. The poster was made by
Mebius Kramer, Dirk de Rooij's teacher. Kramer did research on testicular material from bulls. |
felt struck by a sensation of “this is actually true”, not yet realising at the time that all those sper-
matogenetic cells are attached to each other in shorter or longer chains and that they will really

not let go of each other when they are pushed into the lock and come out again.

12.5 Male aspects of meiosis

Male meiosis differs quantitatively and also qualitatively from female meiosis. The processing of
double-strand DNA breaks, which are involved in the search for the homologous chromosome
and crossing over (Ch5.1), occurs in a more uniform manner than in female meiosis (Ch11.1).
The number of crossovers is also lower (Ch11.1), and their distribution along the chromosome is
subtly different. In males, crossovers are found closer to the chromosome ends. Consequently,
the loci between which recombination has actually occurred are also further apart.
Nondisjunction leading to an extra chromosome is rare in the first meiotic division in mice,
with an occurrence of around 1%. This number is barely higher for the second meiotic division.
In humans, the cytogenetics of spermatogenesis has always been a laborious occupation, with
few researchers venturing into this. Counting chromosomes during the second meiotic division
was difficult. The first estimates made in populations of sperm cells were based on fluorescence
in situ hybridisation with chromosome-specific pieces of search DNA (“probes”). This led to
an estimate of around 0.1% disomic spermatozoa for each chromosome, approximately 2.5%
in total. A magnificent paper published in the summer of 2020 presented a method that actually
leads to an accurate estimate. At the Department of Genetics at Harvard Medical School, a DNA
technique was developed to determine the sites of crossovers per individual sperm cell based on
1% of the genome and also to read out which chromosomes are present in duplicate and which
are missing. In this study, more than 31,000 sperm cells from 20 young donors between the ages
of 18 and 38 were examined in this way. It was found that only 0.7% of all sperm were disomic
and that slightly more (1.8%) lacked a chromosome. The second meiotic division was the most
error-prone. Abnormalities in the distribution of sex chromosomes are the most interesting
(table 4), and those appear to occur somewhat more frequently during the first meiotic division.

In previous work with chromosome-specific fluorescent probes, an age effect for nondisjunction
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in men was never found. However, it is true that when spermatogenesis is worse, increased fre-

quencies (about two to four times higher) of nondisjunction are observed.

12.5.1 “Sex bodies”

The major difference between female and male meiosis is the presence of two different sex chro-
mosomes in the latter. We know almost precisely down to the DNA base which part (or parts) of
the X and Y chromosomes are perfectly homologous. These are the DNA regions that are nec-
essary to enable crossing over (fig 15, 38). Due to the chiasma that results from this, the X and
the Y chromosomes are connected to each other until the end of the metaphase of the first mei-
otic division (legends fig 13, 14 and 30). They separate in the anaphase, thereby ensuring a sex
ratio of one in the offspring. In humans, two homologous “pseudoautosomal regions” (PAR1
and PARZ2) are involved in the positioning of the crossovers. The longer one (PAR1) is about 2.6
mb in length and is located at the end of the short arms of the X and Y chromosomes (fig 37, 38).
In this region, there is always one crossover. The other region (PAR2) is much shorter (fig 38),
is located at the end of the long arms of the X and Y chromosomes, and is much less frequently
involved in a crossover (only in about 25% of cases). In mice, the PAR is somewhat longer. There
is no place where the crossover incidence per mb of DNA is higher than in the male PAR. These
relatively small pieces of homologous X and Y DNA search for each other along the nuclear
membrane, which can be considered a master test for homologous meiotic pairing (Ch5.1). It
occurs slightly later than the pairing of the autosomes. Once the PARs have found each other,
the sex chromosomes immediately form a chromatin domain that then starts to behave very
differently than the chromatin of the other bivalents. Gene expression ceases, and the region
that is commonly referred to as the “sex body” (fig 15, 37) becomes filled with proteins that pro-
tect the DNA, for example by being involved in its repair. In chapter 5.1, we discussed the large
amount of double-strand DNA breaks that are inserted into DNA at the beginning of meiosis to
contribute to the “homology search” and to enable crossing over (fig 14). This also occurs in the
sex chromosomes, and these breaks need to be repaired as well. For the majority, this can be
done using the DNA of the sister chromatid.

Possibly due to the fact that the PARs are not long, small differences in their base order that
have appeared over the course of evolution seem to quickly affect the meiotic pairing of the sex
chromosomes. In the late 70s, we received some Japanese house mice (Mus musculus molos-

sinus) from Professor Alfred Gropp in Lubeck. When we crossed them with our albino Swiss
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laboratory mice, we encountered fertility issues which, among other things, were related to the
fact that the Japanese Y chromosome would not always cross over with the X chromosome of
the Swiss mice, causing them to be univalents. This resulted in reduced sperm counts in the
epididymis (fig 31).

This is an example of the onset of hybrid sterility. The X and Y chromosomes act as some
sort of gatekeepers to keep the species “pure”. The fact that hybrid sterility first affects the sex
with two different sex chromosomes was formulated as early as 1922 by the famous English
population geneticist JBS Haldane (box 4). This is one of those old rules in genetics that has
stood the test of time. Just search the internet for the Liger, the hybrid offspring of a male lion
and a female tiger. My barber from Kurdistan brought this up once, and he went on to say:
“Have you still not looked it up yet?”. So Haldane’s rule works, among other things, via the
meiotic behaviour of the X and Y chromosomes due to the decreased homology between the
PAR regions. Could that have played a role in the outcome of the encounters between Homo
sapiens and Homo neanderthalensis? There are indications that intercourse between modern
and older hominids would not have been beneficial for the fertility of the offspring. Generally,
there are no or only very few traces of the Neanderthal genome left in regions richer in genes
involved in male (and also female) meiosis. The contribution to the X chromosome is also lower
than that to the autosomes. Of genes related to meiosis, alleles of Neanderthal origin appear to
have disappeared through natural selection. Remarkably, the Y chromosome is never mentioned
in reflections on the genetic signature that these sexual encounters have left in us. It may well
be that the legacy of Neanderthal DNA (Ch5.4.3) was initially established through, or mainly
through, the female F1s.

12.5.2 Chromatin changes and gene expression during meiosis

Slightly more than 2,000 genes are involved in spermatogenesis, as they have a greatly increased
RNA expression compared to other organs. It is estimated that at least 500 of these genes are
exclusively involved in this process. During the pachytene stage (fig 14), the chromatin changes,
testis-specific histone types emerge (which also need to be incorporated in the nucleosomes,
Ch2.3.1), and the nuclei become larger and looser. Transcription (box 1) increases sharply and
stays high after the meiotic divisions. This was already discovered in the 60s by incorporating
radioactive uridine into RNA, followed by visualisation using autoradiography and light micros-

copy. Far from all mRNA molecules are translated into protein. Now, with the application of next
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generation sequencing (NGS) to the transcriptome, the amazement about the level and var-
iation of RNA production that is presented here only increases (consider, for example, the use
of exons, box 1). Retired reproductive biologist Anton Grootegoed from Rotterdam sometimes
compared it to a “test run”. The engines for RNA transcription and RNA processing are cranked
up once more before the path to differentiation into sperm cells is initiated after meiosis. The
biological significance of this exuberant transcription is not fully understood yet.

Of all the chromatin remodelling that occurs during the male pachytene, that of the sex chro-
matin in the sex body (fig 15, 37) is the most profound. Depending on the species, the nucle-
osomes are more or less rigorously broken down and reformed again, this time with a different
H3 variant (fig 8). This process is part of the transcriptional inactivation of the sex chromosomes
within the “sex bodies”. After meiosis, when they have ended up in separate spermatids, the
repression of gonosomal gene activity is somewhat less strictly regulated, but the sex chromo-
somes remain largely inactive.

While it doesn’t seamlessly fit into this section, we must also pay attention to the follow-
ing in this chapter: the expression of small RNA molecules that do not encode proteins, the
so-called small non-coding (snc)RNAs. Three subclasses of these are miRNA (19-23 nucleo-
tides), siRNA (idem) and piRNA (26-32 nucleotides). Interest in the biological function of these
RNAs is growing, and this has yielded entirely new insights for cell biologists and geneticists,
among others. This is certainly true for their role in gametogenesis; it is now assumed that the
importance of sncRNAs in spermatogenesis is much greater than in oogenesis. In fact, piRNAs
are expressed almost exclusively during spermatogenesis. During the formation of the testis
and thereafter, they particularly suppress the activity of retrotransposons. This is expressed
in the form of CpG methylation (fig 11). During meiosis, the piRNA-mediated silencing of ret-
rotransposons also plays a role. However, sncRNAs do more than that. Among other things,
they have a function in the regulation of (hetero)chromatin and in clearing excess RNA later in
spermiogenesis. The miRNAs and siRNAs are known to be specifically involved in controlling
the expression level and translation of protein-coding mRNAs during spermatogenesis. More
and more reviews are appearing about their great biological importance and about the clinical
expression(s) that abnormalities in populations of sncRNAs may cause. As such, knowledge of
sncRNA also significantly contributes to the growing understanding of the incredible complexity

of spermatogenesis.
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12.6.3 Checkpoints in meiosis

In mice, two distinct checkpoints (fig 4) during the first meiotic division have been identified: the
pachytene checkpoint and the metaphase | checkpoint. The pachytene checkpoint was first
observed in 1983 in a mouse from a radiation experiment conducted at the MRC Radiobiology
Unit (Harwell). In this mouse, half of chromosome 7 had ended up in chromosome 1, and large
unpaired segments of chromosome 7 were observed in every pachytene spermatocyte. The
female meiosis could still handle this in some way, but the male meiosis apparently could not.
Halfway through the pachytene stage, just before the time of chromatin change and increasing
transcription (Ch12.5.2), the spermatocytes collectively underwent apoptosis and were “eaten”
by the Sertoli cells. This turned out to be the precursor of a phenotype that was observed more
frequently later, when knockout mice (with defects in single genes, box 3) were introduced. When
the invalidated gene has an essential function in homologous chromosome pairing, in this case,
the repair of double-strand DNA breaks, the pachytene arrest is activated. The arrest was, in
fact, already addressed in chapter 5.1, in the description of the role of mismatch repair genes
in the formation of synaptonemal complexes and, hence, bivalents. It is also characteristic
that the gene activity of the X and Y chromosomes in the “sex bodies” (Ch12.5.1) cannot really
be reduced. This alone would be sufficient to trigger the pachytene arrest in mice, which is also
effective in humans. | have always been surprised that the collective clearance of the entire
production of meiotic cells at the pachytene checkpoint does not lead to a chaotic histological
image. If you could find a way to interfere with chromosome pairing, you would essentially have
an ideal contraceptive for men. Ideas about this were dropped at the former Organon com-
pany (the Netherlands) in the late 90s. To further develop plans in this direction, an in vitro test
for the functioning of a candidate protein involved in chromosome pairing had to be available.
Obviously, that protein should only be present in meiotic cells. The search for an inhibitor for
such a protein could then be done by testing compounds from a whole library of chemicals.
However, the right in vitro test did not exist back then. In hindsight, the time was not yet ripe for
an approach like this.

A second checkpoint during spermatogenesis occurs in the metaphase of the first meiotic
division. This checkpoint was already hinted at before (Ch12.5.1), in the story about the dis-
rupted pairing behaviour of the X and Y chromosomes and the reduced sperm counts in hybrids
between the Japanese house mouse and Swiss laboratory mice. Separately located X and Y

chromosomes will activate the SAC, the spindle assembly checkpoint (Ch2.2.1 Ch11.4.2, fig 4).

194 The Hidden Relay



As in primary oocytes, the presence of univalents predisposes to an incorrect distribution of
chromosomes among secondary spermatocytes (compare with fig 30). The SAC cannot com-
pletely prevent the formation of spermatozoa with numerical abnormalities (Ch12.5), including
aberrations regarding the sex chromosomes. The source of the XXY karyotype (Klinefelter
men, table 4) can be found in both female (two X chromosomes) and male meiosis (X plus Y
chromosomes).

Something resembling these checkpoints, but with a different origin, is related to the pro-
cess of shielding the sex chromosomes in the sex body. In both mice and humans, disrupting
this mechanism can seriously affect fertility, with an example of this provided in figure 37. In the
presence of a structural chromosomal aberration (Ch3.4.1, fig 12, 37), the search of the involved
homologous chromosome segments for each other often proceeds less smoothly. Segments
that have difficulties with this alignment appear to be “attracted” to the X and Y chromosomes,
which slightly lag behind in their search for homologous pairing. The unpaired chromosomal
segments simply join the X and Y, leading to the loss of the strict separation between sex chro-
matin and autosomal chromatin. As a result, unpaired autosomal chromatin is also directed
towards inactivation, and conversely, sex chromatin is activated. All of this has been most thor-
oughly studied in mice. The consequences, which become more severe as the number of sex
bodies “infected” with autosomal chromatin increases, can, in extreme cases, be evident as
azoospermia. Often, the homogeneity of the otherwise immaculate-looking mouse sperm is
also lost. A wide variety of shapes appears, especially in the head of the sperm. The tail is also
affected (fig 37), and motility decreases. In short, the mouse sperm starts to closely resemble
human sperm (Ch12.9.1, table 5, fig 34, 37).

12.6 Spermiogenesis

Once the second meiotic division has ended, shortly after the first meiotic division, spermiogen-
esis begins: from the morphogenesis of the round spermatids until the release of the sperm cells
into the lumen (fig 31) of the seminiferous tubules. The formation of the acrosome and the tail
starts shortly after meiosis has been completed (fig 31, 32). The cells are active in transcription
and protein synthesis. Many things need to happen and this requires extensive regulation. Part
of the gene activity required for this process has already been initiated during meiosis. The
mRNA molecules can be stored in an unused state for a long time before actual translation into

protein takes place (box 1, fig 9). This principle is also useful later on; a large amount of protein
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is needed when the DNA is packed into the head of the future sperm cell, but the transcription of
mRNAs for this purpose has already ceased during the elongation of the nucleus.
Spermiogenesis can be easily followed by looking at the formation of the acrosome (Ch12.2,
fig 31, 32). It starts as a vesicle that gradually sinks over the nucleus and makes contact with it,
comparable to a knitted egg warmer covering a boiled egg. Upon the first contact of the vesicle
with the nucleus, the chromatin within the nucleus initiates its transformation into a much more
compact form (fig 32). This is something we accidentally discovered around 2010, when we
were studying human spermatogenesis in Nijmegen, the Netherlands. The chromatin remod-
elling proceeds from the front of the nucleus towards the tail. We imagine that the chromatin is
stored like rope on rolls, finding support from a sort of skeleton at regular intervals (fig 32). To
transition from the nucleosomal chromatin structure (fig 7, 8) to a much denser composition, a
substantial number of double-strand DNA breaks has to be made. This likely serves the purpose
of preventing various pesky knots in that endlessly long DNA. There are not many researchers
who study these intriguing DNA breaks. One might ask, for instance, whether these breaks are
randomly introduced or if there is a site-specific mechanism behind this (which seems to be the
case). An additional question is how these breaks are repaired, because there are not many left
once the chromatin is unpacked in the egg (Ch13.5.2). The small protein protamine, rich in the
amino acid cysteine and therefore containing many SH groups, plays the main role in condens-
ing and preparing the chromatin for transport (fig 32). However, not all DNA is involved in this
transformation. In mice, around 1% of the DNA remains in the more open nucleosomal structure,
and in humans, that is around 10%. A subsequent process that more or less seals the conden-
sation of chromatin begins in the testis and is completed in the epididymis (fig 31). By forming
disulfide bridges (-S-S-) between the SH groups of the cysteines, adjacent protamine molecules
become interlinked (fig 32), tightly stabilising the bound chromatin DNA. There is unanimous
agreement that this provides the best protection for the chromatin until it can be received by an
egg. Moreover, a compactly structured nucleus with a minimal amount of cytoplasm is beneficial

for the streamlined shape and swimming speed of the sperm cell.
12.7 DNA repair, damaging agents
A first impression of the radiation sensitivity of young spermatogonial stem cells was docu-

mented in 1973 by Paul Selby of the National Laboratory in Oak Ridge, Tennessee, at that time

a giant mouse laboratory. Selby needed no fewer than 55,456 mice for his research, animals
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born after their fathers had been irradiated earlier, around the time of their birth. The young
spermatogonia are very sensitive to DNA damage and usually choose to undergo apoptosis.
This occurs despite high levels of proteins involved in DNA repair. By mating these wildtype (+/+)
males that had been irradiated as baby mice with females that are homozygous recessive
for seven genes with an observable phenotype (-/-), you could easily see the radiation-induced
damaging mutations (often deletions). This manifests as the appearance of the recessive phe-
notype in offspring which would normally be wildtype (+/-) like the father. However, mutational
damage in these seven genes occurs sporadically after exposure to radiation, which explains
the need for the large numbers of mice in this study. Sometimes, multiple offspring with the same
recessive phenotype for the same gene were born: a mutated spermatogonial stem cell had
permanently settled in the epithelium of the seminiferous tubule and could then generate mul-
tiple offspring. This so-called “specific locus test” was perfectly accepted at that time. The few
laboratories in the world conducting such experiments used a high number of mice, a practice
that is difficult to maintain nowadays due to improved attention to the usefulness and necessity of
animal experiments. The spermatogenesis precursor cells are susceptible to cell death, which,
together with the effective action of DNA repair proteins, may indicate an evolutionarily evolved
strategy to control the load of new mutations as generations pass.

Even when spermatogenesis is ongoing, DNA-damaging agents and ionising radiation have
a negative effect on stem cells. In mice, research in this area, piggybacking on the large-scale
radiation studies of the 1950s-1980s, was mainly carried out by Tony Searle and Bruce Cat-
tanach at the MRC Radiobiology Unit in Harwell UK. Bruce Cattanach wanted to determine
whether fertility could recover when increasing doses — of up to 10 Gy, which cause males to
become completely azoospermic — were used. As it turned out, a surprisingly simple mathemat-
ical principle underlay this: the time that elapsed until fertility returned was directly proportional
to the dose of radiation that was received. It is, of course, remarkable that a dose of 10 Gy, which
causes about 320 double-strand DNA breaks per GO, G1 stage (fig 4) somatic cell nucleus
in vitro, is survived at all by a small fraction of the stem cells. The conclusion drawn from this
observation was that after damage to the spermatogenetic epithelium in mice, repair of that epi-
thelium occurs first, and spermatogenesis resumes afterwards. In primates, including humans,
the regulation seems to be less strict. The development towards sperm cells actually starts too
quickly, and this comes at the expense of the stem cell reserve and the eventual sperm produc-
tion (Ch12.3).
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FIG 32

The widely accepted model of the chromatin changes that occur during spermio-
genesis. These changes take place against the background of a shape change of
the nucleus, from round to elongated (fig 31). The transition from the nucleosomal
structure to the compact protamine structure proceeds via the intermediate phase of
transition proteins, about which not much is known yet. The nucleus establishes an ec-
centric position in the cytoplasm, which eventually descends over the tail and largely
disappears. The formation of the tail already starts at the beginning of spermiogenesis,
just like the development of the acrosome, shown in black here. The looped domains
(Ch2.3.1, fig 7) form a remarkable element in the structure of the nucleus. They attach
to the nuclear matrix (see also Ch2.3.1) and give the nucleus a high degree of stiffness.
Investigating the chromatin organisation of the sperm cell is extremely difficult. While
the egg can “unpack” the sperm without damage (naturally, after fertilisation), it is al-

most impossible for researchers to do so.

The very early radiation experiments of the 60s and 70s, conducted in mice, already suggested
that stem cell spermatogonia produce few structural chromosomal aberrations per double-strand
DNA break (Ch3.4.1). Reciprocal translocations are by far the most common of this type of aber-
rations. They arise during an extreme attempt by the cell to repair those life-threatening breaks,
which involves using another chromosome as a last resort (fig 12).

The “state-of-the-art” way to observe the occurrence of reciprocal translocations was to wait
until the progeny of the stem cells reached the metaphase of the first meiotic division (legends
fig 13, 14). There, you would see four chromosomes attached to each other instead of the normal
situation where two chromosomes have formed a bivalent (fig 26 depicts this situation in the
pachytene (fig 15)). In the early days of research on the mutational sensitivity of spermatogonial
stem cells to radiation, the entire field was heavily dominated by the search for standards for
radiation exposure, for workers in the nuclear industry, for example, but also for men and women
in the general population (in which case stricter standards apply). Extrapolating the results of
mouse experiments to the human situation was a tricky issue in this process. However, recruit-
ing inmates from American prisons as test subjects provided a solution, with little attention to
ethical considerations surrounding this type of research at the time. The findings, coming out of

the aforementioned Oak Ridge National Laboratory, were published in 1975 in the prestigious
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journal Nature. Also in men, irradiation and repair of DNA damage in stem cells led to reciprocal
translocations. At a radiation dose of 2 Gy, they observed some more of these translocations
than in mice, while there were relatively fewer at a dose of 6 Gy. Apparently, human stem cells
are more sensitive to radiation and those with extensive DNA damage tend to die earlier than
in mice.

Despite the fact that years have passed and significant advancements in DNA techniques
have taken place, we still have relatively little specific knowledge about DNA repair in the sper-
matogonial stem cells in mice (but see the caption of table 3). In any case, the process occurs
differently than in somatic cells. When there is damage, apoptosis is a normal way out, but this
is not the uniformly chosen solution. That is because there is also a group of radiation-resistant
stem cells. These may be cells that are in a favourable stage of the cell cycle. This explains why
fertility in male mice still recovers after some time following a higher dose of radiation. By then,
they will certainly no longer be free of chromosomal abnormalities. Studies in mice from the 70s
and 80s clearly showed that the irradiated males could transmit reciprocal translocations to their
offspring up to an old age, although with decreasing efficiency. Since it is unclear how many new
mutations stem cells can tolerate, this has clear clinical implications for humans. It will always
be better, and also ethically preferable, to try to “secure” future fertility for men undergoing
cancer therapy with DNA-damaging agents by freezing sperm in advance. Do not rely on the
chance that spermatogenesis will slowly recover. The additional risk that sperm cells will carry
new mutations as a result of chemotherapy and/or radiation is simply too high, and the evidence
for this has been provided very recently. This came from a large study that searched for higher
spontaneous mutation frequencies for base pair changes in 21,879 trios (“trio sequencing”,
Ch3). This phenomenon, rare on its own, occurred after paternal chemotherapy before concep-
tion (questioning the “spontaneity” of the mutations). For further discussions on the effects of
ionising radiation on offspring in humans, see also chapter 17.3.

The more rapidly dividing differentiating spermatogonia are even more sensitive to radiation
than the stem cells; they massively undergo apoptosis. Tony Searle and his assistant Colin
Beechey found a profound dip in mouse sperm production 5 weeks after an acute dose of 2 Gy
(a typical daily dose of radiation in tumour therapy). This dip (down to 10% of the normal level)
did not prevent the fertilisation of virtually all eggs after mating with females.

Remarkably, apoptosis of the differentiating spermatogonia is also employed as a mecha-

nism to adjust their number to the supporting capacity of Sertoli cells. It is unknown whether
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spermatogonia with mutations are particularly sensitive to this and if they are the first to be selec-
tively eliminated. When additional double-strand DNA breaks are introduced in primary sper-
matocytes during the long lead-up to the first meiotic division, these are “repaired”. The repair
capacity is, however, more limited. When damage is inflicted that affects the double helix more
subtly, the type of damage caused by, for example, ultraviolet radiation but also by some chemi-
cals, the outlook is even more disheartening. Hardly anything is done. One possible explanation
is that the NER process involved in this (fig 33) cannot be active if other mechanisms involved in
normal double-strand DNA break repair are active at the same time (during meiosis for crossing
over events). In 2015, the leading expert in this complex field, Francesco Marchetti from Ottawa,
Ontario, Canada, published that in mice, DNA damage in the male germline caused by the
chemotherapeutic agent Melphalan (after exposure during the long meiotic prophase) is only
repaired in the zygote, resulting in structural chromosomal aberrations. Melphalan is a so-called
bifunctional alkylating agent.

The situation becomes even more complex after meiosis, during spermiogenesis. If some-
thing is wrong with a chromosome at that time, which is then present in a single form and
consists of just one chromatid, there is no copy available to retrieve the original information.
Although some repair of double-strand DNA breaks still occurs in round spermatids, as spermio-
genesis progresses, it appears to become increasingly attractive to leave things as they are and
await potential repair in the egg (Ch13.5.2). However, much of the knowledge presented here
is quite speculative, and our understanding of DNA repair in the haploid part of the germline is
still very limited, especially for humans. Across the entire germline, next generation sequencing
(NGS) slowly changes this at the level of the individual base, as mutation patterns can be linked
to the errors that may occur during DNA repair (this way of thinking and investigating stems
from genetic research on cancer). Exogenous and endogenous effects, such as the unwanted
side effects of replication and transcription, can be visualised this way. The effects of unwanted
demethylation of mCpG (fig 11) are also included in the analysis. Moreover, this method of anal-
ysis provides a connection to damage repair in the zygote (Ch13.5.2). The large and expanding
databases of gnomAD and TOPMed (Ch3.2) are thereby fundamental to this method of analysis,
which seeks to link the mutation patterns to the underlying processes involved in maintaining

DNA integrity; it is a specialised task.
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FIG 33

Highly simplified classical representation of the relationship between DNA damage and
the classification of DNA repair pathways. They are not as strictly separated from each
other as presented here.

Repair can be error-free or it can create errors (mutations). The spectrum of errors
made during repair is certainly larger than the eventual mutation spectrum, as some
errors will be lethal for the cell. When the damage is irreparable, the “police officer” (see
also fig 4, the protein p53 is the best known for this function) will more frequently take
action and initiate the pathway to apoptosis.

Published estimates of DNA damage per nucleus per day provide a good impression
of the importance of DNA repair. There are 10 to 50 double-strand breaks and 10 to
50,000 other damages. The loss of an amine group on cytosine (100-500 times per day)
is significant: when this cytosine is methylated (fig 11, and that is usually the case), a C
changes to a T (the most frequent base change). Without DNA repair, life is not possi-
ble. Spontaneous mutations are at the root of somatic disease in general, especially
cancer and diseases linked to ageing. As depicted on the left, 8-oxoguanine is often
used as a marker for oxidative damage due to oxidative stress to a base. For abbrevi-

ations, refer to the list at the end.

12.8 Numbers of sperm cells, the production

The criteria for assessing sperm production in the ejaculate are initially simple: volume, sperm
concentration, total number of sperm cells, motility, and morphology of the head and tail are
determined (table 5, fig 34). If you have experience with such tests in mice, rats or farm ani-
mals, the different picture in humans immediately stands out. In human sperm, we observe great
variation in the appearance and motility of the cells. This coincides with a relatively low sperm
production. An overview from 2009, made by Rupert Amann from Colorado, presents a table
showing sperm production per gram of testis in humans compared to a whole range of mam-
mals, including rhesus monkeys, bulls, rats, rabbits and hamsters. Humans rank last. Even men
with the highest levels still score three times lower than rats, rabbits and hamsters.

In a sperm analysis, most of the attention is still focused on the cell count. The first time |

heard something about this was at a meeting of the Flemish Dutch Fertility Study Association
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in the 70s. This association, with a strong clinical orientation, still exists. In Belgium, Frank
Combhaire, then in Ghent, talked about sperm production. He presented a slide showing a man
followed over part of his life. The line usually showed a fairly even course of sperm production,
but at times, there could also be large temporary deviations, i.e. significant dips.

There is consensus that (a) the best measure is sperm production per hour, and (b) a single
sampling is not sufficient. Regarding the latter, the interval between two consecutive measure-
ments can make a big difference. During ejaculation, the last part of the epididymis (fig 31, 35)
is emptied in addition to the content of the vas deferens. Therefore, multiple samples, preferably
three, taken at intervals of 42-54 hours will provide the best impression. Variation will, how-
ever, still be found. There are different reasons for this. Firstly, the residence of sperm in the
epididymis can be quite variable and can last longer when production is lower (fig 35). In mice,
you can count on the transport taking about a week; in humans, we see that it can take anywhere
from less than two days to as many as 14 days for sperm to pass through the approximately
5-metre-long tube that makes up the epididymis. In chimpanzees, a great ape species with a
different reproductive strategy, this process is always short due to high sperm production.

In research and diagnostic settings, sperm samples are usually produced in non-physio-
logical conditions. Regardless of the best efforts of the interior designer of the hospital and the
visual stimuli that are present, these conditions are not a natural setting. The literature does not
indicate that stimulation by viewing pornography boosts sperm production. Some older research
has found that when a measurement is taken from an ejaculate in a condom, used in a situation
for which it is intended, more sperm cells are counted, despite the fact that a small fraction sticks
to the rubber - it is still science. In bovine artificial insemination (Al), arousal does matter in the
relatively sterile environment of the sperm collection centre. A bull needs to mount the artificial
cow a few times before ejaculation occurs. Also, the animal should not ejaculate more frequently
than two to three times a week.

To a significant extent, reproduction remains a matter of behaviour, as it involves the con-
traction of involuntary muscles during arousal. Behaviour is variable, and so is the behaviourally
determined variation in sperm production, something that is utilised in bovine Al by “stimulating”
the bull, as indicated above. There are also genetic mouse models that illustrate this aspect. An
article on this subject from the year 2000 addressed a knockout mouse for a gene encoding a
protein involved in the transmission of nerve stimuli to the smooth muscle cells in the wall of the

efferent duct of the epididymis (the vas deferens, fig 31, 35). These mice had normal testes and
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copulated without any issues, but they did not impregnate their partners. Not surprisingly, this
result made it into the renowned journal Nature.

When the number of sperm cells in the ejaculate is counted, the literature usually reports a
concentration. Figure 34 provides an idea of the wide variation encountered in men. If you look
at the key parameter, the total number of sperm cells, you will find a peak between 100 and

200 x 108. By comparison, a billion sperm cells per ml is nothing special for a bull.

129 The spermiogram

The results of a semen analysis conducted according to the criteria of the World Health Organi-
sation (WHO) are presented in a spermiogram (table 5, fig 34). A general rule is that when the
number of sperm cells declines, the entire spermiogram will get worse. Motility decreases, the
number of morphologically abnormal sperm increases, as well as the number of dead sperm cells.
This phenomenon is so common that it has been given a name as a syndrome: OAT, Oligoas-
thenoteratozoospermia. OAT is very frequently found in men referred for a semen analysis due
to fertility problems (table 5, fig 36). Oligo means few, astheno indicates motionless, and terato
stands for deformed. These three parameters can be encountered in various combinations and
degrees. Motility is not a black-and-white concept; it is subject to a lot of variation. When there is
no movement, there is a high probability of cell death. The expression “lazy sperm” is sometimes
used in everyday speech, which refers to cases where lower sperm motility is seen throughout
the entire ejaculate. With the major goal of estimating the probability of fertilisation, the spermi-
ogram has been and continues to be the focus of many discussions and publications. Table 5
provides the cut-off values determined for a fertile ejaculate, determined for each parameter, but
sperm cells do not readily reveal their secrets. Figure 34 provides a graphical representation of
the main spermiogram parameters for both the entire population and for men who were able to
impregnate their female partners within 12 months. The large variation in all assessment criteria
is evident. This is precisely the variation that is observed in a more pronounced degree in the
fertility lab. What happens physiologically with combinations of low values, which are commonly
found (fig 36)? Over the past 20 years, the criteria for normal morphology (appearance) have
been tightened once again. Now, the term “strict criteria” is used; at least 4% of the sperm cells
must meet this stringent rule (table 5). One does wonder about the biological significance of all

this. After all, the morphology of the winning sperm is never observed in the natural situation and
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A valuable graph from Rupert Amann’s review article from 2009. The relationship be-
tween daily sperm production and passage time through the epididymis is clear. With
lower production, the variation in passage time increases significantly, thereby increas-
ing the risk of DNA damage due to, for example, oxidative stress. On the right, the
global anatomy of the testis, the epididymis (the red trajectory), and the beginning of
the vas deferens. The efferent ducts from the testis to the epididymis are known as the

rete testis (see also fig 22).

thus remains unknown. Meanwhile, the IVF field has reported pregnancies following the use of
sperm that did not meet the strict criteria. When a TESE-ICSI (Ch16) requires a considerable
search for a sperm cell in a testis biopsy, it is unlikely that the prescribed criteria are precisely fol-
lowed. It is already nice when you can observe some motility, and therefore, determine that the
sperm cell is alive. All in all, the results of a semen analysis thus have a limited predictive value
for the chance of a spontaneous pregnancy over a prolonged period of time, with the exception
of cases involving a complete absence of motility, very “lazy sperm”, a consistently very low

sperm count, and/or a uniformly occurring morphological abnormality.
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129.1 Heterogeneity

Usually, heterogeneity increases when the number of sperm cells decreases. In Nijmegen (the
Netherlands), at the beginning of this century, we also studied the variation in sperm in men with
OAT. This kind of research is actually notoriously challenging. Although the annual number of
publications about human sperm is high, progress in our understanding has lagged behind for
years. The main reason for this is the compact morphology of the nucleus (Ch12.6, fig 32). How-
ever, there are ways to facilitate this research, despite the fact that bias may creep in.

The use of the anticoagulant heparin helps to “relax” the nucleus, even when the cell adheres
to a slide. This makes it possible to use immunofluorescence microscopy to obtain an impres-
sion of the amount of nucleosomal chromatin (fig 32); is it often more than you would expect.
In addition, you can make the nuclei light up by using a small fluorescent molecule that can
chemically react with the SH group of the amino acid cysteine in the protamine proteins (Ch12.6,
fig 32). This way, the change of the chromatin to a more compact structure can be tracked.

In this context, it is actually better to see a lower level of fluorescence. Our study revealed
that in OAT patients, nearly 50% of the spermatids in the testis had not completed the pro-
tamine-directed transition of chromatin into a more compact structure. However, we also discov-
ered, completely unexpectedly, that something very different occurs in the epididymis of OAT
men. The crosslinking of the SH groups of protamine proteins for further stabilisation (Ch12.6,
fig 32) primarily takes place there. This is an oxidative process that can also be overly activated,
which is what we observed. During the variable stay of sperm in the epididymis, chromatin must
be carefully protected against oxidative stress caused by oxygen free radicals (which actually
affects the cell membrane first). This protection is apparently less effective when fewer sperm
cells are present. On top of that, there are a couple of sources of cellular turmoil. When formation
of a sperm cell is not completed in the testis, there is often a small cytoplasmic droplet attached
to its tail (fig 32, 34). This also causes oxidative stress, as does the presence of white blood
cells in the prospective ejaculate. Could sperm cells consequently fall victim to a self-selected
death, to apoptosis? The consensus is that they can indeed, with a sperm cell-specific variant
of this important process. There is a staining method to visualise this, which exploits the fact
that the cell cuts up its own DNA during apoptosis. Apparently, the enzyme responsible for this
can nibble at the chromatin from the nuclear membrane. Unsurprisingly, the fluorescent staining
shows many more positive nuclei in an OAT ejaculate, up to about half of all cells, compared to

an ejaculate of “normal” men, where only 10% of cells will be stained.
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FIG 36

A pie chart of semen analyses of 26,091 men referred to the CeRA in Miinster, repre-
senting cases where the cause of a couple’s fertility problems is not yet known. The
O in OAT stands for oligo (few), the A for astheno (no movement) and the T for terato
(abnormal shape). AT is characterised by motility and shape problems. In azoospermia
(Azoo) cases, no sperm cells are found. This condition can be caused by an obstruction
in the system of efferent ducts (up to 40% of cases), which is commonly located in the
epididymis and most often not congenital, but acquired later in life. However, in most
cases (60% or more), azoospermia is related to the state of spermatogenesis, with
a genetic defect being the most likely cause. The contribution of azoospermia to male
infertility is estimated to be 10-15% (see also table 6). This table provides an overview
of the current state of knowledge (as of 2021) regarding the contribution of genetics to
the explanation of male infertility and subfertility. Among the OAT men, there are also

individuals who would have been fertile with a different partner.
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Table 5  The cut-off values of the spermiogram or semen analysis (with the 95%b confidence

interval in parentheses) for reaching pregnancy within one year of unprotected inter-

course.

Ejaculate volume (ml) 1.4 (1.3-1.5)
Total sperm count (total x 10°) 39 (35-40)
Sperm concentration (sperm cells x 108 per (ml) 16 (15-18)
Total motility (%) 42 (40-43)
(progressive and other)

Progressive motility (%) 30 (29-31)
Immotile sperm cells (%) 20 (19-20)
Vitality, live sperm cells (%) 54 (50-56)
Morphology, normal shape (%) 4 (3.9-4.0)

In diagnoses of asthenozoospermia (insufficient motility), the value falls below the cut-
off listed in the table, which is also the case for abnormal morphology (teratozoosper-
mia). When numbers are lower, the parameters motility and morphology generally de-
crease as well. This underlies the commonly diagnosed condition OAT (Oligo Astheno
Teratozoospermia, see also fig 36 and table 6).

In 1999, the WHO defined the condition OAT as having a sperm concentration of more
than 5 and less than 20 million sperm cells per ml. In cases of severe oligospermia,
the concentration is lower than 5 million/ml. Some laboratories also mention extreme

oligospermia (less than 100,000 sperm cells per ejaculate).

For a long time, practitioners in fertility clinics have been trying to separate sperm cells with
a more compact nucleus from those with a loose packaging. This can be done by placing the
cells in a tube, using centrifugal force in a centrifuge spinning at high speed, and pushing them
through an increasing density gradient of Percoll. The most compact ones will reach the bottom
of the tube and can be harvested from there.

Considering that patience is a virtue, that stress increases during extended periods of infer-
tility, and that we live in a world where many things are only a mouse click away, the field of
fertility research and counselling is currently witnessing the parallel emergence of many new
but also very different trends. For instance, on the free market, devices are offered that can be

connected to a mobile phone, which allow individuals to gain insight into sperm production and
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quality. On the other hand, a select group of internationally operating researchers is still very
actively working within their own sheltered scientific community to unravel the mystery of sperm

cell heterogeneity in an attempt to find better predictors of fertility.

12.9.2 DNA methylation in sperm cells

As gonocytes differentiate into spermatogonial stem cells (Ch8), the later stem cells of spermato-
genesis, the CpG methylation level of DNA begins to rise. Eventually, this leads to a situation
where the DNA in sperm cells is heavily methylated (fig 11, 23). Determining the methylation sta-
tus (the methylome) of DNA in a population of sperm cells could provide information about (a)
the history of gene regulation in spermatogenesis and (b) the heterogeneity of sperm generation
in the testis. The effects of foreign substances on the methylation status during differentiation are
sometimes also considered in this kind of research (Ch17). Jérg Gromoll’s group at the CERA
(Centrum fiir Reproductionsmedizin und Andrologie) in Miinster, Germany, focused on the fact
that sperm cells have “methylation heterogeneity” for selections of CpG positions. They link this
to male infertility and to the “mosaic” nature of spermatogenesis. This could mean that devia-
tions from the normal methylation pattern can already be established in the stem cells, thereby
impacting the reproductive status of the descendants of these stem cells for their entire lives.
Douglas Carrell’s group from the Andrology Department at the University of Utah, USA, took a
different approach and investigated the methylation patterns in sperm cells from men with a nor-
mal spermiogram and men who had sought assistance from the fertility lab to become fathers.
Both the time needed to conceive with their partners and the “success” in the fertility lab were
found to be related to the methylation pattern of sperm DNA. For this, methylation was examined
at a number of select positions in the genome.

It was previously known that the methylation status of an ICR (see Ch10 genomic imprint-
ing, fig 27) is sensitive to instability during spermatogenesis. For a paternally imprinted ICR,
there is a greater chance of incomplete methylation, while a maternally imprinted ICR is more
likely to be methylated where it should not be. This thought-provoking observation does not have
a clinical application.

Characterisation of the methylome of the sperm cell will probably continue to be of interest
to researchers. It can improve our understanding of embryonic development and the influence

of the environment on the germline. At this point, how far are we from the moment when a
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technique like this can serve as a diagnostic and prognostic indicator of success in assisted

reproductive technologies?

12.9.3 The X and Y chromosomes and poor quality sperm

It was mentioned in chapter 12.5.3 that the inactivity of transcription of the sex chromosomes in
the sex body during the first meiotic prophase seems to be essential for sperm quantity and qual-
ity. In both mice and humans, there is a large-scale breakdown of nucleosomes at this stage,
and they are reassembled in a slightly different composition (Ch12.5.2). This occurs consider-
ably less drastically in humans than in mice. When the separation between the sex body and
autosomal chromatin blurs (fig 37), and consequently, transcription in the sex body increases,
sperm cell production and quality decrease (Ch12.5.3). Therefore, there is a greater chance of
encountering Robertsonian and reciprocal translocations (fig 12) in subfertile and infertile men
(Ch12.12.1, table 6). Could variation in the manner and degree of inactivation of the sex body be
related to the large heterogeneity of the sperm population in humans?

At the Department of Developmental Biology at the Erasmus Medical Centre in Rotterdam,
research led by Anton Grootegoed addressed this topic with a molecular approach. In chimpan-
zees, the selection for a large sperm production is attributed to the mating system; sperm cells
from different males in a community compete on their way to the egg that is to be fertilised. This
competition has led to large testes, large ejaculates, and perhaps even better performance per
sperm cell. In chimpanzees, there is also much less variation in the shape of the sperm head.

The possibility that sperm performance is related to the high or low expression of a select
group of genes prompted Anton and his colleagues to examine the expression of genes on the
sex chromosomes in testes of humans and apes. What they found was that the downregulation
of transcription during spermatogenesis occurred with slightly more control in chimpanzees than
in humans. In this regard, you would then also expect less variation in downregulation of gene
expression of the sex chromosomes among chimpanzee spermatocytes compared to those of
humans, and consequently, more homogeneity in ejaculates. Could the sex chromosomes be

involved in this after all?
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12.9.4 DNA damage in sperm cells

The DNA of sperm cells can incur damage. This can occur when the DNA is being packaged
during the protamine-controlled restructuring of the nucleus of the sperm cell (Ch12.6, fig 32),
but more likely during the stay in the epididymis. This is especially true if that stay is prolonged,
as is the case when sperm production is reduced (Ch12.8, fig 35). Oxidative stress caused by
free radicals can play a role in this, although the efferent duct has a defence mechanism for
this. The possibilities to assess the structural quality, the integrity of DNA, are rather limited for
sperm cells. The extent of damage can therefore never be determined with a high degree of sen-
sitivity. Residual DNA damage, such as double-strand breaks, can be detected by the egg, then
a zygote (Ch13.5.2). Available in vitro laboratory tests for DNA damage can be used to charac-
terise DNA from the entire cell population or from a purified fraction thereof. Then, attempts are
made to predict the “embryo developmental potential” of the patient’s sperm. The most reliable
technique used for this involves letting the DNA migrate from the nucleus under the influence
of an electrically charged field. When DNA breaks are present, chromosomal fragments have
been created. Since DNA is negatively charged, these fragments migrate to the positive pole.
The DNA that has migrated from the nuclear matrix (fig 32) can then be quantified after staining.
The image will be the clearest for apoptotic sperm cells. The value of such an assessment for the
molecular integrity of DNA from the entire cell population of the ejaculate has been questioned
for years. A meta-analysis published in 2017, based on 41 studies, demonstrated that the insta-
bility of the DNA of a sperm sample, coarsely identified in this way, does actually have predictive
value for the likelihood of a successful pregnancy. However, it is not the main variable in this
context; the quality of the egg is much more important (Ch11.2, Ch11.5, Ch13.5.3, Ch16.3.2).

12.10 Declining sperm counts

In 1992, the world was alarmed by the publication of a study from Denmark that reported a sharp
decline in the number of sperm per ejaculate over the previous 50 years. This study generated
controversy for a long time. Even in 2013, high-level debates were still being held about it, as the
outcomes of the study were not widely trusted. The appearance of a large overview of sperm
counts from the period 1973-2011, summarising 185 publications and measurements taken from
nearly 43,000 men, settled the debate in 2017. Whether looking at concentration or total quantity,

the decline over this period ranges around 50%, with a decline rate of approximately 1.4% per
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year. The authors of this paper, which was published in Human Reproduction Update, empha-
sise that the decline is happening throughout the Western world: In Europe, the USA, Australia,
and New Zealand. However, the same trend is also observed in China. In 2022, the same con-
sortium published an update, covering data from all continents with even more alarming conclu-
sions. The rate of decline between 2000 and 2018 was 2.6% per year, more than double the rate
of decline between 1973 and 2018. The discussion about the decreasing sperm production in the
Western world began in 1992, initiated by Niels Skakkebaek, who is now in his eighties. These
concerns in Denmark did not find their origin in the IVF lab but came from the fields of oncology
and sex development. As a kind of opus majus, the group of researchers around Skakkebaek
gathered the key facts again in 2016, an effort that was repeated even more extensively in 2021.
Several trends do indeed raise concerns. An association is observed with sex differentiation
and with the reprogramming of the germline (Ch9). Regarding the latter process, it is noteworthy
that the incidence of testicular germ cell cancer in relatively young men (14-44) has shown an
increasing pattern over the last three decades. This form of cancer is found in approximately
nine out of every 100,000 men in Europe. In these cases, cancer cells originate from prenatal
germ cells, where errors were made in the confirmation of their status as prospective stem cells.
The pluripotent aspect of these cells apparently remains too dominant, which increases the risk
of germ cell neoplasia (box 2). One single “driver” mutation that causes this type of tumours and
that is shared by all of them has never been found. However, mutations do, in fact, play their well-
known role in the development of germ cell tumours. Other known risk factors include improper
descent of the testes (cryptorchidism) and infertility.

In his analysis of declining sperm counts, Skakkebaek incorporated abnormalities in the
development of the testis and the efferent duct of the male urogenital system, characterised
by increasing rates of hypospadias (the opening of the urethra is not located at the tip of the
penis), and cryptorchidism. Out of a wide range of findings, all related to the development of the
testis, Skakkebaek distilled his life’s work: defining the “testicular dysgenesis syndrome” (TDS),
a condition in which the testis is at risk in the embryonic stage and perhaps also thereafter. The
concept of “endocrine disruptor”, a separate research area as such (and one that is, in fact,
too extensive for this book), plays a role in this analysis. Perhaps that is why it reappears in the
chapter on epigenetic inheritance, chapter 15. In Niels Skakkebaek’s view, the testis (including
its prenatal development) is primarily an organ that is markedly impacted by environmental fac-

tors, and he is not alone in this belief.
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12.11 The general health aspect of low sperm production

Does a low sperm count occur independently of other bodily functions? It can, but that is not
necessarily the case. When the advancement of artificial reproductive technologies in principle
enabled fertilisation with a minimal yield of testicular sperm cells (TESE, Ch16.1, Ch16.3.1), pub-
lications in the literature (around the year 2000) raised questions about whether the observed
sterility was entirely isolated or if there was any connection with other medical-physiological
issues. This was followed by a period of silence, but in recent years, larger epidemiological stud-
ies have been published that demonstrate associations with other clinical problems. Firstly, the
finding that a poorly functioning testis poses a risk for testicular cancer reappears. Secondly, it
is once again confirmed that large body size (waist circumference) is not a positive predictor of
sperm cell production. However, it provides little information about sperm motility.

Right now, at the time of writing this, there are at least three publications showing that sperm
production, as well as sperm motility, are good predictors of overall health. In the group of men
who were eligible for a semen analysis, a correlation was found with a higher likelihood of hos-
pitalisation and a reduced life expectancy. The apparent poorer health in these men could be
correlated with issues in the cardiovascular system and the prevalence of diabetes (types 1
and 2). The key question is, of course, whether this is “nature” or “nurture”, or perhaps a combi-
nation of both. In this context, “nature” refers to the idea that genes functioning in the testis are
also involved in other aspects of health. This seems to be a reasonable assumption due to the
large number of genes involved in each trait, which makes it more than likely that there are over-
lapping effects occurring in multiple tissues or organs at the same time. “Nurture” will be further
addressed in chapter 17, when we will, although briefly, touch upon environmental effects on
sperm production from a more toxicological perspective. As mentioned earlier, that area is not
the focus of this book. Recently, research from China has also shown an association between
the microbiome of the male genital tract and disrupted fertility, once again demonstrating that

literally any biological mechanism can have an effect on fertility.
12.12 Genetic causes of male infertility
To date, relatively little progress has been made in identifying the presumed genetic causes

of disturbed or suboptimal sperm formation, despite ongoing reports of genes involved in this

(table 6). The notion that obviously there must be a genetic aspect became evident in an English
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research project published in 1994. In this study, conducted in a relatively small population, they
looked at the brothers of men who had visited a fertility clinic, while there were no indications of
reduced fertility in their female partners. Of those brothers, 17% also reported needing fertility
assistance, while none of the brothers of the men in the control group faced this issue. The
observed difference is highly significant. In order to advance genetic research on spermatogen-
esis, it is essential to first elaborate on the histological manifestations of infertility.

In chapter 12.2, it was described that characterising human spermatogenesis based on his-
tology is not an easy task. It is even more challenging in men whose spermatogenesis follows a
less optimal course. After all, there is a sliding scale when it comes to fertility problems, ranging
from the complete absence of spermatogenetic cells to a situation where sperm do end up in
the epididymis and also in the ejaculate. The first scenario is referred to as “Sertoli cell-only syn-
drome” (SOS). When spermatogenesis halts at a specific stage (see Ch12.5.3 on the uniform ini-
tiation of a checkpoint), this is called a “maturation arrest”. That arrest can be partial or complete,
depending on the underlying genetic condition. Spermatogenesis may be locally present (focal),
as if there is (or has been) a stem cell problem that has been resolved here and there. Finally,
older literature mentions hypospermatogenesis; the stem cells are predominantly doing their job,
yet there is loss of cells throughout spermatogenesis. Besides oligospermia (table 5, 6, fig 36),
two types of azoospermia are found in the fertility clinic (fig 36): obstructive and non-obstructive
azoospermia. The obstructive type, which might be due to inflammation in the epididymis, does
not really fit in the context of this section, if at all. It is much less likely to have a genetic back-
ground, so it will not be discussed here.

In the case of non-obstructive azoospermia, a problem that affects at least one in 200 men
(see table 6 for an estimate), the histological picture can still be highly variable. In about 50% of
these cases, sperm cells are present in the testis. During fertility treatment using a TESE, these
cells can then be sought, or it can be conclusively determined that there is really nothing to be

found.

12.12.1 Chromosomal aberrations

In about one in 1,000 men, there are no or hardly any spermatogenetic cells in the testis. In
that case, we are dealing with the SOS syndrome from the previous paragraph. The most com-

mon cause of this is the presence of two X chromosomes. Together with the Y chromosome,

this results in the XXY sex chromosome constitution, the karyotype associated with Klinefelter
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syndrome (Ch3.4, table 4). Somehow, spermatogonia cannot cope with two X chromosomes.
The fact that quite a few genes involved in spermatogonial multiplication are located on the X
chromosome could add to this as dosage compensation through X chromosome inactivation
(box 4) does not seem possible. An excess of protein production from these genes can be as
detrimental as a deficiency. So why is it that you can still find small foci of spermatogenesis in
the testis of Klinefelter men, even including sperm cells? Apparently, during the divisions of sper-
matogonial stem cells or their precursors, an X chromosome is occasionally lost. This results in a
clone of XY-carrying stem cells with normal chances of differentiation. However small those XY
clones may be, sperm cells can be found in up to 50% of Klinefelter men with the use of TESE.
The chance of having children is the same as in men with non-obstructive azoospermia due to
other causes (Ch16.3.2).

In men who still produce some sperm, and who fall into the OAT category (fig 36), more struc-
tural chromosomal aberrations are found, such as Robertsonian and reciprocal translocations
(Ch3.4.1, table 6, fig 12, 37). The cause of this lies in problems with meiotic chromosome pairing,
resulting in unpaired chromosome segments that interfere with the assembly of the sex body
(Ch12.5.3, Ch12.9.3, fig 37). Consequently, the frequency of such chromosomal abnormalities is

significantly elevated in men with fertility problems.

12.12.2 Y chromosome (micro)deletions

In 1976, a remarkable paper was published by researchers from Pavia, the old university town
south of Milan, Italy. It was not the first time either that an important announcement in the field
of reproductive genetics came from the Po Valley: back in 1865, the Sertoli cell was named after
Enrico Sertoli, who worked in Milan but was born in Pavia. The scientists from Pavia reported
in their publication that a shortening of the long arm of the human Y chromosome (fig 38) that
was visible under the light microscope was associated with sterility. To appreciate this finding,
some knowledge of the DNA landscape of the Y chromosome is needed. This knowledge has
since been acquired, but the Y chromosome proved to be a tough nut to crack, although in the
summer of 2023, the telomere-to-telomere DNA sequence of the human Y chromosome was
consecutively published by two research groups in the prestigious journal Nature. An initial hint
emerged in 1996, when it was reported that three regions on the long arm of the Y chromo-
some were specifically involved in either total azoospermia or variable oligospermia. The group

led by Peter Vogt in Heidelberg, Germany, labelled these regions, from the centromere to the
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Table 6 Genetic diagnosis of spermatogenesis in male infertility (excluding hormonal aspects

and abnormalities of the efferent ducts).

Type of mutation = Azoospermia (0.7%) * *Asthenospermia and Population
Oligospermia (6.9%) * teratozoospermia 1% **** incidence
rate
(table 4)
Y chromosome 3.3-9.1% (6.8%), ?
deletions mostly infertile men,

ranging from SOS to
mild oligospermia

Sex chromosomes: 12.6-16.2% of men with 0.16%
mainly XXY azoospermia

Reciprocal trans- azoospermia 0.9% 0.14%
locations oligospermia 0.6%

Robertsonian azoospermia 0.09% 0.12%
translocations oligospemia 1.6%

Gene defects Azoospermia ** 1.2% 50% ?

N genes = 31 Oligospermia
*** N genes?

* The assumptions used to compile this table are the following. One in 7 couples
experience difficulty to conceive. In 50% of these couples, a male factor is in-
volved, ranging from reduced fertility to infertility (in approximately 7% of men).
The pie chart from figure 36 was taken as a baseline for the distribution between
men with azoospermia, men with oligospermia and men with morphology or
motility issues. For men with azoospermia (a frequency of one in 100 is often
mentioned in the literature), corrections were made for other causes (for instance,
blockage of the epididymis, 30-40%). Among the men with oligospermia, there
will surely be some with a partner with reduced fertility. The count may also indi-
cate a temporary reduction.

**  In azoospermia, most of the affected genes show a recessive pattern of inher-

itance. To increase the chance of finding the mutation, researchers focus on a

clear histological image such as a uniformly occurring cessation in spermato-

genesis (maturation arrest). By the end of 2020, 12 genes were known to be

associated with this condition, and at least half of them are also involved in female
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gametogenesis (particularly in meiosis). The understanding of the genetic back-
ground of azoospermia in particular continues to increase as research progress-
es, now with the use of methods like trio sequencing (Ch3.2). A recent study from
Radboudumc reported 29 mutations that are likely to contribute to infertility, out of
a total of 192 in 185 patients (mostly cases of azoospermia, besides that severe
oligospermia). WES was used for comparison between patients and their parents.
This analysis assumes a dominant effect of the allele that performs less or not at
all due to the mutation.

***  The genetic analysis of men with oligospermia whose histological image of the
testis shows great variation, has only just begun.

**** These genetic diagnoses exhibit a uniform pattern: abnormalities in the tail/motil-
ity (astheno) or the absence of the acrosome (globospermia, a type of teratozoo-

spermia).

telomere, as AZFa, AZFb and AZFc (fig 38), but knowledge about the specific nature of the
DNA in these regions was still lacking. The reason why clarity on this did not come easily with
the state of DNA research at that time lay in the genetic structure of the Y chromosome, which
is full of “copy number variation” (Ch3.3). David Page’s lab at MIT (Massachusetts Institute
of Technology) in Boston was on top of this subject in good time. Consequently, the further
unravelling of the role of the human Y chromosome in infertility largely took place at that lab. A
breakthrough publication on the research results of a team of 40 authors, with David Page as
last author, appeared in the journal Nature in 2003. It described that there are eight regions on
the long arm of the human Y chromosome where the DNA sequence is mirrored (fig 38). Such
a structure is known as a palindrome, meaning that DNA base sequences occur in two orien-
tations (reversed and not reversed) in duplicate or multiple instances. It is justified to expect
that this provides an evolutionary advantage for the Y chromosome. The base DNA motifs of
these palindromes contain several genes related to spermatogenesis. Due to the palindromic
structure of the chromosome, these genes typically appear in multiple copies and are said to be
ampliconic, i.e. housed in an amplicon. In humans, as well as in great apes and other primates,
the orientation of genes located on the Y chromosome towards male fertility is remarkable. A
consequence of this homology within the Y chromosome is the formation of hairpin-like struc-

tures in the sex body, between the “legs” where undesired recombination can occur (Ch12.5.1).

Chapter 12 | Spermatogenesis 219



As a result, gene copies located within these “hairpin structures” are lost. This is referred to as
AZFa, -b and -c deletions. In almost all cases, these deletions are not visible under the micro-
scope, and molecular DNA technology is used to detect them. Table 6 provides an impression of
the negative consequences for male fertility. The genetic research on AZFa, -b and -c deletions
that is conducted worldwide is a great example of a scientific field that is becoming increasingly
complex to explain (fig 38), but that does open the gate for understanding the evolutionary exist-
ence of “our Y chromosome”. Modern DNA research now enables us to globally observe that the
evolution of these “multicopy” genes on the Y chromosome occurs faster than that of autosomal
multicopy genes. Given their unique positioning and the aforementioned mechanisms, this is
entirely in line with expectations. The special recombination events that the Y chromosome may
undergo can, albeit in a minority of cases, also be advantageous due to their effect on gene
dosage. A much finer and intriguing insight into “our Y” is provided by one of the aforementioned
telomere-to-telomere (T2T) studies from the summer of 2023. This is because this group utilised
a pangenomic (table 3) approach when comparing 43 human Y chromosomes from all over the
globe. Apart from reaffirming that the Y chromosome has originated from a once homologous
pair (as evidenced by the X-degenerate region of the Y chromosome), this paper pays attention
to the selection pressure that must play a role in fertility, as approximately 180,000 years of
evolution can now be covered by the geographic distribution of the 43 Y chromosomes. The Y
chromosome stands out due to its susceptibility to structural variation (for example Y deletions)
on the one hand, and on the other hand, due to the signs of purifying selection that it shows. This
leads to loss of genetic variation, as is for instance demonstrated by the low number of SNPs in
single-copy protein-coding Y-specific genes. Another possible explanation for this phenomenon
is a male-specific bottleneck in the more recent human history.

A clinical picture thus only emerges when very large segments are cleaved from the chro-
mosome as a ring-shaped structure through recombination between related DNA sequences.
Deletions of the AZFa and -b regions (fig 38) almost always lead to “Sertoli cell-only” (SOS,
the a deletion) or to a complete blockage of spermatogenesis (the b deletion). In the case of a
complete AZFc deletion, the picture varies from SOS to severe oligospermia. Determining the
status of the AZF regions is, therefore, part of the standard work-up in fertility diagnostics. Due
to the somewhat more complicated structure of the AZFc region, small deletions can occur more
frequently than in the other two regions, but also as a result of undesired recombination. The
consequences of this range from azoospermia to normal spermatogenesis. Among geneticists,

this phenomenon is known as the influence of “the residual genotype”, the individual genome
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Problems with meiotic chromosome pairing are more common in carriers of a chro-
mosomal aberration, such as reciprocal and Robertsonian translocations (fig 12). This
results in a reduced sperm count and quality (from azoospermia to oligospermia
(OAT), tables 5 and 6, fig 36). The search by unpaired autosomal chromosome seg-
ments for the largely unpaired sex chromosomes is responsible for this. This disrupts
both the silencing of transcription of the “sex body” and the desired transcription

of the unpaired autosomal segments. PAR stands for pseudoautosomal region, of
which the main one (PAR1) is depicted here (see also fig 38).
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that is apparently able to mask the effects of these smaller deletions. Because of genetic varia-
tion in the population, this is not possible for everyone.

When an AZFc deletion is detected in the clinic, it is usually caused by a de novo mutation
that occurred in the meiotic cell that produced the successful sperm cell. However, a fertile
father who is a carrier of this mutation can also have an infertile son who has inherited this same
mutation but reacts differently to it.

In the early days, after the discovery of the relationship between Y chromosome deletions
and sperm cell production, a graph was presented during a lecture on the subject, showing the
number of generations on the X-axis and the fraction of men with a complete or partial AZFc
Y chromosome deletion on the Y-axis. When nothing is done, that is, one does not search for
sperm cells to use in IVF/ICSI, you will see a horizontal straight line in this graph: the creation
of new mutations is equal to the elimination of mutations due to infertility; there is equilibrium.
However, when carriers are genetically rescued, at least partially, through the assistance of the
IVF laboratory, the deletion can spread in the population and will thus increase in frequency.
Since not every man with this mutation will have children, a new equilibrium will eventually be
established at a higher level after many generations. This is a topic of interest for population
geneticists, and also for clinicians (?).

Could those smoothly written newspaper articles about the end of the Y chromosome due
to continuous DNA loss actually be true after all? Our evolutionary existence has already lasted
long enough to allow such a scenario to come true. However, the Y chromosome has not been
lost. On the contrary, the human Y chromosome has strengthened itself by duplicating regions
that are crucial for spermatogenesis. The small business risk of illegitimate recombination seems
to be accepted in this process. At the population level, you will not notice the slight loss of male

fertility; after all, there are more than enough men to sustain the population.
12.12.3 Mutations at the gene level

Along with the brain, where many genes are required for complex functioning, the testis is always
mentioned as an organ for which the same applies. Increased expression of 2,274 genes, slightly
more than 10% of the total number of protein-coding genes, has been identified in this organ
(2020). Roughly 500 of these have been classified as truly testis-specific genes (Ch12.5.2). The
so-called “target”, the part of the genome in which mutations that have consequences can occur,

is thereby remarkably large for the testis, as it is for the brain.
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The male-specific part of the Y chromosome contains nine “multicopy” genes, mainly
located in six regions that are organised as a palindrome, the palindromic or ampli-
conic regions. Three of them are shown in the figure. The expression of these genes
is testis-specific. The total number of protein-coding genes on the Y chromosome is
small, with 16 in PAR1, four in PAR2, and 23 in the male-specific region. However, now
that the base sequence of the Y chromosome has finally been resolved, some more
coding genes have been discovered. Even in the absence of a clinical fertility condi-
tion, the number of copies per gene in the palindromic regions shows great variation
between men. The organisation of these genes, some of which also have family mem-
bers on autosomes, is a nice example of the infinite complexity of the functioning of
our genome. NB: the PAR regions are homologous to the ends of the X chromosome

(see also fig 15).
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The search for male fertility genes started quite some time ago, stimulated by knockout
mouse models with attractive phenotypes. However, compiling a list of candidate genes obtained
from such research and using that to screen a poorly defined patient population for mutations in
these genes proved to have very limited success. In 2017, a report on such a search was issued
from Radboud Radboudumc. In 1,112 men with azoospermia or severe oligospermia without
an identifiable cause, genetic causes of infertility were sought in 101 genes known from mouse
research. This resulted in only a 1-1.5% yield of genetic diagnoses.

A more efficient way to search for fertility mutations is to look for a uniformly occurring devi-
ation in the morphology of human sperm, such as a missing acrosome (globospermia) or an
abnormality of the tail (table 6, fig 36). Then, you check whether there are any genetic models for
this phenotype in the mouse. This literature search can yield candidate genes that can be used
in further screening of the patient. This approach is effective, and currently, a genetic diagnosis
can be reached in about 50% of patients in this way (table 6). The phenotype can be extended to
a characteristic histological image for meiotic cells that are trapped at a checkpoint (Ch15.5.3),
for example. In Rotterdam, at the Department of Developmental Biology at Erasmus Medical
Centre where Willy Baarends works, this approach was applied to a series of 33 men with
non-obstructive azoospermia. They screened for mutations in 175 genes found in both humans
and mice, which lead to the histological phenotype of interest in homozygous mutant mice. That
resulted in two “hits”, both of them for a gene that is active in meiosis and that also affects the
female germline. Through global collaboration, more of such gene mutations have now been
found. Involved researchers have united under the name International Male Infertility Genomics
Consortium (web address http://infertilegenome.org). This illustrates the importance attached
to understanding the cause of impaired spermatogenesis in men. To get an idea of the current
state of knowledge (up to 2021) on the genetic origins of male infertility, please refer to table 6.

Currently, great progress is being made in the search for the role of mutations in an aberrant
phenotype, thanks to a technique called trio sequencing (Ch3.2, Ch11.3, Ch18.1). The assump-
tion here is that the causal mutation arose in the germline of one of the parents, or alternatively
in the very early stages of embryonic development, and that it is dominantly inherited. Hence,
the mutation found in the patient is not present in DNA from somatic tissues of the parents,
and it must have affected a gene that matches the clinical picture from a cell biological point of
view. Over the past 10 years, this approach has gained prominence at the Genetics Department
of the Radboudumc in Nijmegen, and it has also been successfully used in research on male

infertility. Initial findings indicate the involvement of genes that (may) function in spermatogen-
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esis. However, it is proving much more difficult to obtain the necessary evidence for this than it
is when a similar approach is used focused on the brain. Why is this the case? It turns out that
the fertility genes (usually the paternal gene copy) that are identified in this way do not tolerate a
missense mutation (also called non-synonymous, box 1) very well: they are often prone to hap-
loinsufficiency. However, the genetic basis of infertility can also be explained using the concept
employed in quantitative genetics (Ch6). In this model, subfertility and infertility are caused by
the convergence of several less favourable alleles for sperm production in the patient. A picture
like that also fits into the overall view of the increasing “mutational load”. More on this will be

covered in chapter 18.1.

12.13 Older fathers

When people write about the effect of age on the chance of reproduction, they usually don’t focus
on men. One may now teasingly (but truthfully) remark that this is because most researchers in
this field are men. Another reason could be that, up until now, sperm cells have not been an easy
research subject for those who aim for a more in-depth scientific investigation (this chapter).

Of course, also in men, sperm production and the quality of the product are finite. The
moment at which this leads to fertility problems approaches faster if the initial situation is worse.
In the literature, it is reported that sperm production declines by two-thirds between the ages
of 20-30 years and 60-70 years. An OAT man (table 5) identified in the clinic may actually
have had normal fertility earlier in life. Numbers on declining fertility are often epidemiological
in nature. The age of a woman and a man is usually linked. Aren’t men, on average, three years
older than their female partners (?), and what is the distribution of the age difference? The influ-
ences of male and female ageing are thus intertwined. That, and other factors that complicate
the statistics, are possible reasons for the relative scarcity of review articles in this area. Data
from the USA, compiled with statistical care, indicate that just under 80% of men younger than
25 will impregnate their female partner within 6 months of trying to conceive. The comparable
(adjusted) rate for men over the age of 45 is 53%. Spontaneous abortions are also more likely to
be statistically linked to the father when he is older.

Naturally, the sperm of older men has been studied extensively. The ejaculate is less volumi-
nous, but the concentration of sperm cells is not immediately lower. However, motility is lower,
and fewer sperm heads meet the high morphological requirements that are set in the clinic. But

does nature impose equally high standards?
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Does an older age of the father result in an increased risk of a genetic abnormality that shows
up in the phenotype? Some insight into this is quite old. Lionel Penrose, who was already men-
tioned when the effect of maternal age on the likelihood of having a child with Down syndrome
was addressed (Ch11.4.1), also published in The Lancet in 1955 that he observed a paternal
age effect on the spontaneous appearance of severe growth retardation (achondroplasia). The
cause of this is a dominant mutation in the FGFR3 (fibroblast growth factor receptor type 3)
gene. Coincidentally, this gene is expressed in the spermatogonial stem cells, and even more
coincidentally, this mutation gives cells a proliferative advantage. As a result, there are clones of
rapidly dividing cells that make a greater contribution to the sperm population over time, leading
to an increasing likelihood of the appearance of this phenotype in the offspring of fathers with the
FGFR3 mutation in their stem cells. Fortunately, this does not happen often; the risk of achon-
droplasia is one in 15,000 births. That rises to one in 1,250 when the father is between 50 and
54 years old.

In addition to Penrose’s paper, there was another publication in the 50s that established a link
between disease in offspring and the age of the father. In 1958, Johanson reported a suspicion,
based on a small cohort, that the older age of the father is involved in the development of schizo-
phrenia in offspring. Nowadays, large sections of reviews on the genetics of such conditions,
also including bipolar disorder and autism, focus on this association. As per our current under-
standing, these conditions are all genetically related. The relative risk for fathers over the age of
55 to have a child with schizophrenia is about 6 (compared to fathers around the age of 25). In a
large Dutch study from 2011, led by Roel Ophoff, a former student of Wageningen University, it
was found that autism is the greatest age-related risk, followed by schizophrenia. The big ques-
tion at this moment is what might be behind this. Is it all de novo mutagenesis at the gene level?
We now know that new mutations at the base level mostly emerge in the male germline (table 3),
and the male contribution doubles in approximately 20 years (table 3). The theoretical explana-
tions behind this were already mentioned at the end of chapter 12.3 (see also table 3). Out of the
approximately 45 base pair mutations that are passed on in each generation from the father (at
the age of 30) to the offspring, there will only be a few that occur in an exon, which is not enough
to explain the increased risk of schizophrenia. Or could there also be an epigenetic aspect to
this, because, for example, in the case of decreasing sperm quality, the DNA is less well pack-
aged and instructed (Ch15)? As far as | know, this has never been thoroughly investigated, while

it has, of course, been studied in the rat, with the following predictable outcome: at an older age,

2206 The Hidden Relay



the share of nucleosomal DNA (Ch12.6) increases. Without a doubt, future molecular genetic
and chromatin-focused research will shed more light on this.

The overall picture of an increase in risks that are still relatively small is completed when
childhood cancer is also considered. For fathers older than 36, the risk for their child increases
by a factor of 1.63 compared to fathers younger than 25.

Finally, there is a bonus: since telomerase is involved in the greater number of chromo-
some duplications of the spermatogonial stem cell, the telomeres (Ch2.3.3) of the chromosomes
passed on by older fathers are longer than those transmitted by younger fathers. Whether this
makes the offspring live longer is a different discussion. At fertilisation, paternal telomeres are

longer than the telomeres of maternal chromosomes anyway (Ch13.6).
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CHAPTER 13

Fertilisation and
cleavage

13.1 Introduction

At ovulation, the egg (or oocyte) is in the metaphase of the second meiotic division. The spindle
apparatus lies beneath the cell membrane near the first polar body (fig 39). Many pages have
been written about how sperm cells reach the oviduct after mating, intercourse, coitus or (artifi-
cial) insemination, whether or not preceded by solid research. Much of this research is old, and
part of it can stand the test of time very well.

Fertilisation takes place in the ampulla of the oviduct, on the side of the ovary. Naturally, the
sperm cells arrive from the other side, through the isthmus of the oviduct (fig 39). If all has gone
well, sperm are present at the time of ovulation, albeit in small numbers. Fertilisation then pro-
ceeds as a fascinating sequence of extraordinary events. It starts with the union of the gametes
through cell fusion, resulting in the formation of the zygote (fig 42). At the end of the zygote’s
cell cycle, the chromosomes of both female and male origin are in the metaphase of the first
cleavage division (fig 42). After this, the two sets of chromosomes convene in the nuclei of the
2-cell embryo (fig 43). The dynamics in chromosome behaviour, and the changes in chromatin
in particular, are especially enormous on the male side. Here follows a concise overview of our

current insights into the entire process.
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FIG 39

Overview of sperm transport from ejaculation until fusion of gametes in the ampulla of
the oviduct, which forms its beginning portion. The longer sperm keep their fertilising
capacity in the female genital tract, the greater the chance of pregnancy per cycle. The
main way to achieve this is to delay capacitation in the sperm reservoir, the existence
of which in humans is assumed here. The red spheres, proteins secreted by the wall of
the tube in the epididymis, contribute to sperm maturation. The blue spheres represent
proteins that accompany the secretions of the prostate and seminal vesicles during
ejaculation, and they act as capacitation inhibitors (the decapacitation proteins). These
are lost during passage through the cervix, and are replaced by the capacitation-
regulating proteins of the female genital tract (the yellow spheres). Finally, as ovulation
approaches, proteins that stimulate capacitation are released from the epithelium of
the oviduct by the isthmus (the green spheres). When ovulation is not yet imminent,
proteins in the isthmus portion of the oviduct contribute to delaying capacitation.
Cumulus cell expansion increases the probability of encounter in the ampulla (see also
fig 28, 29). The acrosome reaction is also shown in this figure. In this reaction, the
acrosome membrane fuses with the cell membrane, thereby releasing its contents. In
humans, the sperm carries the centriole (fig 3), shown here in green and blue. A sec-
ond centriole has recently been discovered, hidden in the base of the tail, although its
function remains to be clarified. After membrane fusion of the cortical granules with the
membrane of the egg, their contents are released, which changes the zona pelluci-
da (light brown) in a way that greatly reduces the chance of polyspermy. This cortical
reaction starts at the site of cell fusion. The space between the zona and the wall of
the oocyte is known as the perivitelline space. PI, first polar body that rapidly goes into
regression (see also fig 13). Until egg/oocyte activation, the cell is in the metaphase of

the second meiotic division (the secondary oocyte of fig 13).
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13.2 Sperm transport

When | began delving into this subject in the late 1960s, it was already a well-established fact
that the transport of sperm from the cervix to the beginning of the oviduct is primarily facilitated
by action of the uterus. In pigs, this transport can be completed as quickly as 15 minutes after
insemination, and the pig uterus is long! In rabbits, the distance to the oviduct is covered in about
5 minutes. The process is also swift in laboratory rodents. In his recent overview titled Copu-
latory and Postcopulatory Sexual Selection in Primates, Alan Dixon notes that human sperm
moving at full speed, reaching a top velocity of 7 inches (approximately 18 cm) per hour, would
still require at least 45 minutes to reach the beginning of the oviduct under their own power. How-
ever, as in other mammals, uterine contractions reduce this time to several minutes in humans,
according to the literature. The small volume of the uterine cavity (100 pl) aids in this process. In
farm animals, much is understood about the formation of the sperm reservoir that will supply the
oviduct in the direction of the ampulla: around a million sperm cells are present at the transition
from the uterus to the oviduct in pigs and within the folds of the surface at the beginning of the
oviduct in cows (in the isthmus, fig 39). Hereafter, it will become apparent that there are strong

indications of the existence of such a reservoir in humans as well.

13.3 Sperm heterogeneity

The population of sperm cells in an ejaculate is fundamentally heterogeneous. This is particu-
larly true in humans (Ch12.9.1). The heterogeneity extends to the likelihood of fertilisation. In
the mid-70s, J Cohen’s group from Birmingham reported on an experiment with rabbits, thereby
bringing attention to this phenomenon. A small amount of sperm that had reached the oviduct
was harvested and mixed with an excess of fresh sperm, after which artificial insemination was
performed. The sperm that had already “seen” the oviduct came from an agouti (wildtype) ram,
and the excess came from a white albino ram. The doe was also albino. To their surprise, the
sperm that embarked on a second journey was much more effective. As a matter of fact, the
percentage of agouti offspring was substantially higher than expected based on the fraction of
“agouti sperm” in the mixed sperm used for artificial insemination.

The extent to which sperm heterogeneity is manifested is strongly determined by the female
reproductive system, which can be viewed as a sorting machine. When we discovered a mouse

with a chromosomal anomaly in Wageningen in the 1970s, which produced few and poor-quality
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sperm, we were among the first to study this phenomenon. After mating, these mice had lower
litter sizes, but they were rarely completely sterile. Sperm from normal mice show little variation
in head and tail, but morphological heterogeneity was considerable in males with the chromo-
somal anomaly (compare with fig 37). When we flushed the sperm from the female’s oviduct after
mating, the variation observed in this population was much lower than in the uterus or in the male
reproductive system itself. The motility of these sperm was also higher. As is usually the case in
scientific research, these observations raised further questions. Is there selection against head
abnormalities of sperm during the transition from the uterus to the oviduct? Is there competition

based on motility, or is the phenomenon a combination of both?

13.4 Gametes and the “fertile window”

For years, it has been recognised in both laboratory and farm animals that it is reproductively
inconvenient to have the egg wait for the sperm. During my studies in animal husbandry, | was
greatly impressed by the work of RHF Hunter. This researcher worked at the ARC Reproductive
Physiology Unit, Huntington Road in Cambridge, a place where advancements in reproductive
research happened years earlier.

In his research on gilts (Ch11.5), he induced ovulation with HCG (Ch11.3). Since oestrus (the
period during which female animals allow males to mate) is relatively long in pigs, the injecting,
which is done at the start of this period, precedes the LH peak (the ovulation-inducing hormone,
fig 29). The oocytes are then released from the Graafian follicles after about 40 hours (fig 29).
Around 6 hours after insemination, a reservoir of approximately one million sperm cells has
formed at the junction of the uterus to the oviduct. This reservoir remains in place for 24 hours.
Ronald Hunter studied the effect of the timing of insemination relative to the timing of ovulation.
When inseminating between 6 and 10 hours after ovulation, he observed that the percentage of
fertilised eggs began to decrease from 95% to 70%. The fraction of fertilised eggs that did not
behave normally during cleavage (fig 43) began to increase, from a few to as much as 25%. The
egg’s ability to start normal development after fertilisation already decreases about 8 hours after

ovulation.
Also in humans, reproduction is much more successful when sperm cells are present around the

entrance of the oviduct at the time of ovulation. A few large studies from around the turn of the

century clearly demonstrate this. For a woman, there are two ways to approximate the timing of
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ovulation: by determining a temperature curve or by measuring the waste products of oestro-
gens and progesterone in the urine. The oestrogens produced by the follicle peak at the time of
the LH peak. After that, the follicle also starts producing progesterone, which is taken over by the
corpus luteum after ovulation (fig 28). Ovulation occurs about 36 hours after the LH peak, and
this moment can be estimated using the ratio of metabolites of oestrogens and progesterone in
urine (fig 29). With this method, it was found that there is a wide margin in the timing of ovula-
tion within the menstrual cycle and thus in the likelihood of pregnancy (fig 40). The temperature
method, which is slightly less accurate but can also be used to estimate the timing of ovulation,
is based on the fact that the basal body temperature is slightly lower around the LH peak. After
this peak, it rises to a plateau that is reached 2-3 days after ovulation. Ovulation occurs around
the halfway point of the temperature rise to this plateau level.

In 2002, researchers from Padua, in collaboration with a skilled biostatistician from Research
Triangle Park, North Carolina, USA, published the results of a large study on the relationship
between ovulation and conception. It involved 782 allegedly healthy couples who used only nat-
ural methods to regulate their fertility. Occasionally, a pregnancy did occur.

The time of ovulation was estimated using the temperature method, and the participants had
to specify on which day they had had sexual intercourse. The results were exceptionally consist-
ent (fig 41). Fertility increases from days before ovulation and peaks 2 days before. After that,
and also on the day of ovulation, the chance of pregnancy decreases substantially. The effect of
ageing of the oocyte is clearly visible in figure 41. The “fertile window” (fig 40) is determined by
two variables: first, the chance of ovulation, and second, the maximum survival time of sperm
cells at the beginning of the oviduct (the most likely location for survival). Additional variation
in the maximum survival time will emerge as an outcome of the interaction between man and

woman.

Fertility is highest in women between 19 and 26 years old. In women aged 35 and over, fertility
is roughly halved (fig 41). If one looks at fertility as a parameter for a couple, we know that at
older ages, a larger age difference with the man (for example, 5 years older or more) negatively

affects the prognosis.
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The ratio between metabolites of oestrogens and progesterone in morning urine was
used to predict the LH peak for this graph. Ovulation occurs about 36 hours later (at
the end of the follicular phase of the cycle). Based on this, it is possible to determine
the probability that the woman is in the fertile part of her cycle, the so-called “fertile
window” of about 6 days, covering the 5 days before ovulation and the day of ovulation
itself (the Y axis). In the period prior to ovulation, sperm cells are able to survive in the

female genital tract (fig 39, 41).

In all situations, it is advantageous if sperm cells are present around 2 days prior to ovula-
tion. An egg will naturally not distinguish between sperm cells introduced through intercourse or
intrauterine insemination (IUI), a fertility treatment. Could an insufficiently long interval between
insemination and ovulation have contributed to the low success rate (around 10% per cycle) of

IUl over the years?
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13.5 Fertilisation

When sperm cells reach the sperm reservoir in the isthmus of the oviduct, they are not yet capa-
ble of fertilisation; they must first capacitate (fig 39). By definition, this means that the sperm
are now capable of undergoing the acrosome reaction (fig 39). This reaction normally occurs
when the sperm cell makes contact with the zona pellucida and it is necessary for fertilisation
(fig 39, 42).

Capacitated sperm cells also exhibit a different tail movement, with a larger and faster ampli-
tude. This is why the tail of mouse sperm, when the process of capacitation is followed under
a microscope, appears in the shape of the number 8. The triggered hyperactivity increases the
power of motility as well as the swimming speed. Once capacitated, there is no turning back for
the sperm and its lifespan is limited. Capacitation with hyperactivity is essential for the sperm to
reach and attach to the egg, which is surrounded by a layer of now loosely linked cumulus cells
(fig 39). The transition from granulosa to cumulus cells begins as early as in the tertiary follicle
(fig 28). The egg plays an active role in this process.

A matrix is created between the cumulus cells, consisting of proteins enriched with sugar
molecules, which can be penetrated by the sperm cells (fig 39, 42). This essentially enlarges
the target for the sperm. The penetration of this layer of cells can be seen as a kind of third-to-
last obstacle test. Overcoming the zona pellucida is the second-to-last step. This occurs at a
slight angle, and from the deformations in the zona that visibly occur in the process, researchers
deduce that the sperm uses force to penetrate it with its head (fig 39, 42). Once underneath
the zona, the cell membrane of the sperm meets the cell membrane of the egg, allowing the
membranes to fuse (fig 42). There were already electron microscope images showing this effect
around 1970. Gamete fusion takes place in the ampulla of the oviduct (legend to fig 39). This
marks the first step in the fertilisation process, which is completed only when the maternal and
paternal chromosomes are united in the nuclei of the 2-cell embryo after the first cleavage divi-
sion (fig 42, 43).

Do the proteins that came with the ejaculate play any role in the fertilisation process? It is believed
that they do, as they contain proteins that hinder capacitation. After all, when that happens, the
final stage of the sperm’s lifespan has been reached. Also, the female reproductive system is
primarily equipped to regulate capacitation (fig 39) and usually to delay it. However, there are no

coherent insights yet as to whether this forms a truly selective barrier during the “waiting phase”
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The relationship between sexual intercourse, ovulation and fertility. The indicated age

is that of the woman.

of sperm, and, if so, how this works. However, when ovulation approaches, the female inhibitors
of capacitation disappear and sperm cells are stimulated (fig 39). Motility is increased and the
search for the egg begins. In 2009, a group of German researchers published a more complete
picture of gamete interaction. For this, they studied the cow’s oviduct in vitro and they were able
to film the process in an oviduct that had been cut open. All steps of fertilisation, including the
ciliary beating of epithelial cells of the wall of the oviduct, could be clearly followed this way. The
cilia help move the egg(s) with the cumulus cells all the way to the isthmus if fertilisation did not
occur (fig 39). Besides their own motility, sperm cells also utilise the peristalsis of the muscle

cells in the wall of the oviduct.

In the German in vitro study, it was observed that hyperactivation and, thus, capacitation

depended on the presence of the cumulus-oocyte complex: the increased motility caused the
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FIG 42

Sequence of developments in maternal and paternal chromatin during fertilisation in
mice. Fundamentally, the events in the zygote in humans proceed in an identical man-
ner but at a slower pace (see the text of Ch13.5.2; mammals differ in specific aspects
but not in basic principles). During stage 1, the egg is activated and the second meiotic
division ends. In stage 2, 30 minutes after entry of the sperm nucleus, the transition
from a protamine structure (fig 32) to a nucleosomal structure is in progress. Three
to at most 4 hours after entry, the maternal and paternal chromatin is packed into the
pronuclei (3). In stage 4, the pronuclei lie adjacent to each other and DNA replication
takes place. Stage 5 illustrates the metaphase of the first (mitotic) cleavage division in
which the maternal and paternal chromosomes are not (yet) intermingled. The panel at
the top right shows a magnified view of the membrane fusion between sperm and egg.
The fusion, of which the molecular details are increasingly unravelled, is initiated from
the so-called equatorial segment (ES) of the sperm cell membrane. In humans, the sup-
ply of the centriole (fig 3) is attributed to the sperm cell (fig 39). The few mitochondria of
the sperm and its tail also enter the egg. Co-injection of the tail is necessary in human
ICSI. In the top left panel, the acrosome reaction is visualised once more (see also
fig 39) in the distinctive mouse sperm head. The spiral depicts the mitochondria (Ch14)

in the so-called “midpiece” of the sperm.

sperm cells to detach from the crypts in the wall of the oviduct. In summary, there is accumulat-
ing evidence that the cycle, and in this case ovulation, strongly influences the fate of the male
gamete. As intriguing as this research is, it continues to progress at a relatively modest level with

an increasing role for molecular observations in farm animals.

Why would it be beneficial for fertilisation to put sperm on hold for 2 days (fig 41)? One might
think this could aid in sperm cell selection, but another reason might also play a role. If, as in
humans, oestrous behaviour was to evolutionarily disappear, thereby making ovulation “hidden”,
men whose sperm survived longer in the female genital tract would be at an advantage. This
may be a reproductive trait that natural selection /’hidden” sexual selection taps into. Meanwhile,

women who want to conceive naturally benefit from a man whose sperm cells are long-lived in
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her body. Thus, it is possible that selection pressures also act on characteristics of the female

reproductive system that promote sperm survival.

For many decades, literature has covered attractants that are allegedly secreted by the cumu-
lus-oocyte complex (fig 29) to guide sperm. It is well known that very few sperm cells are present
around this complex at the time of fertilisation. The egg may only be fertilised by a single sperm
cell, and a high concentration of sperm does not support that. Fortunately, there are mecha-
nisms to avoid triploidy caused by fertilisation with two sperm cells. One of them may be the
selection of a very limited number of sperm by a chemical attractant. Chemotaxis, movement
based on an attractant, is very well known in life forms that use external fertilisation (outside the
body). However, evidence for chemotaxis also exists in mammals, where internal fertilisation
takes place. The literature focuses on olfactory and taste receptors, also in humans. This field of
research is still active. For an insight into the state of this research and the proposed molecular

biological mechanisms, see the bibliography.

13.6.1 Oocyte activation and the zona reaction

What happens in the egg (or secondary oocyte, fig 13) when the fusion between sperm cell and
oocyte is complete may be regarded as one of the most miraculous biological phenomena. The
original cell cycle of the secondary oocyte continues because the second meiotic division has
not been completed (fig 39, 42). This division takes place only when the sperm has activated
the arrested cell cycle in the oocyte. Around the late 1990s, it became clear that the oocyte pro-
duces a few spikes of calcium ions (Ca?*) for this purpose at the signal of the sperm cell. These
spikes have been imaged and they can also be artificially manipulated. In 2001, Jean-Pierre
Ozil of the INRA institute at Jouy-en-Josas, south of Paris, published intriguing observations
on rabbit embryos which, guided by administered Ca?* spikes, had developed parthenogeneti-
cally until day 11.5 of the gestation period of about 30 days. The researchers observed that the
administration regimen after transplantation into a surrogate mother had an effect on the devel-
opment of these immaculately conceived embryos. Publications on this topic, the embryological
implications of egg cell activation, have never abounded, but in 2017, the INRA researchers
reported a very intriguing finding. The key question, of course, is whether events that occur in
the very early stages of the zygote can have repercussions throughout the rest of life. In Jouy-

en-Josas, they monitored the pattern of Ca?* spikes after ICSI (intracytoplasmic sperm injection)
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in mice, a technological masterpiece. The spikes cease around 3-4 hours after sperm entry,
when the pronuclei have just formed (fig 42). During the in vitro period leading up to the embryo
transfer, which was performed no later than the 2-cell stage, two different culture media that are
accepted in the research community were used (Ch13.7). This variation in culture conditions had
a large effect on the number of spikes but not on the number of young mice born after embryo
transfer. However, the researchers did observe long-term effects of the different compositions
of the culture medium and the resulting spikes on adipose tissue (significant in females) and on
brain development (see also Ch16.6). One observation, which is repeatedly encountered in the
many articles on early embryonic development, is that the period from zygote to implantation
is among the most sensitive found in the germline. The findings in the 2017 mouse article thus
fully confirm this perspective.

Another early response of the egg cell to fusion with the sperm cell occurs in its cell mem-
brane. Among other things, this change prevents successive spermatozoa from penetrating the
zona pellucida. Small vesicles located beneath the cell membrane, called cortical granules, fuse
with it and empty their contents into the space between the membrane and zona (fig 39, 42),
making the latter impenetrable. This process does not always work perfectly. About 1% of non-
aged egg cells of the pig are fertilised by more than one (usually two) sperm. Things occasionally
go wrong in IVF dishes as well, resulting in around 3% of dispermic fertilisations, hence triploidy.
In the spontaneous abortions from the Boués material in Paris (Ch3.4.2), there were still quite

a few triploid spontaneous abortions, with around two-thirds of them being of paternal origin.

13.5.2 Chromatin changes and DNA repair

Simultaneously with the completion of the second meiotic division, the nucleus of the sperm cell
is unpacked. It loses its shape in this process. In the mouse, the sperm nucleus initially begins
to transform into a sort of flying carpet (fig 42), after which it contracts again. The protamine
nuclear proteins (Ch12.6, fig 32) are rapidly removed from the DNA. Locally, small residues with
a nucleosomal structure will remain, as they were skipped during chromatin remodelling in sper-
miogenesis (Ch12.6, Ch15.2.4, fig 8, 32). Their role in the transmission of information through
an epigenetic mechanism is disputed, as their general inheritance potential is considered to be
low, at least in mice. The rate of nucleosome remodelling is also spectacular. The whole pro-
cess already starts when the sperm nucleus starts to decondense, and takes only a few hours

in the mouse. Both the paternal and maternal chromosomes must also be neatly enclosed by
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a nuclear membrane again (fig 42). As mentioned in the previous section, only a few hours will
have elapsed until the formation of these pronuclei. After 5 hours in mice and 8 hours in humans,
DNA synthesis begins in the cellular S phase (fig 4) to copy the chromosomal DNA. Shortly
after this (fig 4), the nuclear membranes dissolve and the first mitotic division can begin. The
time frame from sperm entry until the first cleavage division takes around 17 hours in mice and
around 23 hours (+/- 1 hour) in humans. Knowledge derived from IVF experience (humans) was
used for this latter estimate. For the mouse, we know that the timing and outcome of the entire

aforementioned process are almost identical in vivo and in vitro.

As mentioned in chapter 9, the major remodelling of the paternal chromatin is accompanied by
the resetting of chromatin memory. The finest illustration of this is the active loss of cytosine
methylation (fig 11, 23). DNA repair is involved in this (BER, fig 33). The oocyte’s ability to repair
DNA damage (Ch11.3) is still present after ovulation. In the early years of the 21 century, we
had the opportunity in Nijmegen to take a closer look at the stability of DNA in the mouse zygote.
From a Nature Reviews Genetics publication from 2000 by the well-known American geneticist
James Crow, and from earlier reports from 1988, we already had evidence of a much greater
contribution of the father to the de novo occurrence of structural chromosomal abnormalities
in humans (table 4). In the Nijmegen study, the signalling function of gammaH2AX for a dou-
ble-strand DNA break came in handy (Ch5.1, table 1). For the detection of these breaks, we
made use of immunofluorescence. Furthermore, we had access to mouse strains with genetic
defects for the repair of double-strand DNA breaks, and we could follow the whole process from
damage induction to damage repair over time using mouse IVF. In order to induce double-strand
DNA breaks, we used routine techniques consisting of irradiating the sperm prior to IVF, apply-
ing low doses of specific chemotherapeutics or other substances that damage DNA, and finally
irradiating the zygotes at special times, such as at the beginning of S phase. We knew how
many zygotes divided into 2-cell embryos after treatment, and also how many chromosomal
aberrations could be seen using the techniques from cytogenetics in the metaphase of the first
cleavage division (Ch3.4, fig 3, 42).

Following the chromatin change in the head of the sperm shortly after fusion with the egg, we
observed between zero and four double-strand DNA breaks, about 18 times more than what is
seen in a fibroblast, a connective tissue cell. Were these breaks already present, or are they the
result of the chromatin revolution, that has just taken place? We believe the latter. Compared to

fibroblasts, sperm nuclei are up to 15 times more resistant to double-strand DNA breaks caused
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by ionising radiation because of their compact structure. So you can really bombard sperm
cells with radiation, and they will still fertilise, but their insensitivity changes completely once they
are in the egg cell, even though that is where DNA repair happens again (fig 33). Already in 1974,
Tony Searle and his colleagues reported from Harwell that the way to create mouse strains with
reciprocal translocations (fig 12) was to irradiate the male genital tract shortly before mating. The
subject resurfaced a few years later, when Waldo Generoso of the National Laboratory in Oak
Ridge, Tennessee discovered in 1979 that when he subjected male mice to mutagenic sub-
stances and placed them with females immediately afterwards, the amount of damage caused
by those substances depended on the genotype (different inbred lines) of those females. His
conclusion was that eggs from one inbred line were much better DNA repairers than eggs from
another.

In Nijmegen, since we had eggs from mother mice with a defect in the repair mechanism of
double-strand DNA breaks (fig 33), we could see how and when during the functioning of the
zygote these systems were active. Roughly speaking, two mechanisms can be distinguished.
One mechanism, non-homologous end joining (NHEJ), is quick and dirty (fig 33). The other
mechanism works very precisely and is based on the mechanism of homologous recombi-
nation (Ch5.1 fig 14, HRR fig 33). The NHEJ system tackles the double-strand breaks that are
brought in by the sperm. The zygote has recovered about 80% of the breaks after 3-4 hours, but
is sloppy in the process. The NHEJ system in the egg is also not very diligent compared to that
of white blood cells in vitro, for example. There are breaks that, probably because they are too
complex, simply are not repaired. The HRR system becomes active alongside the NHEJ system
when DNA replication starts in the S phase (fig 33, 4).

No matter how we looked, the situation in the male nucleus was always somewhat more
concerning than in the female nucleus, although the variation between the eggs obtained via
superovulation (Ch11.3, Ch16.3.2) could be quite large. Some eggs (now zygotes) were clearly
better able to cope with the “male problems” than others. The importance of repairing sperm
DNA (Ch12.9.4) in the zygote’s cytoplasm in both the natural situation and also for the practice
of IVF (Ch16.5) was already realised in the last century. Together with a collaborator, Robert

Edwards wrote the first review article on this in 1996.
Whenever you enter largely unexplored territory with a new approach, you discover extraordi-

nary things. One of the compounds we use to put a strain on the zygote’s DNA (4-Nitroquinoline

1-oxyde, 4NQO) mimicked, as well as possible, the effect of ultraviolet (UV) radiation. When
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this compound was applied to zygotes generated from mothers with a defect in HHR, reciprocal
translocations already occurred abundantly at very low concentrations (fig 12). This confirms the
idea that the zygote is a source of new structural chromosomal abnormalities in the population
(Ch16.5, table 4).

Referring to chapter 16.3.1, it is valuable to introduce the latest developments (2022) in the
field of study of the zygotic S phase in humans and mice here. Quite astonishingly, but not in
contradiction with the above observations, is that the S phase in humans has been found to
exhibit marked variation in the synchrony of the initiation and execution of DNA replication in
vitro. This, as such, is mutagenic, as it predisposes the chromatid to breakage and, hence, to
nondisjunction for parts of chromosomes during the first cleavage division. In addition, struc-
tural chromosome aberrations may also emerge. Eggs aged before fertilisation, where a short-
ened G1 phase is expected, are likely more vulnerable to these asynchronies (entry and exit of
S phase). S phase can be prolonged into G2 and can even be incomplete (compare with fig 4).
The late replicating gene-poor regions (Ch2.3.3, Ch3.4) are the most vulnerable to this. Search-
ing for a biological rationale, a mouse study from the same year strongly suggests that the slow

replication rate (fig 5) is associated with reprogramming to totipotency (Ch9, box 2).

Currently, double-strand DNA breaks in the zygote have received renewed attention from scien-
tists because of the new possibilities for gene editing in the germline using the CRISPR-Cas sys-
tem. The Cas enzyme/guide RNA complex used in this technique also creates a double-strand
DNA break in a targeted site-specific manner (box 3). The correct repair of this is, of course,
essential for the success of the desired DNA change in the gene to be edited. Therefore, the
CRISPR-Cas system has further evolved, now relying on a single-strand break and additional
base editing and prime editing (in short in box 3, Ch18.2).

Looking back, it seems that in evolution, repairing double-strand DNA breaks in the zygote

was not very high on the priority list. However, this is not true for every type of damage.

Earlier in this book, | discussed that metabolic activity can trigger the release of oxygen free
radicals that damage a variety of cellular structures, including DNA (Ch12.9.1, Ch12.9.4, Ch14,
fig 33). Throughout evolution, cells have armed themselves against this with their availability of
protective antioxidants and radical-neutralising enzyme systems. A simple molecule that plays
a major role in the protection against oxygen-derived free radicals and the H,O, (hydrogen per-

oxide) often formed in the process, consists of three amino acids: glutamic acid, cysteine and
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glycine. It is referred to as glutathione (abbreviated GSH; the S is the sulphur on the cysteine,
which, in its reduced form, contains a hydrogen atom, the H). The SH group of the cysteine plays
the key role in its antioxidant action. After contact with e.g. H,0,, the oxidised form of GSH,
GSSG, is temporarily formed, which can then be converted back to the reduced form by other
systems in the cell. The to-be-fertilised egg in the metaphase of the second meiotic division
already naturally has a high level of GSH, as this also plays a role in the transformation of the
sperm nucleus into the male pronucleus. This high concentration thus also appears to be impor-
tant for controlling the balance between oxidation and reduction, thereby controlling damage
in the cell. An additional significant factor is that the oxygen content in the female reproductive
tract is relatively low. When oxidative damage does occur and induces base changes in DNA, it
is primarily tackled by the BER system in the zygote (fig 33). The group led by John Aitken, orig-
inally from Edinburgh and now affiliated with the University of Newcastle in Australia, provided
evidence for this some years ago. So as an egg, youd better be prepared for oxidative DNA
damage, which may have originated in the epididymis (Ch12.9.1) and is thus introduced via the
sperm. Apparently, there has been evolutionary selection pressure on the egg to both (a) control
oxidative stress using the glutathione system and (b) repair oxidative DNA damage of mainly
paternal origin. As introduced earlier in this section, the BER system used in the latter process
also appears to be involved in removing the methyl group at the CpG dimers in paternal DNA
after sperm entry (Ch9, fig 11, 23). A nice example of multitasking in the cellular stages of the

female germline.

Once our own research in the mouse had given us a good impression of the amount of dou-
ble-strand breaks in the DNA of the sperm nucleus, as observed after entry into the egg, the
road was open to take a look in human sperm. Some sort of insight had already been obtained in
Japan in the 1990s, when a human sperm cell was introduced into a mouse egg via ICSI, upon
which the egg became activated (Ch13.5.1). At that point, nothing stops the development of the
pronuclei in the zygote (fig 42). Before the first cleavage division began, the Japanese research-
ers prevented the formation of the spindle apparatus by using colchicine (Ch3.4). The fusion of
the gametes had already taken place, but the fusion of their nuclei had not. In this incomplete
fertilisation, the mouse chromosomes could be observed and studied alongside human chromo-
somes, and an ethically unacceptable experiment (a human-mouse embryonic hybrid) had just

been avoided.
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For our purpose, it was sufficient to see that the mouse secondary oocyte extracted the chroma-
tin of the human sperm cell after ICSI. Due to the change into a nucleosomal structure, it was
possible to use immunofluorescence on gammaH2AX to see how many double-strand DNA
breaks were introduced. In this pilot study, which was just enough to get a clue, we examined a
couple of men with poor semen, and two men with a normal spermiogram (Ch12.9).

Here we also saw the double-strand DNA breaks, and in roughly the same order of magni-
tude as in the mouse. However, the number of sperm nuclei without breaks was somewhat lower
in the three donors with poor semen than in the normal controls. This highly focused approach to
determining the number of double-strand DNA breaks of the sperm in the context of the zygote
is very intensive in terms of labour and experimental animals. It is, therefore, not suitable for a

practical application such as characterising DNA damage in human sperm.

13.5.3 The maternal to zygotic transition

This transition, which is the essential concept to understand the start of embryonic develop-
ment, first came up in chapter 11.2 under the heading “developments in the oocyte”. A select
group of genes, of which the exact number is not yet known, is at least partially responsible for
this. The accumulation of a stock of mMRNA transcripts from these so-called “maternal effect”
genes takes place relatively late in the oocyte’s maturation process. The principle of the role
of the oocyte in initiating embryonic development has been known in more detail for a longer
time for the fruit fly (Drosophila) and the clawed toad (Xenopus). For all mentioned organisms,
the production of mRNA from the maternal effect genes is essential. While the egg’s mRNA
supply diminishes during cleavage, transcription on the embryonic genome starts and mRNA
molecules are produced which, overlapping with the activity of the maternal effect proteins,
further advance embryonic development. Think of it as a kind of changing of the guard, one in
which these genes play a large role. A short publication in Nature Genetics from the year 2000
first mentioned their existence in mice. The female mice described were homozygous for a
mutation in the gene Mater (-/-). They have a normal cycle of about 5 days. Their ovaries look
completely normal, and so do their eggs. They mate normally, but pregnancy does not occur.
The mutation is recessive, the +/- females are completely normal. Mater has nothing to do with
male fertility, the gene is only expressed in oocytes in the ovary. The embryos of the -/- mothers
die in the 2-cell stage. By 2016, a total of 44 genes were already known to conform to the same

pattern. They have no role in the male germline, but they do have a role from the zygote stage
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onwards as a result of transcription during oogenesis. There are certainly more of these genes;
research-wise, this is not an easy area, but it is developing. From a cell biological point of view,
the change from an egg that is about to complete the second meiotic division to a zygote that
will split into two equal halves is tremendous. We now know that maternal effect proteins, like so
many proteins, work in larger complexes (modules). The module that is currently best described
has the name Subcortical Maternal Complex (SCMC) and was discovered by a group of Chinese
researchers from Beijing in 2008. The protein of the archetypal maternal effect gene Mater is
also part of it. This protein complex, which consists of at least six or more members and resides
beneath the cell membrane, is involved in various processes. It controls the changes of the
cytoskeleton, helps to reorganise cell organelles (fig 2) and to prepare paternal and maternal
chromatin in order to express genes. Other maternal effect genes, such as Trim28 (fig 24), are
involved in suppressing retrotransposon activity, maintaining DNA methylation in the “imprint
control regions” (ICRs) of clusters of imprinted genes (genomic imprinting, Ch9, Ch10, fig 24,
27) and in repairing DNA. TRIM28 is an extreme example of a protein that acts as a connector
of functions in a large complex (fig 24). In this case, these functions are all related to regulating
chromatin (fig 24).

Yet another and final example of this fascinating group of genes, of how they act as integrators of
cell biological processes and are needed to facilitate embryonic development, is ATRX. ATRX is
a gene located on the X chromosome in both mice (Atrx) and humans, that has been picked up
for causing a serious genetic disorder with the complicated name “alpha thalassemia/intellectual
disability syndrome X-linked” (a thalassemia is an abnormality of haemoglobin). It can be found
in the OMIM (Ch4.2) under the number 300032. The product encoded by this gene functions as
a DNA helicase, a protein that can unwind the double helix, for the purpose of transcription, for
example. Investigation of a mouse model for this disease, the results of which were published
in 2015, revealed expression of the Afrx gene in oogenesis. Mutation led to a halt in develop-
ment after fertilisation during cleavage: it is a maternal effect gene. The researchers observed
signs on the heterochromatin near the centromeres, when synchronising the chromatin of the
paternal and maternal chromosomes in the zygote. Something was also wrong in “managing”
double-strand DNA breaks. Thus, ATRX appears to be involved in preventing chromosomal
instability (CIN). This phenomenon is a nightmare in the IVF lab, as we will see in chapter 16.3.1.
The three-part functions of Atrx: its involvement in (@) chromatin modelling, (b), the participation

of maternal chromosomes in the spindle apparatus, and (c) keeping chromosomes intact during
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the first cell cycles of the early embryo, beautifully illustrate that the alignment of cellular pro-

cesses is a life skill. Tampering with this damages early life.

13.5.4 Abnormalities during fertilisation

During meiosis, fertilisation and the cleavage divisions, Murphy’s law applies: anything that can
go wrong will go wrong. A relatively frequent error is triploidy. As we have seen, this can result
from fertilisation by two spermatozoa (Ch13.5 and Ch13.5.1). Another pathway to triploidy and
the appearance of three pronuclei is through an aberrant second meiotic division of the oocyte.
In this case, a second polar body is not formed (fig 42), and the chromosomes designated for
this appear in a second female pronucleus. This occasionally happens in the IVF lab during
ICSI fertilisation (the incidence rate of this is about 1%). Other abnormalities are much rarer and

scientifically more spectacular.

My first doctoral student, in the early 70s, looked at egg fertilisation in mice that had been
selected for fertility. She witnessed something that we have never observed again afterwards.
The second meiotic division had adopted characteristics of the first cleavage division. Two eggs,
each with half of the cytoplasm, had now developed, and both were fertilised. The individual that
could develop from this is a chimera, because the embryo that is created consists of a mixture
of cells with two different genotypes, that did not originate from one zygote. Most chimeras will
result from the fusion of two zygotes or cleavage stage embryos (fig 43), which is also a very
rare event. Nevertheless, it does occur in humans. When there are genetic differences between
cells in the body that have originated from one zygote, it is referred to as mosaicism. This is very
common at the beginning of embryonic development (referring to cleavage divisions, fig 43),
which we now know more about through the use of IVF (Ch16.3.1). Moreover, all women are
actually mosaics as a result of X chromosome inactivation (box 4).

Through DNA analysis on single bovine and human blastomeres, another remarkable
abnormality was found. During the first cleavage division, possibly preceded by abnormali-
ties during fertilisation, all the female chromosomes ended up in one blastomere and all the
male chromosomes in the other. This results in a mosaic with aspects of a gynogenote and an
androgenote (Ch10). The blastomeres can also be not only diploid, but triploid and haploid

as well. Further development of such embryos is naturally terminated (Ch10). Abnormalities
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during fertilisation usually do not result in offspring, but in very rare instances, as in the case of

a chimera, it can occur.

13.6 The cleavage divisions

With the development of IVF in humans, interest in the progression of cleavage stages and the
division pattern of blastomeres has, of course, grown tremendously (fig 43). As this is addressed
in chapter 16, it will receive less attention here (fig 43). In all well-studied mammals, such as mice,
rats, and livestock animals, a delay in the activity of cell division in preimplantation embryos is
not a good sign: there is a timetable that needs to be followed (fig 43). Even during early preg-

nancy, the embryo’s environment is highly hormonally regulated.

A delay caused by problems during DNA replication or mitotic cell divisions is undesirable. As we
saw in chapter 11.5, early embryonic mortality is a common event. The selection of fit embryos
thereby takes priority over saving embryos that lag behind. So do the cell cycle checkpoints
(fig 4, and thus the DDR, which takes time to be executed) not work properly at all in the early
embryo? Research in mice has shown that the tools needed for this are present, but as in mei-
osis, they are initially not very finely tuned. There are also differences between species; mice
perform better in this regard during cleavage divisions (Ch13.6.1). In chapter 16.3.1, we will
revisit the chromosomal chaos that can arise in the human embryo due to disruption of cleavage
divisions: it is closely related to the practice of IVF, as there is a direct link to preimplantation and

early postimplantation mortality.

From the zygote stage onwards, it is not only the correct distribution of chromosomes among the
daughter blastomeres that is important. The telomere length of individual chromosomes must
also be carefully regulated as early as in the preimplantation stage, because paternal and mater-
nal chromosomes differ greatly in this regard. In preimplantation embryos, telomerase activity
(Ch2.3.3) rises slowly and it peaks at the blastocyst stage (fig 43). After that, it slowly decreases
until the telomerase gene is no longer transcribed after birth.

During spermatogenesis, telomerase is abundantly present and active (Ch12.13), but dur-
ing oogenesis, much less to no activity is observed. Consequently, the resulting difference in

telomere length between the maternal and paternal chromosomes is large in the early embryo.
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Development (in days)
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FIG 43

A comparison of the timeframes of cleavage divisions in mice and humans, via the
blastocyst stage and implantation to the development of the germ layers (gastrula-
tion) and the appearance of the first primordial germ cells (in dark purple). During the
8-cell stage, the outlines of the blastomeres are at some point no longer individually
discernible. They move closer together, their mutual contact intensifies: this is referred
to as compaction. In the early blastocyst, one can begin to see a distinction between
the “inner cell mass”, from which the epiblast and thus the embryo will later develop,
and the surrounding cells of the trophoblast. The zona pellucida is shown as a thick

line.

This is perhaps why another recombination-based mechanism is also active in the preimplanta-

tion embryo to lengthen telomeres, a system that ultimately eliminates the difference in length.

13.6.1 Isthe egg oversized?

Yes, the egg is oversized in both its size and content. There is room for some things to go wrong
up to the development into a blastocyst (fig 43). Only after that, growth in mass occurs again
(besides an increase in the number of cells).

Already around 50 years ago, the question of how many embryos could be obtained from
a zygote was raised in the ARC Reproductive Physiology Unit in Cambridge. The maximum
achievable number in sheep turned out to be quadruplets, created from a whole series of 8-cell
embryos that had been “manipulated” apart into four sets of 2-cell embryos after removal of the
zona pellucida. The researchers then placed these 2-cell embryos back into empty zona pel-
lucidae from ovulated oocytes. Since good culture media for livestock embryos were lacking in
those years, they further cultured these 2-cell embryos in the ligated oviducts of a sheep in the
appropriate stage of the cycle. The early blastocysts obtained in this way were then transplanted
into the uterus of a third ewe. Such an approach, searching for the most advanced blastomere
stage combined with the smallest amount of cytoplasm that still allows complete development of
life, served as a proof of principle. A little later, the test was repeated in cattle in the same insti-
tute. In that experiment, the creation of these monozygous multiples stopped at triplets, which,

however, does not prove that quadruplets would not have been possible. In rhesus monkeys, a
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quarter embryo has once led to a birth, and in the IVF lab at the Free University of Brussels,
led by professors Liebaers, Van Steirteghem, Tournaye and Devroey, four normally appearing
blastocysts could be grown from a fertilised human egg. This is not entirely incomprehensible. In
humans, identical twins occur in 0.3% of spontaneous births, and identical quadruplets are also

very incidentally born.

In mice, there has also been extensive research on the capacity of the production of monozy-
gous multiples. It remains limited to twins, perhaps because the egg is slightly smaller and also
contains less yolk material (it is clearer). For a very long time, it was assumed that the eight cells
prior to compaction (fig 43) were equal and thus fully totipotent (box 2). A recent publication from
Michele Boiani’s group in Miinster described that “each for themselves development” was not
equally successful in every 2-cell embryo. Only one-third of the large series of embryos showed
that success. In the others, only one of the two could develop into a blastocyst. The true embryo
forms when the inner cell mass in late blastocysts divides into a cell layer, the primitive endo-
derm, and a group of cells known as epiblasts, out of which the embryo eventually develops
(fig 43). In the mouse, the epiblast initially normally consists of about nine cells, but how many
of those are minimally needed? In 2016, additional scientific insight once again emerged from
Cambridge. By inhibiting the checkpoint for the proper attachment of chromosomes to the spin-
dle apparatus (fig 4) in the division from the 4- to 8-cell stage, deviations in the diploid number
emerged in about two-thirds of blastomeres. That is too much for normal embryonic develop-
ment. However, if you reduce that fraction by 50% by creating a new 8-cell embryo (a chimera)
that includes four untreated blastomeres from a control embryo, it succeeds. It is estimated that
in the mouse, two to three cells in the 8-cell embryo can be chromosomally abnormal without
compromising its development. This means that some things can go wrong in the first few days

without jeopardising the chances of a continuing pregnancy (see also Ch16.3.1).

13.7 In vitro technigues

In vitro research on the metabolism of mouse embryos started in the 60s with the work of Ralph
Brinster from the veterinary faculty of the University of Philadelphia, USA. This group discovered

that up to the 8-cell stage, a mouse embryo can only use pyruvate (a product of glycolysis) as

an energy source. It is only from the 8-cell stage onwards that glucose can also be metabolised.

252 The Hidden Relay



In those days, two “recipes”, which did not substantially differ from each other, were used
for the composition of the media used to grow blastocysts from zygotes or from 2-cell embryos.
In the USA, researcher Wes Whitten from the Jackson lab in Maine had given his name to the
Whitten medium, while the British variant in the UK was called Whittingham’s medium. Both
media consisted of relatively simple salt solutions with a pH buffer (bicarbonate, the effervescent
tablets from the drugstore) and CO, in the air above it for equilibrium. Albumin from bovine blood
plasma, available in a range of purities, was used as a protein additive. These media have been
further developed since, which included the addition of amino acids. These more complexly
composed media were, for instance, used by Jean-Pierre Ozil, among others, in his research on
egg activation (Ch13.5.1).

Henry Leese from the University of Hull in the UK devoted many years to studying the metabo-
lism of preimplantation embryos up to the blastocyst stage in vitro. He is the one who proposed
the “quiet embryo hypothesis”. The basis for this hypothesis lies in the compelling evidence of
an almost dormant existence of the embryo in the first days of its development. As noted ear-
lier in chapter 13.6.1, there is no increase in cell mass up to the early blastocyst stage. During
the initial cell divisions, the stock of mitochondria, as well as that of other cell organelles, is
repeatedly divided. Consequently, the cellular energy requirement is relatively low in the early
embryo. Moreover, no energy is lost to communication between individual blastomeres, as they
are autonomous until the 8-cell stage. That being said, the energy supply regulation is a complex
process that is too specialised for further discussion here.

All experts agree that the cleavage stage embryos are sensitive to external influences. In
apparent contradiction to this, there is a widely shared observation that no cell selection takes
place during this period. Apoptosis does not really happen yet, this becomes effective only at
the blastocyst stage (fig 43).

In 2003, a former PhD candidate in Wageningen, Marleen Boerjan, published a study in
collaboration with Ann Van Soom’s group in Ghent on the effect of oxygen concentration on
the in vitro development of bovine embryos. At that time, it was not yet widely accepted that it
would be wiser not to let embryos develop under atmospheric conditions; rather than a level of
20% oxygen, a level of up to 5% should be used. In 2012, the IVF lab in the former AMC hospital
in Amsterdam published a Cochrane database review on the effect of using 5% oxygen versus
20% in global IVF practice in humans. The conclusion is clear, low oxygen improves the “take

home baby rate”. Henry Leese stated that in 2013, the conditions in the oviduct at the time of
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transport of the cleavage stage embryo to the uterus (fig 43) were still not well understood. One
thing that is known, however, is that oxygen is largely kept at bay here. This aligns with what we

already knew about tertiary follicles growing into Graafian follicles in the ovary (fig 29).
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CHAPTER 14

Mitochondrial
inheritance

Mitochondria (fig 2) are cell organelles with a rather variable shape and a size ranging from 0.5-
10 um. Virtually every cell has mitochondria. They play a very central role in the cell, involving
a variety of aspects. Their most well-known function is that of being the powerhouse of the cell,
indispensable as they are in utilising oxygen in the metabolism of pyruvate and fatty acids to
produce ATP (adenosine triphosphate). ATP is the currency for all processes in the cell that cost
energy. However, the cellular significance of mitochondria is much broader. They are involved in
steroid synthesis, assist in the storage of calcium ions, play a role in the regulation of apoptosis,
and also regulate heat production in warm-blooded animals.

The now widely accepted explanation for the origin of mitochondria is associated with the
name of the American biologist Lynn Margulis. Around 1970, she made it plausible that during
the times of the earliest life forms, fusions occurred between a (primitive) unicellular organism
and a simple bacterium. This hypothetical fusion event is now known by the term endosymbio-
sis. While it was initially strongly criticised, much additional evidence has been provided for this
origin story, and it is now widely accepted.

What is the current state of the descendants of this endosymbiotic form of coexistence? Every
mitochondrion in the cell is now enveloped by a double membrane (fig 2). The inner membrane
originates from what was once the membrane of the integrated bacteria. The outer membrane
must have formed during the fusion because it has characteristics of the primal membrane of the
unicellular organism that acted as a kind of host for the bacteria. Finally: a mitochondrion pos-
sesses its own genome, formed by DNA that still carries bacterial features from ancient times.

There is a clear division of tasks between mitochondrial DNA (mtDNA) and nuclear DNA. The

mitochondrion usually contains several (two to 10) circular DNA molecules that are supported



by proteins which provide structure and function. These DNA-binding proteins are encoded by
genes in the nuclear genome and, after their synthesis, they are imported from the cytoplasm
into the mitochondrion. In total, a mitochondrion is composed of as many as 1,500 different
proteins. All mitochondria together sometimes make up 10% or more of the total protein mass
of a cell. The regulation of the number of mitochondria per cell occurs through division of the
organelle and is controlled by the nucleus. This process happens independently of the cell cycle
progression. Through constriction, a mitochondrion is divided into two parts along its longitudi-
nal axis (“mitochondrial fission”), and its mtDNA is divided over the two new mitochondria. Of
course, this is preceded by the replication of mitochondrial DNA into multiple copies per mito-
chondrion. This is done with mitochondria-specific tools, with the nuclear genome providing the
recipe and controlling the process.

The circular mitochondrial DNA, the mt genome of the different species discussed here,
varies very little in size. In humans, this DNA has a length of 16.6 kb, most of which is coding
DNA. It contains 13 genes for proteins and 24 genes for RNA molecules (22 tRNAs and two
rRNAs) with a function in the translation of those 13 proteins. Mitochondria even have their own
ribosomes for this purpose. In this sense, the mitochondrion is still self-sufficient. The 13 pro-
teins are subunits of five much larger protein complexes that lie against the inner membrane of
the mitochondrion, where they are responsible for a cascade of reactions, ultimately producing
the cellular energy fuel ATP. This process is usually simply referred to as oxidative phospho-
rylation (OXPHOS). Most of the proteins in the OXPHOS protein complexes, as well as all the
other 1,500 proteins (mentioned above) with a role in processes like the import of ions, pyruvate
and fatty acids, metabolic conversions, the formation of mitochondria and ribosomes, and the
mtDNA replication (just mentioned), are encoded in the nucleus. They are synthesised in the
cytoplasm of the cell, after which they are imported into the mitochondrion and correctly incor-
porated into the organelle. In cell types that are highly energy-demanding, such as neurons and
muscle cells, but also in cells involved in hormonal systems, mitochondria are found in relatively
high numbers and they are also more active than in cells that are in a state of metabolic rest.

The regulation of the quantity of mitochondria and their activity is an extremely complex
process in the germline (and during early embryogenesis after the formation of a zygote).
During oogenesis, a huge population consisting of several hundred thousand mitochondria is
established. In an egg cell, which already has an unusually large size (Ch1), this population can
occupy up to 30% of the volume. In the oocyte, mitochondria remain responsible for ATP supply

via OXPHQOS, but they receive the fuel for this (pyruvate) from the granulosa and cumulus cells.
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During spermatogenesis, a sort of reversed process occurs. Due to complex morphological
changes, the volume of the eventual sperm cell decreases by about 40-50 times, and 80-90%
of the original quantity of mitochondria is lost. In this process, the mitochondria undergo gradual
changes in both shape and position in the cell. Finally, when only a few dozen to around 70 mito-
chondria remain (human), they accumulate behind the head at the beginning of the tail (in the
so-called midpiece, fig 42). Throughout the entire maturation process, the OXPHOS-mediated
ATP supply, for which fuel is received from the Sertoli cells in the form of lactate (which is con-
verted into pyruvate), is active.

The life cycle and population dynamics of mitochondria are thus very different during the
formation of oocytes and sperm. At the onset of fertilisation, almost all of the mitochondria origi-
nate from the egg cell. What happens next to the paternal mitochondria was discovered by Peter
Sutovsky from the USA: the egg labels the paternal mitochondria by attaching a small, very com-
mon protein called ubiquitin, causing them to fall prey to the protein degradation machinery of
the cell. As a result, the small number of paternal mitochondria has been cleared out long before
blastocysts are formed. Ubiquitination is only the last step; very recently, it has been discovered
that those paternal mitochondria are incomplete, as they are devoid of mtDNA.

After zygote formation, the vast population of maternal mitochondria is distributed among the
blastomeres during the subsequent cleavage divisions (Ch13.7). Since there is no synthesis of
new mtDNA and thus no biogenesis of new mitochondria during this early period, the number
will gradually decrease per cell division. Of course, the cellular tasks must still be fulfilled. The
mitochondria continue to supply energy through OXPHOS, and they are also involved in some
of the other aforementioned physiological processes required for the regulation of cell division.
These include the extensive epigenetic changes in chromatin (Ch9) and the communication
between cells in the early embryo. It is therefore not surprising that when their number and state
of functioning fall below a certain threshold during oogenesis, due to ageing and/or other internal
or external causes, it compromises embryonic development.

During later stages of early embryonic development, the production of new mitochondria
slowly resumes. In mice, the number of mitochondria per cell increases again after implantation,
when embryonic differentiation accelerates (fig 43).

Together with the fact that mitochondria carry their own genome, the enormous variation
in metabolic functions and life stages of mitochondria in the different cells that constitute the
germline (including early embryonic development) makes the story of their inheritance and

genome evolution very complex. After all, the mitochondrial genome also experiences mutation
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pressure. One of the main causes of mutations in mtDNA comes from base damage that can be
inflicted by free radicals (H,O,, O,*-). As particular OXPHOS protein complexes in the mitochon-
drion are the primary source of these free radicals, the mitochondrial genome is always in a kind
of danger zone. However, the risk of DNA damage is highly dependent on the metabolic special-
isation and the metabolic activity of the cell type in which they occur. One of the modifications
that can occur due to the action of free radicals on DNA is the formation of 8-oxoguanine (fig 33).
The concentration of this found in DNA (mtDNA or nuclear DNA) can be used in research as a
measure of the extent of damage that has been inflicted. Among other things, antibodies that can
recognise 8-oxoguanine in DNA are used in this type of analysis (fig 33). Other types of DNA
damage, which are caused by replication errors or toxic substances, can also occur in mitochon-
dria. The mitochondrion has its own tools for repairing these forms of damage. While the machin-
ery for this is composed of nucleus-encoded proteins, its operation is clearly different from that
for the repair of DNA in the cell nucleus. There are functional similarities since well-known DNA
repair pathways such as BER and NER (see fig 33) are also active in mitochondria, but they
are seemingly less effective. Mitochondrial DNA is, in fact, quite mutation-prone, approximately
20 times more than nuclear DNA in mammals.

So the mtDNA in early embryos is of maternal origin. If you have an idea about the multipli-
cation of mitochondria during oogenesis up to the stage of the mature egg, and you know the
mutation rate per mtDNA base pair per replication event, you could estimate the influx of new
mutations per generation. However, that is not the approach taken in recent review articles on
the genetic variation of mitochondria. The starting point that is usually taken, at least for humans,
involves the observation that a disease resulting from a distinct mutation in mitochondrial DNA is
present in one in 5,000 births. If this mutation is present in (more than) 60-80% of the mitochon-
dria in the egg cell, and this percentage is maintained in the body cells (somatic cells) of the
developing individual over the course of development and growth, the phenotype associated
with this mutation emerges, characterised by a severe metabolic or physiological impairment.
When the population of mitochondria in a cell contains both mutant and non-mutant mtDNA, it is
referred to as heteroplasmy (as opposed to homoplasmy, where either only the non-mutated or
only the mutated form is present). New technologies used to determine the DNA base sequence
have revealed that homoplasmy is much less common than previously thought; it is actually rare.
In fact, no one appears to be purely “homoplasmic”: cells with some mutated mitochondria are
always found in tissues. It is even more likely that there are often small subpopulations which

together contain a spectrum of different mutations.
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Something that has greatly surprised researchers studying the transmission of mitochondria
to the next generation, is how few generations it can take to transition from one dominant mtDNA
genotype to another. The presence of a few mitochondria with a DNA alteration can already
be enough. These are findings from around 1980, discovered in sheep and Holstein-Friesian
black-and-white cattle. To explain how a new mutation can rapidly assume a dominant position,
scientists introduced the “bottleneck hypothesis”. Somewhere in the female germline, there is
a bottleneck where the number of mitochondria per cell is very low. When these cells divide,
chance can play a role in the distribution of different mitochondrial genotypes among the daugh-
ter cells. If that results in the emergence of a population with a majority of one particular mito-
chondrial DNA type, and this “coincidence” repeats itself a few more times, you can understand
why a change can occur so quickly. What is a realistic estimate for the number of mitochondria
during the bottleneck, and at which stage of the germline does this occur? It was not until 2008
that an article on this was published out of Cambridge, providing these estimates for primordial
germ cells in mice. The technique they used, determining estimates based on the strength of
a DNA signal, had only recently been developed with sufficient accuracy at that time. Counting
mitochondria using the electron microscope is far too laborious. The bottleneck appears to be in
the early stages of the primordial germ cells, in which an average number of 450 mitochondria
per cell was observed, a number that continuously increases thereafter. Assisted by further
technical advancements, several groups, mostly centred in Cambridge, published an even more
detailed picture for humans in 2018: their estimate now ranged from 200 to 400 mitochondria
per primordial germ cell. In these mitochondria, the researchers observed the emergence and
proliferation of new mutations, and they also found that selection against unfavourable mutations
takes place. Both findings contribute to the attempt to understand the dynamic landscape of the
transmission of mitochondrial genetic information from mother to offspring.

What remains most remarkable is that the characteristic mutations in the mtDNA, which
serve as indicators of the evolutionary history of humanity (search for “mitochondrial Eve”), must
have occurred in a single copy or repair event. After that, the mtDNA variants must have mul-
tiplied into a state of dominance in human populations. This enables us to track the migratory
behaviour of individuals from this population and their descendants. It is likely that preferential
replication or selective destruction of certain mitochondria also plays a role in the rise or disap-
pearance of distinctive mtDNA variants within populations.

The number of serious diseases caused exclusively by mutations in mitochondrial DNA is

not very high. These diseases can really appear out of nowhere. They can manifest after only
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a few generations of “enrichment” of mitochondria with the causative mtDNA mutation once a

sufficiently high level of heteroplasmy is reached (see above).
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CHAPTER 15

Epigenetic aspects
of inheritance

15.1 Introduction

An old doctrine in biology revolves around the separation between phenotype and genotype.
This implies that the phenotype cannot interfere with the genotype: information transfer always
flows from genotype to phenotype. This proposition is known as the Weismann barrier and dates
back to 1893. However, we have known for some time that this proposition presents an overly
simple picture of how inheritance can take place. Therefore, | will make an attempt to explain
new knowledge on this matter in more detail in this chapter.

In quantitative genetics, the formula P = G + E is used (Ch6.1). There are no influences on
phenotype P other than (a) the alleles of the gene set that segregate and recombine according
to Mendel’s laws (summed up as G) and (b) environmental factors (wrapped up in the term E;
the formula can be further extended to include the interaction between G and E, known as gen-
otype-environment interaction). These two influences are expressed as contributions to devia-
tions from the mean (Ch6.1, fig 17). However, in this formula, the mathematicians do not take
into account any other ways of transmitting information from one generation to the next. Their
approach is reinforced by the applicability, for example in selection experiments, of formulas
from quantitative genetics for traits based on many genes (Ch6). This method is related to what
is referred to in genetics as the “modern synthesis” (which, incidentally, dates back to 1942).

In its simplest form, this modern synthesis combined Darwin’s ideas (the importance of nat-
ural selection) with Mendel's laws (explaining how genetic (allele) variation within parents is
expressed in offspring, Ch5.3). The genetic variation that exists between individuals is a part of

it. It also implies that the genotype interacts with the environment to reach phenotypic variation.



Intergenerational

effects
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FIG 44

The P (for parental) represents the treated generation. In adult males, this concerns the
exposure of cells involved in spermatogenesis (black), in adult females it concerns
oogenesis in the follicles (idem). When the female is pregnant, these experiments
involve the exposure of primordial germ cells until the end of the sex differentiation of
the early gonad (Ch8, black). In the case of an intergenerational effect, the germline of
the parental generation (P) has “experienced” the stressor (i.e. has been irradiated or
chemically treated, irrespective of the stage of life, prenatal or postnatal). In the case of
a transgenerational effect, the germline of the subsequent parental generation has not

experienced the direct influence of the stressor. Generation P is also referred to as FO.

In natural selection, the selection is based on phenotypes rather than DNA parameters. The
better the phenotype predicts the genotype, the more effective that selection is. However, that
accumulation of genetic variation, the emergence of new alleles, occurs slowly (table 3). This
also means that when conditions change rapidly, it will be challenging for organisms with a
longer generation interval to adapt to the new conditions through natural selection (according
to Darwin). It is even more difficult when the population is small and/or fragmented. Experiments
with various life forms (for example, the nematode Caenorhabditis elegans, which is often used
in genetic research) provided evidence that there are additional ways to transmit information to
the offspring, namely through the chromatin of the gametes and/or via the “instruction manual”
of that chromatin. This is referred to as epigenetic intergenerational or, when it persists for more
than one generation, transgenerational inheritance (fig 44). Especially Eva Jablonka from Tel
Aviv University has been actively spreading this line of thought for years. In her publications, she
provides examples of this across different life forms.

A mode of inheritance like this is known as “soft inheritance”, and mechanistically, it is com-
pletely different from the DNA sequence-based “hard inheritance”. In soft inheritance, there is
no segregation a la Mendel, but there is a shift of the phenotypic variation in the offspring in
a particular direction, namely that of the parent. The effect can also be reversed within a few
generations; it fades away and is thus reversible. Since special and often more extreme environ-
mental conditions are used in experiments on this in rats and mice (mostly inbred lines), these
animals appear to be sensitive to soft inheritance. This seemingly confirms the old ideas about

heredity put forward by the French biologist Jean-Baptiste de Lamarck. Before Darwin published
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his theory of natural selection, Lamarck proposed that traits acquired during life due to environ-
mental influences are heritable. That way, a bodybuilder could have very muscular offspring.

This way of thinking, which effectively represented a shift from “nature” to “nurture”, was
turned into a communist ideology by biologist Trofim Lysenko under the Stalin regime in the
Soviet Union, and it essentially denied the existence of genes. Only environmental factors were
acknowledged as determinants of the traits of plants and animals. Attempting to modernise
food production in the Soviet Union through adjustments in crop growth, conforming to these
delusional ideas, was one of the factors that led to an unprecedented food crisis and the deaths
of millions of inhabitants. Perhaps, this is partly the reason why, as long as we lack a better
understanding of the mechanisms of epigenetic inheritance, there may be a somewhat heavy
atmosphere around this topic when it comes up in the literature and in conversations among col-
leagues. Nevertheless, the results obtained in experimental animals have thus far given the sub-
ject momentum. This is mainly because the possibilities for analysis of DNA methylation (fig 11),
RNA base sequence determinations, and chromatin have advanced so much. These analytical
methods, which are becoming increasingly sensitive, can be combined with (conditional) knock-
outs and knock-ins in mice (box 3) to unravel the mechanisms of epigenetic inheritance. Envi-
ronmental conditions that seem to lend themselves to the identification of epigenetic effects in
inheritance, such as chemical pollution, mental stress, and changes in diet (and their associated
phenotypes, such as obesity), also contribute to the growing interest.

Even now, we do not know all the mechanisms and details of the epigenetic phenomena that
occur between generations, and there are plenty of questions that remain unanswered. How can
the recipe for chromatin changes become anchored in the germline of the next generation and
the one thereafter? Nonetheless, numerous indications of the existence of transgenerational

epigenetic inheritance have been found in mice and rats (fig 44).

156.2 Intergenerational and transgenerational epigenetic inheritance in
experimental animals: the experimental design

The fact that the embryonic chromatin is reset in the germline (Ch9, fig 23), first in the period
before implantation and then again after the determination of the primordial germ cells, actually
serves as a barrier against excessive environmental interference with the “instruction manual” of

the chromatin of the gametes (before and after it has been transmitted to the next generation).
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Nevertheless, there are experimental approaches that can be used to induce and study epi-
genetic inheritance. Often, the use of experimental animals is central to this, and the emergence
of a pattern of epigenetic inheritance in, for example, mice, rats, or model organisms such as the
nematode C. elegans or the fruit fly Drosophila is related to exposing the germline to stress. To
label something as epigenetic inheritance (and not as a mutation), you must be certain that the
germline stage, and thus the cell from which the individual under study develops, has not been in
direct contact with the stressor (fig 44). If the treatment takes place during the embryonic stage
and the mother is the FO (or P for parental), then you will only have evidence of a transgener-
ational epigenetic effect in the F3 generation. If you treat the germline of an adult animal, this

effect can already be observed in the F2 (fig 44).

15.2.1 Initial effects in outbred rats

Since 2005, an American group that uses outbred rats has been working on this topic through
a steady series of publications. Pregnant females are treated between day 8 and day 14 of
the embryonic period. Experiments often extend into F4 (fig 44, here meaning crossing among
descendants). The output initially covered overall pathology. The stressors that produce a trans-
generational epigenetic effect are often related to endocrine influences. Examples include vin-
clozolin, a fungicide (and endocrine disruptor, Ch12.10) as the “founding father” of this type
of research, along with BPA (also an endocrine disruptor, Ch11.4.3, Ch12.10), and plasticisers
in plastics (phthalates, likewise). However, this transgenerational and probably epigenetic effect
can also be induced by a series of other chemicals and treatments (diet, stress). Recently, in
2019 and 2021, glyphosate (known from “Roundup”, a herbicide) also entered the scientific litera-
ture this way. An important variable is the period in the development of the germline during which
the stress is applied. It seems that the periods associated with changes, including the resetting

of chromatin (Ch9, fig 23), are the most sensitive to stress.

15.2.2 The first mouse model: agouti yellow AY

The first mouse model discovered for the detection of transgenerational epigenetic effects car-
ries a specific dominant allele for the gene that causes wildtype coat colour (fig 45). This gene,

with the fancy name “agouti”, causes a typical grey-brown colour in mice and other rodents such

as rabbits. These animals are almost always homozygous for the wildtype allele A. The most
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well-known alternative allele is labelled with the symbol a. This recessive allele will result in a
black coat. In the past, you would commonly see black a/a rabbits in the forest, and hopefully
they still exist in the wild. In 1962, a new dominant allele was described, known as A%; vy stands
for “viable yellow”. This allele was formed through the action of a retrotransposon that ended
up just before the promoter region of the A locus, via an RNA intermediate (Ch2.3.3). This type
of retrotransposon, which is originally of viral origin, can take over the regulation of a nearby
gene through a DNA sequence that is present in it; it has its own promoter activity and can
thus control the gene differently than normal. This explains the change in coat colour to yellow
(fig 45). The retrotransposon insertion at the start of the A locus owes its promoter activity to a
clustering of CpG motifs in the DNA base sequence, which is something that occurs in many
promoter regions and often affects their “strength” (Ch2.3.3).

When you blow into the fur of a grey mouse (or rabbit), you will see characteristic ring-like
zones from the base outward, going from black to yellow and then back to black at the tip: every
single hair has these three zones. In the presence of A%, the black is not expressed. The geno-
type of the “readout mouse” in experiments to unravel the “soft side” of inheritance patterns that,
so to speak, evade Mendel’s gaze, is A"/a (fig 45). This genotype is introduced in an inbred line:
after all, you want as little disturbing genetic variation as possible, as that might obscure what
you are looking for. The first description of the “utility value” of the A”/a mouse line for epigenetic
research came out of Emma Whitelaw’s laboratory in Brisbane, Australia, in 1999. It is not the
case that every carrier is yellow due to the dominant A" allele. The coat colour ranges from
yellow to almost indistinguishable from wildtype agouti-grey. For statistical analysis, three phe-
notypes are defined: yellow, mottled, and pseudo-agouti (fig 45). Fathers of each type produce
offspring with the same spectrum of colour variations. However, this was different for mothers.
Although each mother still produced all variants, grey mothers tended to have more grey off-
spring, while yellow mothers tended to have more yellow offspring. Moreover, this tendency is
transmitted via the mother, while this transmission does not occur via the father. It is unclear why
that is the case.

It soon became apparent that coat colour was associated with the methylation level of the
CpG-rich promoter region of the retrotransposon. With a higher degree of methylation, the pro-
moter of this DNA segment was switched off, and the promoter of the A allele that was still intact
took over the regulation of expression (fig 11, 45). This resulted in offspring with a grey coat.
When the methylation level is low, the retroviral promoter is dominantly active, and the mice will

be yellow. In situations where both the retroviral and the natural promoter are active in different
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cells, a variable outcome is possible, and the mice look mottled (fig 45). The expression level of
the A sequence will ultimately be determined by local chromatin structure changes characterised
by the histone code present at that site (Ch2.3.2, table 1), together with the methylation level
of the CpG motifs in each of the promoters. Hence, the degree of overactivation of agouti in the
AY allele can vary between cells in the hair follicles of the mouse. The mosaic pattern of gene
expression across the coat, characteristic of the mottled phenotype, resembles the outcome of
X chromosome inactivation (box 4).

But why is the A retrotransposon still so “unstable” regarding its effect on the expression
of nearby genes? Previously (Ch2.3.3, Ch9, Ch11.1, Ch12.5.2.), it was discussed that from early
times in evolutionary history, when retrotransposons were developing the blueprint of chro-
matin/DNA, a defence mechanism also had to be set up to keep their genetic activity under
control. This was necessary to prevent the whole system from succumbing to instability. The A%
retrotransposon that “hijacked” the agouti locus is still relatively young by evolutionary stand-
ards. As a result, the defence machinery of the cell has apparently not had enough opportunities
yet to stably inactivate the new integration position. Consequently, somewhere in the maternal
germline and/or in the early embryo, the chromatin around the retrotransposon region is not fully
“reset” (Ch9). In the literature, alleles of which the expression can vary through an epigenetic
mechanism are referred to as “metastable epialleles”.

The A system has been used to test environmental factors for their ability to shift the spec-
trum of coat colours among the offspring when applied during pregnancy (fig 45). First, a diet that
increases the availability of methyl groups was tested (DNA methylation, fig 11; histone methyla-
tion, Ch2.3.2, table 1, fig 8). This diet contains extra folic acid, vitamin B12, choline, and betaine.
When the mother mouse (the F0) was fed this diet during gestation (from at least day 8 to
day 15), the offspring (the F1) would be darker on average (fig 45). This effect persisted into F2,
probably because the germ cells for that generation were already in the sensitive phase of chro-
matin change during the period that the diet was fed (fig 45). When a similar protocol was used
to test for the effect of the pseudo-oestrogen BPA, the offspring would be lighter coloured. How-
ever, when genistein, the oestrogen-like substance found in soy, was administered, the young
mice would be darker. The molecular backgrounds of these different effects are not known. No
matter how relatively clear the image of the variably methylated retroviral CpGs appears, it can-
not explain the transmission of the phenotype to the next generation. This methylation is roughly

preserved in the oocytes and is then gone in the blastocysts (Ch9, fig 23), only to return later.
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FIG 45

The effects of a methylation-promoting maternal diet on offspring. IAP stands for “in-
tracisternal A particle”, a retrotransposon that has not yet evolved to be completely
non-functional or neutral, and that can have a promoter function. In this experiment,
the A “viable yellow” (A¥) allele originates from the father, who is heterozygous. The
mother is homozygous a/a and is thus black. Only the offspring that have inherited the
dominant A” from the father are shown here. The variation in methyl donor availabil-
ity caused by the maternal diet during gestation becomes evident as a change in the
spectrum of colour variants. Reduced levels of CpG methylation (fig 11) of the retro-
transposon render it more or less active, thereby disrupting the regulation of the agouti
gene. The promoter activity that determines the transcription level of the A agouti
allele is increased, leading to overproduction of the agouti gene products (first RNA,
then protein). In the normal situation, the yellow is only temporarily expressed, resulting
in the formation of the yellow band in the hairs of the wildtype coat. As the A allele is
more active, the offspring are yellower, and the promoter is less methylated (thus over-
riding the promoter of the A sequence (wildtype agouti)). The effect remains visible a
generation later, probably because the germ cells that will produce this generation are
already present in the embryos that were subjected to the variable nutrition (there is an

intergenerational effect, see fig 44).

15.2.3 Arole for small non-coding RNAs (sncRNA) in transgenerational
inheritance

From the preceding, it is evident that CpG methylation cannot explain the transmission of AY
promoter activity, however appealing that idea may be. More recent literature indicates that
entirely different mechanisms may also be at play. The first publication that shed light on the
role of sncRNA in mice appeared in 2006, but it was regarded as somewhat peculiar at the time
because of its revolutionary nature. The Kit gene (encoding a so-called tyrosine kinase recep-
tor) is involved in signal transduction from the external to the internal environment of the cell.
As such, it has a role in many functions. When only one locus is active, a phenotype appears of
which a particular aspect is relevant: in an otherwise grey mouse, the feet and the tip of the tail
are white. In research conducted by Minoo Rassoulzadegan’s group in Nice, France, a trans-

genic mouse model was used in which one Kit allele was inactivated by inserting a piece of
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bacterial DNA at the start of the gene using genetic manipulation (see box 3). In these mice, an
(overly) long stretch of mMRNA was produced from this allele, and although it also contained the
base sequence of the KIT protein, this MRNA was not translated. Just like the mice with only one
Kit allele, these mice also had white feet and a white tail tip. When these transgenic mice were
backcrossed with normal wildtype mice, and the mutation was passed on, a large proportion of
the offspring also had white feet and a white tail tip, as expected. However, this also happened,
albeit to a lesser extent, when the mutation was not transmitted and the parent in question (which
could be either male or female) had two normal Kit alleles. After several generations of back-
crossing, the white feet and white tail tip disappeared, which happened slightly faster through the
male line than through the female line.

Eventually, the study focused on the spermatogenesis of males that were carriers of the
abnormal Kit allele. In the sperm cells, they found a highly increased amount of Kit RNA. In a
follow-up step, they discovered that two waste products of this RNA would already lead to the
phenotype (the white tail tip and feet) when injected into the zygote. These small pieces of RNA
were identified as miRNAs. They have a characteristic short length of 19-23 b. There are many
of these types of RNAs, they belong to the “small non-coding RNAs” (sncRNAs), which also
include the 26-32 bp long piRNAs (Ch12.5.2). The normal biological role of these small RNA
molecules is that they bind to a target mMRNA molecule through base pair homology and thereby
label it for degradation. The remarkable aspect of the discovery of the Kit-specific miRNAs is
that when they are introduced into the zygote at fertilisation, they can obstruct the action of a Kit
gene throughout development and for the rest of life. This effect can also be passed on to the
subsequent generation but will ultimately become diluted. This is known as a transgenerational
effect (fig 44).

After this first publication on small RNA molecules, which act as a kind of transferable reg-
ulatory factor between generations, more papers followed. A more recent example (2014), pub-
lished by a Zurich-based research group led by Isabelle Mansuy, concerns epigenetic effects
caused by mental distress, anxiety and trauma. During the period between birth and the age
of 3 weeks, when mice are usually weaned and thus taken away from their mothers, the young
animals were exposed to stress by regularly being separated from their mothers. This was com-
bined with subjecting the mums to stressful treatments. Exposing laboratory animals to this form
of stress is a standard protocol in brain research. The study focused on both the traumatised
male offspring (the F1) and their sons (the F2). Males from both generations were found to exhibit

signs of depression and anxiety in a variety of standard tests. This indicates that we are dealing
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with intergenerational epigenetic effects. Through further molecular research, specific sncRNA
molecules (MiRNAs and piRNAs) were found in the sperm of the previously stress-exposed
male offspring, while these are not normally present. When RNA was isolated and purified from
the sperm of these males and subsequently microinjected into the male pronucleus (fig 42) of
control zygotes, the offspring developing out of these zygotes exhibited signs of trauma. This
also suggests a role of sncRNA molecules in the transmission of the behavioural phenotype.

Anxiety and depression are often mentioned in the same breath. A thorough recent study
from China (2021) included a standard chronic “mild stress” protocol (noise, light, and reversing
day and night, carried out daily for 5 weeks in an unpredictable manner). After that, the research-
ers checked whether the depression phenotype that had been induced in male mice could be
transmitted to their offspring. This was indeed found to be the case, but the transmission stopped
there: it was an intergenerational effect. The researchers could provide evidence for the involve-
ment of MiRNAs in the sperm in this effect.

These observations support the idea that certain small RNA molecules, which arrive with the
sperm cell, are candidates for a mechanism of epigenetic information transfer. Here is one final
example. In 2012, it was discovered that the mouse sperm cell is rich in a special class of tRNA
molecules (fig 9), a shortened form called tsRNA (30-40 bases). If this component is obtained
from males that were fed a high-fat diet, and if it is then injected into the zygote, the metabolic
disorder from which the father suffered is transmitted to the offspring. Even more intriguing is an
observation from 2018, which revealed that the effectiveness of this depends on an enzyme that
specifically places a methyl group on tRNA. However, the exact molecular details of this infor-
mation transfer to the next generation are not well understood to date. Reviews on the sperm
RNA code are already emerging, with speculations on the inter- and transgenerational effects of
sncRNAs derived from sperm on embryonic development. Besides tsRNAs, rsRNA (molecules
related to ribosomal RNA, box 1, fig 9) is also mentioned as a potential messenger molecule.
Human sperm cells are also rich in such classes of small RNAs; similar patterns of tsRNA mol-
ecules are found. They appear to respond to diet, in this case, a week of high sugar intake. This
Swedish research group of concern (2019) incidentally discovered that small tRNA molecules of
mitochondrial origin also respond to diet, thus adding another layer of potential information trans-
fer from the sperm to the embryo. It will not be long before these micro RNA molecules become

part of a sperm assessment in a research setting.

Chapter 15 | Epigenetic aspects of inheritance 271



15.2.4 Do histones play arole in epigenetic inheritance?

The most comprehensive research on the involvement of post-translational modification
(PTM) of histones in epigenetic inheritance has been conducted in a collaboration between
the Faculty of Medicine at McGill University in Montreal, Canada, and the Friedrich Miescher
Institute (FMI) in Basel, Switzerland. The work was based on a well-known experiment with the
nematode C. elegans, in which a genetic intervention in a gene involved in the post-translational
modification of histone H3 at position K4 (H3K4, table 1, fig 8) led to an epigenetic transgen-
erational effect (fig 44). The protein encoded by this gene recognises H3K4me2 and removes
methyl groups (it is a demethylase). Subsequently, the researchers focused on the situation in
mice, using the orthologous human demethylase gene for this purpose. The gene (the lysine
demethylase called KDM1A) was first equipped with a promoter that only works during spermat-
ogenesis. After that, this construct was injected into the male pronucleus of the zygote (box 3,
fig 42). This resulted in the birth of transgenic mice with a genomically integrated construct
(the P (FO) of fig 44), and the male offspring were further used in the study. The endogenous
mouse-specific H3K4me2 (lysine) demethylase is active as usual during spermatogenesis. As is
common in such experiments, multiple generations were followed through the paternal line, until
the F4. Skeletal abnormalities and increased mortality were seen up to the F3 (fig 44), also when
the males were no longer transgenic in these subsequent generations. Of course, the research-
ers investigated the sperm cells in an attempt to find an explanation for these large effects.
In mouse sperm, around 1% of the genomic DNA is wrapped around nucleosomes (Ch12.6,
fig 8, 32). Earlier, researchers had found an association between this nucleosomal DNA and the
promoter regions of genes, many of which are involved in housekeeping functions, commonly
expressed in, for instance, embryonic cells. These genes are thus associated with histones,
and they are, on average, rich in CpGs (fig 11) in their promoter regions, which are hypomethyl-
ated (Ch2.3.3), despite the generally high methylation level of DNA in sperm cells (Ch9, fig 23).
Together with the methylated H3K4 (me2 and 3), these are indicators of an open state of the
chromatin in the promoter, which enables activation of the gene (table 1). All of this indicates a
“readiness” of these genes for expression during the prospective embryonic development, how-
ever, see the last sentence of this paragraph.

Researcher Antoine Peters (FMI, Basel) estimates that due to the intervention of the human
transgenic H3K4me2 demethylase, a modification in the chromatin structure of the promoter has

occurred in at least 2,300 genes within this group of genes. However, a direct effect on the level
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of CpG methylation of these promoter regions was not found. Nevertheless, this is not yet evi-
dence of a direct involvement of histones in the transgenerational transmission demonstrated by
this experiment. We now know that the effects of a single change in chromatin regulation during
spermatogenesis can persist for multiple generations, resulting in phenotypic consequences
extending to the F3. However, this detailed research does not provide insight into the molecular
mechanisms underlying these effects. Of note here is that there is no good evidence yet pointing
at the preservation of sperm-born histones at the time of paternal chromatin remodelling, from

the moment of entry of the sperm in the oocyte onwards (Ch13.5.2).

15.2.5 Anunexpected interaction between the egg and the sperm in the zygote

One of the previous sections (Ch15.2.3) included an example of sugar intake and a short-term
effect of this on tsRNA molecules in human sperm. Parental energy metabolism has been
associated with at least intergenerational effects for a longer time. In this area, scientific interest
in obesity has grown considerably. While obesity is naturally associated with changing dietary
patterns, could an epigenetic intergenerational mechanism also play a role? This idea becomes
more plausible as obesity rates increase sharply, even among children.

Recently, a study was published on epigenetic inheritance, this time of high blood sugar lev-
els, which sheds a completely different light on the range of mechanisms that may be involved.
This study commenced with the observation that the maturation of oocytes before ovulation
does not occur entirely normally in female mice with high blood sugar levels.

The researchers demonstrated this using the enzyme TET3. This enzyme ensures that the
paternal DNA in the zygote is demethylated (Ch9, fig 23). When this enzyme is not active enough
in the zygote, it affects the demethylation process, which in turn affects the activity of paternal
alleles in the offspring. In this way, the functioning of several genes involved in insulin secretion
by the pancreas was affected: the excessively high methylation level inhibited their activity. In the
offspring, this led to lower insulin secretion and reduced glucose tolerance, precursors of diabe-
tes. This is an example of a publication for which the researchers (from Hangzhou and Shanghai,
China) had to undertake a large amount of work. The potentially considerable social implications
led to the publication of this work in Nature (2022).
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15.2.6 More mouse models: anxiety, olfaction, and disease

The following experiment provides another example of how remarkable transgenerational epi-
genetic inheritance is in mice. In the roof of the nasal cavity, mammals have receptors that are
responsible for the recognition of odour molecules (MOE, the main olfactory epithelium). The
many different protein receptors responsible for the sense of smell are encoded by an extensive
series of genes collectively known as Olfr. The receptor from this gene family that is encoded by
the OIfr151 gene can perceive the substance acetophenone. This substance is found in various
natural food products, including cheese, meat, apricot, and cauliflower. In 2014, a group from
Atlanta, Georgia, USA, published a study conducted in adult male mice, in which the follow-
ing protocol was used. The odour sensation of acetophenone was paired with punishment in
the form of an irritating sound. The animals thus underwent “Pavlovian” conditioning, meaning
that they became stressed simply by smelling that specific odour. Next, a breeding programme
through the male line was initiated with the use of IVF. After testing animals from different gener-
ations, it was found that the stress response triggered by acetophenone odour in the first genera-
tion of animals persisted in the two subsequent generations: in the sons and grandsons that had
never been confronted with the unpleasant sound (fig 44). The researchers then looked at the
CpG methylation of DNA of the OIfr151 gene in the sperm cells of the stress-exposed generation
and their sons. They observed a loss of methylated CpGs. However, when they examined the
DNA of the same gene in the olfactory epithelium, no abnormalities were found in the sons and
grandsons. This is yet another example of the mysteries that still abound in this area.

The step from stress to pathology is not large. In male mice, a chronic toxoplasmosis infec-
tion reduces sperm production, which is combined with morphological deterioration. When two
successive generations were produced, work conducted in 2020, it was noted that offspring in
the male lineage exhibited abnormal results in a number of standard behavioural tests. While
searching for an explanation in the sperm of the infected fathers, these researchers also encoun-
tered the sncRNA population as a potential cause of the transgenerational effect.

Lastly, let me present an even more recent example. This study links paternal experience of
a sublethal infection, triggered by intravenous administration of the fungus Candida to the father,
to an increased reactivity of acute immune responses in the next generation and in the gener-
ation thereafter, transmitted through the male lineage. In the generations thereafter, the height-
ened immune response subsided. Changes were found in the sperm methylome of the affected

father. Some of these could be linked to genes involved in the immune response. This suggests
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a direct relationship between the methylation status of genes in the sperm and the functioning of
the immune system in the next generation (in which these genes are involved), although direct

evidence for this has not yet been provided.
156.3 Stress-related epigenetic phenomena in humans

In the previous sections, | have tried to broadly illustrate developments in research on intergen-
erational and transgenerational epigenetic inheritance in laboratory animals. In recent years,
several review articles have appeared in which the question is raised whether there are clear
indications of heritable epigenetic effects (not based on a change in DNA base sequence) in
humans as well. Due to the long generation interval, it is difficult to conduct research on this in
humans. To prepare for this question, one could examine observations within one generation to
determine whether stress-related somatic epigenetic variation also occurs in humans.

In 1995, an article by JPM Barker was published in the British Medical Journal, which focused
on the relationship between inadequate conditions during pregnancy and health risks later in life.
The knowledge outlined in this article became known as the “Barker hypothesis” and was later
supplemented with additional studies. This hypothesis presumes that the transcription activ-
ity of susceptible genes adapts to the poorer conditions in the early stages of pregnancy (the
embryonic period, from fertilisation to the onset of organ formation, which is completed in the 8th
week). Subsequently, the level of gene regulation becomes fixed. Then, even when there is no
longer a shortage later on, the genome remains set in a state as if there is scarcity, leading to
diseases later in life, including lifestyle diseases such as heart disease, increased BMI (obesity),
and type 2 diabetes, but schizophrenia is also mentioned.

A particularly well-studied group of people in this regard consists of a sample of people
from the Dutch population who were conceived during the Dutch famine between December
1944 and May 1945. By the end of this period, severe stress due to food scarcity was experi-
enced, with individuals having only 500 kcal to eat each day (25% of the normal daily intake).
As expected, this did affect the future health of children conceived during the so-called Hunger
Winter. This manifests as an altered metabolic profile (reduced glucose tolerance, increased
BMI, elevated cholesterol). A study published in 2014 compared two children of the same sex
within 24 families. One child was conceived during the Dutch famine, while the other one was
conceived outside the December 1944-May 1945 period. In order to detect any potential epige-

netic changes, the researchers chose to look at CpG methylation (fig 11). After DNA extraction
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from white blood cells, they examined more than 90 thousand regions, which contained nearly
seven CpG dinucleotides on average. This represents a selection from the entire human methy-
lome, which is, of course, much larger (29 x 10 CpGs). It was determined that there was a
difference in methylation levels between the two siblings in 181 chromosomal regions. Since the
whole genome has now been mapped (Ch3.1), further investigation was possible. After all, we
know exactly where those regions are located in the genomic DNA and whether that can predict
or explain any changes in gene activity. The group of researchers, with Elmar Tobi as the first
author and Bastiaan Heijmans as the last author, found an increase in CpG methylation levels in
60% of these “methylation difference regions” in adults conceived during the Dutch famine, and
a decrease in the remaining 40%. The genes in which these changes had occurred had func-
tions in early embryonic development, particularly in growth and metabolism. The changes were
not so much related to CpG-rich promoters (fig 11), but rather to CpG-poor promoters and more
distant CpG motifs, known as “enhancers,” which influence the level of transcription. The take-
home message from this is that when the early prenatal environment becomes more extreme,
it has a lasting effect in the first generation, as reflected in the methylation pattern of CpGs near
and within genes. Unfortunately, this output has not been used for further research in the gen-
eration following the war generation due to privacy reasons. That could have provided valuable
data on intergenerational epigenetic inheritance effects (fig 44) after food scarcity. However,
there is still some evidence for this. An increased BMI was found in the offspring of fathers (but
not mothers) with a prenatal history from the Dutch famine. The children of women with the same
history were 1.8 times more likely to have health issues later in life.

Due to the long generation interval in humans, indications of epigenetic inheritance largely
rely on long-term epidemiological research. The first datasets used for a comprehensive study
for this purpose originated from Overkalix, a village in northern Sweden. The grandparents were
born in the second half of the 19th century, and their grandchildren were born in this century.
For the grandparents, there are harvest records and food prices, from which it can be inferred
whether there was abundance or scarcity (and to what extent). The strongest argument for the
existence of transgenerational epigenetic inheritance that emerged from this study was that if
the grandfather was a pre-adolescent (with slowly dividing spermatogonial stem cells) during
a period of food abundance or food scarcity, this increased the mortality risk in the grandsons.
Not all findings were confirmed in an even larger second Swedish study from 2018. However,
findings on the effect of an excess of food remained intact. Interestingly, the researchers specif-

ically mention cancer as a contributing factor to the shortened life expectancy of the grandsons.
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15.4 From epigenetics to genetics

In 2000, Yuri Dubrova, who worked in the laboratory of the well-known researcher Alec Jef-
freys in Leicester, UK (Ch2.3.3), published a “brief communication” in Nature, in which it was
shown that ionising radiation has another heritable effect on the genome, in addition to the
already known mutagenic DNA breakage and repair effects (Ch11.3, Ch12.7, Ch13.5.2). The
study focused on the so-called microsatellite repeats in DNA (Ch2.3.3, table 2). This concerned
the approximately 600 copies of the basic motif GGGCA in the mouse genome. The high sponta-
neous mutation frequency of such DNA repeats is always attributed to problems that the DNA
replication machinery (fig 5) has with repetitions of a short base motif. For this type of repeats,
this applies to both somatic cells and germ cells. In the archetypal experiment conducted in
Leicester, the spermatogonial stem cells of FO male mice were irradiated with fast neutrons at
a dose of 0.5 Gy. These fast neutrons are effective breakers of the DNA double helix, and, like
X-rays, they generate a wave of oxygen free radicals. Hence, this type of radiation causes
widespread cellular stress. Analysis of the copy number of the GGGCA repeat showed that new
mutations had appeared in the germline of F1 offspring; the mutation frequency had approxi-
mately doubled.

Remarkably, mutations were also found in the repeat locus that originated from the mother,
which could thus not have any “memory” of exposure to radiation. Apparently, a reaction had
occurred in the irradiated FO spermatogonial stem cells that genotypically manifested in the
spermatogenesis of the next F1 generation as a reduced ability to accurately replicate these
repetitive DNA sequences which are already prone to error themselves. Dubrova and Jeffreys’
findings demonstrate that there is not always a sharp distinction between genetic and epigenetic
inheritance. For now, the mechanism that translates the memory of cellular radiation stress into
less effective functioning of the DNA replication machinery in the germline (which is challenged
by simple repeats), even affecting the subsequent generation (the “DNA replication mutation
genotype”), remains a complete mystery.

In summary, you could say that we are slowly getting more glimpses of the molecular aspects
of transgenerational epigenetic inheritance, but most of it is almost certainly still unknown. Is
epigenetic adaptation an emergency mechanism to deal with harsh times, and does it always

play a role to some extent?
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15.5 Clues for a balance between genetic and epigenetic variation around
methyl-CpG

In the previous chapters of this book, CpG methylation has already been mentioned several
times (Ch9, box 4, fig 11, 23). In the current chapter on environmentally induced epigenetic
changes across generations, this mechanism for DNA modification has received extra attention,
and it will be further discussed here. In the 1980s, it was still a laborious task to determine for a
position in the base sequence of the chromosomal DNA whether the C was methylated or not;
now, with a modified NGS procedure, it is possible to determine the methylome of the whole
genome. Special chip arrays for CpG methylation analysis are also available.

CpG methylation in genomic DNA is widespread in the realm of living organisms. This phe-
nomenon is evolutionarily old (900 million years) and robust, although it can also be missed in
certain organisms. The mechanism that ensures retention of the methyl group at the C position
in a newly synthesised DNA strand during DNA replication has been described in detail. While
this copying process involves many more errors than the replication of the DNA base sequence
itself (Ch2.2.2), it is still estimated to be biologically reliable, with less than 0.3% of Cs being
missed. With ageing, more errors occur in the preservation of the methylation status, which
leads to increased variation in the methylation level of CpGs in somatic cells, which is generally
high (fig 23). For many positions, this is also sex-dependent. Much less is understood about how
other chromatin parameters involved in the regulation of transcription, such as the histone PTMs
(table 1), are conserved during DNA replication in the S phase of the cell cycle. It is, therefore,
attractive to assume that CpG methylation plays a key role in regulating the highly detailed
three-dimensional structure of chromatin.

Everything comes together in CpG methylation: genetics, environmental influence, chance
and the unknown. Unlike the actual CpG methylation steps, the biological role of CpG methyla-
tion and the details of its regulation are still subject to many questions. For example, how fixed
are the positions of cytosine methylation, and can any genetic variation occur there? How is the
CpG methylation pattern established during embryonic development (fig 23)? Does chance play
arole in this, and/or how can environmental factors affect this process? The next chapter (Ch16,
on artificial reproduction) will also address CpG methylation as an explanatory and predictive
parameter. Here, | will therefore attempt to outline our growing understanding of CpG methyla-

tion as a molecular guiding principle in “nature versus nurture” interactions.
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When it comes to conducting genome-wide studies on the methylome, monozygotic twins
who differ for the trait under study (read: a disease) are ideal subjects. The phenomenon of one
twin having a certain disease while the other does not (disease discordant monozygotic twins)
is not rare at all; on the contrary, sometimes this is the norm. By analysing the individual meth-
ylation status of the DNA of such twins, gene-associated regions whose methylation levels are
associated with traits such as aggression and obesity have been found in the genome. Another
approach is to use population screening to search for areas in the genome related to disease
and to include CpG methylation in the analysis. In a screening like this conducted in Scotland,
citizens born in 1936 were approached approximately 60 years later with the intention of having
them participate in the following study. While it was conducted, these people were 70 years old
and healthy. This research focused on the levels of 96 proteins in blood plasma, which all have
significance in the context of neurological disorders. In addition to 41 regions which could be
linked to the level of 33 proteins based on variation in the DNA base sequence (GWAS, Ch6.2),
the researchers also found 26 regions that stood out due to the degree of CpG methylation, and
those could be linked to the level of nine proteins. This approach thus yielded candidate genes
for neurological disorders, even if these may derail due to an epigenetic aspect: after all, the
methylation profile may be linked to the regulation of gene expression levels.

The high level of methylation implies that it has an important function in suppressing unwanted
transcriptional activity of DNA, which is most notable for retrotransposons (fig 11), the regulation
of imprinting (Ch10), and the inactivation of the X chromosome (box 4). That partially rules out
a pattern of variation, but variation certainly exists beyond these aspects. The genomic methy-
lation profiles of identical twins (compared to fraternal twins) can also be used to determine the
heritability (the h?, Ch6.1) of methylation at a single CpG position, which is an indication of the
degree of variability. This appears to differ tremendously for positions that show variation per
position, and it is not high on average; higher h? values are found only for a small fraction of
these CpG positions. A high h? value indicates that the situation is fairly stable from generation
to generation, with DNA being either predominantly methylated or unmethylated. The CpG-rich
regions near genes (the CpG islands; Ch2.3.3) that have a promoter function are commonly
unmethylated (see also the legend of fig 11). Gene activity regulation does not depend on this.
Genes that are specific to the germline form a remarkable exception to this rule; in somatic cells,
the promoter region is methylated. According to the current state of research, the situation is
different for CpG positions that are located further from the gene and that are also involved in

the regulation of gene expression (enhancer or silencer regions). Variation in these regions is
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linked to fluctuations in transcription status (see also the section on the Dutch famine, Ch15.3).
Another method to establish that there is meaningful variation stems from quantitative genetics
(Ch6). Instead of a GWAS, an EWAS can be performed (an “epigenome-wide association study”
based on a genome-wide (m)CpG profile). This method leads to the identification of areas in
the genome that can be linked to the phenotype under study through variation in this epigenetic
modification.

The influence of prenatal conditions, nutrition, and environment on variation in the methy-
lome was already evident in the analysis of DNA from children conceived during the Dutch
famine (Ch15.3). This impact was also seen in other studies, with two more examples follow-
ing here. In a study conducted in Singapore in 2014, umbilical cord blood was collected from
237 newborns. Using a chip specifically designed for this purpose (Ch3.2, lllumina), the genome
was screened to determine the methylation level of 450,000 CpG positions. The babies exhibited
large differences in over 1,400 genomic regions, in contrast to a mostly homogeneous picture for
the rest of the genome. The researchers monitored several factors, including maternal smoking
during pregnancy, depression, but also BMI, and the baby’s weight. The quantitative genetic sta-
tistical models they applied primarily revealed that the “overall genotype” (the personal genome)
was the best predictor of how the baby had responded to various conditions during pregnancy
by methylation of the CpG motif. This work illustrates that the value of CpG methylation as a
readout of environmental conditions is greater when that environment exhibits more extreme
deviations for an extended period of time during prenatal development. With a different approach
studying the influence of the early maternal environment on CpG methylation, researchers found
687 positions that showed a “variable” (or “metastable”, as termed by the researchers (Ch15.2.2))
response in the first weeks of embryonic development, including gastrulation (fig 43). They were
also able to establish a link to the regulation of the activity of specific genes.

From this work and several similar studies, it has become clear that the genome responds
to environmental conditions via methylation, already from the earliest possible embryonic stage
(and throughout subsequent development). Several “players” (gene products such as proteins
and certain types of RNA molecules) are involved in generating the characteristic features of the
methylome. Each of these “players” is, in turn, also subject to genetic variation. This illustrates
the influence of genotype on the response of the methylome to environmental conditions. It thus
seems that variation in CpG methylation partly has a genetic basis, and that this basis also exists

for the way in which our genome responds to the environment via methylation from conception
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onwards. However, twin studies teach us that “chance”, including aspects that may have yet to
be discovered, also plays a major role.

Lastly, | will provide a micro-level illustration of the genetic basis of CpG methylation. In a
study published in 2016, a female mouse was fed a low-protein diet, 8% as opposed to the nor-
mal 20%, for a period of several weeks from the second day of cohabitation with a male mouse.
The researchers used the well-known inbred strain B6. Mating occurred at the beginning of
this period, and the diet regimen was maintained until the end of the nursing period, 3 weeks
after birth. The offspring exhibited growth restriction and reduced physical activity, and they
also produced less insulin when subjected to a glucose challenge test. While investigating the
effects of protein restriction in these animals, the researchers stumbled upon a (methylated or
unmethylated) CpG motif in DNA from liver cells and sperm cells of the male offspring. This motif
is located 133 bases upstream of the transcription start of the gene for ribosomal RNA (position
indicated as -133). This gene is found in many copies, head-to-tail oriented, in multiple clusters
in the genome. In humans, these polymorphic gene clusters are found in the genomic DNA on
the short arms of chromosomes 13, 14, 15, and 20, 21 (fig 12). Methylation of the CpG at posi-
tion -133 in rRNA genes negatively affects transcription. This in itself is remarkable. However,
the point that these researchers make is that a DNA base located 29 base positions closer to
the start of transcription of rRNA genes (at position -104) has a great impact on the methylation
level of this particular CpG. If there is an A at that position, the methylation level of the CpG at
position -133 is much higher than when there is a C (so there is a DNA polymorphism (SNP)
within the B6 inbred strain). In male offspring with the A base that had experienced the diet
restriction through their mother, the growth restriction could be estimated from the percentage
of methylated CpGs at position -133. The higher the proportion of cells that have the methylated
CpG, the lower the weight of the sons. In this case, a seemingly minuscule detail in the genotype
has an effect on the epigenetic response to protein restriction that was already present in utero.

This is a great example of how genotype and methylome are closely intertwined, just as

nature and nurture are intertwined.
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CHAPTER 16

What artificial repro-
ductive technologies
teach us about human
reproductive genetics

16.1 Introduction

Without a doubt, the development of in vitro fertilisation (IVF) in humans has stimulated repro-
ductive research in our species. Scientific journals with titles like Fertility and Sterility and Human
Reproduction are flourishing and the prestigious Human Reproduction Update is coveted to pub-
lish in. Long before the emergence of IVF, the medical science community was already looking
at the earliest stages of human embryonic development.

From 1938 to 1959, gynaecologist John Rock (Baltimore) and pathologist Arthur Hertig (Bos-
ton) reported their findings, which were outcomes of hysterectomies, surgical removal of the
uterus. During the months that patients awaited their surgery, they were asked to track their
cycles and to record the days of sexual intercourse as well. In most cases, only the uterus was
flushed out after the removal, but sometimes this was also done with the oviducts (or fallopian
tubes). Oocytes were harvested from the ovaries, and this led to what | believe was the first
known IVF attempt in humans (with an indication of success). The patients were between 25
and 43 years old. Based on the collected embryos, Hertig and Rock were the first to construct
the human timeline of early embryonic development up to day 17 (an implanted embryo with
placental development). This research has also been subject to some criticism. For instance,

the patient population used in their studies seems heterogeneous, since the reason for the



hysterectomy procedure is not really provided. Also, Rock and Hertig did not know that sperm
can survive for a long time (likely around the isthmus fig 39) and that it is not a good idea to let
the egg age before fertilisation (Ch13.4, fig 41). During the period around World War Il until 1947,
they collected 26 embryos from 122 women, and another eight embryos from 88 women were
added over the next 9 years. Ultimately, they rated 24 of the 34 embryos as normal based on
appearance. They were the first to observe many aspects of human early embryonic develop-
ment, which we are now so familiar with through routine work in the IVF lab.

With all the knowledge that IVF research and the practice of IVF have provided about the
early stages of embryonic development, can we now better understand human reproduction?
It has certainly sparked interest in it. Communities of researchers who are actively engaged
in assisted reproduction have suggested that natural human reproduction is not always prob-
lem-free either. Therefore, the differences between the laboratory route and the evolutionarily
proven method may not even be that great. But is that really the case? What plays a role here is
that the reproductive capacity of our species is estimated to be low from the laboratory perspec-
tive, as if reproduction in humans is always a matter of chance. Nonetheless, the species has
managed quite well over the course of recent evolution. Hence, it seems more likely that there
is a high degree of variability in reproductive capacity. This is especially true for a woman, since
good eggs are precious and many of the conditions in which the oocyte/egg and embryo reside,
such as the environment in the ovary, oviduct, and uterus, depend on her. The variation in sperm
production (Ch12.8, Ch12.10, table 5, fig 34) can never have greatly disadvantaged the delivery
of the next generation over the centuries: oocytes are many times scarcer than sperm.

Here are some known statistics from contemporary research: approximately one in six to
seven couples encounter difficulties in fulfilling their desire for parenthood. What does each
partner contribute to this? Most publications state that the male-female ratio in this is approx-
imately 50-50. A smaller proportion will be caused by ineffective interaction within the couple.
This can also include couples where no clinical abnormalities can be found (around 20% of
cases). From figure 36, you can deduce that in couples who seek reproductive assistance, the
male contribution to fertility issues may actually be more than 50%; a clear-cut line cannot be
drawn. In the Netherlands, a request for reproductive assistance can be honoured after one year
of trying without success. A fertility test at that point can roughly distinguish between couples for
whom trying to conceive naturally is still worthwhile, with an estimated chance of a successful
pregnancy of 15% in the following year, and those for whom this is not the case. The first group

will probably largely coincide with the group that, once the stress of the entire IVF treatment pro-
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cess is over, still conceives spontaneously (which can also occur during the IVF trajectory). In a
follow-up study conducted at the University Medical Centre of Maastricht (including participants
up to 7 years after the initial visit for fertility treatment), it was found that about 10% of children
born after the time of intake were the result of natural conception.

A spontaneous pregnancy like that can occur while people are on the waiting list, during
treatment, or after the completion of a fertility procedure. The link between the number of cycles
and the cumulative chance of spontaneous pregnancy is shown in figure 46. After 2 months,
there is already a rise in couples who could benefit from some form of assistance. Imagine that
you could replicate this graph using the same couples while correcting for age, this time reflect-
ing their attempt to have another child; would the more fertile couples from the first round be the
more fertile ones again? And would the less fertile ones still turn out to be less fertile? There are
various reasons to assume that this is true, but to my knowledge, there is no measure for this
(the repeatability of the time to reach pregnancy) that has been consistently acknowledged in
the literature.

Shortly after Robert Edwards’ first publications in 1965, about human oocytes that had been
extracted from mature follicles which spontaneously resumed their journey through the first mei-
otic division (Ch13.7), his group reported in 1969 and 1970 that they had succeeded in the in
vitro fertilisation of eggs in the second meiotic division (fig 39). It then took another eight years
until Louise Brown, the first IVF baby, was born in 1978. The reason for developing IVF at that
time was that it offered a solution when the oviducts were blocked, for example, caused by a
Chlamydia infection. In fact, it was a period in which everything was still being tried out, and
the approaches were also rather primitive by current standards. | have no idea whether the
founding fathers of this technology foresaw the extent to which IVF, now part of ART (artificial
reproduction techniques), would become used among the general population. For a long time
already, pathology of the oviduct has not been the main reason for the involvement of the IVF lab
in the treatment of infertility (this is now only the case in about 10% of treatments). In a recent
representative Dutch multicentre study on the effect of the chemical composition of the culture
medium on the various outcomes of IVF treatment, male subfertility or infertility was present
in 50-60% of cases. In around 20%, no medical abnormalities were detected in the partners
(incidentally, this is the group in which most spontaneous pregnancies occur during the waiting
period for treatment).

The fact that IVF requires far fewer sperm cells than natural conception has actually linked

urology to gynaecology. The common thread running through many research efforts around ART
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is that the international medical profession goes to great lengths to fulfil a desire for parenthood.
The feelings of despair and profound sadness evoked by an unfulfilled desire to have children
serve as a stimulus in the consulting room to explore the boundaries of the possibilities of artifi-
cial reproduction. On the other hand, there is a societal issue, namely that it seems increasingly
difficult to accept fate, which is in line with the general idea of a society in which anything should
be achievable. The experiment that led to the discovery of the effectiveness of ICSI (intracyto-
plasmic sperm injection) in humans can be explained against this background. In a small fraction
of classical IVF situations, in which the eggs are surrounded by an excess of sperm cells in a
small drop of culture medium under a layer of oil, the sperm fail to penetrate the zona pellucida
(Ch13.5 fig 39). In order to solve this, attempts were made to use a pipette to assist the sperm
cell a bit by depositing it in the so-called perivitelline space (fig 39). In 1992, at the IVF lab of the
Free University of Brussels, Belgium, a sort of workplace accident occurred while Hubert Joris
operated the micromanipulator; one arm of the machine moved too far, thereby depositing the
sperm in the cytoplasm of the egg cell. If this had been attempted with a mouse egg, it would
immediately have been punctured and deflated. In humans, however, this technique proved to
be useful. When the researchers were confident enough about the reliability of this method of
creating a zygote, they published about it in The Lancet, describing that healthy babies were
born from eggs that had been fertilised in this way.

This made Gianpiero Palermo and his boss, Professor André van Steirteghem, instantly
famous. ICSI had emerged as a modified version of IVF treatment, and this greatly expanded
the population of prospective parents who could seek treatment. Initially, for men with a very
low sperm count, the sperm cell selected by the laboratory technician (of normal size and visibly
alive based on observation of tail movement) was obtained from the ejaculate (table 5). However,
this was no longer necessary in the next steps. Men can become sterile due to an obstruction in
the epididymis, for example as a result of inflammation. In that case, it makes sense to search
for usable sperm in the duct upstream of the inflammation (a PESA, percutaneous epididymal
sperm extraction). If nothing can be found there and there is non-obstructive azoospermia
(Ch12.12), then the search can be extended to the testis. This technique is referred to by the
abbreviation TESE (Ch12.9, Ch12.11, Ch12.12). | still clearly remember the pictures that a doc-
tor from the USA presented in Amsterdam, which showed a testicular wall cut open longitudi-
nally with a long incision to facilitate the search for thicker segments in the testicular tubules.
It is not rocket science to assume that the chance of finding a focal cluster of spermatogenetic

cells is greatest wherever the tubule bulges. In 40-50% of men who have no obstruction in the
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epididymis but whose sperm production is too low for sperm cells to reach the ejaculate (via the
seminiferous tubules, the rete testis, the long duct through the epididymis, and eventually the vas
deferens (fig 31)), sperm cells can still be found using this method. IVF analysts can sometimes
spend hours searching for one or a few sperm cells in order to still keep the possibility of genetic
parenthood open.

The live-dead selection test (a slight movement of the tail, visible after touching the sperm
with a pipette) is difficult to apply here because motility normally only arises in the epididymis
(Ch12.12). Initially, publications appeared that aimed to nuance the importance of the sperm
“being alive” when it is used for ICSI. We now know that this is a prerequisite (Ch13.5.2). In the
first years after its publication in The Lancet in 1992, ICSI was introduced in Dutch IVF centres.
However, as an exception to the widespread implementation of this technique in Europe and
around the world, the Dutch Society of Obstetrics and Gynaecology (NVOG) imposed a morato-
rium on the use of ICSI in 1996, which lasted until 2000. They waited for the release of findings
from abroad about the efficiency of ICSI and the risk of congenital disorders in children. At that
time, it was already known that the conventional IVF method slightly increased the risk of con-
genital abnormalities in children, which formed a real concern for the professionals in the field.
We now know that this is not quantitatively different for ICSI children.

There is also a positive early embryological aspect to ICSI: there are easily about
2,500 sperm cells per small drop of 50 ul culture medium in an IVF dish. This number is many
times higher than in the in vivo situation (Ch13.5). The sperm cells are metabolically active, and
due to the excessive formation of oxygen free radicals (Ch13.5.2), they almost certainly cause
a physiological effect that is potentially mutagenic. Under these conditions, it is already remark-
able that polyspermy only occurs in around 3% of cases. There are human IVF laboratories that
may predominantly use ICSI for this reason and/or for operational considerations. This will then
also apply to a prospective father with a normal spermiogram (Ch12.9), thereby eliminating any
form of sperm competition.

It is not an overstatement to say that ART has conquered the world and that the contribution
of these techniques to bringing the next generation into the world is increasing everywhere. It
is also true that in most countries, except for the Netherlands and Denmark, the procedure has
been commercialised, with an expanding business sector and venture capital in the background.
The well-known statistic for ART in the Netherlands stands at one in 30 births. This means that,

so to speak, one child in every classroom has been brought into the world with the use of ART.
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16.2 Invitro

IVF would not have been possible without the discovery that the zygote can undergo cleav-
age divisions in vitro. In mice, most of the groundwork was done from the 1950s onwards by
the aforementioned Wes Whitten of the Jackson Laboratory in Maine (Ch13.7). Two lines of
thought can be distinguished in research into the optimal in vitro environment: (a) mimicking
nature or (b) trial and error (letting the embryo itself indicate what it “wants”). Culture media
were initially made in-house and the formulas for their composition were public, but with the
growth and globalisation of ART, the supply of media and attributes for sperm and egg isolation
and embryo culture has also become a fully commercial affair. It is estimated that as many as
20 different medium formulations are currently in use for humans, probably all different from the
culture medium used to create Louise Brown. As the in vitro residence time of human embryos
has increased due to technical developments, so have the requirements. A “two-step” medium
is often used in this process, where the composition during the second step is tailored to the
development of 8-cell embryos from day 3 to a blastocyst on day 5/6 (fig 43). Developing and
testing suitable culture media is an extremely complex matter because the optimal concentra-
tions of the dozens of components depend on each other. A medium that was widely used in the
Netherlands during the rise of IVF is HTF (human tubal fluid), based on the composition of fluid
in the oviduct, but it has now fallen into oblivion. It is an illusion to think that it will ever be possi-
ble to perfectly replicate the in vivo environment in vitro. The physiological conditions in which
cells, especially oocytes and embryos, thrive are too complex and variable for that. Scientific
review articles emphasise that the in vitro environment represents a form of stress to which the
egg and early embryo must adapt. In 2010, it was discovered at the Department of Obstetrics
and Gynaecology at the University Medical Centre in Maastricht, under the guidance of John
Dumoulin, that the medium in which fertilisation and the initial cleavage divisions had taken place
has an effect on the birth weight of babies. This finding was so sensational that it sparked a large
study involving six Dutch IVF clinics. Together, they conducted a particularly informative experi-
ment comparing two media. One culture medium was slightly better at producing day 3 embryos
with a sufficiently good morphology for transplantation. Its use led to a slightly higher number of
successful births. With the other medium, the average birth weight of the babies was about 5%
higher (I use this study in Ch16.3 to introduce key statistics of IVF treatment). In three of the six
labs, the preimplantation development took place at an oxygen level of 5%, because the oviduct

is a relatively oxygen-poor environment. The other three laboratories used a gas phase in the
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incubator with normal air, containing 20-21% oxygen. In chapter 13.7, it was already mentioned
that for cattle and humans, it is truly better to culture preimplantation embryos at an oxygen level
of 5%, which is a more normal condition for tissues. This seems logical when you consider that
gametes are sensitive to oxidative stress (Ch12.7, Ch13.5.2, Ch13.7). So from a precautionary
principle, you would expect that all IVF clinics use the more expensive 5%0, incubators, and this

is more or less the case at the moment.

16.3 Superovulation

When | started to scientifically focus on biological issues related to the use of artificial reproduc-
tive techniques in 2001, an enthusiastic gynaecologist told me that the success of IVF is related
to the fact that there is still a choice at the time of embryo transfer. In the Dutch study cited
earlier in chapter 16.2, which investigated the effect of the culture medium on the outcomes of
IVF, the average vyield of a superovulation procedure was nine oocytes, with the average age
of the woman being 34. The variation is wide for both age and number of oocytes. On aver-
age, the superovulation response naturally decreases with age (Ch11.1). From the nine oocytes
mentioned in the study, an average of 2.5 developed into 4- to 8-cell embryos (fig 43) that were
suitable for transplantation (the in vitro endpoint in this study). All these laboratories use both
conventional IVF and ICSI (at a ratio of about 2:3). The transfer of usually one but sometimes
two embryos at the appropriate time resulted in implantation in 15-20% of cases. After a year
of trying, the chance of giving birth was around 40% (and not really different for the media used
here, including the now discontinued HF T, see Ch16.2). Measured over the entire study, the ratio
of singletons to twins was 7:1. The ratio of fresh embryos to frozen embryos that were transferred
was 2:1. For comparison, here are the statistics from the Netherlands for 2020. The first number
concerns classical IVF, the number in parentheses refers to ICSI. IVF and ICSI were used in
approximately equal proportions. All cycles were included, leading to the supposition that when
only first cycles are considered, a more successful picture will be obtained. When the number of
cycles started with superovulation is set at 100%, this leads to follicle puncture in 86.3% (87.7%),
embryo transfer in 74.6% (76.7%), pregnancy in 27.2% (29.5%) and an ongoing pregnancy in
19.3% (21.7%). Of the births, 3-4% are twins.

Of all the factors that play a role in the success rate of an IVF procedure, the age of the
woman who wishes to become pregnant is the most important one. A professional and advocacy

organisation like ESHRE sets an implantation success rate of 25% for an 8-cell embryo and 35%
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for a blastocyst as the minimum norm. However, there are biological limits and many variables
that affect the chance of success.

How do you select the most promising embryos for transfer? Despite a diligent search for
answers to this question, there appear to be no reliable indicators either in the embryo or in the
external environment (the culture medium), apart from clear morphological features. The indica-
tors that do have significance include abnormalities during fertilisation and a strongly acceler-
ated or delayed rate of division (more common). Fragmentation, the appearance of small clumps
of cellular material during cell division, often occurs in such situations. This phenomenon, which
is frequently seen in human embryos, can be reversible. It hardly ever occurs in mouse embryos.
IVF embryologists assess embryos once a day under the microscope to determine the degree
of fragmentation (increase is negative) and cell count (increase is usually positive, fig 43). This
procedural approach has led to a kind of semi-objective, semi-subjective rating scale. With cur-
rent technological possibilities, could this not be made more objective and informative, you may
wonder? The answer to this question is yes, because the embryoscope, an automated micro-
scopic imaging system that takes a picture of each embryo in the incubator every 20 minutes,
was developed several years ago. More modern systems currently do this every 5 minutes.
When viewing these images like a video, the development of the embryo flies by. Even before
the data collected using the embryoscope appeared in the literature, a story had already been
published about the predictive power of the timing of the first cleavage division: the progres-
sion of the zygote stage (Ch13.5, fig 42). Now, thanks to time-lapse monitoring, the progress
of the first cleavage division can be followed in detail. A French study published in 2019 used
22 parameters to describe events occurring between gamete fusion and the appearance of four
blastomeres. Two of these were related to the likelihood of a full-term pregnancy and, thus, the
birth of a baby: the way in which the two pronuclei (fig 42) aligned in the centre of the zygote
(a positive sign) and the appearance of multiple nuclei in at least one of the two blastomeres after
the first cleavage division (a negative sign). The importance of control around the first cleavage
division is demonstrated once again with this new technology. To further assess the potential
of time-lapse monitoring for IVF practice, a multicentre study has been launched in the Nether-
lands, the results of which were released in 2023. Compared to the routine practice of following
preimplantation development, time-lapse monitoring did not result in any improvement in the
clinical outcome. Even with this sophisticated tool at hand, the biological events that occur during

early embryogenesis will remain mysterious territory for some time to come.
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Up to this point, the environment (the E from the formula P = G + E of Ch6) has not been
taken into account. There are observations indicating that the environment of couples opting
for assisted reproduction, more specifically those who need the services of an IVF laboratory,
unmistakably influences the chances of success, relating to both ongoing pregnancy as well as
live birth. Data from a cohort study conducted at the Rotterdam Erasmus Medical Centre were
stratified based on socioeconomic status (SES), linked to the IVF laboratory registry of the Eras-
mus Medical Centre, and analysed for the period from 2006-2020. SES characteristics clearly
vary across different neighbourhoods in Rotterdam, so this city provides a suitable population to
study environmental effects, including factors that influence age expectancy and the number of
healthy life years. An elaborate statistical analysis revealed odd ratios of 0.66 for a successful
pregnancy and 0.63 for childbirth. CpG methylation (fig 11) as another aspect of interaction with

the environment has been described in chapter 15.5.
16.3.1 The emergence of chromosomal aberrations during cleavage divisions

Persistent fragmentation of cytoplasm but also of the nucleus; this situation seems to represent
two sides of the same negative coin. During the formation of blastomeres, the division appara-
tus is apparently not entirely reliable. What is responsible for this, and does this only occur in
humans?

In 2000, an Australian paper was published in which a chromosomal portrait of individual
blastomeres was created from 12 human day 3 embryos using a novel DNA hybridisation
technique. This work provided a strong indication of incorrect chromosome numbers per cell.
When this result became evident, the question arose whether a chromosome diagnosis for the
whole embryo could already be made at the 8-cell stage, prior to compaction (fig 43). This could
be done by determining the number of chromosomes from one or sometimes two blastomeres
that would be biopsied. The idea that a diagnosis based on a single cell could be reliable was,
of course, strongly influenced by what was already known about the meiotic origin of numerical
abnormalities and the strong effect of maternal age on this (Ch11.4, fig 30): meiotic errors are
found in every cell of the embryo.

However, further work on this yielded unexpected results. When Esther Baart began her
PhD research in Rotterdam at the beginning of this century, she had access to fluorescent
pieces of search DNA (probes) from 10 chromosomes, with which she could identify the chro-

mosomes using DNA hybridisation and microscopic analysis. The research material consisted
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of 196 embryos. She collected a single cell from 74 of them and two cells from the other 122. In
half of those 122, the fluorescence pattern differed between the blastomeres: the embryo turned
out to be a mosaic. In retrospect, this was the first somewhat stronger indication of a phenom-
enon called CIN, chromosomal instability. Early discussions about CIN naturally addressed that
due to this phenomenon, it is difficult to make predictions about the chances of implantation in
the uterine wall and subsequent embryonic development based on examination of a single cell.

Meanwhile, technological advancements had continued, and by 2009, it became possible
to amplify the DNA from a single blastomere and analyse it using a chip array (a glass slide
containing a representation of the entire genome, by using small fragments that are arranged
in the correct order) and DNA hybridisation. In this way, copy numbers that deviate from two
can be visualised with much greater resolution. For this rather iconic publication from 2009 by
Joris Vermeesch'’s group in Leuven, Belgium, the researchers sought cooperation from couples
who did not require IVF due to reduced fertility, but to prevent transmission of a genetic burden,
such as an X-linked disease or the presence of a BRCA2 mutation (one of the two well-known
breast cancer genes), to the next generation. In such a procedure, embryos created using IVF
are screened for the relevant mutation (preimplantation genetic diagnosis, PGD, now PGT-M,
see also Ch18.2), and only genetically healthy embryos are transferred into the uterus. The
researchers had access to embryos that still looked reasonably good but were no longer needed
to fulfil the couples’ desire to have children. Their conclusion was that between 70-90% of these
on average 8-cell embryos were chromosomally abnormal in one or more (up to all) cells. By
using the chip array, they could also see if chromosomes were broken, a fatal obstacle when
genetic information is transferred to the daughter cells. It turned out that this was also far from
rare. Collectively, the newly acquired knowledge contributed to the rather sad picture of poor
“‘chromosomal robustness” during cleavage divisions.

Within the development of IVF/ART, a related discussion is currently taking place. The main
question in this context concerns the optimal timing of embryo transfer. This question, in turn, is
related to a possible influence of the culture media on the correct progression of cleavage divi-
sions and the development of the fertilised egg into a blastocyst. Embryo transfers are currently
performed on day 3, when an 8-cell embryo is preferably used, or on day 5/6, when an early or
slightly later blastocyst is used. There is strong evidence that a prolonged in vitro embryo culture
time already leads to selection against embryonic cells (blastomeres) that are genetically highly
abnormal and that this selection occurs in both the ICM and the trophoblast (fig 43). You can

actually already see this simply by looking closely at the embryos. Even before, but certainly
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after the 8-cell stage, more poorly developing embryos will indeed appear. However, there does
not seem to be a big difference in the eventual “take home baby rate” (including potential subse-
quent transfers of frozen embryos obtained during a previous stimulation cycle, see Ch16.3.2)
when the results of multiple studies of day 3 and day 5/6 transfers are combined. Nevertheless,
the duration of embryo culture (and thus the timing of transfer), including quality control through
chromosome and genome analysis, remains a subject of ongoing scientific debate. For exam-
ple, there are outspoken proponents of genetic analysis of blastocysts based on a trophoblast
biopsy. This is justified given the effect of age on meiotic aneuploidy (Ch11.4, fig 30). As noted
before, chromosomal instability (CIN) that does not occur until cleavage divisions take place is
a factor that limits IVF success. Recent research indicates that when in vitro culturing is contin-
ued up to the blastocyst stage, the medium used for this also has an impact. One may wonder
whether chromosomal instability occurs to the same extent in natural reproduction that is not
guided by hormone stimulation. But how do you find evidence for this and how do you search for
possible causes?

Despite the frequent occurrence of CIN, IVF success rates of 25-35% per transfer of 8-cell
embryos are still reported in the literature. This is even higher for blastocysts (35-60%). Itis clear,
however, that these rates are affected by the presence of mosaic embryos (Ch13.6, Ch13.6.1):
there must be enough diploid cells in the epiblast of the early embryo to ensure viability (fig 43).
Earlier (Ch13.6.1), it was noted that the egg cell is oversized in terms of cellular content. The egg
is large enough for the development of more than the minimum number of cells that is needed to
give the epiblast a chance to continue embryonic development. The formation and subsequent
loss of some blastomeres due to chromosomal aberrations (CIN) can be tolerated during the
cleavage divisions (and even thereafter). Recently, a USA-European consortium examined the
implantation chances of aneuploid-mosaic embryos and their chances of eventual birth, based
on an NGS-based evaluation of 5 trophoblast cells per blastocyst. The chances were less than
half compared to those of birth of embryos that were declared euploid. It should be noted, how-
ever, that aneuploidy in trophoblast cells (the cells used for the genome analyses) is much better
tolerated at this stage than in the ICM/epiblast cells from which the embryo further develops.

Itis also worth mentioning that, even based on this small number of five trophoblast cells, the
degree of aneuploidy is indicative of the likelihood of development after implantation. This prob-
ability is lower when the percentage of aneuploid cells is higher. Extrapolating this to the in vivo
situation, it is a rather strange notion to wonder how many people this applies to. Who among us

has already passed through the eye of a needle at the blastocyst stage? Where does the lower
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limit of the fraction of chromosomally normal cells necessary for the development of the epiblast
and later stages (fig 43, Ch13.6.1) lie in humans? Entirely as expected, there will also be embryos
that are aneuploid in all their cells, as determined from the biopsy. In such cases, a meiotic error
is the most likely cause (see also Ch11.4.1). Even when a woman is younger, 20% of the eggs
obtained after superovulation will be aneuploid. After the age of 36, this percentage increases
sharply. It then seems sensible to select against this. A question that remains unanswered is
whether there is also an age-dependent (increasing) effect for the phenomenon of chromosomal
instability (CIN). All in all, it is remarkable that the practice of ART does not indicate that taking
biopsies and checking for aneuploidy (this form of PGD is now called PGT-A) improves the
chance of successful pregnancy. Currently, the success of ART is simply highly dependent on
the woman’s age. The condition of her eggs plays a key role in this.

After superovulation and intrauterine insemination (1Ul), would it not be possible to flush the
embryos from the uterus in the blastocyst stage, take a biopsy for genetic analysis, select those
without severe genetic defects and keep them frozen until they can be transferred back into the
uterus in the next cycle? With those questions in mind, contact was established between several
USA laboratories and the Punta Mita hospital in Punta de Mita, a coastal resort in Mexico. The
female volunteers and sperm donors (not always their partners) were recruited in Mexico; the
women received $1,400. That amount covers living expenses for more than 2 months. They were
informed about the risks: some participants became pregnant and got an abortion. A superovu-
lation procedure was initiated, and 1Ul was performed at the predicted time of ovulation (Ch13.4,
see fig 41). The 134 uterine flushing procedures performed in 81 women yielded 136 embryos,
including 72 blastocysts, almost all on day 5 and 6 (fig 43). The ultrasound had predicted an aver-
age of 8.5 ovulations and therefore, there were pregnancies. The researchers noticed that the in
vivo morphology of the blastocysts, which had probably undergone some kind of selection due
to the procedure, was better than what is common in IVF practice. IVF data from some women in
this study were also available, which confirmed this initial impression. And what was the result of
the genetic analysis of the biopsied cells from the trophoblast (fig 43)? Normal diploid embryos
were predicted from around 50% of the blastocyst biopsies, consistent with what is found in IVF
control blastocysts. Almost 20% of the blastocysts were fully aneuploid, and the rest ranged from
low mosaic to highly abnormal.

Another pathway in this difficult research field makes use of cattle as an animal model, in this
case Holstein-Friesians, the well-known global dairy producers. The animals had never calved

before and a superovulation was induced with hormones. One group of animals was normally
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inseminated, while mature eggs were retrieved from another group for an IVF procedure. In a
third group, immature oocytes were retrieved from the ovary. These matured in vitro and were
subsequently fertilised using IVF. Genetic analysis was conducted on individual blastomeres
of the 4- to 8-cell embryos. After amplification, the DNA was analysed for any deviations from
diploidy using an SNP array (Ch3.2). In 19% of the in vivo fertilised embryos, one or more genet-
ically affected blastomeres were found, but in the IVF embryos, this was observed in as many as
69%. When oocyte maturation had also taken place in vitro, this percentage increased to 85%.
This was a pretty shocking finding.

The major problem encountered when analysing the results of IVF/ART is the statistical
phenomenon called confounding. When you include (a) age effects, (b) superovulation, (c) in
vitro culture, (d-e) quality of egg and sperm, and (f) the environment of the uterus as variables
affecting the chance of having a healthy baby, these factors generally coincide, they are linked in
some way. There may also be interactions between variables, another statistical concept. This
makes statistical analysis difficult, and it is almost impossible to reliably investigate the individual
influence of each of these variables in the context of IVF. It is also not straightforward to com-
pare results from different IVF laboratories. Finally, it remains very difficult to gain insight into the
reality of human artificial reproduction through research on experimental animals. For instance,
is the mouse (reproductively basically an all-rounder) actually a suitable animal model with its
large litters and low early embryonic mortality? In this respect, Bos taurus (cattle) seems to be
a better model. Each species will have its own (in)sensitivities to the various technical steps that
an IVF procedure consists of. And the reality is that the human population seeking ART is very
heterogeneous. Essentially, we are our own test subjects. Further questions about this and addi-

tional genetic and epigenetic aspects of ART will be addressed hereafter (Ch16.5 and Ch16.6).

16.3.2 Superovulation and the maternal to zygotic transition

In chapter 11.5, it was argued that there may be variation in the quality of egg cells between
consecutive cycles of a woman and that this could be the reason why fertilisation may not lead
to implantation, followed by sustained embryonic development, every month. When fertility is
better, this variation is lower. Apparently, some eggs are more capable than others at making
the transition from the “oocyte programme” installed during follicle development (of which one
important aspect is to prepare for embryonic development) to the programme for the initiation

of embryonic development. Regarding the first phase, epigenetic preparation of the relevant
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genes is achieved when the oocyte is fully grown, while the latter program is only “installed”
at a late stage of oocyte maturation (Ch11.2). In chapter 11.5, it was suggested that in natural
reproduction, there is apparently a relationship between the extent of embryonic mortality (most
of which is early) and the success of the maternal to zygotic transition (MtZ). Chapter 13.5.3
further elaborated on this concept by addressing the exemplary role of the maternal effect gene
Atrx in mice, which leads to CIN in the early embryo when it is functionally absent in the egg.
The maternal to zygotic transition is a gradual process that occurs from the 4- to the 8-cell stage
in humans (fig 43). An obvious thought is that the hormonal induction of superovulation poten-
tially contributes to the release of immature oocytes that are not well equipped to support early
embryonic development. Variation in eggs plays a much bigger role in the early period, including
the MtZ up to the 8-cell stage, than variation in sperm cells. The lesser importance of selection
for the sperm is perfectly demonstrated by the success of ICSI, and especially TESE, which is
achieved with artificially obtained sperm cells: the chances of conception with a first transfer are
not much lower than with the use of ejaculated sperm.

At a scientific meeting in September 2019 in the Netherlands, Tom Stout from the national
veterinary faculty in Utrecht presented his results on IVF technology in horses. | had never real-
ised the scale of this application field of IVF, but cost considerations are apparently not an issue
here, especially when the offspring that will be produced is worth a lot of money.

Superovulation is not used in horses. In the late follicular phase of the cycle, there are enough
follicles larger than 8 mm on the surface of the ovary, from which the cumulus-oocyte com-
plexes (Ch11.1, Ch13.7, fig 29) can be retrieved using a kind of scraping technique (this is called
ovum pick up). The eggs obtained in this way are in the specific female diplotene stage (Ch11.1,
Ch11.2, fig 28). After maturation, they are not suitable for classical IVF protocols in which they
are brought into contact with an excess of motile sperm cells. In horses, the use of ICSI is the
rule. Tom presented the results of 1,337 cycles spanning the years 2014-2019. In the last three
of this period, his group achieved a 75% chance of foaling after the transfer of a blastocyst (but
obtaining a good blastocyst is a lot harder than in humans). The yield of eggs steadily decreased
from the age of 16 years, but growing follicles containing oocytes were also present in mares
older than 20 years. The population was diverse and consisted of animals with fertility problems
as well as horses intended for breeding after a sports career.

Biologically, the most significant aspect of ART in horses is the emergence of a more statisti-
cal approach to the variation in blastocyst yield, since clinical aspects do not dominate everything

in the population that is used. The statistical value particularly relates to the parental effects of
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stallions and mares. This advantage allowed Tom to convincingly demonstrate that stallions con-
tribute less to the variation in blastocyst yield than mares. This was, for instance, related to the
yield of eggs during the “pick up” procedure. Mares that were successful in producing an embryo
in a first cycle, showed repeatability over subsequent cycles.

Anindication of an interaction effect between mare and stallion was also found in this research
in Utrecht, in the sense that changing the stallion could be beneficial for the mare’s breeding.

Back in the day in the countryside, | was amazed about how some farms and some horses
would have a foal every spring. Gestation is 11 months in horses, and mares are quickly mated
again in the first period of heat after the birth of a foal. The good IVF outcomes from the Utrecht
study could actually be related to this relatively short “time to pregnancy” and the repeatability

that can be seen in natural reproduction.

16.4 Comparisons with spontaneous fertility

From the previous sections, it can be inferred that the line between spontaneous fertility and
the use of ART is not always sharply defined. This is true, for example, in cases of undiagnosed
infertility and fluctuating sperm counts. And there is also great variation in spontaneous fertility.
In the field of gynaecology, the maximum probability of a successful pregnancy is considered
to be 60% per cycle, a number that is only available to super-fertile couples. A figure showing
the probability of pregnancy per consecutive cycle for the entire population was printed in 2003
as part of a clinical review in the British Medical Journal. The corresponding graph (fig 46) was
discussed earlier in chapter 16.1. About 30% of couples will have conceived after one cycle, and
this number rises to around 50% after two cycles; after that, it becomes harder. Again, the same
question comes to mind: imagine you could create this same graph for the first and second child,
how likely would it be that couples occupy the same successive positions in both graphs? Does
a quick first conception serve as a predictor? Let's assume that partners choose each other
without any intuition about each other’s reproductive capacity. The percentage of less fertile men
(with a fertility spectrum ranging from azoospermia to reduced fertility with a normal spermio-
gram) can be as high as about 10% of the population (fig 36). In that case, the fraction of women
who can get pregnant in one attempt is already underestimated by that percentage. Following
this, corrections for age and other predictors, such as BMI, can be applied to the entire popula-
tion. Will you then reach the estimate of maximum fertility of 60% per cycle, the number that is

generally accepted in gynaecology? And what is the statistical distribution of that estimate? In
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chapter 11.5 on oocyte quality, | introduced the concept of maternal to zygotic transition to start
exploring this topic. This was then elaborated on in chapter 13.5.3 and in this chapter (Ch16.3.2).
Returning to the central equation in quantitative genetics (P = G + E, Ch6.1), the first assump-
tion that can be made is that genetic variation also applies to the concept of oocyte quality and,
therefore, to fertility per cycle (Ch11.5). Every cell biological function has its own genetics. The
number of genes involved in female fertility is large (around 8,500 genes with clear expression
in the ovary), but the proportion that is more exclusively involved is low compared to the testis
(Ch12.5.2). Consequently, there are many possibilities for genetic variation, which is consider-
able altogether (Ch3, table 3). In (other) mammals, this is also evident in selection experiments
on litter size (the mouse is an example). Another demonstration of the genetic component is that
despite the low heritability of fertility (the h?, Ch6.1), selection for this trait is possible in cattle
breeding (also due to the large phenotypic variation).

In addition to the cell biological aspects of the egg, many other biological functions come
together in fertility, such as the behaviour that enables reproduction, hormonal functions, and
the environment. We devote little or no attention to the hormonal and environmental aspects in
this book, but | would like to make an anecdotal exception for behavioural aspects, also because
behaviour plays a role in seeking access to ART. Otherwise, this is the domain of specialists like
the sexologist.

Here is an initial example that was published in 2004 by a group of American researchers
affiliated with the National Institute of Environmental Health Science in Durham, North Caro-
lina. The 285 women involved in this study, many of whom had a university background and
were around 30 years old, tracked their sexual behaviour over 867 cycles. By measuring the
metabolites of oestrogens and progesterone in urine, the researchers could estimate the time
of ovulation (Ch13.4). The frequency of sexual intercourse increased in the follicular phase of
the cycle (fig 40) and then sharply decreased on the day of ovulation. That aligns nicely with a
goal of conception. However, the analysis also revealed something else. The data suggested
that intercourse could induce ovulation. To further investigate that, the data were analysed in a
different way, based on the level of sexual activity during weekends: the higher the frequency
of sexual activity during that time, the greater the likelihood of ovulation taking place between
Sunday and Tuesday.

Next, the second example, which is really old. Phenomena regarding reproduction can be
rare, but many things are possible in the natural condition of humans. Such a situation was

published by W. Pryll in the Muenchener Medizinische Wochenschrift in 1916. Married couples
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FIG 46

The cumulative chance of pregnancy during the first year of trying to conceive, as pub-

lished by the British Medical Journal in a review article in 2003.

with a husband who was serving at the front (during World War 1) and returned home on fur-
lough, and with a wife who tracked her menstruation, were asked about their sexual interactions.
Having coitus at least once led to 713 pregnancies in this population, as was analysed by this
“Assistent der Kliniek” of the Universitats-Frauenklinik in Erlangen, Germany. Conception, which
was found to be possible from day 2 of the cycle, peaked over the days 6-12 after the onset of
menstruation but could still occur up to 30 days later, although the likelihood gradually levelled
off during this time. The remark that humans are not rabbits is, of course, obvious, but one can
also imagine how much these people longed for each other, with passion being part of this. Such
natural behaviour and the stimulating aspects of it are often no longer present in couples starting
an IVF procedure.

Genetic predisposition plays a role in women who repeatedly quickly get pregnant, and that

genetic predisposition also relates to the maturation process of oocytes prior to ovulation. So
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when the quality of that process is an important limiting factor of fertility, | do not believe in that

maximum fertility rate of 60% per cycle.
16.5 De novo mutation in ART offspring

IVF was introduced and quickly accepted without a solid foundation based on animal exper-
iments. In hindsight, one could argue that this was not really possible either, given the rather
large biological differences between reproduction in mice or other experimental animal species
and humans. Moreover, in the period from 1970-1980 until the beginning of this century, cell
biology techniques and DNA technologies were not sufficiently developed to be very helpful in
the evaluation of eggs, sperm and early embryos. As mentioned earlier, the increase in referrals
for ART mainly has a urological background. This is partly due to the more extensive search for
sperm cells that are trapped behind an obstruction in the efferent duct system or unable to exit
the epididymis or testis (fig 31), leading to PESA and TESE. As a consequence of this situation,
it was important to quickly conduct thorough research on the course of pregnancy, birth, and the
possible presence of congenital anomalies. All reviews on the characteristics of reproduction
using IVF/ICSI report a slightly lower average birth weight and a slightly increased frequency
of earlier births after fresh embryo transfer. Although these phenomena are most evident in the
case of multiple births (of which there are not that many anymore, Ch16.3), they are also appar-
ent in singleton pregnancies. From the very beginning, attention was paid to a possible increase
in the percentage of children with congenital anomalies. In the literature, a statistic of around 2%
can be found for cases of natural reproduction, but when a closer professional look is taken, this
percentage seems to increase (see Ch18.1). Some indications appeared in professional journals
that this percentage was somewhat elevated when ART was used, but other researchers con-
tested this. The latest and largest meta-analysis to date includes a collection of 167 publications,
and 48 of those, published between 1995 and 2012, met the quality requirements set by the
researchers. In this study, a total of 112,913 children born after classical IVF or ICSI were com-
pared with 4,471,368 naturally conceived children. Calculated from these data, the relative risk
of having a child with a congenital defect after ART was 1.40, with a 95% confidence interval of
1.31-1.49. There was no difference between IVF children and ICSI children in this regard. The
difference in risk between ART twins and “spontaneous” twins was smaller and not statistically
significant. Apart from the reported increased risk of a child with a congenital defect after ART,

results can vary locally. For instance, a relatively higher percentage was found in the USA after
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ICSI due to a male factor (2021). What could all this mean biologically? Is there a genetic and/
or epigenetic explanation?

First, let me focus on the relevant genetic knowledge on this (see the heading of this para-
graph). In 2002, a study was published that was very comprehensive for its time, using clas-
sical cytogenetics to search for chromosomal aberrations (Ch3.4) in amniotic fluid cells and
biopsies of chorionic villi (foetal placental tissue) from pregnancies after ICSI treatment. The
work was conducted at the Free University of Brussels, Belgium, where ICSI was discovered
(Ch16.1), and it was a collaboration between the IVF lab and the medical genetics laboratory at
the same university. The injected sperm usually came from the ejaculate. Of the 1,586 embryos
that were examined, 3% were found to have a chromosomal aberration, and in approximately
half of the cases (1.6%), the abnormality did not occur in the parents (compare with table 4). Of
these, 40% concerned the sex chromosomes (aneuploidy). 60% represented autosomal chro-
mosomal aberrations, half of them being aneuploidies and the other half structural chromosomal
aberrations (Ch3.4). Usually, the majority of these are reciprocal translocations (Ch3.4.1, fig 12,)
which occur remarkably frequently in humans (table 4) and may occasionally be associated with
a phenotype, for example, male infertility and subfertility (Ch12.12.1, fig 37). Usually, however,
there is no phenotypic indication. The substantial mortality during the peri-implantation stage
associated with unbalanced chromosomal aberrations (Ch3.3), which are caused by reciprocal
translocations during meiosis, largely goes unnoticed in humans (Ch3.4.1). This type of chro-
mosomal aberration is, therefore, rarely identified in women experiencing recurrent miscarriage.
The reason why reciprocal translocations are of such interest to a geneticist lies in the fact that
they result from double-strand DNA breaks. They can be viewed as the result of a brave attempt
by the zygote (or early blastomere) to repair that break (Ch13.5.2). Another peculiarity is that
reciprocal translocations mainly occur between the paternal chromosomes. We have known this
since 1988 based on classical cytogenetics, and this picture is confirmed by further examination
using modern NGS techniques. According to classical data from human cytogenetics (table 4),
the de novo occurrence of structural chromosome aberrations (i.e. reciprocal translocations) is
approximately 10 times higher in this series from Brussels.

It is, therefore, possible that ICSI increases the chance that double-strand breaks in sperm
DNA end up in the egg or alternatively, that they are produced there. Less successful repair
attempts by the DNA repair machinery of the egg cell can then result in unnaturally high numbers
of reciprocal translocations (fig 12) in zygotes and the embryos that develop from them. Unfortu-

nately, the majority of currently available platforms for whole genome research (WGS based on
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short read sequencing) are not good at detecting exchanges of entire segments between chro-
mosomes. It is not impossible, but it is laborious. The further development of DNA sequencing
techniques that make it possible to determine the base sequence of longer DNA fragments at
once (long read sequencing, Ch3.3) is fortunately on the rise and will greatly expand the possi-
bilities in this area.

Something that current standard DNA analysis techniques are good at is detecting changes
that cause a deviation from the diploid dose, such as deletions, duplications, and de novo copy
number variation (CNVs, Ch3.3). Base pair changes, the de novo SNPs (Ch3.2), can now also
be accurately detected. However, this latter approach, which allows for the identification of DNA
replication inaccuracies (fig 5) and the workload of the BER DNA repair system (fig 33), has
so far hardly been used to make a reliable comparison between mutation frequencies in spon-
taneous reproduction and when using ART. A recent pilot study published from Radboudumc in
Nijmegen, the Netherlands, which uses trio sequencing, shows no difference between children
born using TESE and the control group.

A study that primarily focused on the incidence of de novo chromosomal instability (the dos-
age abnormalities falling under CIN) and that compared natural conception (62 children/families)
with ART (49 children and their parents) was published in Nature Medicine in November 2019.
Following this, it also swiftly made its way into the science news of quality newspapers. Based
on the occurrence of CIN in at least half to the majority of IVF embryos in vitro (Ch16.3.1), the
researchers expected more CNV in the ART children. Remarkably, this was not found. Since
there are many places in the genome where CIN can occur, for example as CNV (Ch3.3, table
3), a reliable statement can be made based on a smaller number of families. The fact that no
differences were found is encouraging and instils a justified hope in the effectiveness of selective
advantage, which gives embryonic cells with a “normal” genome structure the greatest chance
of survival. Relatively small aberrations are, therefore, less likely to become permanently estab-
lished in the embryo.

However, our understanding of this is not yet complete, as a genome-wide comparison of
mutation frequencies between ART and non-ART children is still lacking to date (see table 3 for
the usual classification of mutation types). In short, we currently do not know whether the de novo
mutation frequency, measured across the entire spectrum, may still be increased after different
forms of ART. Researching this is difficult because the patient population is so heterogeneous.
First of all, there is, of course, interest in the mutation incidence in children of older women and

older men with extremely low sperm counts and reduced sperm motility in the epididymis (PESA)
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or in the ejaculate. It would also be interesting to know if the congenital abnormalities occurring
with ART fall into the same spectrum of syndromes as those occurring with natural reproduction.
In the previously mentioned Dutch study comparing culture media (Ch16.2), which included 300
babies, 3% had a major malformation and 4% had a minor malformation; a statement that no
one will take lightheartedly. DNA (and chromatin) targeted follow-up research on these types of
abnormalities could possibly provide answers to the questions that still exist about the genetic
risks that are associated with the use of IVF/ART on such a large scale.

Very recently (2024), a publication has introduced a new avenue of genetic research, which
relates to chapter 14. It provides a first insight into the prevalence of mtDNA mutations as part
of research into the biological background of a lower birth weight associated with ART. A total of
270 ART probands were compared with 181 spontaneous conceptions. A higher rate of spon-
taneous mutations, particularly concerning non-synonymous base changes and mitochondri-
on-specific rRNAs (Ch14), is observed in the ART group (i.e. mitochondria have their own ribo-
somes and DNA repair characteristics, Ch14). The researchers relate their findings to female
factor subfertility (a higher maternal age) and a relatively high superovulation response occurring
at that age. The findings are interesting in relation to the protection of the primary oocyte against
oxidative stress in the baseline reserve of primordial follicles (Ch11.1). Moreover, the association
with the superovulation response (i.e. the management of the dynamic reserve, Ch11.1) sparks
the speculation that mitochondrial genetic health may be a factor that follicle selection acts on
during the development of the Graafian follicle. Overall, this research uncovers new aspects of
the practice of ART, thereby inviting further investigation into the management of the baseline

and dynamic oocyte reserves over the reproductive lifespan.
16.6 Does ART involve epigenetic changes?

The first indications of epigenetic consequences that may be associated with ART emerged in
the 90s in the form of case reports on so-called imprinting disorders (Ch10). From a select set
of genes, either the maternal or paternal copy is expressed in the embryo and/or in later stages.
The epigenetic code for the regulation of the expression of each parent’s allele is anchored
in the germline of either the father or mother and it can be read from the CpG methylation
status of the ICR (Ch10, fig 27). While the chromatin is reset during the period from the zygote
stage to the blastocyst stage, the ICRs should maintain their methylation status (Ch9, Ch10).

Most of the observations that are relevant here have been made in a region with the complex
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abbreviation KCNQ10T1, the ICR involved in Beckwith-Wiedemann syndrome. The imprint is
maternal, meaning that the maternal copy of this ICR is methylated. In the non-ART population,
the frequency of this disease lies around 1:14,000, so it is rare. With a birth rate of approximately
170,000 births per year in the Netherlands, around 12 children will be affected. A conservative
estimate of the relative increase due to ART is a factor of four. If one in 30 children is born using
ART, an increase of one to two children with this syndrome is expected per year in the Neth-
erlands. While searching for the molecular cause of Beckwith-Wiedemann as a result of ART,
researchers discovered that it is usually rooted in an inability to maintain the methylation status
of the involved ICR: loss of methylation occurs. The cause of this should probably be sought in
the period of in vitro culture (fig 23). However, the quality of the oocyte also enters the picture
because the maintenance of imprinting is linked to the maternal to zygotic transition (Ch13.5.3,
fig 24).

From the year 2000, publications emerged on the influence that the use of reproductive tech-
nology can have on the maintenance of imprinting in mice. The methylation status of the ICR of
the paternally imprinted 1gf2-H19 cluster (fig 27) was the most studied area in this context. The
overall impression gained from these studies is that the efficiency of maintaining the methylation
status of the ICR is reduced in IVF-related interventions, including superovulation. This effect
is stronger for the embryonic part of the placenta than for the embryo itself (its extraembryonic
part). This pattern effectively repeats itself in humans.

When researchers working with mice would visit their colleagues who conduct research in
humans, they were sometimes surprised by the little impact their results made in that field.
The most vivid demonstration of epigenetic influence by superovulation and/or in vitro culture
(from zygote to blastocyst) can be found in the A" system (Ch15.2.2, fig 45) of the mouse. The
coat colour of IVF-conceived A"/A offspring of A”/a fathers and wildtype A/A mothers in which
superovulation was induced is noticeably lighter than that of naturally conceived A"/A offspring.
Normally, the paternal promoter of the A" allele has no epigenetic memory, but now it responds
to the unnatural conditions of superovulation and residence in the culture medium.

As genetic research has gained momentum thanks to technological developments (Ch3), the
same is true for research into the significance of epigenetics. To determine the methylome,
methylated cytosines (fig 11) can be distinguished from unmethylated ones after a chemical
modification, which can be read out on a chip (Ch15.5). Recently, two publications appeared in
which such an analysis was performed in the context of NGS in an ART setting. The first one

compares genome methylation in newborns and adults aged between 22-35 years. The other
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study focused on genomic DNA in the placenta. The genome contains around 29 x 106 CpGs.
An 850k chip was used to measure methylation levels in babies and adults, and a 450k chip
was used for the placenta. Both types of chips are enriched for the CpG-rich promoter regions
of genes (Ch2.3.3). The larger 850k chip also picks up (m)CpGs located further away, around
genes involved in their regulation. This chip is also suitable for determining the methylation status
of the imprint control regions (ICRs, Ch10). The researchers who examined the genomic DNA
of the same individuals at birth and in adulthood observed that in the ART group, there was a
little more variation in the level of CpG methylation at birth, but that this had largely disappeared
by adulthood. The cohort of 193 ART births and 86 control births they used consisted of healthy
individuals. The 450k chip, on which DNA from 44 ART births and 44 controls was analysed,
revealed greater variation in the placentas of the ART group (which resembles data in mice,
see above). Moreover, abnormal patterns, which the researchers labelled as outliers, were also
more frequently observed in this group. These were related to the known ICRs of imprinting gene
clusters (fig 27), but not exclusively. Remarkably, the methylation pattern of genomic DNA after
ovulation induction and Ul could be distinguished from the pattern after ICSI in these placentas
within the ART group. The researchers also found methylation footprints associated with the
father’s age and impaired spermatogenesis. Whether this has lasting biological significance
for the child is unknown. At the current state of research and understanding, it remains difficult to
determine whether the different technological versions of ART each induce their own distinctive
epigenetic signature. However, there are some initial indications that this is indeed the case.

Earlier, in chapter 16.2, the effect of the culture medium on birth weight was discussed. In
the first decade of this century, research conducted at the Free University Amsterdam on the
development of test tube babies into adolescents reported subtle effects of culture medium on
blood pressure and glucose tolerance/insulin sensitivity. This was also found in ART trials in
mice. Also worth mentioning is the difference in sex ratio. When conventional IVF is used, more
boys are born than with ICSI, which seems to be the case even after the transfer of slightly more
developed blastocysts. In 1993, the British researcher Paul Burgoyne reported that in mice, male
embryos divide faster before implantation. This could lead to selection in the lab at the time of
transfer. If this phenomenon also occurs in human embryos, it does not explain the difference
between IVF and ICSI.

For large parts of the methylome (for example for positions not directly related to the regu-
lation of transcription), the cell biological significance of differences in DNA methylation is still

not easy to interpret, as was actually already indicated in chapter 15.5. Our insight on this will
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grow in the near future as a result of the enormous increase in data. Therefore, the expectation
is justified that we will soon know more about the mechanistic backgrounds of the phenomena

outlined above, for both health purposes and for explaining phenotypic variation.

16.7 Is there a need for more ART?

Progressive liberals in the Netherlands tend to be welcoming to new developments in the area
of assisted reproduction. Anyone and any type of couple should have access to options. That
means there is work to be done by ethicists. Experiments in mice using in vitro gametogene-
sis with laboratory-induced pluripotent stem cells (iPS cells, somatic cells that are repro-
grammed, box 2) are currently a great source of inspiration for those who believe that everything
should be realisable. After all, this could finally solve the problem of a shortage of eggs in human
reproduction (for research and treatment). It could also open up possibilities for reproduction
within same-sex couples (see Ch8 for male-to-female genetic sex reversal in mice). Sex reversal
of a germ cell from female to male would require the loss of one X chromosome and the intro-
duction of the Y chromosome, which certainly is more difficult.

As was observed earlier in this chapter, the world of artificial reproduction does have a strong
drive towards enabling fertility for everyone, preferably with offspring that are genetically “their
own”. Here are some examples. In men whose sperm cells do not develop an acrosome during
spermiogenesis, the sperm have a round nucleus (globozoospermia, table 6, often linked to a
genetic diagnosis). These sperm do not activate the egg (Ch13.5.1). However, the Ca?* spikes
required for this can also be artificially induced. In the paragraph on this in chapter 13, some
experimental data from mouse studies are provided. The treatment based on this knowledge
has been internationally accepted for some time (for example, in Belgium), and, as of recently,
it is also offered in the Netherlands. The following example is biologically more challenging.
Some men have an arrest at or around the stage during which the metamorphosis from a round
spermatid to a sperm cell with a condensed protamine-DNA structure takes place (Ch12.6). It
is highly likely that a genetic defect plays a role in this (Ch12.12). Around the late 90s, articles
appeared on the reliable microscopic identification of the round spermatids of these men in a
wet preparation of a testicular biopsy, a process that is not easy. Of course, the aim was to inject
the isolated spermatids into an egg (ROSI, round spermatid injection). This whole procedure
has been further developed in Japan, and since 2016, it offers a new option to treat infertility. A

publication from 2019 describes how 90 babies have been conceived with this method. It is not a
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very efficient procedure, with a success rate considerably lower than that of ICSI with testicular
sperm in non-obstructive azoospermia (TESE, Ch16.1, Ch16.3.2). Epigenetic research in mice
looking at the very beginning of zygote formation after ROSI indicates such major deviations in
the processing of male chromatin that it is a miracle that baby mice are born at all after the use
of ROSI (as in humans, where a lower developmental potential is also seen). Also, the fact that
nothing abnormal can initially be seen in humans or mice born after injection with round sper-
matids does not necessarily prove that all bodily functions are normal. Moreover, the question
remains whether problems may occur over the long term, for example during growth into adult-
hood or during ageing.

Therefore, thorough follow-up research into the safety of each new development in the field
of artificial reproductive techniques is essential; unfortunately, the use of many developments
concerning ART in humans cannot be properly evaluated based on animal studies.

The attention for in vitro gametogenesis has been boosted by stem cell technology (iPSC,
box 2) and is likely to stay. Another development in this field is the generation of primordial germ
cell-like cells (PGCLCs) in vitro. These cells are derived from embryonic stem cells that are
equivalent to the inner cell mass, epiblast of the blastocyst (Ch7, fig 43), and from the afore-
mentioned iPSCs. As can be seen in a recent review by leading researcher Katsuhoki Hayashi
from Japan, in vitro gametogenesis was already a subject of interest a long time ago. He refers
to experiments from 1920 in which attempts were made to let pieces of testicular tissue function
outside the body. So it was not until much later that this type of research got a real boost, after
the discovery of the induced pluripotent stem cell (iPSC, box 2) and the development of various
methods to let them differentiate and specialise in vitro.

Further cell biological insight into this is largely beyond the scope of this book. However,
in chapter 7 it was explained how this biological tool has been used, especially in humans, to

reconstruct the early germline from the embryonic epiblast (fig 43).

Starting from the PGCLCs, a long in vitro process has to be undertaken to obtain mature gam-
etes (eggs and sperm). The supporting cells required for this, such as Sertoli, granulosa and
other follicle cells (fig 31 and fig 28), must be harvested from natural tissue material or ideally
also generated in vitro via a stem cell model. In 2016, Katsuhiko Hayashi’'s group described
in Nature how iPGCLCs were obtained from iPSCs, in this case derived from embryonic con-
nective tissue cells or fibroblast cells from a tail tip. These iPGCLCs were then used to enable

in vitro oogenesis. Using support cells isolated from the embryonic ovary, they developed a

Chapter 16 | What artificial reproductive technologies teach us about human reproductive genetics 307



system that produces oocytes in vitro. After completing meiosis and undergoing fertilisation,
these oocytes could develop into adult mice. In the literature, a result like this is called a proof of
principle, a demonstration that something is possible. However, when you look at the details in
the publication, you will notice that the authors list several very serious indications of biological
issues. These are problems that frequently appear during prenatal development from fertilisation
onwards, and they lead to a particularly low efficiency of the procedure. The mice that were born
were also not screened for genetic or epigenetic deviations. The Japanese researchers reported
on the progress and current state of affairs, including the clinical perspective, in a comprehen-
sive review that was published in October 2021. Clearly, the issues with the in vitro oogenesis
technique have not yet been resolved. However, efforts are ongoing, especially in Japan. In
September 2021, the group led by Mitinori Saitou reported on the birth of normally functioning
mice generated from embryonic stem cells using in vitro spermatogenesis. Previously, the in
vivo situation still played a more or less significant role in the complicated experimental set-up.
Now, spermatogenesis was completed in vitro up to the round spermatid stage. After the round
spermatids were injected into eggs (ROSI), viable mice were born which showed no apparent
abnormalities at first glance (but see above). In this small experiment, proof of principle was
obtained once more. A question that always remains in trials like this is whether the germline
is adequately protected in vitro. After all, cell biological mechanisms, including the regulation of
epigenetic characteristics (Ch2.3.2), can behave very differently in vitro under culture conditions
compared to the in vivo situation. This aspect has recently (2023) been analysed with state-of-
the-art methods. An important reason for the low efficiency of in vitro oogenesis in mice could be
identified this way. During the development from primordial germ cell to mature primary oocyte,
the epigenetic processes deviate from the expected course, resulting in systematic aberrations
in gene expression. The Polycomb Repressive Complexes 1 and 2 are involved in this (see also
Ch11.2). A consequence of this phenomenon is that gene activation is not well regulated from the
zygote stage onwards. At the same time, the demethylation of maternal DNA (fig 23) does not
proceed normally either. The fact that mice can be born from in vitro gametogenesis is currently
more indicative of stochastic variation in gene expression than proof of principle. An additional
problem is that the higher spontaneous mutation frequency of the iPSC, which is a somatic cell
population that already harboured additional newly formed mutations from before the repro-
gramming event, is now directly introduced into the germline. The expected higher mutation rate

of the in vitro gametogenesis is added to this.
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Male gametogenesis is still almost impossible to achieve in a 100% in vitro system. There-
fore, researcher Katsuhiko Hayashi concludes that there is still a long way to go. That said, what
would be the purpose of this approach? After all, when it comes to saving endangered species,
an argument often mentioned in articles on the topic of male and female in vitro gametogen-
esis, environmental conservation is a first and much more important prerequisite. Therefore,
the question remains whether this technological leap is at all applicable to many species and
whether it will come in time. When it comes to treatment methods that utilise CRISPR technology
for human infertility with a genetic basis, it is far too early to transition to an ART approach that
relies entirely on in vitro gametogenesis. Moreover, one can also justifiably question why we
should pursue this, now or in the future.

However, the momentum of scientific research is great, as demonstrated by a very recent
publication in Nature reporting the large scale in vitro genesis of embryonic oogonia and gono-
cytes/prespermatogonia. Science journalists have quickly heralded this as a next step in the
battle against infertility and in the decoupling of biological sex and fertility. Amid this enthusiasm,
the primary focus here, the resetting of chromatin in the germline (Ch9) and the variations of this,

may receive less attention. Moreover, the challenge of meiosis looms ahead.
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CHAPTER 17

Environmental
Influences

171  Introduction

When it comes to fertility problems, does the environment not play a role at all? Wasn't the for-
mula P = G + E (Ch6.1)? For convenience, let’s split the environment into the natural environment
and the chemical environment that is added to it. This makes up the environment in which we
currently live: it is a mix of natural conditions and chemical compounds that were introduced by
humans and that may carry risks. A discipline related to the theme of this book is reproductive
toxicology, which encompasses genetic toxicology. This subdiscipline deals with the mutagenic
aspect of the environment. In this book, that side of reproductive genetics has only been touched
upon for didactic and anecdotal purposes, with ionising radiation (Ch11, 12 and 13) and the
substance BPA (Ch11) as examples. The reason for this is that the complexity of the field of
chromatin-disrupting substances is so great that it requires more prior knowledge than is pro-
vided here.

The environmental effects of chemicals regularly make headlines, and their (potential) muta-
genicity is discussed. In most cases, this concerns a single substance or a group of related
substances. The term combination toxicology refers to the knowledge needed to understand
what complex mixtures of compounds can do to cells and tissues. For example, a small-scale
research project in the Netherlands in 2019 on dead nestlings of great tits from habitats that were
labelled as “nature” revealed the presence of eight different pesticides at 10 locations, albeit in
very low concentrations. This number is still not much compared to body-foreign chemicals that
can be found in, for example, house dust. These cocktails of substances make matters so tricky;

there is a high chance that interactions between substances will be involved in determining the



final effect. Already in the early days of chemical mutagenesis studies, in the 1970s-1980s,
Bruce Cattanach (Ch12.7, from the Harwell MRC Radiobiology Unit) started combining the effect
of chemical agents in the germline with the administration of ionising radiation. Both the experi-
mental design and the interpretation of outcomes became considerably more complicated when
just two agents were used at a fairly high dose. The interactions between many different chem-
icals are even more difficult to analyse, if at all possible, even when each of them has a low
dose. However, the combined potential effect on the genome and on the methylome could be
determined.

In chapter 12.10, we saw that a solid scientific foundation is beginning to emerge for the
impression that human sperm production is declining. Indeed, articles about environmental
effects on sperm production are easy to find in the publicly accessible database for biomedical
scientific articles, PubMed (from the National Centre of Biotechnology Information in Bethesda,
MD, part of the National Institutes of Health). The most valuable papers are the so-called
meta-analyses, in which attempts are made to gather all publications on one topic, for example,
the effect of antidepressants on spermatogenesis. A first screening is conducted to identify
studies with a solid experimental design. Subsequently, all the selected research is combined
in a model for statistical analysis. In many meta-analysis publications, observations in humans
and in animal models complement each other. In 2018 and 2019, several meta-analyses were
published regarding influences on the quantity and quality of human sperm.

Usually, there is no unambiguous, clear-cut conclusion but rather a situation of evidence
accumulation (see introduction), which indicates advancing insight. Below (Ch17.2-17.4) are
some examples of this. To be clear, this is not about tight underwear, sedentary occupations,

whether or not combined with obesity, nor about underlying conditions, such as diabetes.

17.2  Social drugs: alcohol, smoking and cannabis

Normal consumption of alcohol is not associated with any abnormalities in male fertility. This
is the conclusion based on publications covering a total of 16,395 men. The situation is more
complex for smoking. The authoritative USA fertility journal Fertility and Sterility published a
committee opinion about this in 2018, stating that smoking impairs fertility. This is most evident
for women and for couples referred to an IVF clinic. For men, the situation is a little more sub-

tle. There is a reasonable degree of certainty that smoking also has a negative effect on male
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fertility, but it is not large enough to easily demonstrate an effect on conception. What is also
mentioned is that maternal smoking could possibly affect the sperm production of her son.

Back in the 1970s, studies already emerged about a negative effect of cannabis on sper-
matogenesis in laboratory animals. In 2019, the entire field was scrutinised once again by the
medical community. For humans, this has not yet led to a definitive disapproval of cannabis use,
but it did lead to a call for doctors to mention the possibility of a negative effect when prescribing
it as medicine. It was also recommended to inquire about marijuana use when men come in for
fertility screening.

The harmful effects of smoking (and cannabis use), as well as chemical pollution in general,
are now also being linked to changes in the methylome of sperm cells. In a recent review article,
this phenomenon is seen as an important area of interest for further evidence-based research.
It has already been known for some time that children of men who smoke are statistically more
likely to develop leukaemia. An explanation for this that has been accepted among professionals

is that smoking may actually have (epi)mutagenic effects in the male germline.

17.3 Chemical and physical influences

As mentioned in the introduction, reproductive toxicology, which includes the study of chemical
and physical influences on the transmission of information to the next generation, is an extensive
and complex scientific field. The reason to address it here is rooted in the observations already
referred to in this book: the trend towards reduced sperm cell production in the Western world
(Ch12.10). Endocrine disruptors quickly come to mind as factors that contribute to this. How-
ever, many heavy metals, going by the name metalloestrogens, can also be disruptive via the
same pathway. Furthermore, much attention is focused on the negative effects of pesticides.
Chemical compounds that affect fertility are often classified into two classes: persistent and
non-persistent (or easily degradable). Much of the literature on these topics is epidemiological
in nature and exposure during the reproductive lifespan is studied. Far fewer articles study the
effect of these compounds during the embryonic and foetal stages. Obviously, compounds that
are suspected to be harmful during the latter stages are also often harmful during the reproduc-
tive years, and vice versa. It is beyond the scope of this book to give an overview of the many
chemicals with (potential) toxic effects on fertility. The reference list includes several review arti-
cles that list many candidate compounds. | am not aware of a meta-analysis with a systematic

classification of these compounds. For most, there is cumulative evidence for their involvement

Chapter 17 | Environmental influences 313



in fertility. As such, the indications do not look positive, which is consistent with the argument
made by Niels Skakkebaek (the researcher who proposed the testicular dysgenesis syndrome
hypothesis, Ch12.10) and colleagues. Their review from 2022 presents the hypothesis that the
(chemical) effects of fossil fuel use are a denominator for the “infertility epidemic” (cited). In
recent years, reviews have appeared on the effects of PFAS (an umbrella term for a group of
many chemical formulations linked to endocrine disruptors) on spermatogenesis. Additionally,
some papers have explored the potential effects of glyphosate on sperm production (see the
list of references). Very recently, several review articles have been published on the effects of
microplastics on reproductive health, specifically mentioning their effect in the blood-testis or
Sertoli cell barrier (Ch12.5). The findings of these studies indicate that there is reason for cau-
tion, and they can also intuitively be associated with the increase in the rate of decline of human
sperm production (Ch12.10).

Endocrine disruptors have received an increasing amount of attention from the scientific
community when it concerns female reproductive health as well. The effect of substances like
BPA (Ch11.4.3, Ch15.2.1,2), the pesticide methoxychlor (MXC), the dioxin TCDD, phthalates
(plasticisers), and the soy compound genistein (Ch15.2.2) on the ovary have been well docu-
mented (see the list of references).

Research into the effects of medical drugs on gametogenesis is difficult. The effect of many
drugs on, for example, spermatogenesis has not been thoroughly investigated yet. The extent of
knowledge that is available is held by medical specialists, who need to be aware of the effects
of cytostatic drugs. A drug like ibuprofen, a well-known anti-inflammatory and analgesic agent,
seems suspicious, as shown by an analysis of semen samples from Jordan in 2019. Antidepres-
sants are also mentioned; they have negative but reversible effects.

The negative effect of ionising radiation has been known for a long time and has been ade-
quately covered earlier in this book. In animal experiments, the sensitivity of the spermatogo-
nial stem cells to radiation has received extensive attention (Ch12.7). Discussions about these
experiments often revolved around the balance between DNA repair and cell death. In fact,
it was already known early on that ionising radiation can primarily cause complex damage to
DNA, which can be visualised as a structural chromosomal aberration (such as reciprocal trans-
locations, fig 12) with the use of cytogenetic techniques (Ch3.4.1, Ch12.7). Nowadays, we can
complement this type of research with NGS and/or fancy new approaches such as Bionano
(Ch3.4.1).
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In terms of health, nothing remarkable has been found in descendants of survivors of the
atomic bombings of Hiroshima and Nagasaki. However, large-scale genetic research utilising
all currently available techniques has not (yet) been done. This type of research, conducted as
trio sequencing (Ch3.2), is currently being performed on the DNA of children of the rescuers of
the 1986 Chernobyl nuclear power plant explosion (the liquidators). At the single base level, this
does not yield a significant effect. However, there are strong indications that a man who has
been exposed to radiation can transmit more complex DNA damage (including reciprocal trans-
locations, fig 12) to his children (see also Ch12.7). In humans, it is still unclear how DNA damage
(especially double-strand DNA breaks) is processed by spermatogonial stem cells, which are, on
average, not very mitotically active. Experiments that can shed light on this are only feasible in
vitro (Ch16.7). And how much room does this leave for the selection of stem cells with less DNA
damage and/or better DNA repair, which then become more dominant when the time between
exposure and conception increases (Ch12.7)? Incidentally, the background levels of ionising
radiation are so low that they do not play a role here.

For some years now, there has been more attention for the effects of non-ionising radia-
tion that reaches us via mobile phones, laptops, microwave ovens, Wi-Fi connections, and so
on. This type of radiation is commonly referred to as electrosmog, a popular umbrella term for
electromagnetic pollution. The more official scientific abbreviation is RF-EMF, which stands for
Radiofrequency Electromagnetic Fields. While the energy that tissues absorb from this electro-
smog is not high enough to induce a break in a DNA strand, there are indications of a negative
effect on spermatogenesis. Data miners from Kuala Lumpur sifted through 526 published papers
on the subject (focusing on Wi-Fi connections), which they eventually narrowed down to 23 arti-
cles. Five of these involved human sperm samples, and the others focused on sperm cells and
observations of testicular tissue from rats (most articles) and mice (a few articles). The variation
in exposure conditions (all below the WHO standard) in this material was large. The processed
publications frequently mentioned a temperature effect, and signals of oxidative stress were
also regularly observed. As with ionising radiation, it would be helpful to know which cell types of
spermatogenesis are most sensitive to RF-EMF, and also how spermatogenetic cells experience
this type of radiation. If DNA lesions occur infrequently or not at all, would the methylome be
a good readout parameter to use in answering this fundamental question? Studying effects on
small non-coding (snc)RNAs (Ch12.5.2, Ch15.2.3) could be another potential starting point for
this type of research (Ch15.2.3).
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17.4 Oxidative stress and nutrition

Can the composition of our diet affect fertility? Possibly, if itinduces a prolonged imbalance in the
cellular reduction/oxidation (redox) balance. In fact, excessive oxidative stress can lead to lipid
peroxidation which damages cell membranes in particular, and sperm cells are very sensitive to
this (Ch12.7, Ch12.9.1, Ch12.9.4). “Lipid peroxidation” is a search term on its own. Meanwhile,
several renowned researchers have attached their names to dietary supplements intended to
help combat oxidative stress in the male reproductive system. For example, researcher John Ait-
ken has been involved in the development of a dietary supplement with the lovely name “Fertilix”,
the composition of which has been published. Supplements are also listed on a website for fertil-
ity medicine based on dietary supplements, run by Professor Frank Comhaire who was formerly
based in Ghent, Belgium (Ch12.8). Besides selenium, which is directly involved in regulating the
redox balance, zinc is also often present in these supplements.

Zinc aids in DNA packaging (with the help of protamines, Ch12.6 and Ch12.9.1), and it
thereby contributes to maintaining DNA stability during ejaculation. Reliable scientific evidence
for the effectiveness of food supplements on fertility is unfortunately lacking to date. It is difficult
to obtain such evidence due to the heterogeneity and anonymity of the user group. The many

anecdotal stories on this subject still lack scientific support.

175 Final remarks

Which of the effects discussed here, in particular those on spermatogenesis, fall entirely within
the field of reproductive toxicology? Which ones can be categorised more specifically within
the domain of genetic toxicology, and how should we deal with epigenetic effects that might be
caused by aspects of nutrition (Ch15.2.1, Ch15.2.3, Ch15.5)?

Answers to these questions are generally not fully available because our knowledge has
often not reached a sufficient level yet. The scientific value of a finding in the research field where
it primarily belongs only becomes clear(er) when the molecular-cellular mechanism behind the
effect is better understood. The concepts of safe (for chemicals) and minimal (for food supple-
ments) dosage are relevant here. The unfamiliarity with potential interactions with other foreign
substances, based on their presence as low dose multiples, resurfaces again. For ionising radi-
ation, things are still rather straightforward: theoretically, there is no threshold dose for achieving

an effect: any dose, no matter how small, causes proportional DNA damage.
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In this chapter, | have mainly focused on compounds with a negative connotation in the field
of spermatogenesis. Of course, there are also compounds like this that affect the oocyte. Unfor-
tunately, much less is known about this. The role of nutrition in the molecular aspects of oogen-
esis is also a poorly developed topic (but see Ch15.2.5). Therefore, those who are interested in
nutritional aspects affecting the female germline are referred to literature on farm animals.

In summary, and coming back to the opening lines of this chapter, one could say that, on a
global scale, we are constantly artificially modifying our surrounding environment and diet with-
out considering the high sensitivity of gametes and early embryos to environmental factors. The
group led by Ann Van Soom from the veterinary faculty in Ghent wrote a beautiful book chapter
about that sensitivity in 2017. This prompts the notion that humans themselves are the main
cause of the systematic decline in at least male fertility. Could this trend also affect the load of
new mutations that accumulates with every generation (table 3)?

An interesting observation that supports this suspicion is the significant reduction of 7% in
the appearance of de novo base changes (table 3) among the Amish. The authors link this find-
ing from 2020 to their lifestyle, which is inspired by the preindustrial period. Trio sequencing in
isolated human communities that still live in an almost natural way could provide an even more

interesting picture.
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CHAPTER 18

From individual
to population and
vice versa

18.1 The concept of genetic load

In principle, genetic variation increases with each generation. This is because DNA replication
in the germline is not flawless and because there are always cellular threats that can also alter
the genetic code. Essentially, mutation is the result of that (table 3). Ancient variation can be
observed in various ways, and it is nicely demonstrated by SNPs with an allele frequency of at
least 1% in the human population (Ch3.2). Those are the SNPs that companies like 23andMe
use to determine your genetic ancestry, and that can be used to determine genetic associations
with traits (Ch3.2, Ch6.2). However, our total genetic variation, which is of course also located
in the coding regions of genes (box 1), is much larger. By aggregating the analyses of the cod-
ing DNA (box 1, fig 9) of the genes of 60,706 people, researchers concluded in 2016 that there
can be a variant on every 8 bases. On top of this, there is also variation in significant sections
beyond the coding DNA, such as promoters and other base sequences involved in the regula-
tion of gene activity and chromosome behaviour. A similar picture is obtained when the whole
genome is analysed (table 3). The majority of genetic variation produces very small effects, and
it is extremely difficult to attribute these effects to a single altered base position. A large part
of the variation is neutral, meaning that there is no (or very little) selection pressure that acts
on it. A minority has larger, adverse effects, such as the mutations in genes that appear in the
OMIM (Ch4.2). Finally, there is a small minority of mutations with a positive effect. These are
the mutations that enable Darwinian selection. Together, the mutations with a smaller or larger
negative contribution to the individual are referred to as the genetic or mutational load, and log-

ically, something is added to this in each generation (table 3). In the context of ART (Ch16.5),



the question has arisen whether an artificial method of reproduction promotes the introduction
of new mutations. The technical procedures used in ART could potentially have an additional
mutagenic aspect. Fortunately, natural selection at the embryo level ensures that a barrier is
raised against this. However, we do not yet know whether this barrier is high enough to protect
against all types of mutations (table 3).

The renowned quantitative and population geneticist Michael Lynch has summarised the
situation under the title “Mutation and human exceptionalism; our future genetic load”. Michael
Lynch is known, among other things, for the excellent textbook on quantitative genetics with the
broad title Evolution and selection of quantitative traits (Ch6.1). Here, “human exceptionalism”
means that due to the influence we have on our environment, and partly due to the social and
knowledge systems, for instance those used in healthcare, we have curbed the role of natural
selection processes. In the theory of population genetics, the generation of mutations with a
negative effect and their elimination due to reproductive disadvantage are in balance. Natural
selection thus has important functional significance. When it no longer operates to its full extent,
humanity is confronted with the negative aspect of mutation due to DNA changes that have
occurred over generations. For our species, this could result in a decline in overall health and
deteriorating fertility. Such a scenario is also known as genetic erosion.

That was, in a nutshell, the theme of Rolf Hoekstra’s valedictory lecture, which he gave at
the end of his career as professor of genetics at Wageningen University in 2010. After all, we
have already experienced a few generations of greatly reduced natural selection in the Western
world. If we extrapolate this into the future, how many more generations would it take before the
resulting problems are really starting to be noticeable around you and possibly within yourself?
Rolf, known from the university textbook Evolution, an introduction, stood before a gradually
more bewildered audience. From his lecture, | remember a number of 10 generations before a
declining fitness effect becomes visible (an estimate based on work with model organisms). A
similar estimate is also mentioned by Michael Lynch. With a decrease of 1% per generation, he
calculates that we will already be experiencing it after a few generations (over a period of about
100 years) in a society with a high level of medical care. That 1% is a conservative assumption.
Is there really no more selection at the individual level? This is still the case, but as more early
lives and lives up to reproductive age are saved, the selection becomes less and less. At the
individual level and at the group level, saving lives is something that is deeply embedded in our
culture. This argument is still separate from the growth of ART; the extent of population genetic

effects of this on overall health and fertility cannot be determined yet (see, for example, Ch12.11).
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And of course, there are also smaller trends that can increase fitness, such as the increase in
marriages between members of different global populations with a longer genetic history.

The practice of IVF also contributes to the reproduction of fitness-reducing mutations. This
aspect was already encountered in the description of AZFc deletions (Ch12.12.2). The first sperm
counts of men conceived via ICSI were published in 2016. Their sperm concentration was a little
less than half the level of their time- and age-matched peers. This is just one example of genetic
erosion, but one that will also apply to female subfertility and infertility. Fertility simply has an
extensive genetic basis, with many genes involved in it.

One way in which the genetic load manifests itself in a very intrusive way is through mono-
genic, single gene-based congenital disorders. More than 4,000 of these are now described in
the OMIM (Ch4.2, 4,526). Via derived statistics, it has been determined that 55.0% are inherited
recessively, 37.0% dominantly, 2.7% both recessively and dominantly, and 5.3% are localised
on the X chromosome (and are thus subject to X chromosome inactivation, box 4). The vast
majority of these are very rare, but together they constitute quite a number! Measured in genera-
tions and interconnectedness (Ch6.2), our evolutionary history is old enough to make us all carri-
ers of at least two recessively inherited mutations, and that still seems to be an underestimation.
This, in turn, has the consequence that one in 100 couples will genetically experience a hete-
rozygous x heterozygous mating which, when it leads to a homozygous (-/-) severely affected
child, impacts the family like a tragic accident that seemingly emerged out of nowhere. One must
learn to live with a situation like this using all the medical and social help that is available.

Monogenic disorders manifest at different stages of life. An estimate of their impact up to
the age of 25 years, based on the literature, is that 1.7 in 1,000 are affected through recessive
inheritance and 1.4 in 1,000 through a dominant inheritance pattern. Based on the prevalence of
a recessive pattern in one in 100 couples, one would expect 2.5 in 1,000 to be affected by this
category over the entire lifespan. All of this applies to a population in which the degree of genetic
relatedness between partners is low. The concept of consanguinity applies to 0.06% of couples
with Dutch ancestry. Of the approximately 2,500 currently known genes with “negative” alleles
that are recessive, 115, those with the highest allele frequencies, are involved in the conditions
of around 90% of the children affected in this way.

For the population, the experienced disease burden of monogenic disorders is part of a much
larger group of mostly rare diseases that have been of interest to physicians and geneticists
for some time due to suspected genetic causes. The definition of this category of conditions is

that they occur in less than one in 2,000 individuals. It is estimated that there are approximately
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10,000 such conditions in total, meaning that the disease incidence in the population could be
as high as 6%. When considering the use of a polygenic model (Ch6) versus a monogenic
model for these diseases, there are several arguments to start with the latter. Even in the poly-
genic model, a single gene can be a game changer. And secondly, we are much more aware
nowadays that many genes are involved in various bodily processes, with brain functioning as
an extreme example of this. It is, therefore, not surprising that in 2014, the Genetics Department
at Radboudumc in Nijmegen reported a breakthrough for the monogenic scenario. The coding
DNA (the exome) of offspring and parents was compared in a small sample of 50 patients with
an 1Q score lower than 50. In this way, researchers identified 20 dominant de novo mutations
that could pass the criterion of a reliable diagnosis. Trio sequencing (Ch3.2) thus proved to be
a very promising strategy to investigate the genetic basis of our bodily processes, in this case
brain functions, via mutations that have spontaneously occurred. This strategy also draws atten-
tion to mutations that have not yet been accepted as markers for medical diagnosis, while the
genes in which they occur may also be involved in the affected process. About 80-90% of new
mutations fall into the base change and indel categories (table 3). When the de novo mutation
frequency given in table 3 is corrected for the coding part of the genome (box 1), a number of
one to two mutations per generation is obtained. Around 80% of these are expected to affect the
protein, and a slightly lower percentage will have an effect on its functioning (see also box 1).
These events are surely rare, yet extremely effective for the detection of the genetic basis of a
phenotype.

Trio sequencing is now being used on an increasingly large scale. An example of this is the
international consortium “Deciphering Developmental Disorder” (DDD). The genomic DNAs of
31,058 trios were analysed in a report from 2020, involving Christian Gilissen and colleagues
from the Genetics Department of Radboudumc. In total, 24,348 de novo base changes and
4,229 indels were found in the coding regions (table 3). From this harvest, the researchers
distilled 257 genes that can diagnostically reliably be associated with developmental disorders
based on the literature and databases. In addition, 28 candidate genes emerged, some of which
had already been reported via the OMIM as well. The use of WGS results in an increase in
mutations of about 10%; logically, these are more often classified as coarse DNA changes (the
structural variants of table 3, including copy number variation (CNV)). Since very few muta-
tions that are directly linked to the exome are added per generation per person, a large sample
size is necessary to study a trait that involves a lot of genes in order to reach some kind of sat-

uration of the mutation target (read: the number of genes involved in the trait). In other words,
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all genes in which a dominant mutation can lead to the clinical picture (usually due to haploin-
sufficiency) have now had a chance to mutate. This study mentions that the number of patients
that would need to be examined in relation to their parents’ DNA to reach this criterion is more
than 300,000. This is still an (overly) simple representation of this complicated branch of genet-
ics, but it does indicate the direction of research developments for the near future. All in all, the
research conducted by this consortium led to the discovery of a de novo mutation in about 25%
of patients. This percentage does depend on the disease under investigation. For characteristics
such as deafness, visual impairment, or intellectual disability, the genetically resolved fraction
lies around 40% when all genetic information is used (DNA testing in relatives is often involved).
This statistic was also found in the most recent DDD study from the UK and Ireland, which was
based on family SNP analysis and WES, and which included approximately 13,500 children. In
another 22% of these children, mutations were identified in genes that are highly likely to have a
cell biological relationship with a gene in which a mutation is already known to have a negative
effect on development. However, the mutation found in a known gene or candidate gene may
not be associated with a distinct phenotype in some individuals or families. This phenomenon is
known as incomplete penetrance, a very old term.

This is a direct consequence of the fact that, as mentioned earlier, gene products do not
operate in isolation but often have their role in large to highly complex cellular complexes, or
“protein machines”. These complexes are often regulated by PTMs and the genetics behind
them, which means that the functions of individual subunits in such a complex are not always
expressed. In that case, it is even more surprising that a dominant loss-of-function mutation has
a negative effect on the phenotype so frequently. The gene dosage, expressed by the term hap-
loinsufficiency, is thus important for many genes (Ch4.2). In line with this, we have known for a
long time that a deletion of a section of the genome is more severe than a duplication, also in the
case of diploidy (Ch3.4.2, Ch11.4, Ch16.3.1). De novo mutations in the germline mainly occur
during gametogenesis, but early embryonic development is also sensitive to these mutations: a
small fraction, less than 10%, emerge during this stage of life. The results of population studies
on the origin of an abnormal phenotype thus arise from collaboration between experts in the
clinical field, genomics, and bioinformatics, all performing high-quality work.

From the above, it is apparent that in the analysis of the role of mutations in explaining the
disorder, de novo mutagenesis is quantitatively more important than the Mendelian inheritance
of mutations that are present in the population. Recessive Mendelian inheritance explains 3.6%

of developmental disorders in a population with a European background. In couples with a high
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chance of genetic relatedness, such as people with a Pakistani background, where marriages

between relatives are frequent, this is 31%, which makes the picture quite different.
18.2 How do we deal with the burden of genetic load?

Genetic erosion is a sensitive issue. When we breed crops for the purpose of food production,
the goal is to eliminate genetic erosion, or those minor detrimental alleles, also known as slight
detrimentals (Ch12.12.3), and selection is the proven method to achieve this. Some genetic var-
iation should still be preserved, since there is no selection response without it. Agreements are
made about the increase in inbreeding that is inevitable with a small effective population size
(Ne, Ch6.2). In farm animals, breeding organisations (these are companies, often multinationals)
try to eliminate newly occurring congenital abnormalities as quickly as possible.

While the international Holstein breeding industry of dairy cows raised for milk production
operates with a Ne value of around 100, the estimate of this number for the original European
human population is 10,000 (Ch6). This is an extremely large number for a species. With such
a high reproductive capacity as we witness today, every type of mutation that can occur in DNA
is bound to occur at some point. However, when such mutations are recessive, they will initially
be invisible for very many generations, which is how they get a chance to spread among the
population.

On the other side of the broad spectrum caused by the social manifestation of the genetic
load are the honourable medical professionals who are confronted with the suffering that this
generates on an almost daily basis. It is, therefore, not surprising that scientists sometimes
wonder whether DNA screening and genetic engineering could be used to stop this. For techni-
cal and logistical reasons, this is not feasible for new spontaneously emerging de novo genetic
abnormalities, and as noted earlier, that includes a considerably large portion of congenital
abnormalities. But what could and should we do about recessively inherited alleles that already
have a long history in the population?

After all, one in 100 couples is comprised of two individuals who are heterozygous for a neg-
ative allele of the same gene, which often leads to a severe phenotype when it is homozygously
present. The search for the heterozygous presence of such an allele in couples who wish to
conceive is called preconception carrier screening. There are currently no uniform agreements
on this procedure in the Netherlands. The services that are offered around this depend on initi-

atives in university medical centres. For instance, Amsterdam UMC offers screening for specific
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target groups, such as people from Volendam (a town in the Netherlands) and people with an
Ashkenazi Jewish background. In both groups, there is an increased frequency of carriers of
a harmfully mutated allele. Other groups that are mentioned in this context are people with
Mediterranean and Surinamese/Antillean backgrounds. The number of genes that is examined
during this screening is 50. In the Groningen region (the Netherlands), people can get tested
for heterozygosity for 90 genes involved in 70 monogenic recessively inherited conditions after
referral by a local general practitioner. A much larger and newer initiative comes from the Clinical
Genetics Departments of the university medical centres in Maastricht and Nijmegen, directed
at couples who share ancestors in more recent generations: there is consanguinity. The risk
of having a child with a congenital abnormality is about 2.5x higher in these situations, with
full-cousin marriages carrying the greatest risk. The increase in pathologies with a monogenic
recessive inheritance pattern very significantly contributes to this. In Maastricht, couples with
a family history of consanguinity can be screened for carrier status of negative mutations in
2,337 genes (as of 31-08-2023) based on the OMIM, which will result in the recessive phenotype
when inherited from both parents. Based on theory, it was already clear that, especially in cases
of consanguinity, all genes that can result in a homozygous recessive phenotype should be
included in the screening using exome sequencing. The mutation of a single gene that is present
in both mother and father is not necessarily the same at the DNA level. The results of the first
100 couples were published in 2021. In 28 couples, the partners shared a mutation of the same
gene. Statistically expressed, the chance of a child with a recessive phenotype is then 7% for
this group. Consanguinity in partner choice is culturally determined, has an element of social and
economic advantage, and happens in large parts of the world. It occurs in as many as 20-50%
of marriages, depending on the society. The more closely related the parents are, the larger the
portion of the genome that is shared according to a theoretically supported estimate (identity
by descent, with a confidence interval). The current state of affairs in the Netherlands is that
the government has been given the advice to implement preconceptual screening for the entire
population using WES. This would be conducted in a study setting that includes periconceptual
care. The prospect is that the birth of several hundred severely handicapped children can be
prevented this way, and at the same time, this strategy increases the reproductive autonomy of
prospective parents.

Technologically, the most spectacular way to prevent the birth of monogenic genetic pathol-
ogy is PGT, preimplantation genetic testing of the embryo (see list of abbreviations for variants).

This always involves an IVF procedure with the aim of enabling embryo selection. Since the
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genetic diagnosis of a single blastomere (8-cell embryos) or single cells (from the trophoblast
of blastocysts, fig 43) takes time, the embryos need to be frozen, as embryo transfer can obvi-
ously only be done after the results are known. In the Netherlands, PGT has been operational at
the University Medical Centre of Maastricht since 1995, covering a steadily expanding number of
monogenic disorders. This includes dominantly inherited genes (the majority of requests/analy-
ses, 62% as reported in 2022) and recessively inherited genes (15%), or X chromosome-linked
genes (13%). Families in which a structural chromosomal abnormality (reciprocal and Robertso-
nian translocations, PGT-SR, Ch3.4 .1, fig 12) is present and where there is a realistic chance of
affected offspring are also eligible for testing (10%).

In the case of a dominantly inherited condition, such as Huntington’s disease, the fraction of
embryos that cannot be transferred is the highest, 50%. In recessive conditions, it is the lowest
(25%), because carriers do not express the phenotype. In cases of X-linked conditions, half of
the male embryos are affected (25%), but the biological and social process is more complicated
(box 4).

The following example serves as an explanation. A fairly common (affecting about one in
4,000 boys who are born) and dramatic example is muscular dystrophy (Duchenne and Becker).
The mutated dystrophin gene that is responsible for this, which is one of the largest genes in the
human genome, has a high de novo mutation frequency of 8 x 10-® per generation. Via women
who are carriers, the mutated gene can become fully expressed in sons who have inherited
the “wrong” X chromosome, and the mutation can persist in the population through the 50% of
daughters of these women who will also be carriers. In principle, selection against the affected
X chromosome at the embryo level has an efficiency (the extent to which the mutant allele is
removed) of 100%. This means that, on average, 50% of the embryos will be left, namely those
carrying the “right” X chromosome. However, selection to this extent is not permitted under the
current embryo law in the Netherlands because female embryos carrying the mutation could
lead a “normal” postnatal life. The reality around the decision-making in these types of X-linked
hereditary disorders is, therefore, inevitably nuanced and depends, among other things, on the
mutated gene. Carriers are not always completely symptom-free. Also, knowing that a daughter
is also a carrier and that she may face the same dilemmas later on is psychologically stressful for
families. This can also be an argument in favour of using embryo selection on female embryos.
A decision like that statistically further reduces the number of embryos that can be returned by

one-third.
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Does PGT, more specifically PGT-M, change the frequencies of the affected alleles in the
population? For dominant conditions, yes. The balance between the appearance and disap-
pearance of the mutation will shift to a lower allele frequency. For recessive conditions, one
would also need to select against the heterozygotes, because that is where the majority of
mutant alleles are found. This is obviously not possible because we are all carriers (Ch18.1). For
X-linked conditions, the balance between creation and elimination shifts in a more favourable
direction when selecting against male embryos, but not as rapidly as it does for dominantly inher-
ited diseases. In summary, PGT is thus mainly aimed at preventing the continuation of genetic
suffering in families. A population genetic effect is most evident for the dominantly inherited
monogenic disorders, which currently constitute the vast majority of cases. The actual bottle-
neck of PGT lies in the number of viable embryos after superovulation in normally fertile couples
at a reproductive age that is around the average (Ch16.1, Ch16.3). After embryo transfers in the
Netherlands in 2021, 183 children were born following PGT, a low number compared to a total of
nearly 180,000 births. Embryo selection as described here does not result in significantly lower
chances of a successful pregnancy than those commonly seen in IVF practice (Ch16.3).

In the context of reducing the genetic load of monogenic disorders, attention is also directed
towards the possibilities that the CRISPR-Cas (box 3) methodology can offer in terms of muta-
tion correction. First, let me mention something about the technical side of this. After initial
euphoria about this method, the attitude has become much more cautious; the technique must
be 100% reliable when used in the zygote, even better than nature itself, so to speak. In addition,
the genotype of the zygote is unknown at the time of application. Also, the technique should
not mutate the unaffected positive allele. As introduced in box 3, the molecular toolset around
the CRISP-Cas system is constantly evolving. The double-strand break can be replaced by a
single-strand break, and the accuracy with which mutations can be repaired down to the level
of a single base or several bases can be controlled through so-called base editing and prime
editing. However, the desired result is not yet guaranteed and needs to be controlled. Results
on the efficiency of prime editing in the human zygote were not yet known in 2022, and research
into the applicability of the CRISPR-Cas system in the human germline does not seem to be of
high priority everywhere.

Early on, experiments focused on gene editing (box 3) in human zygotes were already car-
ried out in China. In that sense, dr Jiankui He’s experiment that resulted in the birth of gene-
edited babies, for which he was sentenced to 3 years in prison in late 2019, was not an isolated

incident. The experiments were possible due to the lack of some form of ethical and societal
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control over this work; once again, application outpaced insight. In Europe and in the USA, it
is still legally prohibited to introduce genetic changes at the zygote level that will be integrated
into the germline. Reproductive geneticists connect the application of CRISPR-Cas with PGT.
They consider the possibility of genetically repairing all embryos, including those that are het-
erozygous for a recessive monogenic disorder (from +/- to +/+). This would reduce the load of
recessive negative alleles in the population, but the rate of reduction will be very slow. Also,
every mutation requires an appropriate strategy to be worked out to achieve DNA repair. That
is related to a phenomenon called mutation spectrum, which refers to the full range of DNA
base sequence modifications that can disable the gene and that are found in the population. The
extensiveness of that spectrum varies between genes. The advantage is clearer at the family
level, as preconception screening for the affected gene would then no longer be necessary for
future generations.

A new branch in PGT has received the addition P, for polygenic. Due to the extremely low
amount of DNA that can be extracted from cellular biopsies of 8-cell embryos or blastocysts, the
technological challenge of this form of testing is high; the score is based on an SNP profile of
the preimplantation embryo biopsy. A Nature Comment from 2022 lists three companies that are
active in this field in the USA, where, contrary to Europe, PGT-P is permitted. Merely for the rea-
son that there are few embryos to choose from (good embryos are relatively scarce, Ch16.3.1,
Ch16.3.2), selection within a family is not very effective. However, the first babies from this type
of embryo selection have been born by now. Several approaches are undertaken to tackle the
notoriously large confidence intervals of personal polygenic risk scores (Ch6.2 and appendix).
This form of testing covers diseases in which the number of genes with a large impact is not
very high, such as type 1 diabetes, certain heart conditions, and susceptibility to cancer: the
major part of the genetic architecture (Ch6.2) of the trait must be known. In order to increase
predictive power, one approach is to focus on one end of the score distribution from a population
of embryos. An additional, alternative approach is to include parental DNA (using WGS) and
to reconstruct the genome of the embryo based on its genome-wide SNP profile. This method
gives accurate predictions when it is tested on monofactorial conditions such as BRCA1. Some
people dream of the use of PGT-P for genetic enhancements, which obviously sparks public
debate, also in the USA. Another general consideration around PGT-P is whether it should be
offered as a public good or as a for-profit service, the latter being much more likely.

De novo genetic chromosomal aberrations (mainly number aberrations) can be detected

prenatally with the NIPT test (non-invasive prenatal test). In the Netherlands, this test is now
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offered to anyone who is pregnant. The test relies on the presence of small quantities of DNA
from the foetal part of the placenta in the mother’s blood. Using NGS methodology, this DNA
can be detected from as early as 11 weeks of pregnancy. The analysis will show the number of
copies of an entire chromosome or a part of it. The resolving power for chromosome segments
is 10-15 mb of DNA, comparable to the quantity of DNA in a chromosomal band (see fig 12). To
evaluate this technology for groups at risk of having a child with a chromosomal aberration and
for the entire population, some great and very robust research has been conducted in the Neth-
erlands, in which all academic hospitals in the country are involved. The sex chromosomes
are not analysed. Cases of trisomies (Ch3.4.2) involve the well-known chromosomes 13, 18
and 21, as these have the greatest potential to develop. Other trisomies are occasionally found
as well. The NIPT result must be confirmed using an existing invasive procedure such as the
culturing of amniotic fluid cells (from the embryo) or a chorionic villus sampling (from the foetal
placenta). With the NIPT test and subsequent validation, an abnormal chromosome pattern is
found in about 0.5% of pregnancies, the majority of which are trisomies 13, 18 and 21. Fortu-
nately, the incidence of cytogenetic abnormalities other than the known trisomies, referred to as
incidental findings, is very low (0.064%). In summary, the researchers report that the process of
preventing the birth of a child with a congenital chromosomal abnormality is burdensome. The
debate on population-wide screening for this will, therefore, continue, which is also reflected in
the current participation rate of 60%. Since 2007, the triple test has been offered in the Nether-
lands to detect, among other things, the presence of a foetus with Down syndrome. The NIPT
test has been offered since 2014, and the triple test stopped being offered in October 2021. Upon
evaluation, it is now apparent that NIPT has not led to a further decline in the births of children
with Down syndrome in the Netherlands. However, using table 4, it can be deduced that in Den-
mark, the proportion of children born with Down syndrome has decreased by about 70% due to
prenatal testing.

For cattle breeders, the concept of genomic prediction can be considered as the water
pump pliers of animal breeding through selection. The more accurately the genomic poten-
tial of a breeding animal can be determined, the faster the breeding goal is achieved (Ch6.2).
In Holstein-Friesian breeding, part of the selection takes place at the level of preimplantation
embryos and is then based on an SNP profile (H6.2). A chip with 10,000 SNP positions is truly
sufficient to obtain a reliable estimate of the breeding value (Ch6.2) because the structure of
cattle breeding is unique (the combination of a small effective population size (Ne) with large

families of half-sisters (a bull used for artificial insemination produces many daughters). In this
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way, embryos derived from superovulation and/or in vitro embryo production (as in horses, see
Ch16.3.2) can be ranked for traits such as the genetic predisposition for milk production. This
can shorten the generation interval and increase selection efficiency, but how useful is that
(fig 18)?

What else can be done to reduce the genetic load when genetic selection at the reproduc-
tive age is not at play? A discussion about this question arose during a university meeting of
colleagues in the field, at which the speaker gave a presentation on congenital hereditary disor-
ders in the context of daily practice in a hospital. At the end of the impressive talk, the following
question was posed to the attendees: should we introduce prenatal genetic testing for everyone?
Then, follow-up questions arise: as a technological advancement of NIPT, what would such a
test be able to detect? All disease-associated alleles as they appear in the OMIM (Ch4.2), or
even more? Will genes that are susceptible to de novo mutation and that are more or less abso-
lutely linked to a severe dominant phenotype also be in the spotlight? While the biological and
technical aspects of these questions were being contemplated, issues of a very different nature
came up. One that quickly arose is the following: as the amount of DNA information that can
be given biological significance increases, and technology to perform prenatal DNA analysis
continues to develop, where are the limits? What is considered abnormal, and what is not? The
sliding scale in the answers that can be given to this will naturally emerge. Also, what effect does
it have on the peace of mind during an early pregnancy(?), and what other ethical and moral
considerations are there? During the meeting, no one was well prepared for these questions
and the discussions about them. The main question lingered; it was all too much for that time.
Nevertheless, the available technology combined with the severity of congenital disorders will
influence how we deal with these cases in our society in the future. “As we search, we will find”,
in the words of an adept. However, genetic variation is simply a continuum promoted by what
Michael Lynch refers to as our human exceptionalism (Ch18.1).

Genetic variation is thus a key aspect of the nature-nurture paradigm. Genetic change
occurs slowly in humans. It is driven by de novo mutagenesis and also by partner choice (which
also includes the concept of social monogamy).

As is obvious, the environment changes much faster, and the drivers of these changes are
not unknown. The autonomy of any person does not end at reproduction. Rather, it is a behav-
ioural paradigm that can be the norm or that is pursued, which manifests itself in the unlimited
availability of goods and services to anyone who can afford them. Since the group of people

seeking and able to pursue autonomy is growing rapidly, the environmental implications are
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enormous. The countermovement, a less materialistic attitude, with a more natural lifestyle and
pursuit of alternative values in art, spirituality, and the experience of nature, has always been
much smaller and will only continue to shrink in relative size. The environment, including our
actions in the social context, ultimately dominates the natural genetic changes that humans

undergo. This also applies to the effects on our fertility and genetic health.
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CHAPTER 19

Concluding remarks

A journey through the germline, it has been and still is a fascinating expedition. The technical
possibilities within molecular and genetic research continue to expand, especially towards the
characterisation of DNA and RNA in individual cells, thereby making variation between cells
visible. The advancements also extend to the molecular architecture of cells in general. The
global field of ART is the gateway to a better understanding of the cellular and genetic aspects
of embryonic development in humans, especially the initial stages. The results of DNA analysis
using SNP and NGS platforms per single blastomere are already extraordinary, and the methy-
lome and characterisation of the library of RNA molecules (the transcriptome) are added to
this. Will that lead to the discovery of biomarkers that will accurately predict which embryo will
make it and which will not? The characterisation of individual cells is also advancing in the field
of spermatogenesis research, for example for the purpose of understanding the behaviour of
stem cells.

As single cells and the populations they form are now also being subjected to big data anal-
ysis, curiosity arises about the answers this may bring. So far, these glimpses into cell biology
have mainly come from individual genes in mouse knockout models with a protein as the miss-
ing product. However, the enhancement in understanding cell biological processes is becoming
increasingly difficult, especially as we gain more system-level knowledge about the intercon-
nectedness of molecular interactions within the cell. The unfolding spectrum of the functions
of non-coding RNA is also a part of this. The fact that the entire molecular biology of the cell
is comprised of flexible interactions is incomprehensible in its total complexity (Ch1, a simple

example of this in fig 24).



19.1  Sexual reproduction, a miracle

A journey through the germline is equivalent to embracing sexual reproduction, with its fabu-
lous ability to generate variation, and, therefore, also the ability to adapt when the environment
changes. Even for professional enthusiasts, the literature is vast, maybe too vast.

Biology is sometimes described as the science of variation. So where does the obsession
with cloning come from? It is an obsession that is perhaps not so noticeable in the Netherlands,
but certainly in many other cultures, particularly in East Asia and South America.

My mind goes back to the summer of 1969, when | was visiting the ARC Reproductive Physi-
ology Unit on Huntington Road in Cambridge. After my first microscopy experience with oocytes
of cattle in Géttingen in 1969, | was eager to see how an expert would mount these miraculous
cells onto a glass slide, place a coverslip over them, and how they would stain them in order to
observe the meiotic stage. Chris Polge, the inventor of cryopreservation of sperm (in 1949),
was happy to demonstrate this technique on a sunny summer afternoon; it was really not com-
plicated. There was someone else who also watched him do this: now the late lan Wilmut, the
intellectual father of the first cloned mammal, Dolly, the sheep named after Dolly Parton (Nature
1996).

In 1998, | ran into Wilmut again at a Gordon conference in New Hampshire. He had a tough
time when he gave a talk about the experiments in Edinburgh to an expert and critical audience.
The low efficiency of the process and the many deformities during embryonic development were
the cause of that. An experiment like the one around Dolly can be considered a proof of principle.
Yes, an egg can reprogramme a somatic nucleus (Ch9), but it is a special egg that can do this
and it will never be completely flawless. Although the process will probably be a bit better now,
cloning still leads to a spectrum of incompletely reprogrammed chromatin landscapes with vari-
able efficiency, resulting in a risk of embryonic developmental disorders. Insight into the resetting
of the germline (Ch9) was already available back then, Dolly was not necessary for that. When
you revisit the rationale that was behind cloning at the time, with genetic manipulation certainly
being a driver of this, you will realise that the development of CRISPR technology has rendered
it obsolete. Besides being a tool in research, cloning is too complicated and causes far too many
welfare issues, thereby touching the boundaries of what is ethical. One thing cloning does well
is reiterate, perhaps redundantly, that female gametogenesis and the female reproductive tract

are the foundations of reproduction. It is all the more painful that this needs to be abused to
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achieve the birth of a clone, due to the need for egg donation and the repeated use of surrogate
mothers.

In Europe, cloning is actually prohibited due to considerations around the use of experimen-
tal animals, but this is not the case in South Korea, for example. Cloning is truly everything that
sexual reproduction is not. The goal is to achieve something that is avoided in sexual reproduc-
tion (uniformity), and on top of that, cloning involves a second-hand aspect.

In contrast to what you might expect after reading about DNA repair in the germline in this
book, the genome of germ cells is certainly protected against mutations, and better than the
genome of somatic cells when it comes to DNA replication errors (see the legend of table 3).
Somatic mutations acquired during life are transferred to the next generation through cloning.
Molecular chromatin research shows that cloning causes additional variation in the methylome
and histone PTMs (table 1). Problems with genomic imprinting (Ch10) are also encountered.
Sometimes the effects are truly surprising: when tissue from a male dog is sent to South Korea, it
can result in a dog with a female appearance (in 10 of 44 cases). Due to the spontaneous occur-
rence of methylation inactivation, the SRY gene (Ch8) is not expressed, resulting in the absence
of testes, and due to the absence of sex hormones, internal and external male characteristics
do not develop. In summary, to revisit the societal visions from the introduction, cloning is more
like a mediocre project of the wizard than an invention of the prophet. Nevertheless, it contin-
ues to intrigue the scientific community, and the drive becomes even greater when primates
are involved. This is especially true when they can contribute to research involving laboratory
animals, in this case, the rhesus monkey. In China, a small “success” has now been achieved
through the creation of a chimera with a placenta originating from an IVF embryo, while the
“embryo proper” is derived from a somatic cell nucleus that has replaced the genetic material of
a zygote. The fact that the epigenetic profile of the placenta was normal is key, realising that
the placenta has the highest expression of imprinted genes (Ch10) and that the maintenance of
imprinting (Ch9) is a problem associated with cloning. Is this result that has been reported for
one animal a proof of principle? Stochastic processes will continue to play a role in resetting the
chromatin of the somatic cell nucleus in the cytoplasm of the zygote and daughter cells. The
production of cloned rhesus monkeys for the purpose of drug testing for safety seems far off. On
top of that, one could easily argue that basing conclusions on one genotype is not really on par
with the human population structure with its great genetic variation.

Fertility lies at the core of biology: it is one of the most, if not the most, important concepts

(introduction).
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Let it remain in the domain of the common people, of what affects us all. In other words, we
should not sell fertility and genetics out to the corporate sector. The genetically perfect society
really does not exist; it is a mirage. Instead, accommodate the genetic variation that is the defin-
ing characteristic of sexual reproduction. That also means that you must be able to recognise
and critically follow social trends that lead to more uniformity, which are, for example, promoted
by the digitalisation of society. Also, individualism (in this case, as a counterpart to collective
interest) is actually a poor fit with our genetic exceptionalism (see Michael Lynch’s explanation of
its definition in Ch18). If individualism swings like a pendulum, then | hope it has now reached its
zenith. | also hope that the balance between the individual, the population, and the environment
is restored in all ethical and moral reflections on this subject.

Back to the introduction, in which | already mentioned the wizard and the prophet from Mann’s
(2018) book. In vitro gametogenesis and CRISPR-Cas germline modification characteristically fit
into the wizard’s arsenal. A greater focus on the environment, including the sociocultural environ-
ment, aligns more with the prophet. In this book, the balance leans more towards the prophet,
but the wizard is also needed. In the field of somatic cell genetics, this holds great promise.
A better match between patient and drug, and between cancer cell and therapy, the start of the
realisation of somatic gene therapy, or targeted RNA interventions; all thanks to the growth of
genomics combined with molecular biology. As has been shown, the wizard’s methods can also
not be dismissed when trying to understand reproductive genetics. They have taught us a lot,
and more is yet to come. However, in terms of the application of methods in the germline, my
sympathy lies with the prophet.

The other thing | have tried to convey is the incredible complexity of life at the cellular level
and within each individual; the balance between order and disorder and regulation at every level.
Does all of that still fall under the concept of understanding? Beauty and wonder; the nearly
religious feeling that is evoked here, could that be something more suited to the prophet? The
idea in our culture, which is strongly dominated by the wizard, that any biological issue focused
on reproduction can be solved with a little tinkering, exaggerates reality. There is a need for a
broader perspective that is shared by a wider community. With this book, | hope to have made

a small contribution to that.
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Appendix

Through DNA research, it is possible to say something about an individual’s genetic predisposi-
tion to certain diseases or traits. This appendix addresses genetic predisposition that is based
on several to many genes. In humans, the approximation of this genetic susceptibility is known
as the polygenic risk score (the PRS, Ch6.2). The estimation of genetic predisposition based
on DNA is subject to estimation error. Furthermore, genetic predisposition is not expressed in
the phenotype in a one-to-one manner. Due to environmental influences, the expression level
may be higher or lower. The total estimation error thus has two sources: the genetic predispo-
sition is not known with certainty, and secondly, environmental influences play a role. The first
estimation error depends on the accuracy (r) with which the genetic predisposition is estimated,
and the second depends on the heritability (the h?, Ch6.1, fig 17). Here, the accuracy r repre-
sents the statistical correlation between the “true” genetic predisposition and its estimate. The
true genetic predisposition is a key concept in quantitative genetics. For example, if a father were
to have a fairly large number of offspring, brought into the world by a variety of mothers in a range
of different environments, one could exactly determine the father’s true genetic predisposition:
the average of the offspring would exactly reflect this. However, even with a smaller number of
offspring, it is possible to obtain a reliable impression of the true genetic predisposition. The
better the genetic architecture of a trait is understood (and this is especially true for traits for
which a relatively small number of genes have a large influence) (Ch6.2), the higher the r and the
smaller the estimation error of the genetic predisposition. And the higher the heritability, the less
likely one is to be wrong due to environmental influences.

You may then ask the question: if the estimate of an individual’'s genetic predisposition is
known, between which values can the expression of that genetic predisposition (the pheno-
type) then vary? To increase the probability that the actual expression falls within the limits of
variation, you have to choose a wider range. It is quite common to use the estimate minus two
times the estimation error and the estimate plus two times the estimation error as limits. When
using such wide limits, there is a 2.5% chance that the actual expression will still be lower than
the lower limit, and also a 2.5% chance that it will be higher than the upper limit. Expressed in
statistical terms, the phenotypic range extends between the limits of plus two times the standard

deviation and minus two times the standard deviation (fig 17).
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What is shown in the figure? The X-axis represents the h? and the Y-axis represents r. The tran-
sitions between the colour zones show an indication of the phenotypic interval within which the
genotype estimate falls. This is the estimation error mentioned above, expressed in the pheno-
typic standard deviation as a unit, to which we have assigned the value 1. The limits then extend
from minus this number multiplied by the standard deviation, to plus this number multiplied by the
standard deviation. In the theoretical case where h? and r both equal 1, the phenotype coincides
with the genetic information, the genotype. With a larger h? and r, the interval between the lower
and upper limits becomes smaller. However, as shown in the figure, this happens very slowly.
Even in the situation where both are equal to 0.8 (which is much higher than a realistic situation),
the limit is still 1.42. The reader might be surprised by how large the intervals are. In part, this has
nothing to do with DNA, but rather with the fact that the focus lies on phenotypes. As an exam-
ple: an h? of 0.6 is a pretty high value in practice. In that case, even if you are certain about the
genotype, the estimation error will still be V1 - 0,62= 0,8 times the distribution of the phenotypes.
That simple fact thus continues to haunt you, no matter how well you get to know the genotype.
It is only at very high degrees of heritability, meaning that there are virtually no environmental
influences on the expression of the genotype, that the estimation error truly decreases. In an

article from 2019 published in the renowned American journal Genetics, Peter Visscher’s group
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provides a formula from which one can deduce that the size of the reference population on which
the distribution of the PRS is based especially contributes to a more accurate estimate. The
bottom line is that the complexity of the genome, in terms of the number of loci involved in a
trait, needs to be tackled with the largest possible sample size for the statistical calculation of the
PRS, i.e. one million people or more. Rather than using SNPs, it is even better to use the entire
genotype (see the legend of table 3), and even then, large numbers of unrelated individuals are
needed. The genome of such a group must have been sequenced (WGS, now transitioning
from short read sequencing to long read sequencing; an example is the UK biobank), and the
phenotype under study must be available. The sample size is so large because mutations that
are rare but which often have a greater than average effect on the phenotype help to establish
the influence of the genotype on the phenotype. Currently, the populations used for this are of
European descent, but there are enough indications that the relationship between genotype and

phenotype may vary between different populations on Earth (Ch6.2).

The formula used to calculate the accuracy of genomic information is as follows:
— 2 2
Op/p = v(-r?,h*c,

In this formula, Opn represents the estimation error of the estimated phenotype. It is a function
of o, the distribution of phenotypes (P), as well as the accuracy with which the genotype is esti-
mated (r), and the heritability (h?).

In practice, you can influence the level of h? to some extent by correcting phenotypes for system-
atic influences such as age and sex. To do this, you look at the average phenotype for men and
for women that, for example, is seen at the age of 30. The systematic influences that play a role
depend on the trait of interest. For diseases, one might consider correcting for risk factors such
as smoking, alcohol consumption, and obesity. However, even after doing that, a heritability of

0.6 is still a pretty high value.

The value of r can thus be increased by gaining more knowledge of the situation at the DNA
level, the concept of genetic architecture mentioned earlier. For example, this can be achieved
by understanding the involvement of (many) more genes in the (often disease-related) pheno-

type, and by identifying the variation (the mutation spectrum) throughout the entire personal
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genome (using WGS). Furthermore, it is also possible to include data from family members
in the estimation, as well as all aspects of the phenotype, such as clinical research results,
that provide any insight into the trait in question. In livestock breeding, all possible sources are
used, both DNA information and phenotypes of the individual and family members. When many
relatives are included (hundreds of close relatives), one can obtain an r value very close to 1,
but in humans, 0.6 is probably quite high for this parameter as well. In a human situation, one
could imagine that attempts can be made to standardise the influence of the environment, for
example through diet. In that case, the h? increases because the influence of the environment on
the phenotype is reduced, and in that way, the confidence interval also becomes smaller. In any
case, it is clear that, according to a review article from 2024 (see below), PRS is moving towards
the domain of clinical implementation. This will require a much greater understanding within the
medical sector, as well as how to convey the uncertainty surrounding the estimation of genetic

predisposition to patients.

NR Wray et al., Complex Trait Prediction From Genome Data: Contrasting EBV in Livestock to PRS in
Humans: Genomic Prediction. Genetics 2019 Apr;211(4):1131-1141. PMID: 30967442, DOI: 10.1534/
genetics.119.301859 [Review]
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Afterword

During the more than five years spent on this book, many people contributed to it in one way or
another. Whether by providing encouragement, supplying material, fostering a collegial environ-
ment, or by offering feedback on smaller to sometimes quite substantial parts of the book.

Without the willingness of Martien Groenen, head of the Department of Animal Breeding
and Genomics at Wageningen University and Research, to provide accommodation within the
department, none of this would have been possible.

Willy Baarends, Aniek Bouwman, Han Brunner, Mario Calus, Alwin Derijck, Godfried van
der Heijden (title of the book), Kamlesh Madan (table 4), Johan van Ooijen, Manon Oud, Joke
de Pater, Antoine Peters, Jeroen van Reeuwijk, Dick de Rooij, Jeroen Speksnijder and Henk
Sulkers kindly provided me with material, as well as several anonymous reviewers. Pim Bras-
camp laid the groundwork for the appendix (with the figure by Mario Calus).

Feedback from and discussions with proofreaders are invaluable. Thank you Willy Baarends,
Mario Calus, Edwin Cuppen, Christian Gilissen, Martien Groenen, Anton Grootegoed, Godfried
van der Heijden, Ewart Kuijk, Aafke van Montfoort, Manon Oud, Antoine Peters, Liliana Ramos,
Hein te Riele, Dick de Rooij, Klaas Swart, Elmar Tobi, and Marieke de Vries, thank you all.

A special word for Bé Wieringa. The first chapter, “Impression of a Cell,” is based on his
valedictory lecture in Nijmegen (2018). Thank you, Bé, for bringing the cell biology in chapter 1
up to standard, and for your work on box 1; it makes a difference. An even greater difference
was made when you were assigned a significant role as editor on behalf of Radboud University
Press. No stone was left unturned, which greatly enhanced the solidity of the work. Your con-
tribution to the English version of the book should also be acknowledged. The reviewers of the
Dutch version are warmly thanked for their contributions.

As previously mentioned, Mario Calus and Pim Brascamp are largely responsible for the
appendix on the accuracy of polygenic risk scores. However, conveying their genetic-statistical

insights in logical language remains challenging; judge for yourself.

This book brings together a wealth of knowledge, covering the period from the 1950s onwards.
Interpretation dilemmas are inevitable, and errors will also be found. The author remains

accountable. A book like this will in parts be overtaken by time. This applies, for example, to the



population-level NGS results. However, the initial findings of this technology are mentioned in

the book, despite the fact that they are still mainly limited to the Western world.

The further this project was delved into, the larger and more impressive the small world of the
cell in general, and gametes in particular, became. One can hardly fathom it. Cells as life forms
and what they build, alone and in conjunction with other cell types; a world that is hardly compre-
hensible, which therefore leaves space for the experience of religious sentiment, or deep wonder
if one lacks that feeling. Weighing this extremely long evolutionary history against the very slow
addition of new genetic variation, is looking back easier than looking forward? It feels like a stark
contrast to the short-term nature of our culture; extreme specialisation drives rapid changes,
both locally and globally, with the environment as a last consideration. After all, the phenotype

depends on both genotype and environment (Ch6).

Approaching and hopefully organising the broader relationship between genetics and repro-
duction was my main driving force during the past few years. This also carried risks, such as
the possibility of getting lost in the chaos of the overwhelming amount of information. Making
high-quality figures is the most effective strategy to find order in this chaos. The collaboration
with Marc was exceptional. This also applies to Judith Swart, who has created a beautiful trans-
lation of the book. The Genetics Department of Wageningen University and Research played a

central role in meeting both of them. Without them, this project would have failed.

The idea of writing a book, and especially of producing an English edition, owes much to my
mentors, Jaap Sybenga (Wageningen) and Tony Searle (Harwell, UK). Meeting Tony was piv-
otal in shaping my view of a human way of dealing with knowledge; he was my main inspiration
during the early part of my career.

The working relationship with Radboud University Press started in the final phase of this

project and proceeded smoothly, also for the English version. Thank you.

Dear Alie, without your presence, it would once again have been impossible to manage the tun-

nel vision that accompanies projects like this. Thank you very much!
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Glossary

Acrosome Vesicle that covers the nucleus of the sperm cell and that is essential for fertilisation
(fig 39, 42).

Acrosome reaction Fusion reaction between the membrane of the acrosome and the cell
membrane of the sperm, which causes the release of the content of the acrosome as an initiation
of fertilisation (fig 39, 42).

Allele One of the different variants of a gene at a particular locus (chromosomal position)
(fig 13). Also applicable to SNPs, see the term SNP.

Allele frequency The measure of the presence of a specific allele in the population. It is calcu-
lated as the absolute number of this specific allele divided by two times the number of individuals
in which it has been determined.

Amino acid The organic molecule that serves as the fundamental building block of proteins.
There are 20 different types of amino acids in the genetic code.

Androgenote An embryo with genetic material solely derived from the father.

Androgens Group of male sex hormones.

Aneuploid Relatively small deviations from the species-specific number of chromosomes, at
haploid and diploid levels.

Apoptosis The cellular mechanism responsible for programmed cell death.

Atresia The process of tissue going into regression as a result of apoptosis, in this case appli-
cable to ovarian follicles (fig 28, 29).

Autoradiography Microscopic technique whereby radioactive radiation from an incorporated
molecule becomes visible on the specimen after the processing of a photographic emulsion.

Autosomes All chromosomes that are not involved in sex determination (fig 12).



Azoospermia The absence of sperm cells in the ejaculate.

Biomarker Measurable indicator, for instance the quantity of an organic molecule, used to gain
insight into the state of a cell, a clump of cells, or an individual.

Bivalents The paired homologous chromosomes during meiosis (fig 13, 14, 15) (for the sex
chromosomes see pseudoautosomal region).

Blastocyst Preimplantation embryo in which a cavity has appeared within a clump of cells (see
fig 43).

Blastomeres The individual cells in a preimplantation embryo up to the blastocyst stage.
Capacitation The process in which sperm cells acquire the ability to undergo the acrosome
reaction (fig 39, 42).

Centromere A specialised region (in terms of DNA base sequence) on eukaryotic chromo-
somes where proteins organise themselves in a way that enables assembly of the spindle
apparatus in order to facilitate cell division (fig 3).

Chiasma The X-shaped configuration of homologous chromosomes that forms at the site of
crossing over when the bivalents condense, which is often observable with a light microscope
(fig 14).

Chimera (from Greek: chimaera) Individual consisting of (usually) two different genotypes,
resulting from two different zygotes.

Chip array (or DNA microarray) A systematic arrangement of DNA fragments of which the
genomic position is known at the micro level. It is, for instance, used for automated detection of
deviations from diploidy at a chromosomal and subchromosomal level. Another example for
its use is the determination of a SNP profile.

Chromatids The two replicas of a chromosome after chromosome duplication during the
S phase, also known as sister chromatids (see fig 3).

Chromatin Collective term for the molecular material of the chromosome.

Chromosome The organisational form of a single long DNA molecule with all its associated
chromatin proteins and RNA types (fig 3, 7).

Chromosome mutation A change in the number of chromosomes and/or the DNA composition
of a chromosome (or chromosomes), when the alteration involves an area larger than 50 bases.
Other than a change in chromosome number these are now more often named structural vari-
ants.

CNV See copy number variation.
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Cohesin complex The protein complex that holds sister chromatids together from the S phase
onwards (fig 4, 6).

Complementation The production of a wildtype phenotype from two gametes that are not
fully haploid. The absence of genetic material in one gamete is counterbalanced by its double
presence in the other, which results in a diploid genotype.

Congenital disorders Disorders present from birth.

Copy number variation, CNV Variation between and within individuals regarding the number of
repetitions of a variably sized DNA segment (in tandem).

Crossing over The molecular process of reciprocal exchange between homologous chromo-
some segments (fig 14).

Cryopreservation The controlled freezing and storage in liquid nitrogen at -196 degrees Celsius
of, in this case, sperm cells, oocytes, and preimplantation embryos.

Cytogenetics The branch of genetics concerned with the shape and behaviour of chromo-
somes at a microscopic level, in mitosis, in meiosis, and as a result of DNA damage and repair.
Cytoplasm The entire contents of the cell excluding the nucleus.

DDR See DNA damage response.

Dimer A structure consisting of two equal subunits, such as two identical proteins. The term is
also used for two consecutive DNA bases.

Diploid A cell or individual with two sets of chromosomes, each containing essentially the
same information (with the exception of the X and Y chromosomes in males).

Disomy When two copies of one particular chromosome are present in a haploid situation.
DNA Chains of linked nucleotides characterised by the DNA bases A, C, G, T, with deoxyribose
as a sugar molecule. One of the two types of nucleic acid, alongside RNA. In chromosomes, as
in mitochondria, the two chains run in opposite orientations in the form of a double helix (double-
stranded, fig 5, 7). Short stretches can also occur as single-strand DNA during chromosome
functioning.

DNA damage response DDR The orchestrated response of a cell to damage, including chem-
ical modifications of DNA.

DNA fingerprint A banding pattern (bar code) that is unique for each individual, created by
cutting the DNA (with a restriction enzyme), electrophoresing the fragments, and then hybrid-
ising the DNA with a labelled piece of search DNA containing the sequence of a minisatellite
(see Ch2.3.3).

Dominant The allele whose phenotype is visible in a heterozygote.
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Dosage compensation The mechanism that broadly ensures that the amount of gene product
is equal in both sexes (XX and XY), more specifically for the X chromosome.

Effective population size, Ne A way to calculate population size based on the contribution of
each parent to subsequent generations.

Embryo The developmental trajectory of new life from fertilisation to the stage in which the
organs are present, in the 8th week in humans (in principle), and after 14 days in mice (more
completely formed) (see also foetus).

Embryonic stem cell Cells derived from the inner cell mass or epiblast (fig 43) that have
retained the ability to differentiate into any type of body cell, in other words, they are pluripotent.
Endocrine disruptor Chemical substance/compound which, also prenatally, interferes with the
endocrine system, including the sex hormones. Can be of natural origin, for example from plant
sources.

Endonuclease A class of enzymes that cut the DNA double helix, often guided by a simple DNA
code of at least four up to eight bases.

Epiblast The cells that develop from the inner cell mass around implantation and from which
the three germ layers, endoderm, mesoderm, and ectoderm arise (fig 43).

Epigenetics The transfer of a pattern of gene expression to (a) subsequent generation(s) of
cells and individuals, which does not involve a change in the DNA code.

Epistasis Describes the interaction between genes, whereby a mutation in one gene alters or
prevents the expression of another gene (or other genes).

Epithelium Tissue layer that covers an underlying or overlying layer. Applies to both external
surface (skin) and internal surface, such as cavities and blood vessels, the efferent duct of the
testis, and the internal lining of the oviducts and uterus.

Euchromatin The majority of chromatin which either has an open structure, or can easily trans-
form into this less condensed structure, compatible with transcription.

Eukaryotes Organisms consisting of a single cell or (usually) multiple cells with a distinct
nucleus surrounded by cytoplasm.

Euploid Indicates the presence of the correct number of chromosomes in the correct form for
the species.

Exome The complete set of expressed DNA in a cell or tissue, denoted as the production of

mature messenger RNA.
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Exon, Exons Those parts of the gene that are translated into protein according to the genetic
code. To achieve this, the exons are cut from the primary transcript (pre-messenger RNA,
mRNA) in a maturation process (fig 9).

F1, F2, F3 etc. F stands for “filial”, the number represents the generation. F1 is the product of the
first cross. This notation is used when the subsequent matings occur within the first generation
of offspring.

FISH Fluorescence in situ hybridisation Microscopic examination of chromosomal DNA (on
a glass slide or in the cell nucleus) which involves hybridisation (formation of a double helix) of
a labelled piece of search DNA (the probe) with the chromosomal DNA under investigation. The
piece of search DNA that is, for example, specific to a gene, can be visualised after hybridisation
using fluorescence microscopy.

Fitness Measure of the relative reproductive success of an individual, genotype, or (sub)popu-
lation.

Fluorochrome, fluorescence microscope A form of microscopy in which a fluorochrome is
utilised; a molecule that emits light of a longer wavelength (in the simplest form blue, green or
red) when illuminated with light of a specific wavelength range. Such a fluorochrome acts as a
detection molecule and is usually attached to a specific antibody, although there are also some
that bind directly to a target, such as DNA.

Foetus The unborn offspring in the prenatal stages of development from the embryonic stage
until birth. Growth and further maturation dominate during this stage (see also embryo).
Gametes The male and female (haploid) reproductive cells.

Gametogenesis The process of cell differentiation and division that produces the haploid
gametes.

Gene The unit of heredity consisting of a regulatory domain (to enable transcription) and a
domain for which transcription into RNA is essential.

Gene conversion One of the outcomes of the repair of double-strand breaks during the meiotic
prophase, where an allele on one homologue changes to the allele on the other homologue
(2:2 >> 3:1).

Gene dosage effect Proportionality between the degree of functionality of the gene and the
number of gene copies.

Gene map Graphical representation of the location of genes on the chromosome, with the

likelihood of recombination as a measure of the distances between them.
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Generation interval The average age of the parents at the time of birth of the “average” child
(general offspring).

Genetic architecture The genetic basis of a trait that relies on the expression of multiple (often
many) genes, which can be coding as well as non-coding (box 1).

Genetic background Also known as residual genotype. This refers to the overall genotype in
which, for example, a mutant is studied.

Genetic code The translation of the DNA base sequence (in triplets) into amino acids. The
code is written in RNA language.

Genetic dissection The unravelling of the genetic architecture of essentially all phenotypic
traits.

Genetic linkage The phenomenon that alleles located on the same chromosome can remain
together during transmission to the next generation, because the chance of crossing over
between genes with those different alleles is lower than one.

Genetic redundancy The phenomenon where the absence of genetic material is not noticeable
in the phenotype. This can, for instance, be the case due to the presence of genes with over-
lapping functions.

Genome The total genetic information across all chromosomes. The term is used in both a
haploid (one set) and diploid context (two sets). Within genomics, it refers to the diploid situ-
ation.

Genome-wide association study (GWAS) A method that uses many genetic polymorphisms
(read: SNPs) scattered throughout the genome to discover statistical associations between a
subset of those polymorphisms (read: alleles) and the trait under study in large populations.
GWAS can serve as an initial step towards discovering the genetic architecture of that trait.
Genomic imprinting The epigenetic phenomenon that the activity of a gene in offspring can
depend on the origin of the gamete (from the father or mother). Expression is thus inherited
solely via the father or the mother. Less absolute forms also occur (high expression versus low
expression).

Genomics The science concerned with the information content of the complete DNA of species.
Genotype Usually used to indicate the allele composition of a single gene or a number of
genes, but it also refers to the entire genome in the haploid and diploid sense.

Germ cell Cell in the germline, starting from when it is first identifiable in early embryogenesis

and extending to the stage of mature gametes.
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Gonadotropins The messenger hormones originating from the pituitary gland which, through
receptors on somatic cells in the gonad, are essential for the regulation of gametogenesis.
GWAS See genome-wide association study.

Gy (gray) Measure of the amount of radiation energy absorbed by tissue.

Gynogenote An embryo with genetic material solely from the mother.

h? See heritability.

Haploid A cell or organism with only one set of chromosomes.

Haploinsufficiency Situation where a single gene copy is insufficient to generate the normal
phenotype (or for multiple genes: single copies).

Haplotype The genotype of a segment of a chromosome in singular form (so in the haploid
state).

Heritability Also known as h?. The genetic variance expressed as a fraction of the phenotypic
variance. This measure is specific to the studied population and applies to the environment in
which the phenotype measurements are taken (fig 17).

Heterochromatin, constitutive Chromatin that stains intensely, often located around the
centromeres, sometimes elsewhere in the chromosome profile. It is always inactive in an
interphase nucleus.

Heterochromatin, facultative Chromatin that stains intensely depending on its inactivity. The
best-known example is the X chromosome.

Heterosis The phenomenon of the F1 being more vigorous than the parental lines, also known
as hybrid vigour.

Heterozygous The presence of two different alleles at a locus/of a gene in a diploid organism
(fig 13). Applicable to any DNA motif, specially SNPs (fig 16).

Histology The branch of biology that studies the microscopic anatomy of cells and tissues.
Histones Family of conserved small basic proteins that nucleosomes are composed of (fig 7, 8).
Homeostasis The ability of multicellular organisms to maintain a balanced internal environment
despite changes in the organism’s external environment.

Homologues The same (or corresponding) chromosomes received from both parents, which
can pair during meiosis (fig 13, 14).

Homologous recombination The process of exchange of homologous chromosome
segments, facilitated through meiotic pairing (fig 13, 14).

Homozygous The presence of two identical alleles at a locus/gene in a diploid organism (see

also heterozygous).
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Human Genome Project The international research project that was completed in 2003 with
the unravelling of the DNA code of the human genome.

Hybridisation The formation of a double DNA helix from two single-strand DNA molecules in a
laboratory environment. RNA can also participate in helix formation.

Hybrids The offspring resulting from crosses between partners with a certain genetic distance,
which is manifested in allele differences.

ICM See inner cell mass.

Immunofluorescence The microscopic detection of often minute molecular structures using
fluorescence and antibodies.

Impact factor Measure used in the scientific world to indicate the importance of a journal. It is
based on the number of citations of articles over the past two years.

Imprinting See genomic imprinting.

Indel Compound word of insertion and deletion, referring to a small-scale mutation event
involving one to a few bases, in which a DNA base (or bases) are respectively added or removed.
Inner cell mass (ICM) The cluster of cells that appears on one side when a cavity is formed in
the preimplantation embryo (at the transition from the morula to the blastocyst stage, fig 43).
Intron In contrast to the exon, these are the segments of the gene that are transcribed, but are
spliced out in the nucleus when the mature messenger (m)RNA is formed (fig 9).

lonising radiation Collective term for high-energy radiation that is capable of breaking the
covalent bonds that lead to molecule formation. Causes damage to e.g. DNA.

Karyogram Systematic arrangement of mitotic chromosomes, often after application of chro-
mosome banding to assemble the homologous pairs.

Karyotype The individual- or species-specific karyogram.

Germ layers The products of initial differentiation into the three primary embryonic cell types
— ectoderm, mesoderm, and endoderm — originating from the epiblast, which forms in the late
blastocyst (fig 43).

Germline The consecutive cell stages connected by mitotic and meiotic divisions from the
formation of the first identifiable germ cells up to and including gametogenesis, which links
the generations.

Kinase A class of enzymes that can attach phosphate groups to proteins and thereby contribute
to regulating the activity of those proteins.

Knock-in Altering a gene or adding a new gene via genetic manipulation.

Knockout Term used for disabling a gene via genetic manipulation.
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Locus Usually the location on the chromosome where the protein-coding gene is located, but
can refer to any distinguishable DNA motif that is transcribed and is non-coding (box 1) or that
affects the phenotype in other ways.

Maternal to zygotic transition (MtZ) The phase during the early cleavage divisions of the
embryo in which the influence of the maternal cytoplasm decreases and the influence of the
early embryonic gene expression of the embryo’s own genome increases.

Meiosis The two successive divisions in gametogenesis that lead to the haploid gametes
(fig 13).

messenger RNA, mRNA Term for the transcript that forms in the nucleus after maturation. The
mature form only contains the protein-coding information from the exons (fig 9). The primary
transcript is also called pre-messenger RNA.

Metabolism The totality of chemical reactions that take place in a living cell, tissue, and indi-
vidual, with metabolites as intermediate or final products.

Methylome The methylation status of cytosine, usually in the context of a CpG dimer, and ideally
across the entire genome (fig 11).

Mismatch repair (MMR) One of the DNA base-directed main pathways for DNA repair, most
active during DNA replication (fig 5). Mismatch refers to the presence of incorrect base pairs
(such as no T opposite an A, and so forth).

Mitosis A nuclear division, usually accompanied by a cell division, that produces two genetically
identical daughter cells.

MMR See under mismatch repair.

Monosomy Situation in which only one copy of a single chromosome is present in a diploid
cell or organism.

Mosaic Organism composed of cells with differences in genotype, arising from a single zygote
after fertilisation. Due to X chromosome inactivation, any individual with two or more X chromo-
somes is a mosaic, in this case caused by differences in gene expression.

MtZ See Maternal-to-zygotic.

Mutagen, mutagenic substance or physical treatment Substances (or treatments such as
ionising radiation) that have the ability to damage DNA, which may result in a change in DNA
after repair (the repair is not always flawless).

Mutation A mutagen-induced or spontaneously occurring change in DNA. The cell or individual

with the mutation is a mutant.
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Mutation frequency The chance that an allele copy changes when transmitted to the next
generation. This concept is also applied to a generation of a somatic cell.

Mutation spectrum The range of genetic changes that have occurred throughout history for a
single genel/locus. Especially relevant for disorders based on a single gene.

Mutator phenotype Greater genetic variation in offspring caused by an increase in sponta-
neous mutation frequency due to a genetic defect affecting the maintenance (repair) of DNA.
Nature versus nurture Misleading statement stemming from a disputable supremacy of either
genotype or environment on the manifestation of the phenotype. For most traits, the genotype
is in constant interaction with the environment, with sometimes a more dominant role for the
genotype, sometimes for the environment, and usually something in between.

Ne See effective population size.

Next generation sequencing (NGS) Automated large-scale determination of DNA base
sequences, made possible by microtechnology and data processing. Diagnostic applications
often use(d) the exome, the genes that are expressed, but the whole genome is increasingly
being analysed.

NGS See above.

Nondisjunction An incorrect distribution of chromosomes and chromatids among daughter
cells in mitosis and meiosis. The literal translation, “not separating”, does not cover all mech-
anisms (fig 30).

Nucleolus Dense structure in the nucleus near the genes for ribosomal RNA (rRNA, present
in many copies and processed in the nucleolus). rRNA is needed for protein synthesis (fig 2).
Nucleosome The basic unit of chromosome organisation, a “ball” of eight histone proteins
around which DNA is wound (fig 7, 8).

Nucleotide The basic building block of DNA and RNA, consisting of the nitrogen-containing
base indicated by A, C, G and T (in DNA) or U (in RNA), a sugar molecule (deoxyribose in DNA,
ribose in RNA), and a phosphate group (box 1).

Oestrogens Class of female sex hormones.

Oestrus The period in the ovarian cycle of mammals during which mating activity with the male
partner is accepted by the female.

Oligospermia Sperm count in the ejaculate falling below a threshold specified by professionals
in the field (table 5).

Oogenesis The cellular differentiation process leading to the production of mature fertilisable

egg cells.
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Organelle A microscopically identifiable structure or subcompartment of a eukaryotic cell, with
defined functions.

Orthologs Genes in different species with a still recognisable evolutionary origin in a common
ancestor.

Oxidative stress An excessive density of reactive oxygen molecules in and around cells.
Oxygen free radicals Reactive forms of oxygen with a free electron.

PAR See pseudoautosomal region.

Paralogs Closely related genes within the genome, generated by the duplication of genetic
material (term related to the concept of gene family).

Parthenogenesis, parthenogenote Organism formed by activation of the egg cell without the
involvement of a sperm cell.

Phenotype The usually, but not necessarily outward appearance of an individual, which can
refer to the overall appearance, but often focuses on a specific trait.

Pluripotency The ability to differentiate in any type of body cell.

Pluripotent stem cell An early embryonic or induced somatic cell that can differentiate into any
type of body cell. The embryonic version is also called embryonic stem cell. Pluripotent stem
cells can multiply “infinitely” under the right conditions. For the induced form, see box 2.
Polygenic Used for traits determined by multiple, often many genes. Other DNA motifs, which
are for example involved in gene regulation, may also play a role. The contrasting concept is
monogenic.

Polyploidy The presence of more than two sets of chromosomes (a set containing the haploid
number) per cell or individual.

Post-translational modification (PTM) A modification of a protein immediately after translation
and thereafter, in which a variety of molecules, of which phosphate is the most well known, are
attached to specific sites on the protein. There are certainly more than 50 of such modifying
molecules.

Primordial germ cells The first specialised germ cell stage that can be identified in the embryo
(fig 22).

Promoter That part of the gene that is strongly involved in the regulation of its activity and to
which the RNA polymerase (fig 9) can attach.

Protein kinase See kinase.

Proteome The collection of proteins in a cell or tissue. “Proteomics” is the science focusing on

this collection and its functions.
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PRS, Polygenic risk score Statistical measure (estimate) per individual, indicating the genetic
contribution to the variance of physiological traits.

Pseudoautosomal region, PAR A relatively small part of a sex chromosome that, after having
evolved from an originally fully homologous pair, has retained homology, so that crossing over
between the now largely different sex chromosomes remains possible (fig 15, 37, 38). This heter-
omorphic pair is also called sex bivalent.

PTM See post translational modification.

Recessive, recessive allele An allele whose phenotypic effect is not visible in a heterozy-
gote.

Recombinase A collective term for enzymes with a key function in the processes that lead to
recombination.

Recombination Key concept (alongside mutation) in genetics. The creation of new combina-
tions of alleles for different genes. When these are located on different chromosomes, recom-
bination is described by Mendel’'s second law (Ch5.3). When the genes for these alleles are
located on the same chromosome, crossing over leads to recombination.

Replication The copying of DNA, usually in preparation for the next cell cycle.
Retrotransposons A class of mobile genetic elements, which move via a) transcription and
then b) the activity of a reverse transcriptase, followed by reintegration into the genome.
Reverse transcriptase An enzyme that can synthesise DNA using RNA as a template.

RNA One of the two nucleic acids. Chains of nucleotides that are formed via transcription of
DNA. Two categories are distinguished: coding, i.e.; translatable into the amino acid sequence
of a protein (the mature messenger RNAs), and non-coding. This second group roughly divides
into two subgroups, long and small non-coding. Within the small non-coding group, several frac-
tions are distinguished, including the tRNAs essential for protein synthesis (fig 9). In addition,
there is non-coding ribosomal RNA, also necessary for protein synthesis (rRNA, in the ribo-
somes: (fig 2), see also under the term nucleolus). RNA usually functions in a single-stranded
form, but it can also be double-stranded.

RNA polymerase Class of enzymes that synthesise RNA using DNA as a template.

Sex body The chromatin compartment in the male prophase of the first meiotic division that
contains the sex chromosomes (fig 15, 37).

Sex chromosomes The chromosomes that are involved in sex determination in a causative

manner and whose absence or presence corresponds to the sex.
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Single nucleotide polymorphism (SNP) Variants that exist for a single base position in the
DNA, usually consisting of two different options (bases, in this case these are alleles). In prac-
tical genetic analysis, the least common one still occurs in one in 50 individuals in that population
(as an average, see also allele frequency). SNPs are common.

SNP See above.

Soma, somatic Everything related to body cells, in contrast to cells of the germline.

Somatic cell genetics The branch of genetics concerned with mutation and possibly recom-
bination in body cells.

Spermatogenesis The cellular differentiation process that leads to the production of sperma-
tozoa (sperm, sperm cells), which are in principle ready for fertilisation.

Spermiation The detachment of the elongated spermatids from the wall of the seminiferous
tubules, which may now be called spermatozoa, sperm, or sperm cells.

Spermiogenesis The metamorphosis of the round spermatids produced in meiosis into elon-
gated spermatids (fig 31), ending with spermiation.

Spermiogram The numerical representation of sperm quantity and quality, in terms of number,
morphology and motility of cells (see table 5).

Spindle apparatus The complete structure of tubulin fibres that keeps the condensed chromo-
somes in balance, ready for mitosis (nuclear >> cell division, fig 3).

Structural variants, see chromosome mutation.

Synaptonemal complex The protein complex consisting of three parts that acts as a connector
of the homologous chromosomes in the prophase of the first meiotic division, thereby facili-
tating crossing over. The three parts of the complex can be visualised using an electron micro-
scope.

Telomerase An enzyme, a reverse transcriptase, that can elongate chromosome ends using
a short RNA sequence as a template. This generates a large number of tandem repeats in the
DNA, based on the instruction of the short RNA template.

Telomere The complex of short DNA repeats and proteins that cap the ends of chromosomes
to prevent them from being recognised as double-strand DNA breaks.

Teratocarcinoma A tumour originating from a germ cell in which chaotic embryonic structures
can be recognised. Can arise in both the female and male germline, at an early time in males
and later in females.

Totipotency The ability of typically an early embryonic cell to develop into any cell of the embry-

onic membranes (as components of the placenta) and any type of body cell.
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Transcription The synthesis of RNA guided by a DNA template (fig 9).

Transcription factor A protein that binds to specific DNA motifs (usually to the promoter of
a gene) to enable or regulate transcription. Several (transcription) factors work together in a
complex.

Transcriptome The entirety of RNA molecules of a cell or tissue.

Transgenic Individual with extra genetic material, usually with the structure of a gene. This gene
DNA can be from the same species or from a different species.

Translation Protein synthesis based on mature messenger RNA, utilising the genetic code.
Transposon, transposable elements Collective term for short DNA sequences that, whether
or not through an RNA intermediate, appear at different locations in the genome. See also
retrotransposon.

Triplet See genetic code.

Triploidy The presence of three sets of chromosomes (see also haploidy and diploidy).
Trisomy The presence of three copies of a chromosome in a diploid cell or organism instead
of the usual two.

Univalent Unpaired chromosome during the first meiotic division.

WES See below.

WGS See below.

Whole exome sequencing (WES) Automated base sequence determination of all the mature
messenger RNA in a cell or tissue.

Whole genome sequencing (WGS) Automated base sequence determination of the entire
genome of a cell, tissue or organism.

Zona pellucida The gelatinous layer that is formed and maintained around the oocyte in growing
ovarian follicles. Is lost prior to implantation of the preimplantation embryo (fig 39, 42).

Zygote All stages between fusion of the gametes and the first cleavage division of the preim-

plantation embryo.
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List of abbreviations

The abbreviations of genes are always written in italics, using all capital letters for human genes,
while only the first letter is capitalised for mouse genes. The gene product is written in regular,
non-italicised font, in capital letters for both humans and mice.

* can also be found in the glossary.

Al artificial insemination

AMC Amsterdam Medical Centre, location of Amsterdam University Medical
Centre

APC anaphase promoting complex

ARC Animal Research Council

ART artificial/assisted reproductive techniques/technology

Atm the gene Ataxia-telangiectasia mutated

ATP adenosine triphosphate

Atr the gene Ataxia-telangiectasia and Rad3-related

BER base excision repair

Blimp-1 the gene B-lymphocyte-induced maturation protein-1

BMI body mass index

bp base pair

BPA the chemical substance bisphenol A

BRCA the genes breast cancer 1/2, early onset

CeRA Centrum flr Reproduktionsmedizin und Andrologie Miinster

Centre for Reproductive Medicine and Andrology Minster

CIN chromosomal instability



CNV* copy number variation

CRISPR clustered regularly interspaced short palindromic repeats
DDR* DNA damage response

DMR differentially methylated region

DNA* deoxyribonucleic acid

ESC embryonic stem cell

ESHRE European Society of Human Reproduction and Embryology
FISH* fluorescence in situ hybridisation

GWAS* genome-wide association study

Gy~ gray

HCG human chorionic gonadotropin

HR* homologous recombination

HRR homologous recombination repair

ICM* inner cell mass

ICR imprinting control region

ICSI intracytoplasmic sperm injection

IMPC International Mouse Phenotyping Consortium

Indel* compound word of insertion and deletion

INRA Institut National de la Recherche Agronomique

National Institute of Agricultural Research

iPS, iPSC induced pluripotent stem cell
Ul intrauterine insemination
IVF in vitro fertilisation

LH luteinising hormone

LINE long interspersed element
MMR* mismatch repair

MRC Medical Research Council
mRNA* messenger RNA

mt mitochondrial

Mtz* maternal to zygotic transition
ncRNA* non-coding RNA, see RNA*
Ne* effective population size
NER nucleotide excision repair
NGS* next generation sequencing
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NHEJ non-homologous end joining

NIH National Institutes of Health
NIPT noninvasive prenatal testing
NKI Netherlands Cancer Institute
NVOG Dutch Society for Obstetrics and Gynaecology
OAT oligoasthenoteratozoospermia
OMIM Online Mendelian Inheritance in Man
PAH polycyclic aromatic hydrocarbons
PAR* pseudoautosomal region
PESA percutaneous epididymal sperm aspiration
PGC* primordial germ cell
PGD preimplantation genetic diagnostics
PGT-A preimplantation genetic testing-aneuploidy
PGT-M preimplantation genetic testing-monogenic
PGT-P preimplantation genetic testing-polygenic disease
PGT-SR preimplantation genetic testing-structural rearrangements
PHA phytohemagglutinin
PMSG pregnant mare serum gonadotropin
Prdm9 PR/SET domain containing protein 9
PRS* polygenic risk score
PTM* post-translational modification
Rad51 the gene Radiation 51 (yeast nomenclature)
RNA* ribonucleic acid

INcRNA* long non-coding RNA

mRNA* messenger RNA

miRNA micro RNA

ncRNA* non-coding RNA

piRNA with protein Piwi interacting RNA

rRNA* ribosomal RNA

siRNA small interfering RNA

sncRNA* small non-coding RNA

tRNA* transfer RNA

tsRNA transfer RNA-derived small RNA
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ROSI round spermatid injection

SAC spindle assembly checkpoint

SINE short interspersed nuclear element
SNP* single nucleotide polymorphism
SOS severe/strong oxidative stress
SOS Sertoli cell-only syndrome

STR short tandem repeat

TAD topologically associating domain
TDS testicular dysgenesis syndrome
TESE testicular sperm extraction

umcC University Medical Centre

WES* whole exome sequencing

WGS* whole genome sequencing

WHO World Health Organisation

WUR Wageningen University and Research
bp base pair

kb kilobase 1000

mb megabase 1,000,000
pm 1/1000 mm

pl 171000 ml
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