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Preface

Bone Tumours - A Comprehensive Review of Selected Topics reviews key aspects of the
management of bone tumours.

The contents are arranged in three sections. Section 1 discusses general topics and
new research that help us to revisit the way we have been managing bone tumours.
Chapter 1 discusses anaesthesia techniques to improve outcomes, while Chapter 2
explores new key concepts in the diagnosis of bone tumours. Chapter 3 is about the
factors that influence the process of bone metastasis in solid tumours.

Section 2 is devoted to breast carcinoma, which remains one of the commonest malig-
nancies globally. Chapter 4 presents new research on pre-metastasis in breast cancer
and the interaction of bone tissue within a microenvironment. Chapter 5 comprehen-
sively reviews modern management of bone health in breast cancer patients.

The subject of Section 3 is deep tumours, mainly sarcomas and blastomas that have
been successfully managed with a good prognosis over the last decade thanks to a
number of research successes. Chapter 6 discusses management of sarcomasina
challenging region of the body. Chapter 7 examines modern chemotherapy and gene
therapy using drug targeting of chromosomal translocations, mainly in fusion-positive
osteosarcoma. Chapter 8 discusses the general principles and the latest thinking
behind the use of statins and other lipid-lowering drugs in the overall treatment of
sarcomas. The final chapter looks at modern ameloblastoma management and
describes future directions in management modalities.

All nine chapters are written by specialist researchers in key areas of bone tumour
management, and discuss current research. New concepts and modern evidence-based
research are presented against the background of existing principles.

I am sure this book will not only help researchers and scientists, but equally all clini-
cians including oncologists, radiotherapists, chemotherapists, orthopaedic surgeons
and all involved in managing bone tumours. It will not only be useful as a quick read
for individuals but also as a reference book that should have a place in all science and
medical libraries. I thank all the authors for contributing their chapters, and Paula
Gavran, Author Service Manager, and all the staff at IntechOpen for helping to make
both electronic and printed versions of this book a success.

Hiran Amarasekera
Faculties of Medicine,
University of Kelaniya,
Kelaniya, Sri Lanka
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General Concepts







Chapter 1

Anesthesia Management to
Improve Outcomes

Gongzgalo Irizaga and Gonzalo Angulo

Abstract

Neoplastic pathology is the second cause of death in developed countries. In our
specialty, there is great concern about the implications of the anesthetic technique and
the drugs used, present in the perioperative period of the cancer patient; as well as other
perioperative factors. Among the latter, we highlight the management of psychological
stress, adequate pain control, the type of surgery, avoiding hypothermia, and reducing
transfusions of blood products. This concern is based on the fact that despite great
advances in both surgical techniques for tumor resection and neoadjuvant and adjuvant
polychemotherapy techniques; tumor recurrence rates have not decreased as desired.
This suggests that the previously mentioned perioperative factors play an active role in
tumor recurrence in cancer patients. Based on current evidence and our experience, we
can affirm that the use of anesthetic/analgesic techniques based on the use of propofol,
NSAIDs, and regional anesthesia with local anesthetics that achieve a decrease in the
perioperative consumption of opiates, especially morphine, can be beneficial to protect
the anti-metastatic immune response of the organism in a period of special protumoral
susceptibility such as the perioperative period.

Keywords: Anesthesia, surgery, cancer recurrence, bone tumors, ostheosarcoma,
regional anesthesia

1. Introduction

Neoplastic pathology is the second leading cause of mortality in adults in devel-
oped countries. The World Health Organization (WHO) as well as the Pan American
Health Organization (PAHO) in their 2017 review, states that in 2015 cancer caused
8.8 million deaths worldwide. They stand out as the cancers with the highest number
of deaths; lung cancer, hepatocarcinoma, colorectal cancer, gastric cancer, and breast
cancer [1]. In Latin America, according to PAHO statistics, cancer is the second cause
of death in the region, it is estimated that 2.8 million people are diagnosed each year
and 1.3 million people die from this disease annually [1]. In about 50% of diagnosed
cases, there is some degree of metastasis, this being responsible for more than 90% of
cancer deaths. Surgical resection is the main treatment for malignant tumors, and in
many cases; the only potentially curative treatment. Despite the constant develop-
ment of new surgical techniques and both chemotherapy and radiotherapy treat-
ments, the incidence of tumor recurrence has changed very little over time. This
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suggests that there could be other important factors, some of them apparently linked
to the surgical procedure, which may play a fundamental role in the progression of
neoplastic pathology and the appearance of metastases. There is a growing interest in
understanding these factors and the potential effect that anesthesia and its different
techniques may have on them [2, 3].

Anesthetic drugs can induce changes in cell pathophysiology such as cell prolifer-
ation, angiogenesis, and apoptosis, and may be determinant in the progression of
oncological disease in patients. This is why we are interested in identifying the main
perioperative factors that play a role in tumor recurrence in cancer patients who
undergo surgery; as well as evaluating which drugs may or may not be beneficial in
the perioperative period [3-5].

2. Bone tumors

Bone tumors are characterized by abnormal growth of tissue, which appears and
develops into a defined tissue. In the musculoskeletal system, tumors can develop in
both bone and soft tissue. Primary tumor lesions at the bone level are relatively
infrequent, presenting an incidence of 0.2% of all malignant tumors in the body and
preferentially affecting adolescents and young people [6]. Bone tumors can be benign
or malignant and within these, primary or metastatic.

The most common bone tumors are bone metastases, multiple myeloma, and
primary malignant bone tumors. The most common malignant bone tumor in adults is
metastasis from lung, breast, and prostate carcinomas. These appear in advanced
stages of the disease and mark a reduction in survival [6, 7]. There are three common
primary bone sarcomas, Osteosarcoma, Ewing’s Sarcoma, and Chondrosarcoma.

At the time of diagnosis, 15-20% of patients have metastases, of which 90% are
pulmonary. This determines a significant drop in patient survival, which can reach 20
—25% at 5 years. Once diagnosed, treatment is classically based on neoadjuvant
polychemotherapy, surgery, adjuvant polychemotherapy, and eventually radiotherapy.
Survival has increased dramatically thanks to polychemotherapy based on different
drugs. Tumor reduction induced by polychemotherapy makes limb preservation possi-
ble, using conservative surgery techniques; sometimes complex, which guarantee a
satisfactory reception from the oncological point of view. When the surgical margins
achieved are not satisfactory, radiotherapy could be considered [8, 9].

2.1 Osteosarcoma

Osteosarcoma is defined according to the WHO as a malignant tumor character-
ized by the formation of bone or osteoid substance by tumor cells. After myeloma,
osteosarcoma is the most common primary bone tumor. It represents about 20% of
malignant tumors and about twice as many cases as Ewin’s sarcoma and
chondrosarcoma [6]. Its clinical presentation is variable depending on the type, loca-
tion, and age of the patient. It generally affects more men than women, between the
ages of 10 and 25, with a higher peak in the second decade of life. It is very rare under
5 years of age. There is a second peak of incidence in people older than 35 years;
almost always related to previous processes such as Paget’s disease, fibrous dysplasia,
or irradiation [7].

This malignant neoplasm is characterized by forming bone or osteoid substance
directly and encompasses a wide variety of lesions that differ in their clinical and
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radiological presentation, microscopic appearance, and evolution. Depending on
their location in the bone, 3 groups can be distinguished: superficial osteosarcomas,
intracortical osteosarcomas, and intramedullary or central osteosarcomas; the
latter being the most frequent. Among intramedullary tumors, various types of
high-grade malignancy can be identified: the so-called classic or conventional
form, telangiectatic osteosarcoma, and the small cell variant [8]. Although
osteosarcoma can affect any bone; it is preferentially located in the metaphyses of
long bones. It sits mainly on the knee; distal end of the femur (40%), proximal end
of the tibia (15%), or upper end of the femur or humerus (14%), areas that
correspond to the bone segments with the greatest growth of the skeleton [8].
(Figures 1-4) shows part of preparation of the bone piece in a knee osteosarcoma
resection surgery in a young patient.

2.2 Ewing’s sarcoma

Ewing’s sarcoma is primarily a disease of adolescence, with a peak incidence of
about three cases per million in the 15—19 year age group. Although rare, Ewing’s
sarcoma is the second most common bone sarcoma affecting children and adolescents.
It is more frequent in men; mainly affects Caucasians; and frequently occurs in the
spine, pelvis, arm, or leg [7, 8].

Figure 1.
Soft tissue removal.
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Figure 2.
Bone drilling.

Figure 3.
Sterilization with liquid nitrogen.
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Figure 4.
Bone Reimplantation.

2.3 Chondrosarcoma

Chondrosarcoma is the most common bone sarcoma in adults. It mainly affects
patients older than 50 years. The incidence is 8 per million inhabitants.
Chondrosarcomas most commonly arise from the pelvis, upper femur, and shoulder
girdle. The prognosis of chondrosarcoma varies depending on the primary location
and the extent of spread [7, 8].

3. Antitumor immunity

The development of the primary tumor and its eventual ability to spread to a
distance will depend on a balance between the potential for metastatic growth of the
tumor and the immunity of antitumor host defense factors. The body’s main anti-
metastatic defense mechanism is the immune system, which is evident in the high
frequency of malignant tumors that develop in immunosuppressed people or under
immunosuppressive treatment [4, 10].

Helper T lymphocytes (Th) are the main intrinsic modulators of the immune sys-
tem, regulating the two main pathways of specific defense: cellular and humoral,
through the secretion of cytokines. The profile of cytokines secreted by Th lymphocytes
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polarizes the immune response towards a predominantly cytotoxic or cellular one
(Th1) or towards the other end, fundamentally humoral (Th2). These responses

are antagonistic. In surgical procedures, the balance is tilted towards increased Th2
production, which is detrimental to cellular immunity and, consequently, the ability
of cytotoxic T lymphocytes (CD8+) to fight tumor cells that may have detached
from the tumor or that were already present far from the tumor during the surgical
procedure [11].

CD8+ T lymphocytes, mononuclear cells, dendritic cells, and especially natural
killer (NK) cells are the components of immunity to which anti-metastatic action
has been attributed. Cellular immunity at the expense of NK cells plays a funda-
mental role in tumor recurrence and survival [12]. NK cells are known to be the
first line of defense against the development of primary tumors and cells with
metastatic spread. They are cells with an immediate response, capable of sponta-
neously recognizing and destroying tumor cells, identifying the cells as their own
or foreign, through the expression of the major histocompatibility complex type 1
(MHC-1). When a cell expresses MHC-1, it inhibits the action of NK cells; and
when it is absent, as occurs in tumor cells, they release the content of their granules
that destroy the tumor cell membrane [13]. The reduction of its activity can cause
an increase in the development of tumors, both primary and facilitate distant
dissemination [14]. Patients with low levels of NK cell activity preoperatively have
a higher incidence of cancer-associated morbidity and mortality. In favor of the
above, a better prognosis has been observed after tumor resection in patients with
high levels of NK cell activity at the time of surgery [15]. After surgical damage, an
inflammatory reaction occurs at the local level that produces the secretion of
proinflammatory cytokines: tumor necrosis factor-alpha (TNF-a), interleukins
IL-1b, IL-6, IL-12, IL-15, IL- 18, and interferon-gamma (IFN-y). The primary
objective of the inflammatory response that appears after any surgical intervention
is to repair and heal damaged tissues. In response to the proinflammatory state,
an anti-inflammatory state is then produced in order to restrict inflammation to
the injured tissues. Anti-inflammatory mediators are interleukins IL-4, IL-6, IL-10,
IL-11, IL-13, and transforming growth factor beta (TGF-p), as well as catechol-
amines, prostaglandin E2 (PGE2), glucocorticoids, alpha-melanocyte-stimulating
hormone (a-MSH), interleukin-1 receptor antagonist (IL-1Ra), and soluble TNF
receptors [3].

There is evidence that the inflammatory process is responsible for much of the
immunosuppression that appears after surgery and that inflammation itself has a
tumorigenic role [16].

Vasodilation that occurs during inflammation is primarily mediated by nitric oxide
(NO) and prostaglandins (PGE2, prostacyclin), being a factor that facilitates the supply
of soluble mediators and inflammatory cells to the damaged area. These lipid mediators
are produced by arachidonic acid through the action of cyclooxygenase (COX) and are
considered pro-angiogenic since they serve to heal damaged tissue through the
neoformation of vessels, this effect favoring the development of micrometastases [3].

Tumors larger than 2 millimeters (mm) are dependent on the formation of new
blood vessels to receive the oxygen supply necessary to continue growing; therefore,
for a micrometastasis to develop, an angiogenic process is needed, which will
invariably occur when tissue is damaged. It has been seen that overexpression of
vascular endothelial growth factor (VEGF) in colorectal cancer is associated with
increased invasiveness and metastatic potential of the tumor [17].
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4. Perioperative factors that potentiate or inhibit immune responses

During surgical procedures, there are multiple factors related to surgery that
determine secondary depression of immunity. Within these, we find psychological
stress, tissue damage typical of the surgical act, pain, hypothermia, blood transfusion
and factors related to the drugs used that generate alterations in immunity [3-5].

4.1 Non-pharmacological perioperative factors
4.1.1 Perioperative psychological stress

The psychological stress of the patient who is going to undergo surgery can contribute
to producing immunological alterations. This happens through sustained activation of the
sympathetic nervous system (SNS) and the hypothalamus-pituitary—adrenal axis (HPA).
The perioperative activation of the HPA axis will determine the release of adrenocortico-
tropic hormone (ACTH) and cortisol, which will result in the release of glucocorticoids
from the cortex of the adrenal glands with the consequent immunosuppressive effect; as
well as an increase in the secretion of plasma catecholamines, adrenaline, and noradren-
aline. The latter seem to be the key biomarkers in the relationship between stress and
cancer progression [18]. The protumoral effect secondary to the elevation of plasma levels
of catecholamines has been attributed to the fact that some tumors express p1 and p2
adrenergic receptors on tumor cells, which favor cell migration, angiogenesis and impair
cellular immunity. This cellular immune depression begins preoperatively and can last for
several days after surgery [19]. Bartal et al. found that the number of CD8+ T lympho-
cytes and CD4+ T lymphocytes was lower in patients in the hours prior to surgery
compared to patients who were not going to undergo surgical procedures [16].

4.1.2 Surgical act

Surgery is the most effective treatment for cancer, but it is usually associated with
systemic release of tumor cells. Tumor manipulation during resection may result in a
“spill” of tumor cells into the bloodstream and lymphatic vessels. On the other hand,
after surgery, the balance between pro- and antiangiogenic factors is shifted towards
angiogenesis to facilitate tissue healing, which may favor tumor recurrence, metasta-
sis formation, and activation of latent micrometastases [5]. The implantation of dis-
tant metastases focuses on the so-called “seed and soil” hypothesis; (seed and fertile
land) described more than 100 years ago. It tries to explain the non-random location
of the metastases of a primary tumor so that only certain tumor cells have the ability
to colonize certain organs that have a suitable microenvironment for their growth
[20]. It is known that the less aggressive the surgical trauma, the better preservation
of the perioperative immune function, and therefore, the greater the trauma, the
greater the probability of tumor recurrence; This is why it is proposed in some studies
that the reduction of surgical trauma through the laparoscopic technique could reduce
the probability of tumor recurrence in cancer patients [21, 22]. As previously men-
tioned, the surgical act encompasses multiple factors that favor tumor progression
and dissemination. Among them, we highlight inadequate pain management,
tissue injury related to surgery, hypothermia, and the need for transfusion of blood
products.
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4.1.3 Pain

Acute pain results in suppression of NK cell activity. It is a powerful stimulant of
the HPA axis and its poor perioperative management could be of great importance in
favoring tumor recurrence. Optimal pain control can attenuate postoperative immu-
nosuppression and, therefore, tumor recurrence [3, 13, 14, 19, 23]. Postoperative pain
in patients undergoing bone tumor resection surgery is significant. Chung et al. [24]
examined pain patterns in the postanesthetic recovery unit and found that orthopedic
patients had the highest incidence of pain in the outpatient setting. There are many
approaches to postoperative pain management, each of which must be tailored to the
patient’s pre- and postoperative course. Cancer patients often have pain prior to their
surgery and may also be receiving significant amounts of opioids to control it. We
must have an accurate idea of our patient’s tolerance and opioid requirements, and we
must plan accordingly.

4.1.4 Hypothermia

Hypothermia can also influence the patient’s immune system with the
consequent impact on tumor recurrence. Impairs immune functions related to
granulocyte chemotaxis and phagocytosis; as well as interfering with the
production of antibodies [25]. An inhibition of the oxidative immune response
on bacteria and a decrease in the phagocytic capacity of neutrophils and the
generation of oxidative reaction intermediates have also been observed, in addition
to exacerbating the immunosuppressive effects of surgery. Probably, the immuno-
suppressive effect of hypothermia is triggered by sympathetic discharge and con-
sequent adrenal release of catecholamines, noradrenaline, and adrenaline,
determining suppression of NK cells. Therefore, we believe that temperature
monitoring, as well as the adoption of perioperative warming measures, will be
extremely beneficial [26].

It has been shown that hypothermia increases the risk of requiring blood trans-
fusions due to bleeding secondary to coagulopathies and platelet dysfunction; this is
determinant of immunomodulation [17].

4.1.5 Perioperative transfusion of blood products

Perioperative anemia is present in 25—75% of cancer patients who are going to
undergo surgery and is an independent risk factor for morbidity and mortality [27].
Tumors are relatively vascular structures and are therefore prone to bleeding
throughout the intraoperative period. Metastases from kidney tumors and thyroid
cancers cause significant neovascularization and can bleed dramatically during sur-
gery, much more than other types of bone metastases. Optimizing preoperative
hemoglobin values is of vital importance when it comes to reducing the need for
transfusion of blood products [28].

Immunosuppression associated with blood transfusion is known in the literature as
TRIM (transfusion-associated-immunomodulation) [29]. The effect of transfusion on
immunity was suspected due to the better evolution of patients who underwent
kidney transplantation and who had been transfused with more than 10 units of blood
intraoperatively compared to patients who had not been transfused. In the transfused
patients, the viability of the transplant was frankly higher [30]. Blood transfusions are
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associated with a reduction in Th cells and NK cells and a reduction in the production
of cytokines, including IL-2 and IFN-y [31]. Amato et al. [32] showed in a meta-
analysis that perioperative blood transfusion was an independent risk factor for colo-
rectal cancer recurrence.

4.2 Drugs

Anesthetic drugs can induce changes in cell pathophysiology, such as cell prolifer-
ation, angiogenesis, and apoptosis, which can be determinants of the progression of
cancer in patients [4]. Anesthesia alters the functions of immune cells, including
neutrophils, macrophages, dendritic cells, T lymphocytes, and NK cells [33]. Some of
the drugs frequently used in general anesthesia have an inhibitory effect on natural-
killer cell-mediated immunity, particularly morphine, ketamine, thiopental, and
inhalational anesthetics [24], on the other hand, it would seem that propofol, non-
steroidal anti-inflammatory drugs (NSAIDs) and local anesthetics have shown prom-
ising results (Table 1) [3-5].

Drugs Family Effects on immunity Indications
Nitric oxide Inhalation ¢ Inhibits the formation of Anesthetic induccion
Anesthetic hematopoietic cells that are

important in cellular immunity.

¢ Associated with an acceleration in
the development of lung and liver
metastases.

Sevoflurane/ Volatile Immunosuppression: Anesthetic induccion and

Isoflurane Anesthetics R maintenance
¢ Decreases the number and function

of NK cells, as well as induce
lymphocyte apoptosis.

¢ Determine an increase in HIF and

angiogenesis.
Etomidate Imidazole Reduces macrophage function Anesthetic induccion
Propofol Alkylphenol * Promotes the cytotoxicity of NK cells. Anesthetic induccion and
maintenance
¢ Reduces the motility and
invasiveness of tumor cells,
inducing their apoptosis.
* B adrenergic antagonism. Partial
blockade of the HPA axis with the
consequent immunoprotective
response.
¢ Inhibition of COX-2
(antiangiogenic).
Thiopental Barbiturate Reduces both the number and activity =~ Anesthetic induccion and
of NK cells maintenance
Ketamine Phencyclidine ~ NK cell suppression Anesthetic induccion and
maintenance
Analgesia
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Drugs Family Effects on immunity Indications
Midazolam/ Benzodiazepines Inconclusive Anesthetic induccion and
Diazepam results maintenance

Dexmedetomidine o2 adrenergic * In tumors that express « receptors,  Anesthetic induccion and

agonist it can enhance cell growth and maintenance
proliferation.
¢ Inhibits the maturation and Analgesia

proliferation of dendritic cells.

Morphine Opiates Morphine has been linked to Analgesia
immunosuppression through:

* Decrease in the number and activity
of NK cells.

* Inhibition in the production of
immunostimulatory cytokines such
as IFN-y and IL-2.

* Less T lymphocyte proliferation and
activation.

Promotes angiogenesis by
stimulating HIF secretion.

Fentanyl/ Inconclusive results Analgesia
Remifentanil
Tramadol Stimulates the activity of NK cells Analgesia
Ketoprofen/ NSAIDs COX-2 * Increases the activity Analgesia
Ketorolac inhibition of NK cells.
* Reduces
angiogenesis.

¢ Increases cell

apoptosis.
COX 2 inhibitors Analgesia
Lidocaine/ Local Increase the activity of NK cells and Analgesia
Bupivacaine Anesthetics cytotoxic T lymphocytes.
Cardioselective p  p —adrenergic ¢ Block B-receptors of tumor cells. ¢ Arterial Hypertension
blockers blockers . . . .
¢ Decrease catecholamine-associated ¢ Ischemic heart disease
immunosuppression.
* Heart failure
¢ Arrhythmias
Atorvastatin Statins Anti-inflammatory, Lipid-lowering
immunomodulatory and anti-
angiogenic effect.
Glucocorticoids  Dexamethasone Inconclusive results ¢ Anti-iinflammatory

¢ Analgesic

¢ Antiemetic

NK- natural killer. HIF- Hipoxia inducible factor. HPA- Hypothalamus pituitary advenal. NSAIDs- Non-Steroidal
Anti-Inflammatory Drugs. COX-2- Cyclooxygenase 2.

Table 1.
Pharmacological implications in immunosurveillance.
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4.2.1 Inhaled anesthetics
4.2.1.1 Nitrous oxide

Nitrous oxide interferes with DNA, purine, and thymidylate synthesis, depressing
neutrophil chemotaxis. Thus, it inhibits the formation of hematopoietic cells which
may be important in tumor surveillance. Additionally, neutrophil function is
depressed, and mononuclear cell production reduced. In studies with mice, it has been
seen that nitrous oxide is associated with an acceleration in the development of lung
and liver metastases, being the most powerful stimulator of liver metastases of the
anesthetics studied [34].

4.2.1.2 Volatile agents

In vitro and in vivo studies have shown that there is an association between
inhalation anesthesia and increased tumor spread [35-37]. In a recent retrospective
study, conducted in 2016 by Wigmore et al. [36] cancer patients were found to have a
worse survival outcome if they received inhalation anesthesia. Inhalational anesthetics
suppress the immune system by decreasing the function of NK cells, which play an
important role in protecting against the proliferation of cancer cells. Inhalational
anesthetics induce apoptosis in lymphocytes, reduce NK cell-mediated cytotoxicity,
and alter the elevation of cytokines generated by NK cells in response to tumor cells.

4.2.2 Intravenous anesthetics
4.2.2.1 Etomidate

Etomidate has minimal effects on hemodynamics, therefore, it is considered for
use, particularly in elderly, critically ill, and/or hemodynamically unstable patients.
Due to its inhibition of the adrenal cortex, etomidate is not recommended for
immunosuppressed or septic patients. Very few studies have investigated the effect of
etomidate on cancer. In an in vivo study by Liu et al. [34] in 2016, it was found that
etomidate significantly reduces the viability of macrophages in a dose-dependent
manner.

4.2.2.2 Propofol

Propofol seems to have opposite effects to other general anesthetics as far as
immunity is concerned. It seems that this drug does not suppress the immune
system, but rather the opposite. It favors the cytotoxicity of NK cells, reduces the
motility and invasiveness of tumor cells, inhibits COX and does not promote the
synthesis of HIF (hypoxia-inducible factor), which is associated with a proven
pro-angiogenic effect through the expression of vascular endothelial growth factor
(VEGF) [28].

Different studies have observed beneficial anti-metastatic effects. It has been pro-
posed that the inhibition of COX-2, and therefore of PGE2, could result in an
improvement of the antitumor response of the immune system [38]. Other authors
have proposed that propofol’s weak f-adrenergic antagonist mechanism could be
involved in its antitumor protection since many tumor cells have p-adrenergic
receptors [39].
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Zheng et al. [40] published 2018 a retrospective study of patients operated on for
gastric cancer between 2007 and 2012, this study included 2856 individuals divided
into 2 groups. Anesthetic maintenance was performed in one group based on total
intravenous anesthesia (TIVA) with propofol plus remifentanil and the other with
sevoflurane and remifentanil, showing greater survival in the group of patients that
used TIVA.

Inada et al. [41] observed in patients undergoing craniotomy, how inhalational
anesthesia with isoflurane compared with intravenous propofol produced a
decrease in the ratio of Thr type 1 and 2 lymphocytes (Th1/Th2), which facilitates
tumor progression, tilting the balance towards Th2 production; predominating
therefore humoral immunity. On the other hand, Ren et al. [42] confirmed
these findings with isoflurane versus propofol in lobectomy for lung cancer.

They hypothesize that propofol promotes the activation and differentiation of
peripheral Th cells to Th1, thereby favoring perioperative anti-metastatic cellular
immunity.

In a study by Zhang Ye et al. [43] TIVA with propofol at therapeutic doses of 2-5
micrograms/milliliter (pg/ml) was found to inhibit tumor proliferation, induce apo-
ptosis, and reduce invasion of osteosarcoma tumor cells (Figure 5).

4.2.2.3 Thiopental

Thiopental reduces both the number and activity of NK cells in animal models [24].
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Figure 5.

Propofol inhibits cell proliferation, promotes apoptosis, and veduces invasion. Propofol inhibits proliferation (A),
promotes apoptosis (B-C), and reduces invasion (D) of MG63 osteosarcoma cell in a dose-dependent manner. *P
< 0.01 compared with the control group without propofol treatment. Image taken from the article by Zhang Ye
et al. [43]. With permission of the author.

14



Anesthesia Management to Improve Outcomes
DOT: http://dx.doi.org/10.5772/intechopen.106672

4.2.2.4 Ketamine

In a study in rats, Melamed et al. [44] determined that ketamine causes a signifi-
cant decrease in the number and activity of NK cells, greater lung tumor progression
as well as more numerous and aggressive lung metastases. Of the hypnotics analyzed
in this study, ketamine showed the greatest immunosuppressive action, probably
related to its potent adrenergic action. Recent studies support these conclusions and
show not only decreased activity of neutrophils and NK cells, but also induces lym-
phocytic apoptosis in humans and inhibits the functional maturation of dendritic cells,
interfering with other determinants of the immune reaction as in the production of
cytokines that affect cellular immunity [44].

4.2.2.5 Benzodiazepines

Commonly used as anxiolytics, sedatives, anticonvulsants, and in the context of
alcohol withdrawal. Among them, midazolam, lorazepam, clonazepam, and diaze-
pam, are useful in anesthetic practice due to their properties, especially midazolam,
for being a safe drug with a short half-life. The immune changes produced by the use
of benzodiazepines have shown disparate results, and it has not been determined that
they are drugs that produce significant variations in immunity and, therefore, in
cancer recurrence. Negative results were obtained with supraphysiological concentra-
tions, where the chemotaxis capacity was diminished; in another context, Marino
et al. [45] found that single doses of diazepam and midazolam induced neutrophil
migration and phagocytosis. In general, they are useful drugs in the practice of anes-
thesia in patients with neoplasia.

4.2.2.6 Opiates

One of the most frequent symptoms in cancer patients is pain, between 50 and
80% of patients experience some degree of pain. It is known that opiates are funda-
mental in the treatment of acute and chronic pain, as well as the perioperative period
of oncological surgery. As the tumor progresses, it can cause severe pain related to the
invasion of adjacent tissues, compromising nerves and bone structures [46].

The main concern regarding the effect that opiates may have; over the morphic in
terms of oncological progression through the dissemination of tumor cells and the
establishment of distant metastases, is mainly explained by 2 mechanisms; interac-
tions with the immune system and stimulation of angiogenesis [47].

Impaired immune function is known to have a multifactorial etiology. On the one
hand, the presence of uncontrolled pain generates activation of the SNS and the HPA
axis with the consequent release of cortisol and catecholamines that determine
immunosuppression [48]. On the other hand, there is both direct and indirect action
of opioids on the immune system. Indirectly through the HPA axis and directly
through specific receptors for opioids, such as u3. These p3 receptors and others such
as OGFr (opioid growth factor receptor), are involved in cell signaling processes that
mediate antibody production and NK cell-mediated cytotoxicity. The administration
of opioids has been related to a decrease in the number and activity of NK cells,
inhibition in the production of immunostimulatory cytokines such as IFN-y and
IL-2, less proliferation and activation of T lymphocytes, as well as less antibody
production [49].
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Opioids affect the integrity of the vascular endothelium, where they produce
proliferation and migration of endothelial cells, a process known as angiogenesis [50].
Morphine administered in usual concentrations stimulates angiogenesis and prolifer-
ation of microvascular endothelial cells through a signaling pathway similar to that
described for VEGF [51].

Binding to p3 and OGF receptors by the synthetic opioids fentanyl and
remifentanil occurs with much lower affinity [52].

Tramadol, in addition to its effect on the p receptor, has adrenergic, serotonergic,
and appears to preserve perioperative immune function compared to morphine.
Studies have proposed that tramadol stimulates the activity of NK cells. Opioids with
less structural similarity to morphine and less affinity for p receptors are probably
those that determine less immunosuppression [53].

Recent studies speak of a dual effect of morphine in the regulation of tumors,
including its effects on proliferation, metastasis, angiogenesis, inflammation, and
immunity.

In a review carried out in 2018; Tuerxun et al. [46] maintain that the main
factors responsible for the dual role of morphine in terms of its activity on cancer
lie in the dose and the type of tumor. In general terms; at high concentrations,
morphine inhibits tumor cell growth, angiogenesis, invasion, and metastasis.
However, low daily doses of morphine stimulate tumor cell proliferation, angio-
genesis, and immunosuppression. Future studies will elucidate how true these
claims are, but for now, they open a door to the analysis that will allow us to
discuss how influential the use of morphine is in the perioperative period of
cancer patients.

4.2.2.7 Non-stevoidal anti-inflammatory drugs (NSAIDs)

NSAIDs inhibit COX-1 and COX-2, a fundamental enzyme of the arachidonic acid
cascade that ends with the synthesis of the different eicosanoids (prostaglandins,
thromboxanes, and leukotrienes). Overexpression of the enzyme cyclooxygenase 2
(COX-2) has been found in about 90% of lung tumors, 71% of intestinal adenocarci-
nomas, and 56% of breast cancer neoplasms, among other types of cancer. The
hyperfunctioning of this enzyme results in increased synthesis of PGE2, which
inhibits NK cell activity, increases angiogenesis, and decreases cell apoptosis, favoring
tumor progression [54].

The influence of prostaglandins on cancer seems to be mediated by two mech-
anisms. The first is an indirect mechanism through its interaction with the
antitumor immune system. PGE2, synthesized by macrophages, produces a
decrease in the number of NK cells with a reduction in cytotoxic activity, also
affecting the response mediated by CD8+ T lymphocytes, favoring the secretion of
Th2-type cytokines compared to Th1, a phenomenon that occurs in the periopera-
tive period. The second is a direct mechanism of interaction with tumor growth
and spread [55]. HIFs are intracellular proteins that coordinate the cell’s adaptive
response to hypoxemia, regulating genes that act to promote angiogenesis, cell
proliferation, and metabolism. These proteins are closely linked to mechanisms of
cellular adaptation to hypoxia, also known as hypoxic preconditioning. PGE2 has
proangiogenic effects on tumor cells [56]. Taking into account the pro-tumor
effects of prostaglandins, it seems logical to think that NSAIDs could have an anti-
tumor effect [57].
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4.2.2.8 Local anesthetics and regional anesthesia

Both local anesthetics and regional anesthetic techniques seem to have a protective
action against the progression of oncological disease. The justification for this state-
ment is based on the attenuation of the endocrine-metabolic response to surgical stress
and, consequently, on the reduction of the concentrations of glucocorticoids and
endogenous catecholamines. On the other hand, local anesthetics favor the increased
activity of CD8+ T lymphocytes and NK cells. In addition to regional anesthesia, less
invasive surgical techniques reduce stress with the eventual decrease in SNS stimula-
tion and decrease opioid requirements with the benefits that this entails. All of the
above-mentioned favor the improvement of cellular immunity and could be associ-
ated with lower rates of cancer recurrence [58, 59].

Local anesthetics exert their effect by blocking voltage-gated sodium channels in
the membrane of nerve cells, which are also found in the membrane of tumor cells and
are thought to be involved in tumor cell invasion and metastasis [60].

In 2014 Scavonetto et al. [61] compared general anesthesia alone versus general
anesthesia combined with epidural in a retrospective study in 1642 patients undergo-
ing radical prostatectomy. This study demonstrated that supplementing general anes-
thesia with neuraxial analgesia for prostate cancer surgery was associated with
decreased systemic cancer progression and improved overall survival compared with
general anesthesia alone. This finding cannot be used to discriminate which element of
anesthetic treatment (intrathecal opioids, local anesthetics) or mechanism (reduced
stress response or systemic opioid reduction) may have contributed to the apparent
benefit, but it is nevertheless a promising start for further research.

Recent studies have focused on the antitumor properties of local anesthetics; Wang
HW et al. [60] in a study published in 2015, investigated the influence of local
anesthetics on non-small cell lung cancer and found that lidocaine and ropivacaine can
inhibit cell growth, invasion, and migration carcinogens, as well as induce their
apoptosis. The antitumor properties of local anesthetics offer a potential opportunity
for clinical application.

4.2.2.9 Glucocorticoids

Corticosteroids are commonly used in anesthesia for the prophylaxis of postoper-
ative nausea and vomiting. When administered in a single dose, after the start of
surgery, they attenuate the inflammatory response and the pain associated with the
surgical procedure [62].

Although it is known that the prolonged use of these drugs worsens the prognosis
of cancer patients, it is questionable whether their use limited to the perioperative
period influences tumor proliferation and the appearance of metastases. There are
conflicting results. Some studies show a reduction in tumor angiogenesis, levels of
VEFG, and circulating interleukins with the use of single-dose corticosteroids [63].
Singh et al. [62] showed an increase in distant metastases in colon cancer when
dexamethasone was used in a single dose, concluding that further studies are still
needed to define the role of these drugs in tumor recurrence.

4.2.2.10 p-adrenergic blockers

p-adrenergic receptors have been associated with the progression of neoplasms;
not only because of their presence in neoplastic cells and inducing changes in the
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dynamics of the immune system and tumor microenvironment, but also because
they are active components of the endocrine-metabolic response and inflammation
associated with surgical trauma. In an observational study carried out by Hiller

et al. [64] in 2015, it was possible to demonstrate a reduction in the incidence of
tumor recurrence and greater survival in patients who had indicated the use of
p-adrenergic blockers. Another study carried out by Wang HM et al. [65] in 2012
concluded that f-adrenergic blockers are associated with an improvement in
metastasis-free survival, disease-free survival, and overall survival in this cohort of
patients with non-small cell lung cancer, who were undergoing radiotherapy. Most
of the patients who had a beneficial outcome in the study were taking
cardioselective f-adrenergic (p1) blockers, which is consistent with other findings
indicating that B1 receptors are responsible for negative outcomes in lung
adenocarcinoma.

However, there is currently little scientific evidence to support the periopera-
tive use of these drugs to reduce the catecholaminergic response and improve
cellular immunity; Therefore, these findings should be verified in future studies
that guarantee their efficacy, always taking into account risk-benefit in each
particular patient.

4.2.2.11 a 2 adrenergic agonists

Dexmedetomidine is a potent alpha 2 adrenergic agonist that exhibits sedative,
hypnotic, analgesic, and sympatholytic effects. These characteristics make it possible
to reduce the use of inhalation agents, opiates, and the sympathetic response in the
perioperative period, with the consequent decrease in circulating catecholamine levels
[66]. Based on the fact that both the sympathetic response and the pro-inflammatory
state secondary to surgery, as well as the use of morphine, have been shown to
accelerate tumor progression; It is believed that dexmedetomidine could reduce the
progression of neoplastic disease secondary to the modulation of the inflammatory
state typical of surgery, added to the reduction in the use of opiates and inhalational
anesthetics [67].

It is known that surgery can determine immunosuppression, this is of vital impor-
tance in cancer patients.

Some studies have shown the role of dexmedetomidine in the immune response
of cancer patients. Wang Y et al. [68] indicate that this drug maintains the Th1/Th2
ratio, which decreases the inflammatory response of patients who underwent gas-
tric surgery with the consequent reduction in immunosurveillance alterations,
which is of great importance in cancer patients. Due to the above, both in theory
and in practice, dexmedetomidine is considered a very promising drug when it
comes to the perioperative period of cancer patients. Unfortunately, recent studies
show that this drug can promote tumor growth mainly secondary to direct stimu-
lation of cancer cells. In an animal study, Lavon et al. [69] showed that
dexmedetomidine at hypnotic doses may be related to the growth of metastases in
the primary tumor of the breast, lung, and colon, although at sub hypnotic doses,
that is, analgesic and sedative, the effect is not predictable; but not on all models.
In addition, a study published by Gong et al. [70] showed that dexmedetomidine
could negatively modulate human immunity by inhibiting the maturation and
proliferation of dendritic cells, as well as by decreasing the activity and cytotoxic-
ity of CD8+ T lymphocytes.
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4.2.2.12 Statins
They have anti-inflammatory, immunomodulatory, and anti-angiogenic effect. They

reduce the incidence of colon, prostate, and skin cancer. In a study by Rubin et al. [71] in
2005, a relative reduction of 47% in the risk of colorectal cancer was demonstrated.

5. Anesthetic management

Based on the latest evidence found in the literature, it is considered good anesthetic
practice for resection of bone tumors to perform a TIVA based on remifentanil and

Preoperative  Psychological Stress Its proper handling reduces the release of catecholamines
and cortisol responsible for the consequent
immunomodulation

Blood Transfusions (Both Hemotherapy Application of blood saving techniques
pre- and intraoperative
measures reduce the risk of
transfusions and

Hypothermia Increases bleeding secondary to
coagulopathies and platelet dysfunction

Intraoperative immunosuppression) Permissive Reduces intraoperative bleeding
hypotension
Avoid Hypothermia It decreases the chemotaxis and phagocytosis of

granulocytes, as well as the production of antibodies

Pharmacological ~Propofol = Favors the cytotoxicity of NK cells
management

Reduces the motility and invasiveness of tumor cells,
inducing their apoptosis

Induces apoptosis of tumor cells

f adrenergic antagonism. Partial blockade of the HPA axis
with the consequent immunoprotective response

Inhibits Increases the activity of NK cells
COX-2

Reduces angiogenesis

NSAIDs Increases cell apoptosis

Lidocaine Included in a regional technique, allows us to maintain an
adequate analgesic blockade; and reduce the doses of
major intravenous opiates such as Morphine.

Increases the activity of NK cells and cytotoxic T
lymphocytes.

Postoperative PAIN (Correct pain Multimodal analgesia:
management attenuates
sympathetic activation,

¢ Regional analgesia based on peripheral nerve blocks
with local anesthetics.

decreasing the concentration
of circulating ¢ NSAIDs.
catecholamines and cortisol)

¢ Dipyrone.

¢ Paracetamol.

NK-natural killer. HPA- Hypothalamus pituitary adrenal. NSAIDs- Non-steroidal anti-inflammatory drugs. COX-2-
Cyclooxygenase 2.

Table 2.
Perioperative strategies to reduce the risk of tumor recurrence.
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propofol, in addition to adjuvant regional techniques according to the procedure to
be performed (Table 2) [5]. We propose the example of a healthy young patient
who undergoes resection surgery for osteosarcoma of the knee. After adequate
standard ASA (American Society of Anesthesiologists) monitoring (Figure 6) [72],
and monitoring of anesthetic depth through NINDEX monitor, (Figure 7) [73], the
anesthetic technique that would provide the greatest benefits based on the previously
mentioned; is combined general-epidural anesthesia. A propofol and remifentanil

Figure 6.
Standard ASA monitoring (American Society of Anestesiologists).

NINDEX
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21-05.2021 |
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Hora Actual 1
10:18

Figure 7.
Anesthetic depth monitoring NINDEX (Narcosis INDEX).
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TIVA, target-controlled infusion in effect-site (TClce), plus a continuous infusion of
1% lidocaine, 1 mg/kg/hour through the epidural catheter. It is also vitally important
to help with NSAIDs such as Ketoprofen.

Through this anesthetic technique, multiple objectives are achieved:

Propofol:

* The use of propofol at the effect site at doses between 2 and 5 pg/ml determines
the apoptosis of tumor cells that could detach from the tumor that is being
resected and are found in the bloodstream. This was demonstrated in a work by
Zhang Ye et al. [43] in 2014.

* It is believed that this drug does not suppress the immune system. Propofol
favors the cytotoxicity of NK cells, reduces the motility and invasiveness of
tumor cells, inhibits COX and does not promote HIF synthesis, thus having an
antiangiogenic effect.

* It has been proposed that the inhibition of COX-2, and therefore of PGE2, could
result in an improvement of the antitumor response of the immune system since
prostaglandins are at the base of the formation of neovessels.

* The p-adrenergic antagonist of propofol could be involved in its antitumor
protection, since many tumor cells have $-adrenergic receptors; this confers a
partial blockade of the HPA axis with the consequent immunoprotective
response.

Lidocaine:

Either in favor of opting for a regional technique that allows us to maintain an
adequate analgesic blockade and allows, among other things, to reduce the dose of
major intravenous opiates such as morphine, as well as for the benefits of local
anesthetics per se; The use of lidocaine intraoperatively and postoperatively has great
implications for tumor recurrence in cancer patients who undergo surgery. In the first
place, it allows a marked reduction in plasma concentrations of cortisol and catechol-
amines secondary to the decrease in endocrine-metabolic responses triggered by tissue
destruction related to surgery. Second, they act directly by increasing the activity of
NK cells and CD8+ T lymphocytes; vital cells to maintain the integrity of cellular
immunity.

NSAIDs:

The hyper-functioning of COX-2 secondary to its overproduction in some types of
tumors; results in increased synthesis of PGE2, which inhibits NK cell activity,
increases angiogenesis, and decreases cell apoptosis, favoring tumor progression. The
use of COX-2 type NSAIDs reduces the synthesis of PGE2, favoring immunosur-
veillance with its positive effects on immunity.

6. Conclusions

Multiple clinical studies suggest that both anesthesia and surgery induce immuno-
suppression that can promote tumor recurrence through locoregional growth and
distant spread; undesirable circumstance that reduces the survival of our patients and
impoverishes their prognosis.
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We believe that the anesthetic plan should include immunoprotective actions that
fully cover the entire perioperative period. Among them we highlight minimizing the
response to psychological and physiological stress, through medical stability and ade-
quate pre, intra and postoperative analgesia.

An anesthetic-surgical technique that minimizes tissue injury, reduces bleeding
and reduces the risk of blood transfusion will be beneficial in order to reduce tumor
progression.

Although the evidence on the influence of anesthetic drugs on tumor progression is
limited, it can be stated, based on recent experimental and clinical studies, that the use
of anesthetic/analgesic techniques that reduce the perioperative consumption of opi-
ates such as morphine, as well as other drugs with a proven negative profile, such as
ketamine, are favorable to protect the anti-metastatic immune response in a period of
special pro-tumor susceptibility such as the perioperative period.

We propose anesthetic techniques combined with the use of regional anesthesia
and analgesia, preferring them to those based on the use of opioids and halogenated
agents, since it has been shown that situations that determine greater activation of the
SNS and the HPA axis, promoting a pro-inflammatory state, will generate a negative
alteration of immunity with the consequent higher rate of tumor recurrence.

Therefore, based on current evidence and our experience, we recommend the use
of supported analgesic/anesthetic techniques based on regional anesthetic blocks prior
to surgical aggression, complemented by the administration of NSAIDs, dipyrone,
paracetamol, and anesthetic maintenance with propofol. As well as an adequate man-
agement of psychological stress, the maintenance of normothermia and techniques
that reduce the risk of blood transfusions in the perioperative period are related to the
preservation of immunity and therefore with better results in cancer patients.
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Perspective Chapter:
Bone Tumors — How to Make
a Diagnosis?

Jairo Garcia

Abstract

The diagnosis of bone tumors begins with suspicion due to some clinical symptoms
or due to image findings. From this point onwards, it should be understood the need
for new imaging exams, usually based on whether the lesion is most likely benign or
malignant. Some benign lesions have diagnosis defined by simple radiography; others
need more detailed investigation. Malignant lesions always need a detailed location
and systemic assessment. Malignant primary tumors occur generally in patients
under 20 years, while secondary malignant lesions are usually related to patients
over 40 years. Biopsy of a bone injury, when indicated, is always the last exam to be
performed, generating a histological diagnosis and defining treatment.

Keywords: bone, cancer, biopsy, tumor, metastasis, diagnostic

1. Introduction

Bone tumor represents a variable entity of neoplasms, mostly benign, about
35-40% [1], or malignant, in this case, can be primary, that osteosarcoma is the only
malignant primary tumor producing bone [2], or secondary due to bone metastases,
and about 5% of all cancers have bone metastases to the initial diagnosis [3], most
commonly from breast and prostate cancers [4]. Bone corresponds to the third most
common site of metastases, after lung and liver [5-7], and the spine is the most com-
mon site of bone metastasis in the skeleton [8].

Due to the rarity of these lesions and the wide variety of possible diagnoses, the
existence of a multi-professional team with orthopedists, radiologists, radiothera-
pists, oncologists, and pathologist is necessary for both the correct diagnosis and the
proper treatment of the patient [9].

2. Clinical evaluation

History and physical examination are the initial approaches for any patient suspected
of having a bone neoplasm (Table 1). Data, such as age (isolated corresponds to the
most important data [10]), time of complaint, presence of pain, location of the lesion,
and personal and family history of cancer, may provide important information for
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What i need to consider for initial evaluation?

* Patient age

* Personal or familiar history of cancer

* Symptomatic or only a imaging finding

¢ About the lesion Which bone?

Where along the bone?

What is the density of the lesion?

What does the lesion do to the bone?

How the bone reacts?

Does the lesion invade adjacent tissues?

Single or multiple lesions?

Table 1.
Systematic evaluation.

clinical reasoning and diagnostic management [10-13]; although the physical exami-
nation is generally nonspecific [14]. Often the suspicion of a bone neoplasm occurs
only due to an accidental finding of some imaging test [1].

About only malignant primary bone neoplasms, these are more common between 0
and 20 years of age (for patients under 5 years old, the diagnosis of metastases of neu-
roblastoma is more common). Osteosarcoma and Ewing’s sarcoma are more common
between 5 and 20 years of age. In patients over 40 years of age, secondary malignancies
(metastases) and multiple myeloma are the most common diagnosis [15].

3. Imaging
3.1 Radiography

Every patient with suspected bone neoplasia should be initially evaluated by
orthogonal radiography examination and, although the radiologist’s report is of great
value, the orthopedist must have the basic knowledge to recognize the information that
the bone lesion can provide on radiography [10]. The correct diagnostic approach to a bone
neoplasm cannot be adequately achieved without radiographic evaluation [14, 16, 17].

The radiographic findings provide important information about the nature of the
bone lesion. We can observe if it is bone-forming (osteoblastic), if it promotes bone
destruction (osteolytic) or if the lesion has areas of bone formation as well as areas
of bone destruction (mixed). Second, the radiography will provide the lesion loca-
tion (epiphysis, diaphysis, metaphysis, or surface), presence of periosteal reaction
(spiculate, sunlight, onion skin, and Codman’s triangle), presence of halo of sclerosis,
presence of pathological fracture, extension to soft tissues (extra compartmental
lesion), among other characteristics specific to each type of bone neoplasm that can
even define the diagnosis (Table 2) [10, 11, 14, 18].

3.2CT scan

Computed tomography can better delineate the information obtained on radiogra-
phy, especially in lesions of bone sites with more complex anatomy, such as the pelvis
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Figure 1.
Examples of CT-scan of pulmonary metastases in patients with osteosarcoma, in general the lesions are found in
the periphery of the lung.

Figure 2.

(A) clinical aspect of the right knee, observing an increase in volume in the distal region of the femur, (B)
radiographic appearance of aggressive bone lesion in the distal metaphysis of the femur, and (C) MRI
demonstrating the full extent of the affected bone.

and spine. CT scan can observe the presence or absence of intralesional calcifications;
it can be useful in the assessment of the risk of fragility fracture and used to guide
biopsies. For lesions suspected of malignancy, CT scan is mandatory for the investiga-
tion of pulmonary metastases [11, 19]. In relation to osteoid osteoma, it is the exam of
choice to locate the lesion niche (Figure 1) [2, 20].

3.3MRI

Magnetic resonance imaging does not have a great diagnostic value in bone neo-
plasms, but it is the best test for local staging and surgical planning [17]. Evaluating
structures adjacent to the lesion, such as the extension to soft tissues (most important
sign of bone malignancy [16]) and the involvement of neurovascular structures, as
well as the extent of spinal cord involvement and the presence of “skip” metastases
(present in 25% of osteosarcomas) [14]. The examination should always include the
two joints adjacent to the host bone (Figure 2) [10].

MRI is useful in assessing the response to chemotherapy, radiotherapy, and
postoperative follow-up to detect mainly local recurrence [20, 21].
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Figure 3.
(A) scintigraphy of a patient with Ewing’s savcoma affecting the entive femur, (B) patient with large-volume
diaphyseal osteosarcoma, and (C) conventional osteosarcoma of the distal end of the femur.

3.4 Scintigraphy

Bone scintigraphy is routinely requested in the evaluation of malignant bone
neoplasms, the exam measures changes in bone metabolism (increased turnover and
osteoblastic activity), it is quite sensitive, but nonspecific (Figure 3) [16, 22].

Evaluation of bone metastases by scintigraphy is very useful since it can evaluate
the skeleton in a complete way. The drug is well tolerated (technetium-99 m methy-
lene diphosphonate [17]) and its analysis is not interfered with by metallic implants.

Osteoblastic lesions are easier to identify, while osteolytic lesions need a certain
size to be detected [22]; examples of this are multiple myeloma and renal cell carci-
noma metastases, which are usually negative in scintigraphy [23]. Non-neoplastic
changes may appear in regions, for example, of degenerative disease in vertebrae and
joints [22].

3.5PET-CT

Corresponding to a procedure that combines the images of a positron emission
tomography (PET) and a computed tomography (CT), there is no contraindica-
tion to the test, except in pregnant or breastfeeding patients. PET and CT scans are
performed at the same time with the same machine using 18F-fluorodeoxyglucose
(18F-FDG, surrogate analog in glucose metabolism) as a marker. The SUV (stan-
dard uptake value), calculated at the end of the exam, provides semi-quantitative
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Figure 4.
Patient with Ewing’s sarcoma in the diaphysis of the right femur, there is only uptake of the radiopharmaceutical
in the region of the bone lesion, with no other changes in the exam.

information on glucose metabolism in the evaluated tissues, with a cut-off between
2.0 and 2.5 for defining benign and malignant lesions. PET-CT is evaluated for
staging and monitoring the response to treatment of tumors, including detection of
metastases and recurrence. Studies indicate that PET-CT shows sensitivity, specificity,
and accuracy superior to scintigraphy to find metastases [24]. However, if it works
according to the histological diagnosis, different results are observed. To screen for
bone metastases in Ewing’s sarcoma, PET-CT has better sensitivity than scintigraphy,
whereas in osteosarcoma they are similar [25], although it has better accuracy than
scintigraphy for the detection of approaching the growth plate in osteosarcoma [26].
PET-CT as a predictor of oncological response presents better results in Ewing’s
sarcoma than those presented in osteosarcoma [25] (Figure 4). In benign cartilagi-
nous neoplasms, such as enchondromas or osteochondromas, the SUVmax value is
generally less than 2, while in chondrosarcomas, most have values above 2, which
represents a good tool for diagnostic differentiation [27, 28]. Patients with primary
bone lymphoma and multiple myeloma have good applications for PET-CT for stag-
ing, follow-up, and prognostic evaluation [29].

3.6 Other modalities

PET-MRI is an examination modality where the metabolic phase of the study is
performed using 18F-FDG/PET and the anatomical acquisition is performed by MRI.
It has a good indication in tumors, such as lymphomas and sarcomas, but imaging
protocols still need to be defined separately for each type of malignancy, both bone
and soft tissue [30]. As advantages reduces radiation exposure, can optimize diag-
nostic accuracy, and is a good predictor of histological response. In addition, better
delimitation of the primary tumor (invasion of soft tissues). As a disadvantage, there
is still no diagnostic advantage in performing the staging of the patient by PET/

MRI in relation to conventional exams [30, 31], it presents several results similar to
PET-CT [32] and still has limitations for the evaluation of nodules. Lungs smaller than
5 mm in size, and chest CT is still superior in this regard [32, 33]. PET-MRI can even
be used for radiotherapy planning and detection of tissue damage by chemotherapy.
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Figure 5.

Total body MRI. (A) patient with conventional osteosarcoma at the distal end of the femur, (B) patient with
Ewing’s sarcoma of the first metatarsal, observing metastasis in the proximal end of the tibia, and (C) patient
with lung cancer and multiple bone metastases.

Regarding specific diagnoses, for example, in osteosarcoma, PET/MRI can better
define the anatomical location of the lesion, but the lesion detection rate is similar to
PET/CT. In Ewing’s sarcoma, it is superior to PET-CT in the evaluation of an organ
with high metabolic activity, such as the brain, probably the PET/MRI will become
the exam of choice in these patients [29]. In the investigation of metastases for
prostate and breast carcinoma, PET/MRI is presented as a great tool in the evaluation
of these patients, but still not statistically superior to conventional methods [34].
However, although PET/MRI proves to be valuable, it cannot replace conventional
exams if it is not accessible to most cancer patients [35].

Whole body MRI is an imaging method that uses a core protocol with essential imag-
ing contrasts and it can be completed with sequences to evaluate other specific regions as
needed, is a modality under evaluation for its applications and usefulness in bone sarco-
mas, however, it is observed that is better than scintigraphy to the screening for metas-
tases [36] and is a good screening for cancer in patients with genetic syndromes, such as
Li-Fraumeni, especially after the second test (lower false positive value, [37]) (Figure 5).
In patients with prostate cancer, multiple myeloma and melanoma, whole body MRI is
already introduced in international protocols, while its usefulness in neoplasms, such as
breast cancer, ovarian cancer, and lymphoma is on the rise [38, 39]. WB-MRI is an excel-
lent test for detecting bone metastases, especially in the spine region [40].

4. Metastases from unknown site

Patients over 40 years old who present with a painful new bone lesion should
be investigated to mainly rule out bone metastasis or multiple myeloma [41].
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Bone metastases occur in about 70% of advanced breast, lung, kidney, thyroid, and
prostate carcinomas, while in gastrointestinal tumors, only 20% of patients have bone
metastases, and among these patients, about half will present complications related
to metastases, such as pathological fracture, spinal cord compression, pain requiring
radiotherapy or surgery, and hypercalcemia, in about 10% of cases [42].

Breast and prostate cancers are the most common to generate bone metastases,
however, when the patient has no diagnosis, the most common lesions to generate
bone metastases are lung and kidney cancer [41]. Common sites of bone metastases
are the proximal femur, pelvis, spine, ribs, and skull. Acral metastases are rare and
they are usually related to lung cancer [42].

When evaluating patients with unknown site metastases, the focus is on find-
ing the primary site of the neoplasm, and in about 85% of cases, a well-executed
diagnostic evaluation can be successful to define de primary tumor. In the meantime,
the evaluation begins with a comprehensive history and physical examination.
Laboratory evaluation should include a complete blood count, erythrocyte sedimen-
tation rate, alkaline phosphatase, liver function, renal function, thyroid function,
electrolytes, PSA for men, and protein electrophoresis. Imaging evaluation begins
with radiography of the lesion and the entire skeleton, as well as bone scintigraphy
and CT scan of the chest, abdomen, and pelvis [41].

5. Staging

Tumors are proliferations of atypical, autonomous, irreversible cell clones with a
tendency to lose cell differentiation. Tumors classified as benign are those that do not
present cellular atypia, grow pushing the adjacent tissues, demonstrate the histologi-
cal aspect of low aggressiveness, low tendency to local recurrence, and low tendency
to spread (production of metastases). On the other hand, neoplasms considered
malignant have a variable degree of cellular atypia, grow infiltrating adjacent tissues,
demonstrate a more aggressive histological aspect, a high tendency to local recur-
rence, and a high tendency to spread.

The Enneking classification [43] (Table 3), for bone tumors has a first structure
for the evaluation of benign tumors, a second structure defined for the evaluation of
malignant tumors, and both in order to present an evolutionary degree of the lesions
according to the increase in the stage in the classification.

The classification of the American Joint Committee on Cancer [44] (Table 4),
defines only primary malignant bone neoplasms (except for primary bone lymphoma
and multiple myeloma). This classification evaluates factors, such as histological
grade, presence of regional metastases (lymph nodes), or distance (pulmonary and
non-pulmonary), in addition to the size of the lesion. Related to the tumor size, it
is observed that Ewing’s sarcomas <8 cm have a better prognosis than those >8 cm,
as well as in osteosarcoma that lesions <8 cm have a better prognosis in relation to
osteosarcomas >8 cm greater in size.

Another staging related to primary bone sarcomas is in relation to the histological
response to neoadjuvant chemotherapy. The surgical specimen is evaluated to analyze
the degree of tumor necrosis and in patients with osteosarcoma and Ewing’s sarcoma
who present a degree of necrosis >90% are classified as good responders and who
generally have good survival. This type of analysis was developed by Huvos [45, 46]
(Table 5), initially for patients with osteosarcoma, however, it demonstrates to be
applicable to Ewing’s sarcoma [47].
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Benign
Stage Definition Behavior
1 Latent or inactive Static or heals spontaneously
2 Active Progressive growth but limited by natural barriers
3 Aggressive Progressive growth but not limited by natural barriers
Malignant
Stage Grade Site Metastases
IA low Intracompartimental None
IB low Extracompartimental None
IIA high Intracompartimental None
1B high Extracompartimental None
I any Any Regional or distant
Table 3.
Enneking staging system for bone neoplams.
Stage Grade Size Metastases
1A Low <8cm None
IB Low >8cm None
1A High <8cm None
1B High >8cm None
I Any Any Skip
IVA Any Any Pulmonary
IVB Any Any Nonpulmonary
Table 4.
AJCC staging system — 8th edition.
Grade Tumor response
1 None or minimal
2 Extensive necrosis with more than 10% of viable tumor
3 Extensive necrosis with less than 10% of viable tumor
4 Complete necrosis
Table 5.

Huvos’s histologic grading of chemotherapy effect.

6. Biopsy

Biopsy of a bone neoplasm is a fundamental and final part of the diagnostic
evaluation, with the objective of obtaining sufficient material for the histological
diagnosis with minimal morbidity, limiting potential tumor spread, and not harm-
ing the surgical treatment [48, 49]. A surgeon experienced in the treatment of bone
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neoplasms or in Ref. centers must perform the biopsy in order to minimize the known
complications of the method. A study showed that biopsies performed by other sur-
geons present up to 18% of diagnostic errors; 10% present as poorly planned biopsies
or with insufficient material; 9% have some skin, bone, or soft tissue complication;
10% influenced the course of the disease and 3% resulted in unnecessary amputations
[50]. Pathological fractures (Figure 6), are not common after biopsy procedures but
may occur in about 10-25% of procedures performed in patients with osteosarcoma,
5% in chondrosarcomas, and 8-9% in Ewing’s sarcomas (Figure 7) [51].

Figure 6.
(A) patient with an osteolytic lesion on the left femoral shaft, (B) fluoroscopy image of femur fracture during
biopsy procedure, and (C) stabilization with external fixator was performed (patient with liver cancer).

Figure7.

(A) patient with a lytic lesion in the diaphysis of the right femur and an onion skin periosteal reaction,
(B) extension femoral lesion with the presence of skip metastasis, (C) evolution to pathological
fracture after biopsy procedure, and (D) stabilization with plaster cast.

40



Perspective Chapter: Bone Tumors — How to Make a Diagnosis?
DOI: http://dx.doi.org/10.5772/intechopen.106673

There are two types of biopsy: open and percutaneous. Although for a long time
the incisional (open) biopsy was considered the gold standard, the minimally inva-
sive techniques (percutaneous - fine needle aspiration and core needle biopsy) have
presented similar results [48, 49].

6.1 Fine needle biopsy/FNAC

High incidence of false negatives. Even when the result is positive, there is a great
limitation in the diagnostic tissue evaluation due to the scarce specimen obtained by
the procedure. The advantages of the method are that it is a procedure with minimal
morbidity and is relatively inexpensive [48].

6.2 Core needle biopsy

Lower incidence of false-negative results when compared to fine-needle biopsy.
The architectural structure of the tissue is preserved, so the tissue sample is suitable
for histological evaluation and tumor grade, as well as for immunohistochemistry
and molecular analysis. The procedure with minimal morbidity and low cost [48]
(Figure 8).

6.3 Open biopsy

Indicated when a large volume of tissue is needed for proper diagnosis or when
a percutaneous biopsy cannot be safely performed. Incisional biopsy is performed
along the planned path in case of resection of the neoplasm and with the smallest
incision compatible with the procedure. Transverse incisions should be avoided
because their resection with a contaminated path during the treatment of the neo-
plasm, in addition to requiring a greater volume of excised tissue, can compromise
the preservation of the limb. The formation of bruises and the use of drains that
can contaminate the soft tissues should be avoided. The disadvantages of incisional
biopsy are the possibility of contamination of soft tissues, complications with the
operative wound, and is a more expensive procedure compared to percutaneous
procedures [48].

Figure 8.
Correct sequence for performing a biopsy procedure. (A) x-ray of the affected limb, (B) local staging (biopsy
should be perform after complete systemic staging), and (C) core needle biopsy using fluoroscopy.
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7. Biopsy imaging techniques
7.1 Fluoroscopy

Widely available, relatively inexpensive, and easy-to-use method. The lesion is
evaluated in orthogonal positions with the needle being introduced perpendicular
to the lesion, in the course of surgical planning and in order to contaminate the least
amount of tissue possible (Figure 8) [52].

7.2 Ultrasound

Operator-dependent method requires some expertise to use, however, it
exempts the patient from exposure to radiation, has a good evaluation of superficial
lesions, is low cost, and presents a high image resolution [53-55]. The appropriate
probe is chosen for the evaluation of the lesion and adjacent structures, once the
probe achieves the right position at the region of choice for material acquisition;
the needle is introduced parallel to the probe so that the entire path and tip of the
needle can be observed.

73CT

Relatively expensive method, greater exposure to ionizing radiation and in
many places requires differentiated logistics, as the device is generally not limited
only to biopsy procedures. Very useful in performing biopsies of complex struc-
tures, such as the pelvis or regions that require greater precision, from the surgeon,
such as the spine. The accuracy of the CT-guided core-needle biopsy procedure is
high, around 96%, and with a low complication rate, between 0 and 7.4% [56-59]
(Figure9).

Figure 9.
(A) biopsy of osteoblastic lesion in vertebral body guided by CT scan, (B) bone fragments removed with a core
needle, and (C) core needle.
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8. Conclusions

The diagnostic evaluation of bone tumors, therefore, must be carried out
systematically, starting with the history and physical examination, which will guide
the diagnostic hypotheses and necessary complementary tests. A patient referred for
specialized evaluation should not be delayed to obtain staging images for investiga-
tion, being standard radiography is sufficient for this purpose. A biopsy is the last
procedure to be performed. It depends on the initial staging to be planned and should
be performed at the service where the patient will start his treatment and preferably
by the doctor responsible for the surgical treatment.
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Chapter 3

Perspective Chapter: Bone
Metastases of Solid Tumors

Joana Monteiro and Nuno Bonito

Abstract

Bone metastases are more common than primary bone cancers, especially in
adults. Bone is the third most common organ affected by metastases, from many
types of solid cancers but especially those arising in the breast and prostate. Besides
the impact on survival, bone metastases may have a big impact on morbidity and
represents a significant healthcare burden. Skeletal-related events (SREs) include
pain, pathologic fracture, spinal cord compression, and hypercalcemia and can cause
a deterioration of the quality of life. Detection of bone metastases is essential for
accurate staging and optimal treatment; however, there is no consensus or standard
approach for diagnosis, so the choice of imaging should be guided by clinical presen-
tation. Treatment goals may consist of controlling pain and other symptoms, preserv-
ing and restoring function, minimizing the risk of SREs, stabilizing the skeleton,
and enhancing local tumor control. Therapeutic options include pain management/
analgesia, osteoclast inhibitors, systemic anticancer therapy, radiation therapy,
bone-targeting radiopharmaceutical therapy, surgery, and/or image-guided thermal
ablation. The choice of treatment is influenced by factors like symptoms, impact on
quality of life, performance status, estimated life expectancy, goals of treatment, and
preferences of care.

Keywords: bone metastases, cancer pain, osteoclast inhibitors, bisphosphonates,
denosumab

1. Introduction

Bone metastases are more common than primary bone cancers, especially in adults
[1]. Bone is the third most common organ affected by metastases, from many types
of solid cancers but especially those arising in the breast and prostate [1-3]. The most
common locations for metastatic disease are the vertebral column, sacrum, pelvis,
and proximal femurs [4].

The overall incidence of bone metastases is not known [1, 2]. It is estimated to have
an incidence in about 70% of patients with breast and prostate cancer, which are the
two most common cancers worldwide, but bone metastases can occur in a wide range
of malignancies, described in Table1 [2, 3, 5].

In terms of prognosis, survival varies according to the tumor type, with the
median survival of patients with breast and prostate cancer reaching years and
of patients with lung cancer being measured in months, and it is also influenced
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Primary tumor Incidence of bone metastases (%)
Breast cancer 65-75
Prostate cancer 65-75
Thyroid cancer 40-60
Bladder cancer 40
Lung cancer 30-40
Renal cell carcinoma 20-35
Melanoma 15-45
Gastrointestinal cancer 5
Table 1.

Incidence of bone metastases in different cancers.

by coexisting non-osseous metastatic disease, which ends up being important in
determining the prognosis [3]. However, bone metastases may have a big impact on
morbidity and represents a significant healthcare burden [3, 6].

2. Mechanism of bone metastases

During metastatic dissemination, cancer cells from the primary tumor must first
undergo epithelial-to-mesenchymal transition (EMT) to invade the surrounding
tissue and enter the microvasculature (intravasation) of the blood and/or lymphatic
systems. Once in the bloodstream, cancer cells may disseminate to distant organs,
exit from blood vessels (extravasation), and settle in the foreign microenvironment,
where they enter a dormant state or proliferate to subsequently form macroscopic
secondary tumors (metastases) [7].

In the skeleton, the process of metastasis development begins with coloniza-
tion, when circulating tumor cells enter the bone marrow and engage in specialized
microenvironments or niches. Then, the colonizing tumor cells adapt to their new
microenvironment, evade the immune system, and may reside in a dormant state for
along period of time until they reactivate and develop, escaping from the dormant
state to actively proliferate and form micrometastases. With uncontrollable growth,
the cancer cells become independent of the microenvironment and end up modifying
the bone as metastases develop.

3. Type of bone metastases

In metastatic bone disease, the normal bone homeostasis that involves constant
remodeling by the coordinated actions of osteoclasts and osteoblasts is disturbed
[5, 7]. According to the primary mechanism of interference with normal bone remod-
eling, bone metastases can be classified as osteolytic, osteoblastic, or mixed [8].

Osteolytic lesions are characterized by the destruction of normal bone and are
associated with high osteoclast activity and reduced osteoblast activity. Several
factors secreted by tumor cells enhance osteoclast-mediated bone resorption, either
directly (like interleukin-8) or indirectly [like the parathyroid hormone-related pep-
tide (PTHrP), interleukin-6] via stimulation of the receptor activator of the nuclear
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factor kappa-B (RANK) ligand (RANKL) secretion and inhibition of osteoprotegerin
(OPG) production by osteoblasts. In turn, the binding of RANKL to RANK on osteo-
clast precursors leads to the formation of new osteoclasts, increasing their activity
[7]. This type of metastasis is characteristic of prostate cancer, small cell lung cancer,
carcinoid tumors, and medulloblastoma.

Osteoblastic metastases are characterized by the deposition of new bone (osteo-
sclerosis). Several factors secreted by tumor cells directly enhance osteoblast dif-
ferentiation, like endothelin-1 (ET-1) and bone morphogenetic proteins (BMPs). The
stimulation of osteoblast differentiation is associated with increased OPG produc-
tion, whereas RANKL secretion is decreased, and tumor-derived ET-1 directly acts on
mature osteoclasts to inhibit osteoclast activity. Therefore, there is a strong imbalance
between bone formation and bone resorption, leading to aberrant bone formation [7].
This pattern is usually seen in renal cell cancer, non-small-cell lung cancer, mela-
noma, and thyroid cancer.

If a lesion has both osteolytic and osteoblastic components, it’s classified as mixed
and is usually seen in breast cancer, gastrointestinal cancers, and squamous cancers.

4. Clinical presentation

Bone metastases may cause few or no symptoms, being diagnosed incidentally
during the initial staging of the primary cancer. However, they can represent a promi-
nent source of morbidity because of skeletal-related events (SREs), which include
pain, pathologic fracture, spinal cord compression, and hypercalcemia [3, 5].

Pain is the most common symptom of bone metastases and can have a significant
impact on the quality of life [3, 9]. It could be of either biologic or mechanical origin.
Biologic pain is related to the local release of cytokines and chemical mediators by the
tumor cells, periosteal irritation, and stimulation of intraosseous nerves. Mechanical
pain is related to the pressure or mass effect of the tumor tissue within the bone, with
loss of bone strength, thus turning into activity-related pain. It’s usually localized, but
not rarely patients can complaint of pain in more than one site, and it might become
severe and refractory to analgesia [7]. Sudden severe pain may be caused by a patho-
logic fracture, and prompt evaluation is necessary.

Pathologic fractures occur in 10-30% of all cancer patients, with proximal parts
of the long bones being the most frequent fracture site and the femur accounting for
over half of all cases [10]. Pain at the fracture site is the most common symptom, but
other clinical features may be present depending on the fracture location, such as
the inability to bear weight, point tenderness, pain that radiates, ecchymosis or skin
discoloration, soft tissue mass or swelling at the site of pain, edema or joint effusion,
loss of bony or limb contour, extremity shortening, open wound and bone exposure,
decreased range of motion, significantly diminished mobility, and/or sensory distur-
bance of the distal extremity. The presence of neurologic symptoms should be a red
flag for spinal cord compression.

Spinal cord compression can be caused by pathologic spine fracture, with the
bone compressing the spinal cord or by tumor extension into the epidural space.
Symptoms range from pain, which is usually the first symptom, to neurologic deficits,
including motor weakness and paralysis, sensory deficits, bowel and bladder dysfunc-
tion, and ataxia [3, 11]. In terms of motor symptoms, these will depend on the site of
compression — if it’s at or above the conus medullaris, it generally produces fairly sym-
metric lower extremity weakness (if compression is above the thoracic spine, upper
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extremities may be affected too); if it’s below the level of the conus medullaris, it may
present with signs and symptoms of cauda equina syndrome, with asymmetrical and
less severe weakness. Sensory findings are common and are usually present prior to
the onset of weakness, with patients describing ascending numbness and paresthesia
in a radicular distribution [11]. If the site of compression is above the conus medul-
laris, sacral dermatomes are usually spared, while in the cauda equina syndrome, a
saddle sensory loss is common. Proprioceptive loss can also occur, although this is less
common and usually occurs later.

Hypercalcemia is the most common metabolic complication of malignant disease,
and it’s usually caused by direct induction of local osteolysis by the tumor cells and
generalized osteolysis by humoral factors secreted by the tumor [3, 7, 12]. Patients
with mild hypercalcemia may be asymptomatic or have nonspecific symptoms, such
as constipation, fatigue, and depression, while patients with higher serum calcium
elevations may present polyuria, polydipsia, dehydration, anorexia, nausea, muscle
weakness, and neuropsychiatric disturbances and may even lead to cardiac arrhyth-
mias and acute renal failure [2, 7].

5. Diagnosis

Detection of bone metastases is essential for accurate staging and optimal treat-
ment. There is no standard approach for the detection of bone metastases in patients
with cancer, so the choice of imaging should be guided by the clinical presentation.

Radiographs are fast, cheap, and widely available and are recommended for the
initial evaluation of symptomatic areas, particularly of the extremities [10]. The typical
radiographic appearance of a lytic metastasis is a permeative lesion of the diaphysis or
metadiaphysis of a proximal long bone or bone of the axial skeleton, while osteoblastic
lesions are usually sclerotic in appearance, sometimes admixed with lytic elements.
Although it can be specific, for a destructive lesion in trabecular bone to be recognized,
it must be >1 cm in diameter with loss of approximately 50% of the bone mineral con-
tent, so the sensitivity is low [10, 13]. Therefore, if the clinical suspicion is high, then
computed tomography (CT) or magnetic resonance imaging (MRI) should be done.

CT produces images with excellent tissue and contrast resolution [13]. Compared
to MR, it is superior in terms of the evaluation of structural integrity of the bone,
and it can be used to diagnose bone metastases in situations in which MRI is contrain-
dicated or not available. However, differentiation between metabolically active from
inactive bone lesions cannot be made, limiting its use for the evaluation of treatment
effect [13].

In general, MRI is more sensitive than CT to detect bone metastases, allows better
delineation of the extent of tumor, and is particularly useful for patients with spine
metastases to evaluate the extent of medullary and extraspinal disease [10, 14, 15].
Metastatic lesions display decreased signal on T1-weighted sequences, reflecting
the replacement of normal fatty marrow with water-containing tumor, while on
T2-weighted images, they usually have a higher signal than the surrounding normal
bone marrow [14-16].

Whole-body skeletal evaluation with Tc-99 m skeletal scintigraphy, generally
referred to as bone scan, is the most widely used method to detect bone metastases
because it provides visualization of the entire skeleton [5, 15]. However, it lacks
specificity, it has low sensitivity for tumors with little to no osteoblastic activity, and
it is inferior to MRI on the evaluation of vertebral metastases [1, 10, 14, 15, 17].
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Positron emission tomography (PET) scan is based on the preferential uptake
of 18-fluorodeoxyglucose (18FDG) by tumor cells because of their increased glucose
metabolism, so it detects the presence of tumor directly by quantifying the metabolic
activity [5, 10, 16]. Therefore, it has high sensitivity and specificity for the diagnosis
of distant metastases, including the bone, and it’s use in initial staging and further
evaluation for metastatic disease is increasing.

Definitive diagnosis requires histologic examination of biopsy. However, in patients
with known cancer, a skeletal lesion with a typical appearance on imaging studies may
be presumed to be metastatic, and there is no need for tissue diagnosis. For patients
with bone-only disease, especially when there are few lesions or imaging tests are
equivocal, histological confirmation of metastatic disease is strongly recommended
[13]. The same holds true for patients with an unknown primary cancer who present
with bone metastases and the initial evaluation fails to identify the primary site, where
a biopsy is generally indicated to both confirm the malignant nature of the bone lesion
and provide histologic information about likely primary sites. CT-guided fine needle
aspiration biopsy (FNA) is easy to perform and accurate to document the presence
of metastatic disease; however, it may not indicate the most likely site of the primary
malignancy. Therefore, in this setting, a core biopsy may be needed, as it has higher
diagnostic accuracy for determining the type, grade, and specific diagnosis of musculo-
skeletal tumors [18]. An open biopsy is required in a residual number of cases and may
be done opportunistically in the operating room prior to possible internal fixation.

6. Treatment

Treatment goals may consist of controlling pain and other symptoms, preserving and
restoring function, minimizing the risk of SREs, stabilizing the skeleton, and enhancing
local tumor control. Therapeutic options include pain management/analgesia, osteoclast
inhibitors, systemic anticancer therapy, radiation therapy, bone-targeting radiophar-
maceutical therapy, surgery, and/or image-guided thermal ablation. The choice of
treatment is influenced by factors like symptoms, impact on quality of life, performance
status, estimated life expectancy, goals of treatment, and preferences of care. Optimal
treatment may be complex and may require multimodality treatment strategies.

6.1 Analgesia

Patients with bone metastases will suffer from significant bone pain at some point
of the disease course. Initially, for mild to moderate pain, nonopioid analgesic drugs,
such as acetaminophen and nonsteroidal anti-inflammatory drugs (NSAIDs), may be
used alone, but for moderate to severe pain, opioids should be the therapy of choice,
according to the WHO “analgesic ladder” approach [19, 20].

Glucocorticoids may be helpful for selected patients as well as other adjuncts, like
antidepressants and antiepileptics such as gabapentin [21, 22]. Actually, for patients
with neurologic deficits or pain associated with spinal cord compression, high-dose
glucocorticoid therapy is part of the standard treatment - a typical dose is 10 mg
dexamethasone intravenously followed by 16 mg daily orally in divided doses, until
definite treatment [23].

Multidisciplinary management with a palliative care specialist should be consid-
ered for patients whose pain is refractory to analgesia or who develop significant side
effects.
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6.2 Osteoclast inhibitors

For patients with metastatic bone disease, osteoclast inhibitors, like bisphosphonates
and denosumab, may prevent SREs as they slow down or reverse the progression of
skeletal metastases and may even improve pain and quality of life. For patients in whom
SREs are unlikely (those with minimal bone tumor burden) or those with a limited
expected survival, treatment with osteoclast inhibitors should be decided case by case.

Bisphosphonates are analogs of pyrophosphate, a natural inhibitor of bone
demineralization. Bisphosphonates bind avidly to exposed bone mineral around
resorbing osteoclast, and this leads to very high local concentrations of products in
the resorption lacunae. Then, they are internalized by the osteoclast, causing disrup-
tion of the chemical process involved in bone resorption [2, 7, 8]. This way, bisphos-
phonates decrease bone resorption and increase mineralization [5].

There are two classes of bisphosphonates: nonnitrogen containing, such as eti-
dronate, clodronate, and tiludronate, and nitrogen containing, such as pamidronate,
alendronate, ibandronate, risedronate, and zoledronic acid, which are more potent
osteoclast inhibitors [19]. When a bisphosphonate is chosen, zoledronic acid is sug-
gested over other bisphosphonates.

Zoledronic acid is the most potent bisphosphonate available and has been the
bisphosphonate of choice in most clinical settings and healthcare systems [7]. Trials
showed zoledronic acid has effectively decreased the risk of SREs in women with bone
metastases from breast cancer, men with bone metastases from castration-resistant
prostate cancer, and patients with bone metastases from other solid tumors [24-29].
The approved dose and schedule of administration is 4 mg every 4 weeks, with the
dose adjusted for creatinine clearance.

If zoledronic acid is not available, pamidronate is a reasonable alternative [25, 29].
Other bisphosphonates that have demonstrated efficacy in reducing SREs were
ibandronate and clodronate [30, 31]. The dosage and interval of administration are
described in Table 2.

In terms of tolerance, nephrotoxicity is one of the most important side effects,
which is both dose and infusion time dependent [5, 32]. Other common adverse
effects include acute-phase reactions (with pyrexia and flu-like symptoms), gastroin-
testinal effects, and the most concerning, osteonecrosis of the jaw [5, 33].

Denosumab is a monoclonal antibody that inhibits the RANKL, a key component
in the pathway for osteoclast formation and activation [5, 8]. By binding to RANKL,
denosumab prevents osteoclast formation, leading to decreased bone resorption and
increased bone mass, thus preventing SREs [19]. Several phase III trials have shown
a superiority of denosumab when compared to zoledronic acid [34-36]. A combined
analysis of these three phase III trials concluded that denosumab was superior to

Bisphosphonates Dosing Interval

Zoledronic acid 4mg 28/28 days

Pamidronate 90 mg 28/28 days

Ibandronate 6 mg 28/28 days

Clodronate 1600 mg daily
Table 2.

Dosing and interval of bisphosphonates.
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zoledronic acid in reducing the risk of a first SRE (hazard ratio [HR] 0.83, 95% CI
0.76-0.90) and in delaying the time to a first SRE (median 26.6 versus 19.4 months),
with no difference in survival outcomes [37]. The recommended dose and schedule
of administration is 120 mg every 4 weeks. Most common adverse events are similar
to those of zoledronic acid, with the benefit of not requiring monitorization of renal
function or dose adjustments for patients with renal insufficiency [37].

6.3 Systemic anticancer therapy

Chemotherapy, targeted therapies, and hormone therapy may contribute to pain
relief by reducing tumor bulk and/or by modulating pain signaling pathways [38]. In
selecting systemic anticancer treatment for metastatic bone disease, the pathological
type of the tumor is the most important [2].

6.4 Radiation therapy

Radiation therapy is commonly used in the management of bone metastases, both
for pain relief and for the prevention of morbidity and disease progression [5].

External beam radiation therapy (EBRT) is a standard approach for symptom-
atic skeletal metastases, as it can provide significant palliation of painful bone metas-
tases in 50-80% of patients, with up to one-third of patients achieving complete pain
relief at the treated site [39]. For uncomplicated bone metastases, a single fraction of
8 Gy to the involved area has been shown to provide equivalent pain palliation and
may be more cost-effective and convenient compared with fractionated regimens,
although retreatment is needed more frequently [13, 40].

Stereotactic body radiation therapy (SBRT) utilizes precisely targeted radiation
to a tumor while minimizing radiation to adjacent normal tissue, allowing the treat-
ment of small or moderate-sized tumors in either a single or a limited number of dose
fractions. This approach should be reserved mostly for patients who have a reasonable
life expectancy (superior to 6 months) and persistent or recurrent bone pain after a
standard course of EBRT, which requires reirradiation [40]. Additionally, SBRT may
be preferred over EBRT in the definitive treatment of patients with symptomatic bone
metastases from relatively radioresistant neoplasms (such as renal cell cancer, mela-
noma, and sarcoma), especially in the setting of vertebral metastases with epidural
extension and in patients with oligometastatic disease who have a relatively long life
expectancy [41, 42].

6.5 Bone-targeting radiopharmaceutical therapy

Bone-targeted radiopharmaceuticals are radioactive bone-seeking molecules that
show efficacy for pain control in patients with osteoblastic bone metastases, such as
samarium-153, strontium-89, rhenium-186, and radium-223 [5].

Radium-223 is approved for the treatment of male patients with castration-
resistant prostate cancer, with symptomatic bone metastases and no known visceral
metastases, as it shows benefit in overall survival (median 14.9 versus 11.3 months,
HR 0.70, 95% CI 0.58-0.83) and time to first symptomatic SRE (median 15.6 versus
9.8 months, HR 0.66, 95% CI 0.52-0.83) on a phase III trial, compared to placebo
[43]. Its combination with systemic anticancer therapy is being studied; however, the
benefit of the combination has not yet been established.
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6.6 Surgery

Surgical management of bone metastases is typically reserved for lesions with a
complete or impending pathologic fracture or spine metastases that cause mechani-
cal instability or spinal cord compression [5, 44]. Nonetheless, for highly selected
patients with advanced cancer who present with or develop a bone lesion as the only
focus of cancer beyond the primary site, resection of the bone metastasis may opti-
mize local tumor control, provide durable pain relief, and possibly prolong survival.

6.7 Thermal ablation

For patients who have persistent or recurrent pain due to one or a few skeletal
sites with small volume disease after palliative radiation therapy, and who are not
candidates for surgery or reirradiation, local thermal ablation is an important thera-
peutic option. Radiofrequency ablation, microwave ablation, and cryoablation are
effective ablative treatments for the palliation of symptomatic skeletal metastases
[45-48]. There are no randomized trials comparing these procedures, so the choice of
ablation technique should take into account availability, patient preference, and local
expertise.

7. Conclusion

Bone metastases are a common manifestation of distant relapse from many types
of solid cancers, a significant source of morbidity, and a major contributor to the
deterioration of the quality of life. Prompt diagnosis is essential for optimal treat-
ment, which may consist of controlling pain and other symptoms, preserving and
restoring function, minimizing the risk of SREs, stabilizing the skeleton, and enhanc-
ing local tumor control. This way, a multidisciplinary approach is essential to achieve
the best outcome possible.
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Abstract

The bone marrow is a dynamic organ where osteogenesis and bone remodeling take
place side by side with hematopoiesis and the maintenance of immunological memory. It
provides a unique microenvironment favoring the colonization and outgrowth of breast
cancer cells. The outcome of breast-cancer-derived bone metastases depends on the for-
mation of a pre-metastatic niche, which is initiated through “education” of non-tumoral
cells present in the primary cancerous niche. Among other participants, immune cells
and their secreted factors can boost the successful seeding of the distant disease. In this
chapter, we discuss the reciprocal interplay between bone and T and B cells, particularly
in pathological contexts. In the first part, we are exploring the knowledge brought by the
osteoimmunology field, especially from the best studied disease in this area, rheumatoid
arthritis. In the second part, we summarize the latest findings on underlying cellular and
molecular mechanisms for breast-cancer-derived bone pre-metastatic niche formation.
In addition, we explore the concept that breast-tumor-primed T and B cells function as
messengers from the periphery to the bone marrow, alter bone turnover homeostasis in
favor of osteoclasts, before tumor colonization, leading to a pre-metastatic niche forma-
tion to further the development of bone metastases.

Keywords: bone metastases, T cells, B cells, dendritic cells, osteoclasts, osteoblasts,
breast tumor and pre-metastatic niche

1. Introduction

1.1 Bone marrow: an overview

Bones provide both skeletal scaffolding and a unique microenvironment
for hematopoiesis and B cell ontogenesis, osteogenesis, and also function as an
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immunological memory reservoir, in its marrow [1-3]. The bone marrow (BM) is a
complex and dynamic structure composed of different and distinct compartments
or niches, which accommodate a multitude of cell types, which functionally create
an interactive network, critical for BM/bone integrity [2, 4-8]. These niches are
composed of different stromal cell types—osteoblasts (OBs), osteocytes, reticular
and perivascular cells, endothelial cells, mesenchymal cells (MSCs), smooth muscle
cells, macrophages, and dendritic cells (DCs). Disruptions in these compartments
can lead to aberrant pathological processes [2, 8-11].

At least three niches can be identified in the BM: (i) the endosteal/subendosteal
niche that supports self-renewal and differentiation of hematopoietic stem cells
(HSC); (ii) the central niche for multipotent progenitors (MPP); and (iii) the
perisinusoidal niche that guarantees the differentiation to the lineage committed
progenitors and hematopoietic cells full commitment [4, 11-14]. The endosteal/
subendosteal niche contains OBs, bone-forming cells, and osteoclasts (OCs), bone-
resorbing cells, as well MSCs, all collaborating to regulate hematopoietic homeostasis
and osteogenesis [13]. The central and perisinusoidal niches recruit MSCs, as well as
endothelial cells and their progenitors, to promote HSCs proliferation, mobilization,
and differentiation,—(i) myelopoiesis, the process in which innate immune cells,
such as granulocytes and monocytes, develop from a myeloid progenitor cell; and (ii)
lymphopoiesis, the process in which adaptive and innate lymphocytes develop from a
lymphoid progenitor cell [5, 15].

More recently, the anatomy of myelopoiesis in the BM was partially mapped i
situ and the clonal relationships between myeloid progenitors and surrounding cells
were assessed [16]. It was demonstrated that colony stimulating factor 1 (CSF1), also
known as macrophage colony-stimulating factor (M-CSF), produced by perisinusoi-
dal vessels provides a unique niche that regulates, spatially organizes, and controls
myeloid differentiation [16]. This type of study provides valuable information on the
organization of the various niches inside the BM. Dissection of these processes will
allow a better understanding of their influence on bone and/or BM and vice versa,
during homeostasis and local and/or systemic diseases, which directly or indirectly
affect bone/BM homeostasis.

1.2 Bone metabolism and its central players

Bone tissues in adults are classified as: (i) cortical (long and compact bone) and
(ii) trabecular (flat and spongy or cancellous bone) [17, 18]. During fetal develop-
ment, long bones are modeled by endochondral ossification, in which the cartilage
formed by chondrocytes—cells of mesenchymal origin, essential for formation and
maintenance of cartilage—is replaced by bone at the edge of the growth plate [19, 20].
The cortical bone is mostly structural, supporting the stability and movement of the
body, made up of compactly packed osteons—its key structural unit, formed by layers
called lamellae, surrounding the Harvesian canal, which contain small blood vessels
responsible for blood supply to osteocytes, former OBs embedded in the bone matrix
as differentiated cells [21, 22]. The trabecular bone is highly porous and vascularized
and harbors red and white bone marrow [17]. Bone matrix is composed of an organic
segment, formed by type I collagen secreted by OBs, and a variety of non-collagenous
proteins, such as osteocalcin and osteopontin; and an inorganic segment, also known
as bone mineral, formed by calcium, phosphorus, and magnesium, which originates
the hydroxyapatite [Cao(PO4)s(OH),] [17].
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Even after the modeling phase, bone tissue is constantly renewed by a process
called bone remodeling. Bone homeostasis is achieved by the performance of bone
remodeling system, which is conducted by the synchronized activities of OBs, OCs,
and osteocytes [23-25]. Osteocytes are the most abundant cells in bone tissue and play
an essential role in bone homeostasis [26]. They translate mechanical—pressure and
tension—low oxygen, matrix mineralization, and hormonal stimuli into biochemical
signals, due to their extensive long cytoplasmic extensions. The complex network
formed by osteocytes in the bone matrix, enables direct communication among them
and other effector cells in the bone/BM, including OBs and OCs [21, 22, 26-29]. OBs,
derived from mesenchymal progenitors, promote mineralization and bone formation
by secreting matrix vesicles containing type I collagen, alkaline phosphatase, and
osteocalcin [22]. OCs, derived from myelomonocytic progenitors, otherwise, dissolve
and absorb bone matrix by releasing hydrogen ions that acidify the bone interface
and secrete lysosomal enzymes—such as tartrate-resistant acid phosphatase and
cathepsin K [30-34].

The receptor activator of nuclear factor-kB (RANK)/receptor activator of nuclear
factor-kB ligand (RANKL)/osteoprotegerin (OPG) molecular system is the most
important pathway activated during bone remodeling process [35-38]. Notably, BM
stromal cells are responsible to initiate osteoclastogenesis, being the main sources of
M-CSF and RANKL [39]. Osteocytes first release M-CSF causing myelomonocytic
progenitors to commit to the OC line [26, 39]. M-CSF stimulates RANK expression
in the late stages of OCs development, which interact with RANKL expressed on
or secreted by OBs and osteocytes [26]. This interaction leads to the activation of
mitogen-activated protein kinase (MAPK) and nuclear factor-kB (NF-kB) pathways,
through tumor necrosis factor receptor-associated factor 6 (TRAF-6) and c-Fos
molecules [30, 31, 33, 34, 40], giving rise to large multinucleated differentiated
mature OCs [40]. RANKL activation also induces the expression of nuclear factor of
activated T cells c1 (NFATc1), the master transcription factor for osteoclastogenesis
[41]. B-lymphocyte-induced maturation protein 1 (Blimpl), which can be induced by
NFATc1, downregulates the expression of the transcriptional factors interferon (IFN)
regulatory factor 8 (IRF-8) [42, 43] and B-cell lymphoma 6 (Bcl6), in turn promoting
osteoclastogenesis [43].

Notably, mice that lack RANKL or its receptor RANK develop severe osteopetrosis
accompanied by a defect in tooth eruption due to a complete lack of OCs [42, 43].
Conditional deletion of RANKL in chondrocytes [44, 45] and OBs led to a severe
osteopetrosis [22, 43, 45-47], whereas osteocytes-specific RANKL-deficient mice
displayed a high bone mass phenotype at the adult stage [43, 45]. Thus, chondrocytes
and OBs are the major source of RANKL in supporting osteoclastogenesis during skel-
etal development, whereas osteocyte-derived RANKL contributes to bone remodeling
at the adult stage [44, 45] . In humans, loss-of-function mutations in Tnufrsf1la (gene
encoding RANK) and T#ufsf11 (gene encoding RANKL) genes cause autosomal reces-
sive osteopetrosis with a complete lack of OCs [43, 48].

OBs and osteocytes also settle the termination of osteoclastogenesis [21, 27,

29, 49]. This step initiates through the secretion of OPG—the RANKL decoy
receptor, the main counter-regulator of osteoclastogenesis, which attenuates bone
resorption by binding to RANKL with higher affinity than RANK and block-

ing RANKL osteoclastogenic effects [50]. Of note, mice lacking Tufrsf11b (gene
encoding OPG) exhibited severe osteoporosis due to an increased OC number
and severe bone resorption [43, 50-52]. The same cells control the beginning
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of osteoblastogenesis, and several molecules regulate this next step, including
parathyroid hormone (PTH), the RUNX Family Transcription Factor 2 (RUNX2),
osterix transcription factor, bone morphogenetic protein (BMP), and the Wnt path-
way [40, 53]. The Wnt signaling pathway is the most important player in osteoblas-
togenesis, preventing apoptosis of OBs and accelerating its cell cycle progression
and proliferation, leading to inhibition of adipogenesis [54]. Wnt molecules acti-
vate G-protein-coupled receptors and coreceptors of the low-density lipoprotein
receptor (Lrp) family, resulting in p-catenin activation, effectively upregulating
aerobic glycolysis, p oxidation, and other anabolic mechanisms, through activation
of the RUNX2 gene [54]. Moreover, binding of BMP to BMP receptors leads to their
dimerization followed by phosphorylation of Smad proteins (main signal transduc-
ers for receptors of the TGF-p superfamily), which in turn also activate RUNX2,
upregulating OB activity and differentiation [54, 55].

More recently, leucine-rich repeat-containing G-protein-coupled receptor 4
(LGR4) was reported to be another receptor for RANKL, which negatively regu-
lates osteoclastogenesis by not only competing with RANK for RANKL binding,
but also inhibiting NFATc1 activation via Gq protein alpha subunit (Gaq) [56].
Interestingly, OCs can also regulate the activity of OBs, by secreting bone mor-
phogenetic protein-6 and sphingosine-1-phosphate, which function as coupling
factors promoting OBs proliferation and bone formation [57]. Finally, osteocytes
negatively regulate osteoblastogenesis by secretion of Dickkopf-1 (DKK-1) and
sclerostin molecules, both antagonists of the Wnt pathway [58, 59]. Sclerostin is
a marker for mature osteocytes, and its expression increases with age [60, 61],
and mice deficient in this molecule show an increase in osteoblastogenesis and a
decrease in the shape of BM cavities, resulting in impairment of hematopoiesis
and B cells ontogenesis [62].

Taking together, we conclude that intra and intercellular and molecular interac-
tions between osteocytes, OBs, OCs, and chondrocytes are crucial for maintaining
the BM/bone niches, under physiological conditions. Currently, we know that bone
remodeling process is also regulated by immune cells, residing at, or migrating to
BM, such as T and B cells, innate lymphoid cells, macrophages, DCs, and other
hematopoietic cells [63]. Any imbalance in one of these connections can lead to
several bone pathologies, including, among others, breast-cancer-derived bone
metastases [64].

2. Reciprocal interplay between bone and immune cells
2.1 An overview of the “osteoimmunology” field

The relationship between bone and immune systems has been suggested by pio-
neering studies reported in the early 1970s and showed that molecules secreted from
immune cells were capable to induce OC activation and differentiation [65, 66].
Moreover, early studies in the immunology field, using genetically deficient mice
in various immunomodulatory molecules, showed unexpected phenotypes in the
skeletal systems under physiological conditions [40, 63, 67, 68]. Actually, we know
that bone and immune systems share a variety of molecules, including cytokines,
chemokines, transcription factors, and signaling molecules [67]. By interacting with
each other in the BM, the bone and immune cells cooperatively conduct a series of
bone and immune system functions [67]. Studies conducted on bone and immune
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phenotypes are revealing the physiological significance of the mechanisms shared

by both systems [67], and the interdisciplinary field “osteoimmunology” was cre-

ated to explore these mechanistic interactions, under physiological or pathological
conditions [69].

The RANK/RANKL/OPG molecular system is considered the most important
pathway explicitly linking immune and bone tissues [35, 38, 43, 70, 71]. Indeed,
several studies are showing that RANK and RANKL, besides being the master
regulatory via inducing osteoclastogenesis, also play multiple roles in the immune
system, including: (i) differentiation of medullary thymic epithelial cells (mTECs)
[72-75]—that act as mediators of the central tolerance process, which self-reactive
T cells are eliminated while regulatory T cells are generated; (ii) secondary lym-
phoid tissue organogenesis—the organization of the microarchitecture of lymph
nodes (LNs) [42], formation of germinal centers in gut isolated lymphoid follicles
[42] and Peyer’s patches [42]; and (iii) fine-tuner of adaptive immune response—
enhancement of DCs longevity and survival [76], maintenance of immunologi-
cal memory [77] and B cells ontogenesis [78, 79]. Of note, these molecules are
expressed by cells from both systems [63]. OPG, for example, is expressed by
mature B cells (accounting alone for almost 40% of OPG produced in BM. Their
essential role for bone homeostasis was shown iz vivo, since B-cell-deficient mice
have low bone mass density associated and a marked deficit in BM OPG [80]. This
homeostatic balance is achieved by B and T cells interaction, via CD40-CD40L
molecules, since mice depleted of CD40 or CD40L co-stimulatory molecules pre-
sented a decline in OPG production by B cells and an increase in bone resorption
and low bone mass density [80]. Also, mice depleted from T cells showed a com-
plete suppression of OPG production by B cells followed by an increase in osteo-
clastogenesis and bone loss [80]. Moreover, Cytotoxic T-Lymphocyte Associated
Protein 4 (CTLA-4)—a molecule expressed by T cells that helps keep immune
responses in check—binds to CD80/CD86 co-stimulatory molecules expressed by
OCs, leading to inhibition of osteoclastogenesis mediated by RANKL or TNF-«
[81]. CTLA-4 binding to CD80/CD86 in OCs’ precursor cells induces the expres-
sion of indoleamine 2,3 dioxygenase (IDO), which in turn degrades tryptophan
and leads to OCs apoptosis [82]. Consequently, mice deficient in CD80, CD86, or
IDO have increased osteoclastogenesis rates and osteopenic phenotypes [82, 83]
demonstrating that CTLA-4 plays important roles in the physiological regulation of
bone mass preservation [81-83].

We should be aware that most of these findings were conducted in animal
models; however, new indications are emerging to support the reciprocal roles of
both systems in human diseases aspects [47, 67, 84]. Despite the more recent obser-
vations about the impact of immune cells for bone tissue homeostatic integrity,
and vice versa, the interplay between both systems is first spotlighted by studies
on bone disorders, triggered by abnormal immune responses activation, like the
ones seen in rheumatoid arthritis (RA), post-menopausal osteoporosis, chronic
periodontitis, multiple myeloma, fractures, HIV chronic infection, and bone
metastases [67].

2.2 Role of T and B cells in bone disorders

T and B cells are derived from the same lymphoid progenitor cell during hema-
topoiesis and are the main cellular representatives of the adaptive immune system,
so called because they do not mount an immediate response to an antigen (Ag).
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The Ags are recognized by specific receptors—T cell receptor (TCR) and B cell
receptor (BCR), which are diverse at the population level and clonal and unique
at individual cellular level. TCRs and BCRs are not conserved and are generated
by gene rearrangements during T and B cell ontogenesis. T cells ontogenesis takes
place in the thymus, while B cells ontogenesis is in BM—both are primary
lymphoid organs.

After maturation inside BM or thymus, B and T cells gain the peripheral blood
circulation and enter the secondary lymphoid organs. In lymphoid organs, as
LNs and spleen, activated/educated by dendritic cells (DCs), the professional
Ag-presenting cell (APC) are found. Through their ability to sense changes in their
local environment and respond appropriately, DCs activate T cells by the expression
of the Major Histocompatibility Molecules (MHC), in complex with linear, short,
peptides Ags (9-20 amino acids long). This complex is recognized by T cells via
TCR and CD3 € and §, ¢ chains accessory molecules and their categorized cluster
of differentiation (CD) surface expressed molecules, CD4 or CD8. In addition,
T cells concomitantly recognize co-stimulatory molecules and cytokines, which will
define their functional differentiation fates, in terms of their expression of master
transcription factors and functional cytokines [85]. CD4" helper T cells are divided
into specialized subsets, known as: (i) T helper 1 (Th1), expressing T bet transcrip-
tion factor and IFN-vy; (ii) T helper 2 (Th2), expressing GATA-3 transcription factor
and IL-4, IL-5, and IL-13; (iii) T helper 17 (Th17), expressing ROR yT transcription
factor and IL-17A, IL-17F, IL-22, and IL-26; (iv) T helper 22 (Th22), expressing
Runx1 and RORyt transcription factors and IL-22; T follicular (Tfh), expressing
B cell lymphoma 6 (Bcl6) transcription factor and IL-21; and (v) T regulatory
(Treg) cells, expressing FoxP3 transcription factor and TGF-p and IL-10; while
CD8" T cells fall into subpopulations, known as: (i) Cytotoxic Type 1 CD8" T cells
(Tc1), expressing T bet and BLIMP-1 transcription factors, IFN-y, granzyme, and
perforin; (ii) Type 2 CD8" T cells (Tc2), expressing GATA-3 transcription factor
and IL-4, IL-5 and IL-13; (iii) Type 17 CD8" T cells (Tc17), expressing ROR yT and
ROR « transcription factors and IL-17A, IL-17F and IL-22 and T reg CD8" T cells,
expressing IL-10 [85].

B cells are also activated in secondary lymphoid organs, but, in contrast to
T cells, they do not need APCs to present their cognate Ags, which will be freely
recognized in linear or structural forms. At the beginning of immune responses,
B cells secrete immunoglobulins M (IgM) independently of T helper cells. The
T-cell-independent response is short-lived and does not result in the production of
memory B cells, which will not result in a secondary response to subsequent expo-
sures to the same Ags. However, to induce stronger B cell responses and to generate
immunological memory, B cells need help from T follicular CD4" T cells (Tth).
Indeed, to enable homing to B cell follicles, Tfh expresses abundant C-X-chemokine
receptor type 5 (CXCR5). Another characteristic of Tth is the expression of CD40
ligand (CD40L), inducible T cell costimulator (ICOS), programmed death-1 (PD-
1), and B and T lymphocyte attenuator (BTLA). Tth cells colocalize with Ag-specific
B cells within germinal centers (GCs), which are transient structures located within
B cell follicles, in secondary lymphoid tissues, in which somatic hypermutation of
immunoglobulin (Ig) variable region genes and selection of high-affinity B cell
clones occur. Immunoglobulin class switch (IgA, IgE, and IgG) will be defined by
cytokines produced by these different specialized Tfh, at the moment of B cells
activation.
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It is clear now that the identity of T cell subsets is critical in guiding their role
on bone remodeling system, during homeostasis or in pathological conditions
[67]. In particular, Thl, Th2, Th17, Th22, and T reg CD4" and CD8" cells have been
shown to influence bone metabolism [67, 86-89]. In the RA scenario—the best
studied human disease in osteoimmunology—the importance of Th17 CD4" T cells
is evident, beginning by their infiltration into the synovium and the association
of disease susceptibility with specific variants of T-cells-related genes, such as
HLA-DR (MHC class II cell surface receptor encoded by the human leukocyte Ag
gene complex), Protein Tyrosine Phosphatase Non-Receptor Type 22 (PTPN22),
and C-C Motif Chemokine Receptor 6 (CCR6) [40, 63]. Moreover, studies per-
formed aiming to confirm the role of T cells showed that T cell deficient mice are
protected from arthritis, and clinical trials performed to inhibit effector T cells
activities demonstrate the improvement of clinical symptoms [46, 90, 91]. IL-17A,
one of the cytokines secreted by Th17 CD4" T cells, amplifies local inflammation
and the production of TNF-a and IL-6, which in turn promote RANKL expression
by induction of an intense osteoclastogenesis [37]. Th17 CD4" T cells also express
RANKL, but this molecule only stimulates an additive effect and is not sufficient
to induce osteoclastogenesis, independently, in this disease scenario [37, 43, 46].

It was also reported that these cells stimulate the recruitment of OCs progenitors
via increasing chemokine production by BM MSCs [40]. Recently, it was shown
that IL-22, produced by the Th22 CD4" T cells, promotes osteoclastogenesis and
enhances bone destruction in arthritic mice [46, 92]. Disease severity is shown to
be markedly reduced in collagen-induced arthritic mice deficient in IL-22 [92],
and elevated IL-22 in serum is also associated with disease activity in patients
with RA [92].

Interestingly, it has been found that a particular type of Th17 CD4" T cells,
derived from FoxP3* Treg CD4" T cells (called exFoxP3 Th17 T cells), have a much
stronger pro-osteoclastogenic activity than conventional Th17 CD4" T cells [86, 93].
Under arthritic conditions induced in mice model, FoxP3" Treg CD4" T cells lose
FoxP3 by the action of IL-6 produced by synovial fibroblasts [46, 83, 94]. Indeed,
FoxP3" IL-17" CD4" T cells—a transition state during the conversion to exFoxP3
Th17 T cells—are frequently observed in synovial tissues of patients with active RA,
as compared with those with inactive RA, suggesting a pathogenic role for this sub-
set in this pathological condition [46, 95]. Equally important is the fact that Foxp3*
IL-17* CD4" T cells were also observed in periodontal tissues of patients with severe
periodontal disease [96, 97]. Notably, in a ligature-induced periodontitis mouse
model, it was recently shown that Th17 CD4" T cells eradicate the bacteria while
also inducing bone degradation and tooth loss, which is crucial for the termination
of oral infection, avoiding bacterial systemic dissemination [98]. Taken together,
it was concluded that Th17 CD4" T cells orchestrate the host defense against oral
microbiota by regulating both osteoclastic bone resorption and antimicrobial
immunity [98].

It was reported that IL-4 produced by Th2 T cells inhibits OCs formation and
function in vitro [86, 99, 100]; nonetheless, no functional activity has been reported
in vivo. On the other hand, Thl CD4" T cells, which counter regulate Th2 cells, are
found in the synovium fluid of patients with active RA [101], although it has been
demonstrated that the secretion of IFN-y by this T cell subset strongly inhibits
osteoclastogenesis and protects against bone tissue degradation by OCs [102]. IFN-y
induces a strong inhibition of the RANKL-induced activation of the NF-«B, via a
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rapid degradation of TRAF6 [102]. In arthritic synovium, Thl CD4" T cells are not
considered to be activated but often display an exhausted phenotype and express low
levels of IFN-y [86-89].

It is already known that FoxP3* Treg CD4" cells play an indispensable role in
maintaining immune homeostasis, but also exert a strict anti-osteoclastogenic activ-
ity [68, 103-106]. In rheumatic patients, the number of FoxP3* Treg CD4" T cells
is inversely related to osteoclastogenic markers and disease severity [68, 105, 107].
These results accompany findings in which mice deficient in FoxP3" Treg CD4" T
cells were prone to arthritis, showing joint destruction and generalized bone loss,
supported by higher number of OCs in joints [105]. The reintroduction of FoxP3*
Treg CD4' T cells into these mice significantly reduced arthritic clinical symptoms
[105]. As discussed in previous section, OCs express the co-stimulatory molecules
CD80 and CD86, and osteoclastogenesis can be regulated via CTLA-4, promoting
OCs apoptosis, and thus suppressing bone destruction [81]. Notably, BM resident
FoxP3" Treg CD4" T cells express higher levels of CTLA-4, than peripheral FoxP3*
Treg CD4" T cells [82]. These resident FoxP3" Treg CD4" T cells remove CD80/CD86
from the surface of OCs precursor cells by CTLA-4 mediated trans-endocytosis,
potentially leading to reduced co-stimulation by OCs [82]. Therefore, the interac-
tion between OCs expressing CD80/CD86 and FoxP3" Treg CD4" T cells expressing
CTLA-4 is suggested as important player for the cross talk between these cells to
support bone homeostasis [81, 82].

More recently, the term immunoporosis—a subarea under osteoimmunology’
umbrella—was proposed for the field that studies the importance of immune sys-
tem for osteoporosis establishment [108]. Osteoporosis—defined by a loss of bone
mass and microarchitecture, has a multifactorial etiology but endocrine factors
such as hyperparathyroidism, vitamin D deficiency, and menopause are primarily
implicated [109]. The disease stems mainly from the cessation of ovarian function,
where declining estrogen levels result in the stimulation of bone resorption, leading
to a period of rapid bone loss [109]. At the cellular level, the central mechanism by
which sex steroid deficiency induces bone loss is via an increase in OC formation
and life span [110].

Estrogen exhibits the potential to stimulate the differentiation and survival
of regulatory T cells, which in turn suppress the expression of proinflammatory
cytokines from Th17 T cells and inhibit bone resorption. In addition, many genetic
and non-genetic factors intensify the negative impact of estrogen deficiency on
the skeleton, including gut microbiota profile [109]. Indeed, sex steroid deficiency
increases gut permeability, allowing intestinal microbiota to activate and expand
Th17 and TNF-a" T cells [111]. These expanded T cells increase S1PR1 (sphingosine-
1-phosphate receptor 1) expression, which promotes their egress from intestine
and influx into BM through CXCR3 and CCL20-mediated mechanisms [111, 112].
Additionally, this steroid deficiency-associated bone loss was prevented by probi-
otics administration [111, 112]. In this regard, several studies demonstrated that
Lactobacillus species alleviates gut inflammation and improved barrier function of
intestine [113]. Moreover, it was shown that Lactobacillus rhamnosus administration
enhances bone mass in eugonadal mice [112, 114, 115], inhibits osteoclastogenesis,
and skews balance of Th17 T cells to regulatory T cells, under in vitro and in vivo
conditions [112, 115]. Collectively, these studies highlight the osteoprotective role of
this probiotic, thereby opening novel avenues in the management and treatment of
postmenopausal osteoporosis.
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Finally, the effect of B cells in bone is more bidirectional, as compared with
T cells, as B cells require the endosteal BM surface to their ontogenesis [78]. Indeed,
B cell transcription and growth factors that control B cell differentiation play
important roles in bone homeostasis, indicating the tight interaction between this
immune cell lineage and bone [116]. In RA, the autoimmune process starts with
the presentation of auto-Ags to CD4" Th T cells, which help B cells to differentiate
into plasma cells that produce auto-Abs, such as rheumatoid factor and anti-cyclic
citrullinated peptide (anti-CCP), trademarks of this disease [106, 117, 118]. Of
note, the substantial number of Tfh cells in the synovial tissue correlates with
disease severity [119, 120]. Auto Abs and immune complexes promote bone erosion
through FcRy signaling in OC precursor cells or innate immune cells [121, 122]. More
recently, it was demonstrated that plasma B cell numbers increased in BM region
near the inflammatory joints during arthritis [119], due to enrichment of plasma B
cells survival factors such as IL-6, BAFF, and APRIL [119]. Locally, plasma B cells
provide RANKL, TNF-a, IL-17, and Ab-mediated costimulatory signals that cooper-
ate to powerfully promote osteoclastogenesis [119]. Genetic ablation of RANKL in B
cells resulted in amelioration of periarticular bone loss, but not of articular erosion
or systemic bone loss, in RA [123], and was slightly but significantly protective of
ovariectomy-induced bone loss [124].

After reviewing the progress on the central roles of adaptive immunity in the
establishment of some bone disorders, we will now explore the knowledge behind
the participation of tumor-primed T and B cells in the development of bone pre-met-
astatic niche, which will lead in turn to the establishment of breast-cancer-derived
bone metastases.

3. Breast-cancer-derived bone metastases: molecular interactions within
the BM

3.1 Preclinical and clinical implications

Breast cancer is the most frequent cancer in women, with increasing incidence
and high mortality rates [125]. Breast-cancer-induced bone metastases are a fre-
quent complication of advanced disease, with up to 70% of incidence, associated
with skeletal complications, including pain, osteopenia and bone loss, pathological
fracture, hypercalcemia spinal cord compression, BM aplasia, demanding surgery,
and radiotherapy for bone complications, and change of antineoplastic therapy for
bone pain [126-129]. Collectively, these comorbidities are defined as skeletal-related
events (SREs) that dramatically impair the patient’s quality of life and reduce overall
survival [127, 128, 130].

The preservation of bone mass has been achieved using bone anti-resorptive
bisphosphonates, such as zoledronic acid, and denosumab, an anti-RANKL mono-
clonal antibody, which block OC-mediated bone resorption and are approved for
use in patients with cancer metastatic to bone [128]. However, these drugs only
alleviate SREs complications, the development of bone metastases remains an
incurable condition, and mortality rates are kept at elevated level [131]. Meta-
analyses studies showed a statistically significant overall survival benefit with
women treated with bisphosphonates [132-134]. It is not surprising, however, that
bone-targeted therapies also display systemic immunological effects, regarding
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the interactions between immune and bone cells, which can partially cause elimi-
natory anti-tumor effects. Indeed, zoledronic acid and denosumab can modulate
immune cells activity, such as y8 T cells, macrophages, and CD4" Tregs, in many
different types of cancer, including breast cancer, leading to an increase in T-cell-
mediated anti-tumor cytotoxic effects [135]. Moreover, the knowledge about how
current treatments affect the immune landscape in bone metastatic microenvi-
ronment is scarcely known. This fact could be due to our limited understanding
of osteoimmunological interactions for tumor growth, the low availability of
biopsies from bone metastases, and appropriate metastatic models for preclinical
studies.

The risk factors for predicting breast-cancer-derived bone metastases are still
controversial. In a recent study, a total of 2133 patients, including 327 with bone
metastases (15.33%) and 1806 without bone metastases (84.67%), were retrospec-
tively reviewed and showed that the spine is the most common site for bone metas-
tases, including thoracic spine (63.61%) and lumbar spine (53.82%), followed by
ribs (57.5%), pelvis (54.1%), and sternum (44.3%) [136]. The results also indicated
that combined axillary LN metastases, high serum concentrations of cancer Ag 15-3
(CA15-3), alkaline phosphatase (ALP), and low level of hemoglobin have the highest
predictive accuracy for bone metastases in breast cancer [136].

Breast-cancer-derived bone metastases give rise predominantly to most aggres-
sive osteolytic lesions, although 15-20% of clinical cases present an osteoblastic
pattern, resulting in a dysregulated bone deposition [126, 128, 137]. Notably, it has
been shown that breast cancer osteolytic lesions may also lead to skeletal muscle
atrophy and weakness, through bone-muscle cross talk, which in turn leads to a
feed-forward cycle of musculoskeletal degradation [138, 139]. Osteoclastic bone
resorption releases transforming growth factor-p (TGF-f), which causes oxidative
stress and skeletal muscle Ca?* leak and weakness, via the TGFp-Nox4-RyR1 axis,
inducing a muscle atrophy program [138, 139]. Interestingly, the same pattern was
shown in both immunodeficient and immunocompetent mice, suggesting that
adaptive immune system may be excluded from this pathological aspect [140, 141].
Moreover, it has been suggested that muscle dysfunction occurs prior to the loss of
muscle mass—cachexia [142]. In addition, experimental strategies are being ana-
lyzed for skeletal muscle mass preservation, including: (i) the blocking of myostatin
signaling [143, 144]; and (ii) antagonizing the growth hormone secretagogue recep-
tor (GHSR)-1a [145, 146]. Both strategies showed improved survival in mice with
cancer cachexia [147].

Recently, it was reported that breast cancer cell lines and human breast cancer
tissue express sclerostin, suggesting that breast cancer cells impair bone formation
while promoting bone resorption [140]. In a mouse model of bone metastases,
the pharmacological inhibition of sclerostin by setrusumab—an anti-sclerostin
monoclonal antibody, reduced bone metastatic burden and destruction, without
increasing metastases at other sites [140]. Moreover, this treatment protected from
induction of muscle atrophy and loss of function, leading to prolonged life span
[148]. Accordingly, the expanding and maintenance of OBs functional properties
were then proposed as an approach to restore bone and muscle integrity, in the
context of metastases-induced osteolytic disease [140]. In parallel, it was reported
that homeodomain protein TG-interacting factor-1 (Tgif1)—an inducer of osteo-
blastogenesis acting at Wnt and PTH1R-dependent signaling pathways, is increased
in OBs upon stimulation by metastatic breast cancer cells [141]. High levels of Tgif1
were associated with poor patient survival in breast cancer [147]. The lack of Tgif1 in
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OBs increases Semaphorin 3E (Sema3E) expression and attenuates breast cancer cell
migration as well as metastases formation, indicating that Tgif1 plays a role during
the early stages of bone metastases establishment [141]. Therefore, the mechanisms
driving the early steps of bone metastatic process are still not sufficiently understood
and the induction of osteoblastogenesis should be analyzed with caution, since OBs
and their molecules seem to play contradictory roles in breast-cancer-derived bone
disease.

Finally, preclinical studies suggested that non-coding RNAs (ncRNAs) such as
long ncRNAs, microRNAs, and circular RNAs are crucial regulators of breast-cancer-
induced bone metastases [149-151]. Indeed, unique miRNA expression patterns were
reported in different breast cancer subtypes, displaying both pro- and anti-tumori-
genic functional properties [150]. In fact, lower levels of miR-34a were observed in
patients suffering from later stages of breast cancer in comparison to benign breast
disease and healthy controls [131], while higher expression of miR10b was observed
in breast cancer patients with LN and bone metastases [148, 152]. Furthermore, lower
levels of miR-124 in primary breast cancer correlate with shorter bone-metastases-
free survival [153], and miR-218 serum levels are higher in patients with breast cancer
bone metastases when compared with patients without metastases [154]. Currently,
since altered expression of miRNAs has been associated with disease progression and
clinical outcome, these molecules are emerging as potential therapeutic targets and
prognostic biomarkers in the context of bone metastases.

3.2 “The vicious cycle”

Bone metastases are not established randomly, instead they request a complex
reciprocal interplay between primary cancer cells and BM microenvironment stroma.
Indeed, BM stroma provides an advantageous architecture for bone colonization,
playing critical roles for breast cancer cells initial seeding, dormancy, and outgrowth
[137]. Circulating breast cancer cells enter BM by the sinusoids—small blood vessels
lined with fenestrated endothelial cells, more permissive than other types of capil-
laries [155, 156]. After extravasation into BM, they migrate to the perisinusoidal
or to the endosteal/subendosteal niche, where OBs and other stromal cells secrete
avariety of chemo-attracting factors, such as CXCL12, RANKL, osteopontin, and
BMPs [155, 156]. Breast cancer cells express high levels of CXCR4—the receptor
for CXCL12, which increase their ability to survive in BM and the establishment of
overt metastases in this microenvironment [155, 156]. Moreover, CXCL12 stimulates
PI3K-AKT signaling pathway and Src activity, which enhance cancer cell survival in
challenging environments [41]. These results obtained from animal model studies
were validated in clinical datasets, in which Src and CXCR4 expression in tumor cells
was associated with breast cancer bone relapse [155]. In BM niches, metastatic cells
adapt, survive, and reside for a prolonged period of time—possibly years or even
decades [137].

When invading breast cancer cells escape from dormancy, they disrupt the
normal bone remodeling process in order to promote their outgrowth, eventu-
ally leading to the development of overt bone metastases [137]. Metastatic breast
tumor cells express and secrete a series of molecules, such as parathyroid hor-
mone-related protein (PTHrP), IL-11, and TNF-a, vascular cell adhesion molecule
1 (VCAM1), intercellular adhesion molecule 1 (ICAM1), lysyl oxidase (LOX),
RANK, RANKL, and IL-6, which in turn mobilize and activate OCs to resorb bone
matrix and release chemotactic stimuli and additional growth factors attached to
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the bone matrix [126, 130, 157]. Bone matrix degradation by the hyperactivated
OCs releases TGF-B, which in turn is activated due to pH changes in the local
environment and proteolytic cleavage from latent peptides [128]. In sequence, this
molecule triggers the production of osteolytic factors, such as PTHrP, IL-11, IL-1p,
and Jagged1 from breast cancer cells [156, 158- 165]. Jagged1 promotes osteoclas-
togenesis via Notch signaling in pre-OCs, while PTHrP induces the production of
RANKL by OBs [32]. Activated OCs then degrade the bone matrix on cortical and
trabecular surfaces, leading to the release of numerous growth factors, including
more TGF-f [158]. Consequently, TGF-B-induced Jaggedl enhances a vicious cycle
between bone and tumor cells, by stimulating the expression of IL-6 from stromal
cells and OBs, promoting tumor growth [158]. VCAM1 also stimulates the out-
growth of metastases, through the recruitment of OCs progenitors via expression
of integrin a4f1 [166]. Importantly, several therapies using denosumab—mono-
clonal antibody against RANKL [167]; and monoclonal against human Jagged1
[168] or small-molecule inhibitors—have already been approved for clinical use or
are under development to treat osteolytic bone metastases, by preventing progres-
sion of the vicious cycle [169, 170].

In the last few years, accumulating evidences suggest that breast cancer bone
colonization is preceded by changes in BM microenvironment [171-173]. In this
context, a pre-metastatic niche is established by cellular and molecular mecha-
nisms, mostly educated by the primary breast cancer cells [64, 171, 174]. Therefore,
tumor cells prepare BM microenvironment to host them, before “switching homes”
and moving to bone [171]. Importantly, the pre-metastatic niche formation also
leads to the disruption of bone remodeling system, in favor of osteoclastogen-
esis and bone consumption, but prior to metastatic cells arrival [64, 157, 174].
Accordingly, the pre-metastatic osteolytic lesions facilitate subsequent bone tumor
colonization [175].

3.3 Bone pre-metastatic niche formation
3.3.1 The “seed and soil” in bone tissue adaptation

Breast cancer cells migration to bone is innately related to the molecular and
cellular components provided by the pre-metastatic niche, in sequential and distinct
phases [137, 172, 176]. In fact, in the nineteenth century, Stephen Paget proposed that
tumor cells (“seeds”) only grow in specific and permissive microenvironments (“fer-
tile soil”) [177]. Of note, BM is a fertile microenvironment, composed of hematopoi-
etic cells, MSCs, endothelial cells, OBs, OCs, molecules secreted by breast primary
tumor, either as soluble or contained in extracellular vesicles (EVs) or exosomes, and
immune migrating cells [137, 175]. However, how and when these factors, produced
locally or systemically, regulate the crucial mechanisms behind the establishment of
this site remains less clear [175].

Recent studies suggest that bone pre-metastatic niche exists prior to metastatic
colonization; however, disseminated breast cancer cells are detectable in BM prior
to clinically detectable bone metastases [175, 178]. Interestingly, patients without
any metastases harbored disseminated breast cancer cells with less genetic het-
erogeneity compared with the primary tumor or those disseminated cells isolated
from bone metastatic patients [175, 178]. Of note, less than 0.1% of disseminated
breast cancer cells survive during circulation and homing [179-181]. Based on these
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findings, we can speculate that bone/BM stromal cellular and molecular compo-
nents probably play roles in supporting these mutations, for further licensing and
selection of the best “seeds” to adapt in the pre-metastatic niche, until their overt
bone colonization.

Additionally, a recent study identified LOX-derived by hypoxia condition, a
factor significantly associated with bone tropism and relapse. LOX induces an intense
osteoclastogenesis, through NFATc1, before, and independent of breast tumor cells
arrival at BM [174]. Therefore, this study identified a previous step in bone metas-
tases development, triggered by these osteolytic lesions, opening new opportunities
for therapeutic intervention [174]. In fact, in a previous study using an intracardiac
mouse model of breast-cancer-derived bone metastases, animals treated with a
nonspecific LOX inhibitor—p-aminopropionitrile—reduce bone colonization when
administered at the time of tumor inoculation [182].

As mentioned in the last section, recent evidence suggests that breast-cancer-
derived miRNAs play key roles in tumor development and progression via exosomes
transfer, regulating the outgrowth and metastases of breast cancer [183, 184]. Of
note, it was described that miR-21, a highly conserved oncomicro RNA, is expressed
in serum of breast cancer patients, significantly higher as compared with healthy
controls [185]. Moreover, it was demonstrated that miR-21 induces OCs differen-
tiation, by directly binding programmed cell death 4 (PDCD4), upregulation of
NFATc1, and suppression of c-Fos transactivation [186, 187]. Indeed, it was showed
that breast cancer cell-secreted exosomes containing miR-21 lead to an exacer-
bated osteoclastogenesis, which contributes to the generation of a pre-metastatic
niche and further enhancing bone metastases development [188]. Importantly, the
expression level of miR-21 was detected at higher level in serum exosomes of breast
cancer patients with bone metastases, as compared with patients without bone
metastases [188].

Almost 20 years ago, a pioneer study challenged the molecular basis for bone
metastases. Using human breast cancer cell lines with elevated metastatic activity,
it was determined a breast-cancer-derived bone metastases gene signature, which
included genes involved in: (i) BM homing (CXCR4); (ii) extracellular matrix
alteration (Matrix Metallopeptidase 1 (MMP1), ADAM metallopeptidase with
thrombospondin type 1 motif 1 (ADAMTS1), and proteoglycan-1); (iii) angiogenesis
(Fibroblast growth factor 5 (FGF5), and Connective tissue growth factor (CTGF);
and osteoclastogenesis (IL-11) [189]. Moreover, the overexpression of this gene set is
superimposed on a poor prognosis already present in the parental breast cancer popu-
lation, suggesting that metastases require a set of functions beyond those underlying
the emergence of the primary tumor [189]. Thereafter, several other bone metastases
gene signatures were proposed, such as Src-dependent [190] or Irf7-regulated genes
[191]. To date, it remains unclear the clinical significance and applicability of these
gene signatures described, either by tumor heterogeneity in primary and secondary
sites or by differences in tumor sources.

3.3.2 Role of breast-tumor-primed T and B cells in bone pre-metastatic niche
formation

Primary breast cancer has been shown to “prepare” distant organs for tumor

cell colonization even before their arrival [171, 192, 193]. Immune cells such as
macrophages [194, 195], DCs [196], neutrophils [197], and T cells [64, 195, 198, 199]
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are associated with the formation of the pre-metastatic niches, highlighting the
importance of basic mechanisms responsible for tumor cells distant establishment
[171, 200]. Accordingly, it has been found that cells of the immune system acting
as pro-tumor cells are enriched in the pre-metastatic niches and support cancer cell
seeding via paracrine signaling and/or by suppressing anti-tumor immune cells
[171, 172, 200, 201].

Particularly, our group previously showed that spontaneous bone metastases
development, originated from 4 T1 triple negative breast tumor model, depends on
RANKL production by tumor primed CD3" T cells [64]. This conclusion was achieved
by adoptive T cell transference to nude mice, which shows that 4 T1 primed T cells,
in the total absence of tumor cells, induce a pre-metastatic osteolytic disease [64].
Moreover, inhibition of RANKL production (using shRNA) in fresh tumor-primed
T cells does not generate osteolytic disease and the associated bone pre-metastatic
niche. Consequently, development of bone metastases is completely absent. Taking
together, we proposed an extra step to Mundy's vicious cycle where initial bone
consumption, mediated by pre-metastatic CD3" T cells, generates a rich microenvi-
ronment that license further colonization of the bone cavity by the metastatic clones
[64]. Once the initial seeding of the bone tissue is achieved, tumor cells shall continue
the osteolytic process on their own, feeding themselves through the vicious cycle
established within the bone microenvironment [64].

As pre-metastatic osteolytic disease happens much before metastatic colonization,
it is not known how the tumor Ag would get to the BM to be recognized by T cells. This
is important because T cells’ effector functions depend on peptide recognition com-
plexed to MHC molecule, a function better exerted by DCs. Since DCs can carry Ag
from peripheral tissues via lymphatics to LNs, and also travel from the peripheral tissue
into the blood and to the BM [202, 203], we envisage at least two nonexclusive possibil-
ities for Ag presentation and recognition: (i) cancer-derived exosomes could travel to
the bone cavity and provide tumor Ags to be processed and presented by local resident
DCs [204, 205] and/or (ii) DCs loaded with tumor Ags at the primary tumor or at the
tumor draining LNs, can migrate to the BM where Ag presentation would take place
[203, 206]. Moreover, it is already known that BM can prime naive T cells and recruit
effector T cells, also serving as a site for CD4" and CD8" T cells proliferation [202].

In addition, DCs display a high developmental and functional plasticity depending
on local factors and stimuli encountered during their differentiation and matura-
tion, providing a multitude of necessary signals for shaping immune responses
[207-210]. Plasticity can also allow DCs to develop into other cell types, among them
OCs (DC-0C), what is not unexpected considering their same origin from common
myelopoietic stem cell progenitors [211-213]. Indeed, for the last 15 years, it has been
reported that immature DCs can develop into OCs in vitro and in vivo, when cultured
with osteoclastogenic factors, M-CSF and RANKL or RA synovial fluids containing
pro-osteoclastogenic cytokines [212, 214, 215]. Independently of the presence of DCs
at bone resorptive sites during inflammatory conditions [211, 216-221], their direct
contribution to bone resorption, either as APCs, keeping osteoclastogenic Th17 T
cells locally activated, or overcoming their own phenotype differentiating into OCs
mature functional phenotype, has yet to be solved. Indeed, it has been confirmed that
multinucleated giant cells expressing markers of DCs and OCs are located next to the
bone in inflammatory bone disease [222].

In fact, we recently addressed the role of DCs in breast-tumor-derived bone
metastases context [223, 224]. We showed that DC-OC differentiation is induced by
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RANKL, either recombinant or produced by specific-tumor T cells [224], and they
can act as both an APC for 4 T1 tumor-specific T cells and as an OC-like cell (DC-
OC), amplifying the osteolytic phenomena before bone tumor colonization [224].
Furthermore, it is already known that the pretreatment of DCs with high levels of
RANKL leads to enhancement of [76] and augments their ability to stimulate T cell
proliferation [225-227]. Therefore, we can suppose that RANKL-enriched environ-
ment setup by osteoclastogenic CD3" T cells located inside the BM probably contrib-
utes to a higher DC survival ratio, which in turn would support T cells’ activities in
promoting the pre-metastatic niche formation [224]. Additionally, DC-OCs, but not
BM-OCs, are incredibly good in activating T cell proliferation and cytokine secretion
[224], and secrete high amounts of IL-23, which in turn boosts IL-17 and RANKL
production by T cells, feeding the positive osteoclastogenic loop of adaptive T cell
immunity [224]. This positive loop has IL-23 as one limiting step since blocking IL-23
with monoclonal antibody inhibits T cell IL-17 and RANKL production [224]. Adding
more information to our work, recent data published [228] showed that monocyte-
derived macrophages, rather than bone-residing macrophages, are critical for breast-
carcinoma-derived bone metastases outgrowth iz vivo, in IL-4R and CCR2-dependent
manners [228].

More recently, we described that 67NR non-metastatic tumor cells—an iz situ
breast carcinoma sibling of 4 T1 tumor cell line, can modify distant sites promot-
ing bone physiological alterations, increasing in trabecular bone mass on day 11
post-tumor implant [229]. This observation was associated with an expansion of
the osteoblastic lineage cells accompanied by a reduction of OCs numbers [229].
Moreover, CD8" T cells express an anti-osteoclastogenic cytokine milieu enriched
by IFN-v, IL-10 and low levels of RANKL, and the frequency of BM-derived CD8"
FoxP3" regulatory T cells, as defined as potent suppressors of osteoclastogenesis,
was also increased in such animals [229]. This milieu was capable to suppress 4 T1
tumor-specific CD4" T cells phenotype iz vivo and in vitro and strongly inhibited
bone metastases establishment, restoring trabecular bone mass volume [229]. We
concluded that the 67NR" tumor derived CD8" T cells phenotypes, either contribut-
ing to bone homeostasis and/or control of 4 T1 breast tumor pre-metastatic disease,
interfere with OCs and OBs activities inside BM. Our study highlights the opposing
roles of subverted tumor CD4" and CD8" T cell subtypes in directing breast cancer
progression and bone metastases establishment. Furthermore, this likely reflects the
fact that modification of the distant bone site by 67NR breast tumor disfavors pre-
metastatic bone niche formation [229].

4. Conclusions and perspectives

Altogether, we assume that the set of our studies are revealing the cellular and
molecular dynamic interactions behind breast-cancer-derived pre-metastatic bone
niche formation (Figure 1). There are still many questions about the factors that
determine the chemotaxis of cells, which Ags or ligands are needed, as well as the
modulating elements of this distant system. So far, we know, that the immune system
is central. Multiple cues need to be investigated to translate our current knowledge
toward clinical impact. If these immunophenotypes patterns are confirmed in human
disease, this complex network can be used either as prognostic tools or even as
therapeutic targets.
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Le]g”t panel: anti-osteoclastogenic cytokines produced by 67NR* CD8" T cells keep bone homeostasis mediated

by OBs and OCs cross talk. Right panel: BM pre-metastatic niche formation by 4T1 Thi7 RANKL* CD4' T

cells and RANKL* CD8" T cells activities. DCs loaded with tumor Ags from primary tumor growth site prime
naive CD4" and CD8" T cells into draining LNs to differentiate into tumor-activated T cells producing RANKL
and IL-17F, which in turn migrate to BM before tumor bone colonization. Migrating DCs can now activate the
maintenance of tumor RANKL* CD4" Thay T cells inside BM microenvironment dependent on IL-23 production.
Dysregulation of bone homeostasis by an intense activation of BM-OCs by RANKL and M-CSF under breast
tumor pre-metastatic osteolytic conditions induced by RANKL® CD4" Thay T cells and RANKL* CD8" T cells.
Both T cells activities support their osteoclastogenic potential in the establishment of the pre-metastatic niche. Left
panel: Bone marrow scenario after subcutaneously 67NR non-metastatic tumor cells challenge. Production of
anti-osteoclastogenic cytokines, IFN-y*, IL-10, and anabolic levels of RANKL expressed by CD8" T cells keep bone
homeostasis mediated by OCs and OBs cross talk.
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Chapter 5

Perspective Chapter: Management
of Bone Health in Breast Cancer
Patients

Marcus Vetter, Diana Chiru and Ewelina Biskup

Abstract

Breast cancer is the most common cancer in the world. There are several implications
of bone health in early and late breast cancer cases. In early breast cancer, the therapy
might cause reduction of bone mineral density due to early menopause induction or asa
side effect of therapy options, such as aromatase inhibitors. In late-stage breast cancer,
most common site of metastasis is in the skeletal bone. Early management of bone
metastasis needs special focus because of skeletal-related complications such as fractures,
pain, hypercalcemia, and surgery. This chapter will focus on most common diagnostic
and therapeutic measures of osseous metastasis, in early and advanced breast cancer.

Keywords: bone, osteoporosis, bone health, fracture, skeletal-related events

1. Introduction

Breast cancer is the most common cancer in women with a worldwide annual inci-
dence of 2.3 million cases and 685,000 death per year [1]. There is a clear correlation
between bone health and breast cancer [2], as bone mineral density can be severely
reduced through early menopause or endocrine therapy, including aromatase inhibi-
tors [3]. Secondly, there is also a clear relationship between osteo-oncologic treatment
including densoumab and bisphosphonates and outcome in early breast cancer [4].
Thirdly, in stage IV breast cancer, bone is the most common site of metastasis [5].

Disease-specific events related to bone metastasis include complications, such
as spinal cord and nerve compression and pathological fractures, needing surgical
interventions and/or radiotherapy. This is therefore a major endpoint in treatment
of metastatic breast cancer, since targeted therapy has the potential to significantly
improve outcome in early and metastatic breast cancer [6].

This chapter will give you an overview on bone health management and preven-
tion in early and metastatic breast cancer patients.

2. Bone remodeling

Bone remodeling is an important process in maintaining bone health, as
approximately 10% of the bone is renewed every year [7]. This is a balanced process
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coupling bone resorption and bone formation. However, in the absence of bone
formation, bone resorption continues to occur normally. This process happens with
predilection in the elderly population and with even more affinity in postmeno-
pausal women.

Bone remodeling is characterized by a succession of osteoclastic resorption of
already formed bone, followed by de novo bone synthesis by osteoblasts.

Development of bone metastasis refers to a specific interaction between osteo-
clasts, osteoblasts, and several inflammatory modulators such as Parathyroid PTH,
Parathyroid hormone-related protein PTHrP, Cyclooxygenase 2 COX-2/PEG-2,
interleukins 1 and 11 (IL-1, IL11), tumor necrosis factors TNF-alpha, TGF-beta [8].
In metastatic breast cancer, osteoblasts secrete macrophage colony stimulating factor
(M-CSF), which binds to c-fms, and receptor activator of nuclear factor kappa B
ligand (RANKL), which binds to RANK, thus stimulating differentiation of pre-
osteoclasts into osteoclasts. RANKL inhibitors can be therefore successfully used to
stop osteoclastic activity [9].

3. Management of bone health in early breast cancer

The most common breast cancer subtype is luminal cancer with positive estrogen-
and progesterone-receptor (ER/PR) expression. Around 50% of all human epidermal
growth factor receptor 2 (HER2)-enriched subtypes also express estrogen ER and
progesterone PR [10]. These hormonal receptor (HR)-positive cancers are clearly
estrogen-driven malignancies; however, estrogen also has a protective effect on bone,
and reduced levels can trigger bone loss. Hormonal therapy with aromatase inhibitors
(AI) (usually anastrozole, exemestane, or letrozole) represents standard of care in
early postmenopausal and in high-risk pre-menopausal patients. In the latter group
they are usually administered in combination with a gonadotropin-releasing-hormone
receptor antagonist (GnRH-A).

In the postmenopausal patients, use of aromatase inhibitors is shown to lead to
abone mineral density loss of about 2% per year, while in combination with GnRH
analogues, bone mineral density loss can reach even 7% and more [11].

Real world data looked at patterns of bone loss in women with breast cancer
[12]. In this particular analysis, bone mineral density of patients was significantly
decreased in the lumbar spine (6.8%), followed by femoral neck (4.6%), and hip
(3.5%). Bone loss seemed to be greatest in the first year.

Chemotherapy was also associated with bone loss at all sites, and the premeno-
pausal status at moment of diagnosis was significantly associated with bone loss in the
lumbar spine. No significant relationship between health behavior status and bone
mineral density change could be demonstrated.

Based on different guidelines including National Comprehensive Cancer Network
(NCCN), European Society of Medical Oncology (ESMO), and the Swiss SVGO
(Swiss Association Against Osteoporosis), patients with early-stage breast cancer
should receive comprehensive care measures focusing on bone metastasis prevention.
This includes regular bone scans (DEXA Scans), life style modifications, calcium and
vitamin D supplementation, and bisphosphonates.

Figure 1 demonstrates general practical guidelines in breast cancer and other can-
cer subtypes. Our own data [2] showed treatment adherence in only 75% of patients
with breast cancer (small single center analysis).
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Figure 1.

Treatment recommendation for bone health in cancer patients. Demonstrated bone health guidelines for patients
with breast cancer and other cancers, under endocrine therapy. Adapted from Coleman R. [13, 14].

4. Current date and use of bisphosphonates
4.1 Zoledronic acid and mode of action

Zoledronic acid is one of the nitrogen-containing antiresorptive agents, which inhib-
its osteoclast proliferation. Owing to the chemical similarity to inorganic pyrophosphate,
zoledronic acid (and other bisphosphonates) attaches to hydroxyapatite binding sites on
the osseous extracellular matrix [2, 15, 16]. The exact mechanism of apoptosis induction
in osteoclasts is not fully understood. However, animal experiments have suggested
that zoledronic acid inhibits specific transferases, such as geranyl transferase I inhibitor
(GGTI-298), leading to loss of protein prenylation in osteoclasts, disrupting their cyto-
skeleton and inducing programmed death [15, 17, 18]. The main effect is reduced bone
resorption, which allows for more time for bone formation and remodeling [9, 19]. It has
also been hypothesized that zoledronic acid might stimulate osteoblastic differentiation
and bone mineralization. Zoledronic acid seems to have the highest potential among
bisphosphonates, because of its high affinity to bone, especially bones undergoing active
resorption and increased turnover, such as in malignant processes [20].

4.2 Current guidelines and data on bisphosphonates

Current NCCN guidelines recommend adjuvant bisphosphonate therapy for
3-5 years in the case of menopausal patients with early stages of breast cancer, as well
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as in patients who recently went through menopause and who are under treatment
with GnRH-A and aromatase inhibitors. In daily clinical routine, many oncologists
use zoledronic acid [21].

The recently published Southwest Oncology Group (SWOG) S0307 trial was a
randomized three-arm trial including more than 6000 patients, aiming to assess
differences in zoledronic acid, oral clodronate, and oral ibandronate therapies. No
significant difference in disease-free survival and overall survival for the three drugs
was found. Authors concluded that oral bisphosphonates could be a valid option with
regards to osteo-oncologic treatment [22].

In a 2017 published Cochrane analysis, data collected from more than 37,000
patients were also able to demonstrate the benefits of bisphosphonate therapy. This
showed a clear survival benefit with addition of bisphosphonates for postmeno-
pausal patients (HR 0.77, 95% CI 0.66-0.90; p = 0.001; 4 studies; 6048 women;
high-quality evidence with no evidence of heterogeneity), but not for premenopausal
patients (HR 1.03, 95% CI 0.86-1.22; p = 0.78; 2 studies; 3501 women; high-quality
evidence with no heterogeneity) [5].

In conclusion, for women with early breast cancer, bisphosphonates were able to
reduce the risk of bone metastases and provide an overall survival benefit compared
to the placebo or no bisphosphonates group. There is preliminary evidence suggesting
that bisphosphonates provide an overall survival and disease-free survival benefit in
postmenopausal women only when compared to placebo or no bisphosphonate.

The Early Breast Cancer Clinical Trials Group (EBCCTG) designed a meta-analy-
sis incorporating data from more than 18,000 women, derived from 26 randomized
adjuvant bisphosphonate trials in breast cancer. In postmenopausal patients, there
was a statistically significant reductions in the 10 years recurrence rate, (RR = 0.72,
95%, CI = 0.60-0.86, 6.6% vs. 8.8%; two-sided Pp = .0002), as well as in the breast
cancer mortality rate (RR = 0.82, 95% CI = 0.73-0.93, 14.7% vs. 18.0%; two-sided
p = .002) with the addition of bisphosphonates. The reduction was independent of
choice of bisphosphonate therapy, estrogen receptor expression status, axillary lymph
node involvement, or use of adjuvant chemotherapy [10].

5. Current data and use of Denosumab

Denosumab is a human recombinant monoclonal antibody against RANKL.
Inhibition of RANKL leads to reduced maturation of preosteoclasts into osteoclasts,
osteoclast survival, and activity. As a result, diminished bone resorption occurs [20].

In the Austrian Breast and Colorectal Cancer Study Group (ABCSG)-18 Study
(ClinicalTrials.gov NCT00556374), 3425 postmenopausal women with early luminal
breast cancer and aromatase inhibitor therapy were randomized to receive deno-
sumab 60 mg every 6 months or placebo. The primary endpoint was occurrence of
clinically relevant fractures. Secondary endpoints included disease-free survival
(DFS), bone-metastasis-free survival (BMFS), and overall survival (OS). In the
follow-up presented at American Society of Clinical Oncology (ASCO) 2022 with
an 8-year follow-up, all clinical endpoints were positive: fractures were 201 in the
denosumab and 255 in the placebo arm (HR 0.76, 95% CI 0.63-0.92, p = 0.004). The
absolute 9-year DFS difference is 3.5% (79.4% vs. 75.9%, respectively). No new safety
signals were presented at the meeting. The authors concluded that denosumab should
be considered in routine practice for patients with early hormonal-receptor positive
breast cancer [23].
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On the other hand, there is a very huge body of evidence that intravenous
bisphosphonates improve outcome in postmenopausal women with early breast
cancer. In a vast systematic meta-analysis by the Early Breast Cancer Trialists
Collaborative Group EBCTCG including more than 18,000 patients, clear benefit
was proven in regard to the overall reduction of recurrence (RR 0-94, 95% CI
0-87-1-01; 2p = 0-08), distant recurrence (0-82, 0-74-0-92; 2p = 0-0003), bone
recurrence (0-72, 0-60-0-86; 2p = 0-0002), and breast cancer mortality (0-82,
0-73-0-93; 2p = 0-002) [10]. The authors were able to thus clearly demonstrate
the advantages of bisphosphonate administration in postmenopausal women.
Therefore, it quickly became a worldwide current standard to use bisphosphonates
in management of early breast cancer, stages I-III. Current indications, dosage, and
toxicity are displayed in Table 1.

Bisphosphonates Denosumab
Indications Osteoporosis, hypercalcemia of Unresectable giant cell tumor of bone in
malignancy, Paget’s disease of bone, adults and skeletally mature adolescents;
multiple myeloma, skeletal-related to increase bone mass in patients at
events (SRE) associated with high risk for fracture including ADT
metastatic bone disease in breast (and for non- metastatic prostate cancer or
other) cancers, adjuvant therapy for adjuvant Al therapy for breast cancer,
postmenopausal breast cancer patients prevention of SREs in patients with bone
and potentially also in premenopausal metastases from solid tumors, treatment
patients of postmenopausal women with
osteoporosis at high risk for fracture [24]
Dosing Clodronate 1600 mg p.o. daily for 3-9 60 mg administered as a single
mo., subcutaneous injection once every
Pamidronate 300-360 mg p.o. for 18-2 6 months, for osteoporosis [25]
mo. or 45 mg iv. until progression,
90 mg iv every 28 d for 12-24 mo.
Zoledronic acid 4 mg iv. every 28 d for
12 mo.
Ibandronate 6 mg iw. every 28 d or
50 mg p.o. daily
Side effects Acute-phase-like reaction, renal Acute-phase-like reaction, renal toxicity,
toxicity, osteonecrosis of the jaw osteonecrosis of the jaw
Supplementation Vitamin D and calcium supplements Atleast 500 mg calcium and 400 IU
of calcium and vit- must not be routinely given during vitamin D daily
amin D bisphosphonate administration
(supplementation may increase the
bone resorption and decrease the
efficacy of bisphosphonates). Consider
vitamin D supplementation in people
with, or at risk of, vitamin D deficiency.
Consider calcium supplements if
patient’s dietary intake is low.
Monitoring Serum creatinine prior to each Electrolytes (incl. Phosphate and

dose, regular dental examinations,
electrolytes/hematocrit/ hemoglobin

magnesium), signs of infections or skin
rash, regular dental examinations

SRE = skeletal-velated events, ADT = androgen deprivation therapy; Al = aromatase inhibitor; i.v. = intravenous;

p-o. = oval; mo = months.

Table 1.

Indication, dosing, and toxicity of bone-targeted agents (adapted from Biskup [1, 20]).
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6. Management of metastatic disease in breast cancer

Breast cancer can be in many cases, cured today, but around 20% of patients will
experience recurrence in the first 10 years of follow-up. Late recurrence is possible
and is depends on many factors such as biology and anatomic stage. Bone metastasis
is the most common site of metastasis followed by lung, liver, and lymph nodes, in all
breast cancer subtypes.

In advanced breast cancer, 60-80% of patients will develop bone metastasis [5].
Complications are mostly related to skeletal bone and refer mostly to pathological

Regime N Outcome Toxicity Literature
iv. pamidronate vs. 382 SRE at 2 years 50 vs. 70% Arthralgia, flu- [19, 28, 29]
Placebo q3-4 wks., 2y p<0.001 like syndrome
Median time to SRE 13.9 vs.
7 mo.
Clodronate 1/d vs. 173 SRE 218.6 vs. 304.8 per 100 pts. No difference [12, 30]
placebo for 18 mo. ¥, p < 0.001 Vertebral fractures
84 vs. 124 per 100 pts. y,
p < 0.025, No OS difference
Oral ibandronate vs. 564 Number of events per pts. 1.15 Any AE 94 vs. [3,31]
placebo up to 96 wks. Pooled vs. 1.85, p = 0.008 95%
Analysis Risk reduction for SRE = HR Drug related AE
0.62 (95% CI 0.48-0.79, 26 vs. 17%
p < 0.001), Death 20% vs. 15% Hypocalcemia
NS for pain, time to progression 9.4% vs. 5.1%
Zoledronic acid vs. iv. 1130 (BC) SRE at 13 mo. 44% vs. 46% Bone pain 49% [29, 32]
pamidronate for 12 mts Skeletal morbidity rate 1.13 vs. vs. 59%
(in BC, MM) 1.08 events/y/NS
Ibandronate p.o. vs. 1401 SRE 42% vs. 41% (HR 1.15, Dyspepsia 35 vs. [25, 33]
zoledronic acid iv. q 95% CI 0.97-1.62) 25%
3-4 weeks for 96 weeks Median time for SRE 97 vs. 99 Hypocalcemia 11
wks. vs. 11%
Median OS 111 vs. 113 wks. Renal
impairment 24
vs. 32%
ONJ 5vs.9
events
SC denosumab and 2046 Delay time to SRE HR 0.82 AE leading to [1,24]
iv. placebo vs. iv. (BC) (95% CI 0.71-0.95, p < 0.001) discontinuation
zoledronic acid 4 mg Risk of multiple SRE HR 0.77 9.6 vs. 12.3%
and SC placebo q 4 (95% CI 0.66-0.89, p < 0.001) Serious AE 44.4
wks. OS: HR = 0.95 (95% CI vs. 46.5%
0.81-1.11, NS) Pyrexia 16.7 vs.
Disease progression: HR = 1.00, 24.4%

(95% CI 0.89-1.11, NS)
Quality of life effect: in the
denosumab group, 10%
more patients had a clinically
meaningful improvement

ONJ 2 vs. 1.4%

BC = breast cance, i.v. = intravenous, MM = multiple myeloma, mo. = months, NS = Not significant,
ONJ = Osteonecrosis of the jaw, AE = adverse effects, OS = Overall survival, pts. = patients, SRE = Skeletal-related

events, wks. = weeks, y = years.

Table 2.
Clinical trials of bisphosphonates in the metastatic setting.
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fractures, major surgery, radiotherapy, and spinal cord and nerve compression symp-
toms. This leads to loss of quality of life, pain, and increased health costs.

Hypercalcemia is, among others, a severe manifestation of metastatic disease or
para-neoplastic events in breast cancer patients, related to high mortality risk. It is
considered oncologic emergency requiring rapid evaluation and treatment.

Bone metastases are diagnosed through imaging, such as CT scan, MRI, PET-CT,
and nuclear bone scans [26, 27]. A biopsy is usually required to confirm diagnosis and
can help determine the immunohistochemical assay. Analysis of sampled bone biopsy
needs more time because of preparation, which includes decalcification of the bone.
Therefore, many oncologists will collect biopsies from different organs, e.g., liver,
soft tissue, or lung. The receptor conversion rate (estrogen, progesterone and HER2
status) in bone metastases is much lower than in liver metastases. And this should
be taken into consideration when deciding treatment options. For patients with
breast cancer bone metastasis, this includes HER2-directed, endocrine-directed, and
chemotherapy options.

Established as standard of care more than 20 years ago, bisphosphonates still
remain a go-to drug for many oncologists in the daily clinical setting. Initial trials dem-
onstrated reduction of skeletal-bone-related events, including, but not limited to, pain,
as well as quality of life improvement for oncologic patients (See Table 2) [34-37].

Traditionally, standard application of zoledronic acid referred to dosing every
4 weeks, but newer trials showed that a deescalation to a 12 weekly based regime is as
feasible and did not worsen outcome.

7. Summary and conclusion

Bone health is an important topic in early and advanced breast cancer.
Bisphosphonates have been established in management of metastatic disease since
more than 20 years ago and have shown to clearly improve the outcome in patients
with bone metastasis. Since 2010, denosumab, an RANKL antibody, was also accepted
and adopted as standard of care in patients with metastatic breast cancer and bone
metastasis. Both options significantly reduce skeletal-bone-related complications and
are important therapeutic agents considered in metastatic breast cancer cases.

In early stages of breast cancer, bisphosphonates should be used in postmeno-
pausal women for improved outcome (recurrence risk and bone health including
prevention of osteoporosis) [14].

However, patients should be informed, before treatment initiation with these
agents, about possible side effects including osteonecrosis of the jaw (ON]J), pain, and
flu-like symptoms.

Nowadays, bisphosphonates and denosumab are internationally recognized as part
of standard practice in breast cancer treatment, and every physician should be aware
of their indications, therapy regimens, and possible complications.
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Chapter 6

Perspective Chapter:
Osteosarcomas of the Head
and Neck

Ingrid Plass

Abstract

Osteosarcomas of the head and neck (HNOS) are an infrequent disease, represent-
ing less than 10% of all osteosarcomas and 1% of all head and neck cancers. However,
they exhibit a different clinical behavior and natural history than extremities osteo-
sarcomas (OS), therefore requiring a specific study and analysis. Specifically, in head
and neck sites, OS have shown a different presentation age, reduced likelihood of
distant metastases, and a severely higher local recurrence rates. This may be due to
the difficulties in ensuring wide negative margins, given the multiple vital structures
surrounding tumors in this particular region. This singular features render HNOS a
different prognosis and prognostic factors, becoming a topic that should be assessed
independently, as they may need a different treatment approach than osteosarcomas
of the trunk or extremities.

Keywords: osteosarcoma, jaw osteosarcoma, head and neck, mandible osteosarcoma,
head and neck cancer, head and neck sarcomas, chemotherapy, radiotherapy,
oncologic surgery, reconstructive surgery

1. Introduction

Osteosarcomas (OS) are the most frequent primary malignant tumor arising in
the bone, formed by neoplastic cells that synthesize and secrete organic components
of the bone matrix, which may or may not be mineralized [1]. It usually affects long
bones, occurring in the craniofacial area in only 6-10% of cases and accounting for
less than 1% of all head and neck cancers [2-5]. However, it has a unique clinical
behavior, different from OS in other parts of the body, which grants head and neck
osteosarcoma (HNOS) a distinctive prognosis. This makes it a subject that should
be reviewed separately. However, given its infrequency, the evidence we have on the
subject is scarce, mostly based on retrospective studies and case series, and most of
its management approaches are extrapolations of the treatment established for long
bones OS.
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2. Epidemiology

OS itself is a rare tumor, accounting for less than 1% of all cancers diagnosed
annually in the United States [4], and osteosarcomas presenting on the head and neck
region are even more uncommon, with incidence approximately of 2-3 per million
persons per year [6].

In addition, OSHN has specific demographic characteristics at diagnosis.

While the peak incidence of extremity osteosarcomas occurs during adolescence,
HNOS generally presents at a later age, albeit with significant variability. According to
different series, HNOS usually presents between the third and fourth decade of life,
with a wide range. Kassier et al. [7], for example, in a meta-analysis of non-randomized
studies between 1980 and 1994 with 173 patients, report a median age of presentation of
36 years, with a range from 5 to 78 years. Smith et al. [8], in a review of the US National
Cancer Database (NCDB) cancer registry, with 496 patients diagnosed with HNOS
between 1985 and 1996, describes a median age at presentation of 38 years, with 41% of
patients aged 30-60 years, 35% younger than 30 years, and 24% older than 60 years. In
this study, it is also noteworthy that the age at presentation was strikingly lower in men
than in women (34 vs. 44 years respectively, p < 0.001). Finally, in a study conducted by
Lee et al. [9], published in 2015, using the Surveillance, Epidemiology and End Results
(SEER) cancer registry database to determine the epidemiology and prognostic factors
associated with osteosarcoma of the jaw (OSJ), with 541 patients (1973-2011), reported
an age at presentation with a median age of 41 years and a range of 0-91 years [9].
Furthermore, the demographic distribution of this study showed 75% where white, 17%
African-American, and 8% other races, and in terms of gender as a risk factor, in these
two large cohorts, the sex distribution was equal, with a 1:1 ratio [8, 9].

Regarding the clinical subsite, HNOS affects the jaw in more than 80% of cases, with
the mandible usually being the most common site [10, 11]. In the mandibular region, it
frequently involves the mandibular body and ramus, and in the maxilla, the upper alveo-
lar ridge, maxillary sinus floor, or hard palate. In fact, in a study by Guadagnolo et al. [10]
from MD Anderson, with 119 cases of craniofacial OS, they observed 45% mandibular
OS, disease in the mandible, 40% maxilla, calvarium 5%; paranasal sinuses 2%, hard pal-
ate, 2%; mastoid, 2%; skull base, 1%; zygoma, 1%; infratemporal fossa, 1%; and cervical
soft tissues 1%. However, some series report a slightly higher percentage in the skull and
facial bones, as in the Smith et al. [8] analysis of the NCDB where the majority of patients
(55.6%) had HNOS of the skull and facial bones, and HNOS of the mandible accounted
for 38.9%. Approximately 5% of patients had HNOS tumors in the other subsites, which
included the soft tissues of the head and neck, parotid gland, the nasopharynx, and the
tongue [8]. Likewise, in the SEER series by Lee et al. [9], the distribution of HNOS was
55.6% in the skull or facial bones and 44.4% in the mandible [9].

3. Risk factors

As for the risk factors described, genetic predisposition of young patients with
some specific genetic syndromes has been evidenced:

3.1 Syndromes associated with germline mutations in tumor suppressor genes

* Sd. Li-Fraumeni (p53): autosomal dominant disorder involving a germline
mutation of the p53 tumor suppressor gene. Affected individuals may suffer
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from breast cancers, soft-tissue sarcomas, central nervous system malignancies,
leukemia, and adrenocortical carcinomas [11]

* Retinoblastoma (Rb1, 13q14 deletion) [11]. Huber et al. in a retrospective analy-
sis of 14 patients between 1974 and 1999, reported four patients (28.6%) with
this history, with an average latency of 9 years (range 3-15 years) for OSHN [12].

3.2 Syndromes associated with germline DNA helicase mutations

* Rothmund Thomas Syndrome: a recessive autonomic genodermatoses presenting
with characteristic facial erythema (poikiloderma), short stature due to intra-
uterine and postnatal growth retardation, sparse hair, eyebrows and eyelashes,
juvenile cataracts, skeletal anomalies, radial axis defects, premature aging, and
predisposition to certain cancers, including OSHN.

* Werner syndrome: a rare autosomal disorder characterized by features of
premature aging that appears in the third decade of life. This disorder is known
to present with bilateral cataracts, short stature, graying and thinning of scalp
hair, characteristic skin disorders, and increased incidence of specific tumors,
including HNOS [13, 14].

* Sd. Bloom: a rare disorder associated with prenatal and postnatal growth defi-
ciency, an erythematous telangiectatic rash on the face and other sun-exposed
areas, insulin resistance, and predisposition to early-onset and recurrent cancer
in multiple organ systems.

3.3 Other risk factors

Association with different bone dysplasias has also been documented: fibrous
dysplasia, Paget’s dysplasia, and enchondromatosis [11].

* Fibrous dysplasia: a bone embryonic disorder in which normal bone is replaced with
a mixture of immature fibrous tissue and small fragments of immature trabecular
bone. The fibrous tissue proliferates within the bone marrow, compresses the cortex
from the inside, and produces the expansion that characterizes the disease.

* Paget Disease: relatively common metabolic bone disorder characterized by
increased rate of bone turnover, with increased bone resorption and deposition,
resulting in cortical and trabecular thickening. Clinically it presents as progressive
bone deformities, growth problems, fractures, vertebral collapse, increased skull
size, and sensorineural hearing loss. The incidence of osteosarcoma secondary to
Paget’s disease is not known, but it is estimated to be about 1%. This association
accounts for about half of the osteosarcomas reported in elderly patients [13].

* Enchondromatosis: also known as Ollier disease, it is a rare sporadic nonhereditary
skeletal disorder with development of multiple enchondromas distributed pre-
dominantly unilaterally or asymmetrically in the metaphyses of the long bones.

Additionally, HNOS has also been associated with trauma, bone infarcts, and
chronic osteomyelitis [13].
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Finally, one of the most strongly associated factors is a history of previous
radiotherapy. In fact, Patel et al. [15] reported on 44 patients treated at Memorial
Sloan-Kettering Cancer Center between 1981 and 1998: six patients (15%) had a
history of previous radiotherapy. Different authors describe that this would be
mainly for patients who received radiotherapy for leukemia or lymphoma, but no
correlation has been found with respect to low-dose radiation received for diagnos-
tic medical tests [13]. In a cohort study from Massachusetts general hospital [16],
with 47 patients, prior radiation to the head or neck was documented in 27% of
subjects and was statistically associated with decreased overall survival on univari-
ate analysis (p = .01).

In parallel, it is important to consider the epidemiology of the place where we
are observing the OS cases. For example, in a Chinese series reported by Luo et al.
[17] in 2019, with 37 patients with HNOS, 43% of them had a history of previous
radiotherapy for Nasopharyngeal Ca, given that the latter is an endemic disease in
that country.

4. Clinical presentation

Clinical signs and symptoms will depend on the location of the tumor, its size,
and growth rate. The vast majority of patients, up to 70-75%, present with local
swelling, associated with pain in more than one-third of patients. This may be
followed by facial dysesthesia in about 30% and loose teeth in about 15% [13, 16]. In
fact, in Patel’s et al. [15] series, up to 27% had infraorbital nerve paresis (V2). Other
manifestations include trismus, nasal obstruction or epistaxis, and/or headache,
depending on their subsite.

HNOS are tumors that usually report rapid growth, and on average the time of
presentation at consultation is 2-6 months [15].

Physical examination usually identifies a non-painful mass, fixed to the underly-
ing bone, and it is important to note that the mucosa and superficial soft tissue may
be normal or with some very slight alteration. The size can be variable, from an initial
tumor, as seen in Figure 1, showing a patient from our institution who consulted with
arelatively small swelling in right maxillary, hard, with bony consistency, in which
we can see a slight irritation of the mucosa, to an obvious enlargement and bone

Figure 1.
Initial presentation of a 35-year-old female patient with a maxillary osteosarcoma.
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Figure 2.
Locally advanced maxillary osteosarcoma on a 48-year-old male.

destruction, as we see on Figure 2, with a patient with significant involvement of the
maxillary bone and adjacent soft tissue.

In fact, in Guadagnolo’s et al. cohort [10], the median tumor size at presentation
was 5.5 cm with a range between 1 and 15 cm. However, large series [8] report tumors
smaller than 6 cm in 79%, with the majority being between 3 and 6 cm (41-44%),
with no significant differences according to anatomic site. According to Granowski-
LeCornu et al. [16], increasing tumor size was associated with decreased overall
survival (P = .0167).

In addition, although HNOS patients present normally with tumors in the
described size ranges, it is necessary to take into account that they are fast-growing
tumors, as we see in Figure 3 showing mandibular OS of the left retromolar trigone
at presentation (Figure 3a) and its growth in 3 weeks from the first consultation
(Figure 3b).

As part of the physical examination, the evaluation of possible cervical adenopa-
thies is mandatory; however, locoregional lymph node involvement in these patients
is very unusual [11].

Figure 3.
A 27-year-old male patient with osteosarcoma of the left mandible. (a) Patient on first consult and (b) same
patient 3 weeks later.
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5. Diagnosis

The diagnosis of HNOS is based on radiological and pathological findings. Most
tumors arise within the medullary cavity of the affected bone, with rare examples
developing on the bone surface [1].

It constitutes a diagnostic challenge due to its rare occurrence, diverse clinical
presentation, and the fact that typical radiological features may not always be pres-
ent, which can often lead to misinterpretation of lesions or delay in diagnosis.

5.1Imaging tests

Specific features have been described for these bone tumors on radiographs, CT,
and MRI scans.

The effort in the evaluation of HNOS imaging should focus on searching for
specific radiological features that may point to the diagnosis of HNOS, assessing bone
involvement and destruction, evaluating the extent of adjacent soft tissue involve-
ment, and ensuring the resectability of the tumor. And finally, but most importantly,
looking for possible distant disease, especially pulmonary metastases. An initial
diagnosis of HNOS should be considered when tumors with matrix mineralization are
present early in the fourth decade of life.

The radiologic appearance of HNOS depends on the interplay of three processes:
bone formation and mineralization, bone destruction, and periosteal bone forma-
tion. On plain radiography, an ill-defined radiolucent lesion is usually seen. Early
tumors may show a symmetrical widening of the periodontal membrane space about
one or more teeth (Figure 4). Indeed, Lindquist et al. reported that the widening of
periodontal ligament space and inferior dental canal, together with sunburst effect,
is almost pathognomonic of osteosarcoma of jaw bone [17]. Figure 4 shows X-rays of
the patient presented in Figure 1.

CT and MRI both have their own superiorities in detecting osteosarcoma, and
the combination of CT and MRI has proven to improve the diagnostic accuracy for
patients suffering from HNOS. Key points that are important when analyzing a CT
and MRI scan for a possible HNOS are summarized below.

On CT, key points include assessing:

* The extent of bone involvement and pattern of bone destruction (lytic/mixed or
sclerotic lesions).

* Cortical evaluation and periosteal reaction, which can be aggressive (e.g., lamel-
lar or spiculated) vs. non-aggressive or none.

* Presence of matrix mineralization (identification of high density osteoid
matrix).

* Tumor size and tumor margins (well or ill-defined)
* Possible presence of prior bone disease.

* Evaluation of possible distant metastasis (mainly lung).
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Figure 4.
Radiographic imaging of patient showed in Figure 1, a 35-year-old female with a maxillary osteosarcoma.

HNOS primarily exhibits osteolysis and/or osteoblastic destruction, as well as
having an irregular tumor margin on CT imaging. According to Luo et al. [18], in CT,
more than 97% of patients have some degree of bone destruction, presenting lytic
(43%), sclerotic (19%), or mixed lytic-sclerotic (35%) lesions, with or without soft
tissue involvement (Figure 5). The mixed and sclerotic radiological pattern in the
head and neck region is highly suggestive of osteosarcoma, with differential diagnosis
of metastasis, lymphoma, and chondrosarcoma (Figure 5). In purely lytic lesions,
the diagnosis can be difficult, as osteosarcomas that mimic hollow areas without new
bone formation cannot be differentiated from metastatic disease radiographically. For
HNOS, primary features are local or patchy high-density shadows in the medullary
cavity with varying degrees of bone destruction and matrix mineralization. In the
series of Luo et al., matrix mineralization was present in (86.5%), and high-density
osteoid matrix is found in 86% of lesions [15].

It is important to evaluate the cortical, as it can be invaded and eroded by the tumor,
which extends into the soft tissues, frequently eliciting a periosteal reaction. The pat-
tern of periosteal reaction can be classified as aggressive or non-aggressive according
to Rana et al. [19]. Aggressive reactions include laminated, spiculated (hair-on end,
sunburst), disorganized, or Codman triangle reaction patterns, while non-aggressive
periosteal reactions include thin, solid, thickly irregular, or septated patterns. Up to
70-87% of the cases have an aggressive periostic reaction [1, 15]. However, sometimes,
the tumor grows expanding the bone but without violating the cortex, or it can have a
homogeneously radiodense surface, well demarcated from the soft tissues, resembling
an osteoma, which may hinder diagnostic suspicion. In the extremities, the Codman
triangle signifies subperiosteal bone formation. This feature is less frequent in the head
and neck, where the classic “sunburst” appearance of malignant osteoid formation is
observed, forming radiopaque striations arising from the tumor.
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Figures.
Computed tomography of patient showed in Figure 1, a 35-year-old female with a maxillary osteosarcoma.

The rest of the regional bone structure should be examined as previous bone
diseases are found in up to 8% cases [15].

Figure 5 shows CT imaging of the patient presented in Figure 1.

On MRI, key points include assessing:

* Presence of soft tissue involvement.
* Size of the mass (measurement of longest diameter).

* Signal intensities of the mass on T1- and T2-weighted images (classified as low,
isointense, or high) compared with those of normal bone marrow

* Contrast-enhanced images (classified as homogeneous, heterogeneous, or with
peripheral enhancement).

MRI allows a better evaluation of possible soft tissue involvement and relationship
with anatomical structures, including the skull base, being crucial to determine the
resectability of a tumor in some subsites.

MRI depicts soft tissues and bone marrow infiltration (medulla) better than CT
imaging, showing cortical destruction and expansive masses. HNOS tumors may
present with low or heterogeneous signal intensities on T1-weighted images and high
or heterogeneous signal intensities on T2-weighted images. However, features of
osteoblastic HNOS on MRI scans are nonspecific and often indistinguishable from
those of other types of sarcoma with T2 hyperintense signals and heterogeneous post-
contrast enhancement. Nevertheless, the peripheral rim enhancement observed on
Gd-enhanced MR images supports the diagnosis of chondroblastic HNOS [16].

Also, non-enhanced and Gd-DTPA-enhanced MR also allows to evaluate intra-
medullary involvement and to differentiate osteoid matrix and necrotic, hemorrhagic
or mucosal content, especially useful in sinonasal subsites. And of course, it also
allows to determine the possible neural invasion.

All these features make MRI an important tool that should be considered for
the assessment of biopsy taking, preoperative surgical planning, and eventually for
adjuvant radiotherapy planning.

Imaging also plays an important role in the evaluation of possible distant metas-
tases, for which the best tool remains PET CT, followed perhaps by a combination of
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CT + bone scintigraphy. It is important to note that in HNOS distant disease is less
frequent than that observed for OS of long bones, occurring in about 5% of patients at
diagnosis and affecting mainly the lung [11].

5.2 Histology, subtypes, and histological grade

The varied radiographic appearance of this lesion highlights the importance of
histopathologic analysis in the diagnosis of osteosarcomas.

5.2.1 Cytology

As stated before, diagnosis is based on imaging and tissue histology. However,
cytology obtained through a fine needle aspiration (FNA) has been described and
could be useful to make a first diagnostic approach to a high-grade sarcoma. On a
series reported by Fleshman et al. [20], with 91 patients who had an FNA reporting a
high-grade sarcoma, despite only 4% were head and neck tumors, the diagnosis was
confirmed by core needle biopsy, open biopsy, or excision with 8% of them being
osteosarcoma and an overall diagnostic accuracy of FNA of 91%, an VPP 97%, and
sensitivity of 94%. Nonetheless, current practice normally states that FNA biopsy
could be used to confirm or rule out local disease recurrence or metastasis in a known
sarcoma patient, but never for an initial sarcoma diagnosis or to perform a major
resection based on FNA diagnosis.

5.2.2 Histology

The gold standard in the diagnosis of osteosarcoma is tissue histology, from an
incisional or open biopsy.

The diagnosis of osteosarcoma is based on recognition of osteoid production by
tumor cells [13, 19]. Besides the production of osteoid and immature bone, histologi-
cal features are the presence of neoplastic cells showing anaplasia with epithelioid,
plasmacytoid, or spindle aspects and the growth with a permeative pattern, filling the
marrow space surrounding and eroding preexisting trabeculae.

Of note, it is important to highlight that osteoid and immature bone can generate
confusion in the differential diagnosis of low-grade carcinomas and other conditions
of fibro-osseous lesions that may contain osteoid, such as ossifying fibromas, espe-
cially in pediatric patients.

This allows solving sampling errors, histologic heterogeneity, and necrosis that can
be often found in a sarcoma sample. Also, it often grants a reliable mitotic count and
estimation of the percentage of necrosis, thus permitting accurate grading.

Grossly the tumors are gritty, tan-white, and sometimes myxoid. They destroy the
underlying bone with or without soft tissue extension [1].

Histologically, osteosarcomas are matrix-producing tumors that contain neoplastic
osteoblasts that produce bone. These osteoblasts are highly pleomorphic and/or may
be spindled, epitheloid, plasmacytoid, round, or a mixture of all the above (Figure 6).
Approximately, half of all osteosarcomas present as high-grade lesions [1].

On small biopsies, it can sometimes be difficult to distinguish osteosarcoma from a
fibro-osseous lesion. In those instances, the presence of an infiltrative growth pattern
can be helpful as it is seen in osteosarcoma, but not in benign lesions [13]. According
to the WHO 2017, immunohistochemistry such as Ki67, Mdm?2, and cdk-4 is useful in
diagnostic confirmation for inconclusive cases.
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Figure 6.
Histology of patient shown in Figure 1, a 35-year-old female with a maxillary chondroblastic osteosarcoma.
Courtesy of Dr. Cristobal Araya.

5.2.3 Histological subtypes

Histologically, osteosarcoma is divided into the central (intramedullary) and
peripheral (surface) subtypes.

5.2.3.1 Central savcomas

The main type of central osteosarcoma is the conventional osteosarcoma.
Conventional osteosarcoma arising in the head and neck region has the same histo-
logic appearance seen in other locations, being composed of malignant neoplastic
cells and lace-like deposition of bone.

Depending upon the predominant-type extracellular matrix present (osteoid,
cartilage, or collagen fibers produced by the tumor), conventional OSs are classified
into osteoblastic, chondroblastic, and fibroblastic subtypes [13]. All of these subtypes
of osteosarcomas can occur in the jaw bones [1].

* Osteoblastic OS is microscopically characterized by malignant-appearing osteo-
blasts arranged on a matrix consisting mainly of compact bone. Large amount of
osteoid is identified on the sample.

* Chondroblastic OS has a lobular architecture consisting of a cartilaginous
matrix with lacunae surrounded by hypercellular regions in which malig-
nant spindle cells are arranged. It has minimal osteoid component, thus in
many chondroblastic osteosarcomas, with minimal bone production, it may
be difficult to distinguish between an osteosarcoma and a chondrosarcoma
(Figure 6).

* Fibroblastic OS is the least common variant. It shows the morphology of a malig-
nant spindle cell neoplasm, in which the only indicator that it is an osteosarcoma
is the scarce identifiable osteoid. The tumor usually has a mixed morphology that
becomes hard to differentiate from fibrosarcoma [19].

Traditionally, it has been reported that osteoblastic and chondroblastic subtypes
are the most common subtypes. Osteoblastic HNOS have been reported to account for
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up to 75% of the cases, leaving fibroblastic subtype as the least frequent representing
3-15% of the cases [8, 9, 15].

5.2.3.2 Peripheral sarcomas

Peripheral osteosarcomas are represented by parosteal, periosteal, and high-grade
surface.

Osteosarcomas occasionally affect the jaw. The most frequent is parosteal (or jux-
tacortical) osteosarcoma, which represents less than 5% of all osteosarcomas. It is well
differentiated and characterized by spindle cell stroma with minimal atypia and rare
mitotic figures separating irregular trabeculae of woven bone, arranged in a parallel
manner. Even in histopathology, peripheral osteosarcoma could have osteoblastic,
fibroblastic, or chondroblastic differentiation.

Approximately 10-25% of parosteal osteosarcomas dedifferentiate into high-grade
osteosarcoma with a corresponding worsening of prognosis [13].

Figure 6 shows the histology of the patient presented in Figure 1.

5.2.4 Histological grading

Histologic grade is a key part of the microscopic description of a HNOS, as it has
been shown to be an independent prognostic factor. Its importance is such that nowa-
days, it constitutes part of the information required for staging. However, there are still
substantial differences in the various expert groups on how to measure and report it.

Some authors report tumors as classified into high and low grade, as others use
three categories: high, intermediate, and low. The large series to date report the histo-
logic grade in four levels, with low grade being levels 1 and 2 and high grade, levels 3
and 4 [8, 9]. In addition, apart from different classification groups in terms of grade,
there is high interobserver variability, thus making the grading reproducibility poor.

As far as consensus is concerned, cellularity and mitosis are the most important
criteria used for histological grading. In general, the more cellular a tumor is, the
higher is the grade. With increased cellularity, tumor loses the trabecular bone
architecture and more nuclear atypia appears. Irregularity of the nuclear contour,
enlargement, and hyperchromasia of the nuclei are correlated with grade.

Some authors state that the majority of HNOS are high grade [6]. Ha et al.
reported up to 76.9% high-grade HNOS in a series of 27 patients [21]. Similarly grade
was reported on 60 of 119 patients treated at MD Anderson Cancer Center, informing
low grade on 22%, intermediate on 15%, and high grade on 63%. However, on larger
series, high-grade tumors represent about 30-40% of the cases. On the.

series by Lee et al., analyzing the SEER database on 2011, with 541 HNOS patients,
40.9% of all tumors were diagnosed to be high grade at presentation, 19.6% low
grade, and 39.5% were unknown [9]. In Smith et al. analysis of the NCDB database on
1996, with 496 cases, tumor grade was reported for 47.4% of the patients, a propor-
tion that increased from 39.6% in the first years (1985-1991) to 55.9% in the later
years (1992-1996), probably as the importance of histologic grading on treatment
planning and prognosis became evident. In this study, of the patients with a reported
grade, 38.3% had well-differentiated or moderately well-differentiated tumors,

35.7% had poorly differentiated tumors, and 26.0% had undifferentiated tumors.
Interestingly, authors also report that the percentage of high-grade tumors increased
as tumor size increased. Also, although mandibular tumors were distributed evenly,
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with 46.9% low-grade tumors (Grade 1-2) and 53.1% high-grade tumors (Grade 3-4),
a greater percentage of skull and facial bone tumors were high-grade lesions (67.4%
and 70%, respectively) [8].

5.2.5 Immunohistochemistry

Immunohistochemistry (IHC) plays an important role in clarifying the differen-
tial diagnoses between low grade sarcomas and fibro-osseous lesions and between
chondrosarcoma and chondroblastic OS.

Focal positivity with CD68 suggests fibrohistiocytic nature of the tumors to be one
of the variants of OS. Previous studies have analyzed the clinicopathological features
and immunohistochemical expression of p53, MDM2, CDK4, PCNA, and Ki67 pro-
teins in head-and-neck OS and found PCNA as one of the most favorable prognostic
markers [1].

The immunohistochemistry such as Ki67, MDM2, and CDK4, is useful in diagnos-
tic confirmation for inconclusive cases. Yoshida et al. reported that the combination
of MDM2 and CDK4 by immunohistochemical analysis shows 100% sensitivity and
97.5% specificity for the diagnosis of low-grade OS and reliably distinguishes low-
grade osteosarcoma from benign lesions [22].

IHC will show chondrosarcoma to be positive for S100 and vimentin and negative
for cytokeratin and epithelial membrane antigen (EMA). Chondroblastic OS will be
positive for vimentin, EMA, S§100, and rarely cytokeratin.

Fibroblastic OS will be positive for vimentin and S100 negative, thus ruling out
the neural tumors [1]. Osteonectin and osteocalcin have been widely used to study
OS. Osteocalcin is specific for osteoblasts, whereas the osteonectin is not specific
for osteoblasts, but consistently immunostained other cell types such as fibroblasts,
pericytes, endothelial cells, chondrocytes, basal layer of the skin epithelium, nerves,
and osteoclastic giant cells [23].

6. Staging

Unlike the vast majority of cancers, in OS, the staging system must incorporate
not only local and distant spread, but also the degree of differentiation, in order to
estimate the prognosis of the patient.

The commonly used lymph node metastasis (TNM) staging system is not
commonly used for HNOS because they are unlikely to metastasize to lymph
nodes. Also, the current version has been tailored for OS long bones, so it is not
entirely applicable to the head and neck region, for example, the tumor size for T1
is up to 8 cm, which in this anatomical subsites generally represents a very locally
advanced tumor (Table1).

The most commonly system used most often to formally stage bone sarcomas is
known as the Musculo-skeletal Tumor Society (MSTS) or Enneking system [13]. It is
based on the grade (G) of the tumor, the local extent of the primary tumor (T), and
whether or not it has metastasized to regional lymph nodes or other organs (M). The
extent of the primary tumor is classified as either intra-compartmental (T1), which
refers to the tumor remaining confined to the subsite in which it originated, or extra-
compartmental (T2), meaning it has extended into other nearby structures. Tumors
that have not spread to the lymph nodes or other organs are considered M0, while
those that have spread are M1 (Table 1) [25].
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Definition of primary tumor (T)

Definition of regional lymph node (N)

T category T criteria N category N criteria

Tx Primary tumor cannot be assessed Nx Regional lymph node cannot
be assessed

T1 No evidence of primary tumor NO No regional lymph node
metastasis

T2 Tumor <8 cm in greatest dimension N1 No regional lymph node
metastasis

T3 Tumor >8 cm in greatest dimension

T4 Discontinuous tumors in the

primary bone site

Histologic grade (G) Definition of distant metastasis (M)

G G definition M category M criteria

Gx Grade cannot be assessed MO No distant metastasis

G1 Well differentiated, low grade M1 Distant Metastasis

G2 Moderately differentiated, high Mila Lung metastasis

grade

G3 Poorly differentiated, high grade Mib Bone or other distant sites

metastasis
Table 1.

AJCC 8th edition TNM staging for bone sarcomas [24].

In summary, with this staging system, low-grade tumors are defined as stage I,
regardless of extend of primary tumor, high-grade tumors as stage II, and metastatic
tumors (regardless of grade) as stage III (Table 2).

At presentation, Lee et al. describe 18.5% of patients with stage IA disease; 0.7%,
stage IB; 24.4%, stage I1A; 2.2%, stage IIB; 10.7%, stage IlI, stage IVA, or stage IVB
(advanced disease); and 43.5%, unknown stage [9]. In Smith’s et al. analysis of the
NCDB, of the 487 patients with tumors that could be staged, an AJCC stage was
recorded for only 56.1%, of which 90.1% of patients with locally confined (Stage I

Stage Primary tumor (T) Regional lymph node (N) Distant Histologic grade
metastasis (M) @)

1A T1 NO MO Glor Gx
IB T2orT3 NO MO Glor Gx
IIA T1 NO MO G2 or G3
1IB T2 NO MO G2 or G3
III T3 NO MO G2 or G3
IVA AnyT NO Mla Any G
IVB AnyT N1 AnyM Any G

AnyT Any N Mib Any G

Table 2.

AJCC 8th edition prognostic stage groups for bone stage primary tumor (T) savcoma in the appendicular skeleton,

trunk, skull, and facial bones.
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45%, stage II 38.9%, stage III 6.2%, and stage IV 9.9%). Interestingly, in this study,

a difference was noted with regard to stage distribution by tumor location, with
mandibular tumors being more likely to remain localized than skull/facial bones
(92.7 vs. 82.8%, p = .032) and the other craniofacial bony sites showing higher rate of
metastases of metastases than mandible (10.5% vs. 3.3) [8].

7. Treatment alternatives

Overall, HNOS are rare tumors that present unique treatment challenges. Due to
its infrequency, most studies on the subject are retrospective analyses of small cohorts
that utilize multiple treatment modalities, thus most treatment strategies are dictated
by the existing knowledge of OS in long bones, and a variety of approaches are being
applied without a standardized method of comparing relative outcomes and an
answer for which the optimal treatment modality remains inconclusive.

Moreover, as stated before, HNOS has major differences from OS in the rest of the
body, which could mean the need for a different treatment approach. HNOS presents
at an older age than OS of long bones, has a lower metastatic potential, but a markedly
higher rate of local recurrence.

Nevertheless, surgery remains the cornerstone of treatment, and negative margins
the main prognostic factor and the only way to ensure locoregional control.

7.1 Surgery

The impact of impact of surgical treatment on 5-year disease-specific survival is
dramatic and was evidenced on the analysis of the NCDB [8], where patients who did
not undergo surgical therapy had a markedly worse survival. Patients who underwent
surgery alone and surgery plus chemotherapy demonstrated similar 5-year survival
rates (74.7% and 71.3%, respectively). In comparison, nonsurgical therapy resulted in
a21.7% 5-year survival [8].

However, surgical success in these patients represents a real challenge, as ensuring
negative margins can be difficult, because of the anatomical complexity of the region,
tumor resections are occasionally incomplete. Local recurrences and intracranial
invasion have long been reported as the major causes of treatment failure due to
incomplete neoplasm resection.

Furthermore, in addition to the presence of noble structures surrounding the tumor
and the significant rate of irresectability that we can find in these fast-growing tumors,
the lack of consensus on what we define as “adequate margins,” “close margins,” or
“insufficient margins” also poses a problem. Obtaining disease-free resection margins
is of course imperative, to avoid the risk of local recurrence; however, adequate margins
of several centimeters, usually required for long bone OS, are often not achievable on
HNOS since resecting few millimeters more often means endangering pivotal functional
structures, with a noticeable decrease in the patients’ quality of life.

Of course, this may vary by tumor subsite, and the rationale and surgical treat-
ment planning will depend on the location. It has been documented that mandibular
tumors have a significantly higher chance of achieving a wide negative margin,
probably because these tumors are detected earlier than in other bones of the skull/
face and because larger resections can be performed with less damage to surrounding
noble structures and with better chances of functional reconstruction [7, 16].
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On the other hand, while intraoperative determination of resection margins might
represent a useful tool in other head and neck malignancies, osteosarcomas do often
pose a significant challenge for the surgeon as intraoperative pathological examina-
tion does not indeed allow for the assessment of bone margins. Only soft tissue
margins can be assessed through the intraoperative consultation, thus the need to
wait for final pathology report to assess adequate margins.

Anyhow, surgery should be discussed even though we can only provide a close but
negative margin and not a wide free negative margin of safety as desired.

According to Ha et al., a positive margin will mean a drop on overall survival
from 75-35% (P = .008) [21]. In a meta-analysis by Smeele et al. [26], in 1998, it was
already state clearly that patients benefit on overall and disease-free survival when
complete resection was achieved versus incomplete resection (P < .001). The latter
group was still better off compared with those who did not undergo resection at all
(P <.01). Survival curves show a dramatic drop on overall survival from around
50% at 5 years for complete resection to less that 25% at 3 years for incomplete
resection.

When discussing the management of the neck, it is widely agreed that regional
spread of osteogenic sarcomas is rare, thus prophylactic dissection of NO patients
is not indicated, regardless of histologic grade or tumor size. Therefore, selec-
tive neck dissection is only indicated in patients with clinical/radiologic nodal
metastases [5].

Although there is no general consensus, nodal localization should be treated
surgically and should be considered an adverse feature when evaluating adjuvant
treatments.

Unlike in the management of most other head and neck cancers, prophylactic
neck dissection is not advised for high-grade or large osteosarcomas of the head and
neck region.

Further research in this regard would be advisable, though, as the only data avail-
able on this matter are now old and suggest that prophylactic lymph node dissection
has a detrimental effect on patients overall survival [27, 28].

Figure 7 shows the surgical resection, osteo-integrated implants, and reconstruc-
tion of patient presented in Figure 1, a 35-year-old female with a maxillary chondro-
blastic osteosarcoma, and Figure 8 shows the surgery for patient shown in Figure 3, a
27-year-old male patient with osteosarcoma of the left mandible.

Figure 7.
Surgical resection, osteo-integrated implants and veconstruction of patient presented in Figure 1, a 35-year-old
female with a maxillary chondroblastic osteosarcoma.
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Figure 8.

Su%gery for patient shown in Figure 3, a 27-year-old male patient with osteosarcoma of the left mandible. (a)
3D model for preoperative surgical planning. (b) Surgical tumor excised (left mandibulectromy). (c) Mandibule
with the cutting guide for medial osteotomy and surgical defect after mandibulectomy. (d) Fibula-free flap
harvested for veconstruction according to surgical preoperative planning and flap in-situ on left mandibule defect.

7.2 Chemotherapy

Surgery still is the main therapeutic modality for cure on HNOS. However, many
trials indicate the benefit of adjuvant chemotherapy in improving survival of patients
with extremity OS. Treatment approach for this disease had a major shift when sev-
eral studies evidenced that chemotherapy improved significantly overall and disease-
free survival [29]. Link et al. evidenced an improvement on 2 years of disease-free
survival from 17 to 66% with the addition of chemotherapy to the treatment of long
bones OS [30]. After that, implementation of standardized treatment protocols
involving both neoadjuvant and adjuvant chemotherapy has resulted in significantly
improved overall survival up to 60-80% for extremity osteosarcomas, compared with
10-20% with surgery alone [31, 32]. Multimodal treatment has also shown to improve
disease-free survival, and some trials on the role of neoadjuvant chemotherapy were
even successful on facilitating limb preservation in selected patients [33].

However, these trials repeatedly avoided enrolment of head and neck cases
because of significant difference in clinical presentation, course of disease, prognosis,
and the need for multidisciplinary treatment.

There are few retrospective studies, meta-analyses, or reviews that assess the
role of chemotherapy specifically in HNOS; however, they have shown conflicting
results [26, 32, 34-38]. In addition, these studies have small samples and use different
chemotherapeutic agents or their combinations, which limits the evaluation of che-
motherapy as an independent factor impacting treatment outcomes and prognosis. As
aresult, the benefit of chemotherapy remains unclear.

Guadagnolo et al. studied 119 patients with HNOS and failed to find a survival
benefit in patients who received chemotherapy plus surgery versus surgery alone
[10]. Chen et al. reported comparable findings in their study of 160 patients with
HNOS [39].
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On the contrary, Smeele et al. published on 201 patients with HNOS treated
between 1974 and 1994 and did found a statistically significant survival benefit in
patients who underwent chemotherapy and surgery versus surgery alone, on overall
survival and disease-free survival. Moreover, chemotherapy was found to increase
survival even in those cases of incomplete surgical resection [26].

In 2017, Boon et al. on a retrospective single-institution study of 77 patients with
HNOS, where 30 patients received chemotherapy, reported an improved disease-free
survival of 33% vs. 67% with addition of neoadjuvant/adjuvant chemotherapy in
HNOS vs. non-chemotherapy treated patients, while the overall survival and disease-
free survival were non-significant when all other cofactors were analyzed [34], a similar
observation was made by Thariat et al. [35] in mandibular osteosarcomas. Nonetheless,
the study by Boon et al. [34] did demonstrate a significant improvement in local recur-
rence rates among patients with intermediate or high-grade tumors, aged younger than
75 years, who received chemotherapy, in both univariate and multivariable analyses,
postulating that the benefit of chemotherapy is thereby likely to depend on individual
tumor characteristics, including grade and the presence of positive surgical margins.

While the Cooperative Osteosarcoma Study Group (COSS) protocols (neoadjuvant
chemotherapy plus surgery plus adjuvant chemotherapy) have demonstrated signifi-
cantly better disease-free survival in patients with extremity osteosarcoma, there is
no consensus as to whether this treatment approach provides a survival benefit in
patients with HNOS and timing of chemotherapy in HNOS continues to be heavily
debated [7, 8, 26].

In 2021, a study by Shim et al. [32], using data from the NCDB with HNOS from
2004 to 2016, demonstrated a shift in treatment trends since the last HNOS-specific
retrospective NCDB analysis was completed in 2003 [8], which mirrors treatment
approach of extremity OS, showing a steady increase in the utilization of neoadju-
vant and adjuvant chemotherapy in addition to surgery, with fewer patients being
treated with surgery alone. However, interestingly, with no corresponding changes
in estimated 2-year and 5-year overall survival, as they did not demonstrate a long-
term survival benefit for HNOS patients treated with perioperative chemotherapy
or radiation therapy in addition to surgery. Nonetheless, this study, which included
694 HNOS patients for the treatment analysis, found that patients treated with
neoadjuvant chemotherapy and surgery plus adjuvant chemotherapy demonstrated
significantly improved survival in the first 18 months after treatment compared with
patients treated with surgery alone, although there was no difference in OS [32]. This
observed trend in early survival could be due, in part, to benefits of neoadjuvant
chemotherapy in decreasing the confines of the tumor, allowing for a more complete
surgical resection. Anyhow, early increases in survival dissipate beyond 5 years after
treatment. This phenomenon is perhaps a result of the tumor’s propensity for local
recurrence and progression, to which patients eventually succumb.

As explained before, complete resection with negative margins is essential to
adequately treating osteosarcoma. While this is relatively straightforward in extremity
osteosarcoma, HNOS present unique anatomic challenges to RO resections. Thus, neo-
adjuvant chemotherapy could help by shrinking the primary tumor burden, allowing
higher rates of negative surgical margins, thereby reducing rates of local recurrence.

On the other hand, for OS, the rationale for adjuvant chemotherapy is treating
occult disease and preventing distant metastases, which are common in extremity
osteosarcomas (up to 44-49%), 9,15, with pulmonary micro metastases known to be
present up to 80%. Unlike long bones OS, HNOS metastasize much less frequently
(7-17%), with disease progression or failure more likely due to local recurrence [13].
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The study by Shim et al. [32] found only 39 out of 1035 (3.8%) HNOS patients in their
cohort with metastatic disease. Given the lower metastases rates in HNOS in compari-
son to extremity osteosarcoma, caution should be used before extrapolating treatment
protocols aimed at preventing distant metastases as adjuvant therapy is associated with
several adverse effects, including increased risk of secondary malignancy.

Finally, the moment in which to administer chemotherapy in HNOS remains under
discussion. Neoadjuvant chemotherapy reported a poor response (a good response
being <10% viable tumor) in the COSS study group in 66% of patients in a subgroup
of maxillofacial OS patients (n = 16) [40]. However, it becomes important to assess
the results from studies specifically focusing on the use of neoadjuvant chemotherapy
on HNOS. Thariat et al. [35] evidenced improvement on disease-free and metastatic-
free survival and an increased in clear margins rates from 50% to 68% with the use
of neoadjuvant chemotherapy for HNOS. Miicke et al. also evidenced, in 2014, that
neoadyuvant chemotherapy improved survival for HNOS versus surgery alone and
proved to be an independent factor impacting survival on multivariate analysis [37].
Thus, Neoadyuvante Chemotherapy allows for the determination of percent tumor
kill at the time of surgical resection and guides requisite changes in chemotherapeutic
regimens after surgery; furthermore, it allows the evaluation of response to che-
motherapy, and this may be useful as a prognostic marker or to determine adjuvant
treatment [16, 36].

As for the chemotherapeutic agents studied and validated for use, Cisplatin,
Doxorubicin, Adriamycin, Ifosfamide, Methotrexate, cyclophosphamide, and
leucovorin are described in different combinations and schemes.

In summary, chemotherapy has shown to improve survival when added to surgery
as multimodal treatment for selected tumors; however, the moment of administration
(adjuvant vs. neoadjuvant) is still debated.

Figure 9 shows the final appearance, 6 months after surgery and chemotherapy,
of patient presented in Figure 1.

7.3 Radiotherapy

It has been stated that conventional osteosarcoma is relatively resistant to RT; how-
ever, RT may have the positive effect of reducing the rate of local recurrence [41, 42].

Generally, radiotherapy (RT) is indicated only in HNOS patients who have close or
positive resection margins [6], as the combined treatment of surgery and radiother-
apy has shown to have impact on local control and on disease-free survival on HNOS

Figure 9.
Appearance 6 months after treatment (surgery and chemotherapy) of patient presented in Figure 1, a 35-year-old
female with a maxillary chondroblastic osteosarcoma.
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patients with unknown or close margins [10]. However, its impact on overall survival
has evidenced conflicting results [43].

Guadagnolo et al. studied on 119 patients, of which 92 underwent surgery alone
and in the other 27 cases surgery was followed by RT [10]. They revealed on a mul-
tivariate analysis that only the margin status predicted overall survival. Analysis by
resection margin status demonstrated that the combined use of surgery and 55-60 Gy
dose radiotherapy was superior to surgery alone and could improve overall survival
(80 vs. 31%) and disease-free survival (80 vs. 35%) in patients with positive or uncer-
tain margins. Moreover, the addition of adjuvant RT did not improve local control
for those with negative margins but did improve local control for those with positive
or uncertain margins, concluding that this high-risk group is inclined to get the best
results, while no advantage is expected for patients with negative margins. However,
the rates of RT-associated complications were 40% and 47% at 5 years and 10 years,
respectively, and severe RT complications were observed in five (19%) of 27 patients.

In addition, while the evidence supports the use of RT in patients with positive
or uncertain surgical margins, the role of combined adjuvant chemoradiotherapy
is not established [10]. Some experts alternatively offer chemoradiation, typically
with concurrent cisplatin as a radiosensitizer [41], extrapolating from the treatment
approach used for squamous cell carcinoma of the head and neck. However, since
there are limited data to support the use of chemoradiation in HNOS, the decision to
use it should be made in a multidisciplinary setting. If both adjuvant chemotherapy
and RT are being used, some groups chose to delay RT until the end of adjuvant
chemotherapy.

The optimal dose for RT on HNOS is probably similar to that used for carcinomas
and is the one commonly reported to be used in different series.

The use of heavy-particle radiation such as proton beam or carbon ion therapy is
promising, particularly in patients with unresectable HNOS [44]. Proton therapy may
offer some benefit to those with skull base lesions, allowing to reduce the dose to the
eye and central nervous system, decreasing the risk of long-term complications [6].

There is also concern for increased risk of long-term complications of adjuvant che-
motherapy and radiotherapy, including development of secondary malignancies [5, 10].

In summary, key points in the treatment of HNOS:

* The treatment for HNOS cannot be extrapolated directly from that of OS in
extremities, due to substantial differences in its biological behavior.

The rationale of implementing neo/adjuvant chemotherapy is always questioned
as it has a notoriously lower rate of distant metastasis, and the need for a complete
resection becomes increasingly important as it has greater failure due to local
recurrence.

* Surgery remains the cornerstone of treatment.

* Low-grade tumors could be candidates for exclusive surgical treatment.

* Regardless of whether the planned approach is uni or multimodality treatment,
the effort must be placed on achieving a complete resection, since positive or

close margins have an important impact on survival.

* Controversy persists as to what we define as adequate margin.
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* In high-grade and advanced-stage tumors, multimodality treatment using
surgery and chemotherapy is accepted as standard and has shown to improve
survival outcomes vs. surgery alone. However, the order in which treatments
provide the greatest benefit is not yet clearly established. This controversy is
especially centered on the management of resectable tumors, since unresectable
tumors will probably be approached primarily with chemotherapy, which may
also serve as a prognostic marker.

* Controversy persists as to when to indicate chemoradiotherapy, but the indica-
tion for adjuvant radiotherapy is fairly well accepted in HNOS patients with close
or positive margins.

8. Prognostic factors

Unfortunately, regardless of the treatment regimen, survival of patients afflicted
with osteosarcomas of the head and neck remains poor.

While there are several single and multicenter studies reported, population data
are scarce and controversial. On a literature review by Mendehall et al. [6] in 2011,
overall survival shows a very wide range among the different series, going from 24 to
86% at 5 years. In Smith et al. [8] NCDB study with 496 patients, the 5-year disease-
specific survival was reported to be 59.7%, for patients who were diagnosed with
HNOS between 1985 and 1991. Similarly, in Lee et al. [9] cohort of the SEER tumor
registry, with 541 patients, the 5-year overall and disease-specific survival were 52%
and 62%, respectively, and the 10-year overall and disease-specific survival were 35%
and 54%, respectively, with a median overall survival of 8 years.

Both of this large series report multiple patient, tumor, and treatment factors that
were associated independently with a significantly worse survival. These risk factors
included: skull or facial bone sites (vs. mandible); age older than 60 years; tumor size
>6 cm; osteoblastic/NOS histology; high histological grade; advanced stage at presen-
tation; nonsurgical initial therapy; and the presence of residual disease after surgical
resection [8, 9].

Different series confirm the finding that mandibular tumors appear to have a bet-
ter prognosis than maxillary tumors, showing significant difference in the metastatic
rate and local recurrence [8, 9, 16]. The median overall survival for osteosarcoma of
the mandible has been reported to be 10.4 years vs. 6.3 years for osteosarcoma of the
skull/facial bones, including the maxilla [9]. This may be due to a greater metastatic
potential in more vascularized sites such as the maxilla and skull base and/or to a
more economical resection in these areas, compared with the mandible, with smaller
oncologic safety margins, given the greater anatomic complexity and proximity to
vital structures. Maxillary tumors show greater rate of positive margins [16]. In any
case, this observation emphasizes the need for greater therapeutic consideration.

Age is another factor named repeatedly by different authors to impact survival,
generally 60 years and older. Advanced age could affect by an age-dependent
T-lymphocyte depletion, an intolerance to the cytotoxic effects of chemotherapy, a
higher propensity to development of metastatic disease, or differences in manage-
ment based on age [9].

In addition, a tumor size, histology, and grade have also shown to impact survival.
Of note, osteoblastic OS has evidenced worse overall survival [8], and fibroblastic
and chondroblastic osteosarcoma had the best prognosis of histological subtypes,
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while osteosarcoma in Paget disease had a particularly poor outcome with an overall
survival not longer than 6 months [9].

Histological Grade has been proved to impact severely on survival, thus is now
taken into account for staging [8, 9, 16, 39]. Within the NCDB [8], patients with
low-grade HNOS tumors showed a 74% 5-year survival rate, compared with 42% for
patients with high-grade tumors. Ha et al. [21] also noted a marked discrepancy in
survival for patients with high-grade versus low-grade HNOS tumors, with a differ-
ence at 5 years of nearly 60%. However, on the SEER tumor registry [9], the multivar-
iate analysis found that grade was not considered to be and independent significant
determinant of survival, which could perhaps be explained by the high percentage of
cases defined to be unknown.

On another hand, treatment has shown to impact dramatically patients’ outcome,
and surgical resection has been found to improve 5-year overall and disease-specific
survival [8, 9, 16]. Complete surgical resection with wide margins has been reported
as the most significant prognostic factor in HNOS [6, 13, 15]. It is reasonable to state
that patients with HNOS who are not candidates for surgical resection because of
advanced disease or notable comorbidities at presentation may bias the survival
advantage seen in the different cohorts. However, according to Smith et al. [8],
patients who did not undergo surgical therapy had a markedly worse survival with
a 5-year overall survival of 21.7% compared with 74.7% for patients treated with
surgery alone and 71.3% surgery plus chemotherapy.

Finally, prognosis follows a dynamic course that has been and will continue to
change as the best treatment approach for these patients becomes clearer. In a study
by Granowski-LeCornu et al. [16], where patients with OS of the jaw were treated
from 1967 to 1991 where compared with patients treated from 1992 to 2009, this sec-
ond group had better prognosis than patients in the earlier treatment group (overall
5-yeral survival rate of 77% vs. 52%). They discuss that this could be explained by
several factors favoring the latter group, such as better imaging, both CT and MRI,
allowing for earlier diagnosis, thus, smaller tumors at diagnosis and better treatment
planning. Also, more sophisticated reconstructive techniques allow wider ablative
procedures and better chance of achieving clear margins.

For more recent HNOS patients, we now offer improved diagnostic tools, more
aggressive treatment, and better surveillance. The role of neoadjuvant chemotherapy
remains to be elucidated and may perhaps, added to all this other factors, continue to
improve prognosis.

9. Conclusions

HNOS is a rare and complex disease, for which its treatment approach is still under
debate. It shows different clinical and oncologic behavior from OS of the extremi-
ties, thus requiring specific studies, which are scarce due to its infrequency. Further
population-based studies are required to determine the therapeutic approach that
will prove most successful. Surgical resection with large, clear margins remains the
mainstay of optimal treatment, and adjuvant treatments should be discussed on a
case-by-case basis. For the time being, there is consensus in that it should be managed
in tertiary centers that concentrate the cases and that can offer the tools to confirm
the correct diagnosis and perform the correct staging, evaluate and offer the possibil-
ity of adequate ablative and reconstructive surgery, adjuvant treatment if required,
and the correct follow-up.
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Drug Targeting of Chromosomal
Translocations in Fusion-Positive
Sarcoma

Giinther H.S. Richter

Abstract

Sarcomas are heterogeneous cancers of bone or soft tissue. They occur in children,
adolescents, and young adults (AYAs). Herein, the subgroup of fusion-positive (FP)
sarcomas is characterized by chromosomal rearrangements generating pathognomonic
fusion transcripts and oncoproteins. In Ewing sarcoma (EwS), FP-rhabdomyosarcomas
(FP-RMS) and synovial sarcomas (SyS), the most common and aggressive forms of
sarcomas in childhood and adolescence, the oncogenic rearrangements involve transcrip-
tion cofactors such as by FET-ETS, PAX3/7-FOXO1 or SS18-SSX fusion oncogenes in EwS,
FP-RMS, or SyS, respectively causing widespread epigenetic rewiring and aberrant gene
expression. Regardless of these translocations, few recurrent mutations are observed in
these sarcomas that may contribute to disease; thus, it is of particular interest to consider
the consequences of these translocations for tumor development. Results of current
research examining the disease, analyzing, and classifying the role of associated rearrange-
ments of chromatin, and investigating possibilities for tumor-specific intervention such as
blocking the transcriptional activity of the fusion protein, or the processes caused by this
activity are summarized here and some resulting therapeutic opportunities are presented.

Keywords: fusion-positive sarcoma, epigenetic rewiring, aberrant gene expression,
targeted therapy

1. Introduction

Sarcomas are heterogeneous cancers of bone or soft tissue. They occur in children as
well as adolescents and young adults (AYAs). They are rare among adult malignancies
but account for 12-15% of all pediatric tumors [1]. Despite the introduction and contin-
ued optimization of multimodal therapies, approximately one-third of sarcoma patients
still die from the disease. Current therapies combine surgery, polychemotherapy, radia-
tion, immunotherapy, and/or targeted therapeutics. Scientific advances have enabled
more precise molecular characterization of sarcoma subtypes [2-4] and discovered new
therapeutic targets and prognostic biomarkers [5]. Patients with primary metastatic
disease or recurrence have a very poor prognosis in both age groups [6].

The pathogenesis of many sarcomas is poorly understood, but research over the
past 20 years has identified recurrent, characteristic chromosomal translocations
in approximately one-third of sarcomas (including most pediatric, adolescent, and
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young adult tumors). Chromosomal rearrangements resulting in oncogenic fusion
genes are more common in childhood cancers than in adult tumors [7, 8].

The first sarcoma-specific chromosomal translocation was detected in 1982 in patients
with alveolar rhabdomyosarcoma [9]. In subsequent years, chromosomal aberrations were
identified in additional sarcomas [10]. These translocations are specific to the individual
sarcomas and are considered tumor-initiating in those in which they occur [11, 12].

Fusion-positive sarcomas are characterized molecularly by a relatively quiescent
genome with recurrent, balanced translocations leading to the formation of novel
fusion oncogenes that are key to pathogenesis [13]. In these sarcomas, fusion protein-
forming translocations are often the primary driver of disease pathogenesis and are
accompanied by very few other mutations [14], although a limited number of recur-
rent, cooperating mutations have been identified (e.g., STAG2 in Ewing sarcomas and
KRAS in synovial sarcomas) [15-19].

With the advent of advanced techniques in molecular genetics and pathology,
new translocations in sarcomas are regularly reported, leading to reclassification
and adjusted risk stratification. Many sarcomas are now diagnosed and classified or
reclassified based on these underlying molecular alterations [2, 4, 20].

The marked tumor specificity, of the individual fusion genes, suggests that their onco-
genic roles are specific to a particular cell type and/or developmental stage. Consistent with
the consideration that factors related to developmental timing are associated with oncogen-
esis triggered by the fusion genes, many of these sarcomas occur primarily in children [8].

Unlike other cancers, these diseases contain chimeric and neomorphic proteins
that are clonally present, and due to their tumor specificity and demonstrated role in
tumorigenesis, these fusion proteins often represent unique and promising targets for
therapeutic intervention and robust opportunities to cure these diseases [11, 12, 15, 21].

2. Ewing sarcoma

Ewing sarcoma is a rare, aggressive bone or soft tissue tumor that primarily affects
children, adolescents, and young adults (AYAs) with ~1.5 cases per million children and
AYAs worldwide. The average age at diagnosis is 15 years. Approximately 20-25% of
patients have metastatic disease at diagnosis, which is often unresponsive to intensive
therapy [22]. Standard therapy for Ewing sarcoma consists of a multimodality treatment
regimen that includes surgical resection and/or local radiation therapy, as well as inten-
sive five-drug chemotherapy and the administration of compressed interval cycles [23].

Most Ewing sarcomas have a chromosomal rearrangement at 22q12 [10]. This led to
the identification of the EWSR1 gene, which can be fused to one of several partner genes:
FLI1 t(11;22), ERG t(21;22), ETV1 t(722), ETV4 t(17,22), or FEV t(2,22). The most com-
mon fusion is EWSR1-FLI1, which occurs in ~85% of tumors [24]. In a recent compre-
hensive study, it was found that in 42% of Ewing sarcomas, the fusion gene results from a
loop-like rearrangement, a process known as chromoplexia. These loops always contained
the disease-defining fusion at the center, but they interrupted several additional genes
and appear to be associated with an aggressive form of Ewing sarcoma [25].

Ewing sarcomas have few other infrequently recurring mutations besides an
EWSR1/ETS translocation, including TP53 (5-10%), CDKN2A (10%), and STAG2
(15-20%) [16, 26]. The loss of P53 and STAG2 suggests a rare group of tumors that,
together with the translocation, form an aggressive subset of Ewing sarcoma [15, 18].
Furthermore, very little is known about the genetic heterogeneity within the tumor in
Ewing sarcoma, its subclonal genetic architecture, and the relationship between these
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factors and clinical outcome. The majority of pediatric solid tumors, including Ewing
sarcoma, express an active DNA transposase, PGBD5, that can promote site-specific
genomic rearrangements in human cells and may promote resistance to therapy

[27, 28]. However, whether the genomic landscape of Ewing sarcomas differs in
relapse from primary disease is unknown [24]. Recent analyses of DNA methylation
status in Ewing sarcoma showed that primary tumors from patients with metastatic
disease were more heterogeneous than those with localized disease [29]. However,
most Ewing sarcomas have very few additional genetic alterations, suggesting that the
fusion is likely the primary cause of disease development. Previous findings suggest
that either mesenchymal stem cells or neural crest-derived stem cells are the cell of
origin of Ewing sarcoma, although this is still a matter of debate [30, 31].

EWSRI1 encodes a protein with a function in RNA binding and transcriptional regu-
lation. The amino terminus of the EWSR1 protein functions as a strong transcriptional
activator [32]. All Ewing sarcoma fusion partner genes encode related transcription
factors, with conserved DNA-binding ETS domain. These ETS domain transcription
factors play an important role in biological development [33]. During each fusion,
the amino-terminal transactivation domain of EWSR1 is fused to the ETS domain-
containing carboxyl terminus of the corresponding fusion partner. The resulting fusion
gene functions primarily as an aberrant transcription factor. The dominant EWSR1/ETS
translocation EWSR1-FLI1 results in heterogeneous expression profiles that have differ-
ent biological implications. Therefore, variable expression of EWSR1-FLI1 has recently
been proposed as a source of heterogeneity in these tumors. Cells with high EWSR1-
FLI1 expression (EWSR1-FLI1"'¢") are highly proliferative, whereas EWSR1-FLI1™™" cells
have a strong propensity to migrate, invade, and metastasize [34].

EWSR1-FLI1 can act as both a transcriptional activator and a transcriptional repres-
sor, depending on the sequence of DNA binding sites and the presence of additional
co-factors [35, 36]. EWSR1-FLI1 acts directly or indirectly on many important cellular
processes such as cell cycle, apoptosis, angiogenesis, metabolism, and cell migration
by binding to these sites [24]. EWSR1-FLI1 binds to DNA either at ETS-like consensus
sites with a GGAA core motif or at GGAA microsatellites (GGAA-mSats). EWSR1-FLI1
multimers directly induce open chromatin at GGAA-mSats by recruiting the nucleo-
some remodeling BRG1/BRM-associated factor complex (BAF) and establishing de
novo enhancers that interact with promoters to drive gene expression [35, 37]. Fusion
multimers physically interact with BAF complexes, which appear to be critical for
EWS-FLI1 function, as BAF complexes are required for activation of EWS-FLI1 target
genes. The variable length of GGAA-mSats in the germline may lead to differential
activity of these enhancers and is an important determinant of tumor progression [38].

Conversely, EWSR1-FLI binds to canonical ETS recognition sites without repeats
and represses wild-type ETS factors, which can lead to suppression of enhancers
and downregulation of nearby genes [35]. The chimeric transcription factor can
directly repress certain genes such as LOX and TGFBR2 through direct interaction
and recruitment of the nucleosome remodeling and deacetylase repressor complex
(NuRD), which includes histone deacetylases and the histone demethylase LSD1 [39].

Interestingly, EWSR1-ETS fusion proteins also bind to DEAD/DEADH box
RNA helicases and modulate their activity, thus also affecting the transcription and
splicing machinery of tumor cells and causing changes in overall transcriptome
processing [40, 41].

These data demonstrate that EWSR1-FLI1 utilizes distinct chromatin regulatory
mechanisms whose interplay at the right time and in the right cellular context leads to
the transformed phenotype of Ewing sarcoma.
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3. Rhabdomyosarcoma

Rhabdomyosarcoma (RMS), the most common soft tissue sarcoma in children and
adolescents, comprises a diverse group of cancers [42]. There are several subtypes:
embryonal, alveolar, and pleomorphic rhabdomyosarcoma. Embryonal RMS occurs in
infants and children, and as patients age, the proportion of embryonal RMS decreases.
Conversely, the proportion of alveolar and pleomorphic types increases in adolescents and
older patients. Currently available multimodal therapy results in an overall survival rate of
approximately 65% in children and adolescents diagnosed with RMS [43]. However, cure
rates have stagnated since the 1990s. Rhabdomyosarcoma is very sensitive to cytotoxic
combination chemotherapy [44]. For low- or intermediate-risk RMS patients (who are
mostly pediatric patients with embryonal-type tumors), a high cure rate can be expected
with current standard treatment. In adolescents and elderly patients, most of whom have
had alveolar or pleomorphic type RMS, the prognosis is poor [6].

Chromosomal translocations are observed in alveolar rhabdomyosarcomas in
two translocation patterns: The DNA binding site of PAX, a member of the paired-
box family of transcription factors, is fused to a transactivation domain on FOXO1
(FKHR), a member of the forkhead transcription factor family [45, 46]. The t(2;13)
translocation results in the fusion of the PAX3 gene with FOXO1, whereas the t(1;13)
translocation fuses PAX7 with FOXO1, both of which now serve as important prog-
nostic biomarkers for this disease (Barr et al. 1995). The O subgroup of the FOX
family includes four members (FOXO1, FOX03, FOXO4, and FOXO6). FOXO factors
are considered tumor suppressors that are inactivated by the phosphatidylinositol
3-kinase (PI3K)-AKT pathway, which is regulated by several microRNAs [47]. The
prevalence of the translocation with PAX3-FOXO1 is higher than that with PAX7-
FOXO1 [48].

PAX3-FOXOL1 is an aberrant transcription factor that disrupts gene regulatory
networks that control myogenic differentiation, proliferation, cell death, and inva-
siveness [49, 50]. The translocation product overlaps with wild-type PAX3 function
while modifying it through changes in abundance, transcriptional activity, target
gene recognition, and chromatin regulation [51-56]. Patients with fusion-positive
alveolar rhabdomyosarcoma (FP-ARMS) have a strikingly low somatic mutation
burden and are also associated with a significantly higher rate of metastasis and lower
survival compared to FP-negative RMS [56]. Metastatic FP-RMS remains essentially
incurable [57].

PAX3/7:FOXO01-positive RMS (FP-RMS) is associated with alveolar histology [58].
Silencing of PAX3/7:FOXO1 (P3F) in vitro has been associated with decreased growth
of human FP-RMS cells [59]. The effects of the fusion on tumor induction have been
studied by ectopic expression and conditional activation in various cell types [60-62].
The fusion was necessary but not sufficient to induce FP+ myogenic tumors, as the
fusion oncoprotein alone did not reliably induce tumor formation [60-62]. When
combined with additional oncogenic hits, only those cells that expressed the fusion
prior to the introduction of additional events formed tumors [62]. These observations
are consistent with genomic subclonality analyses identifying PAX3/7:FOXO1 as a
founding event and driver in FP-RMS [63]. Cooperating genetic events in FP-ARMS
include amplification of MYCN or CDK4 or loss of CDKN2A, TP53, or ARF [17, 61].

PAX-FOXO1 fusions are thought to contribute to the phenotype and malignancy
of ARMS by dysregulating PAX-specific target genes such as the epigenetic regulator
JARID?2, the receptor tyrosine kinases MET and FGFR4, and IGF2, Hippo and their
downstream signaling pathways [64-67]. In addition, rearrangement of the PAX gene
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is thought to lead to dysregulation and amplification of a shared receptor tyrosine
kinase/RAS/PIK3CA signaling axis [17]. PAX-FOXO1 fusion is also thought to affect
normal FOXO function and its regulation of TGF-p signaling [68]. Recently, PAX3-
FOXO1 was shown to directly establish super-enhancers in cooperation with the master
transcription factors MYOG, MYOD, and MYCN to drive a myogenic transcriptional
program in ARMS [55]. Thus, as in Ewing sarcoma, both aberrant transcriptional and
epigenetic regulation drive the development and maintenance of FP-ARMS.

4. Synovial sarcoma

Synovial sarcoma (SyS) is a rare malignancy of soft tissue near the joints that
occurs in patients of all ages but is particularly common in children and young adults.
Synovial sarcoma accounts for 10% of soft tissue malignancies diagnosed annually
[69]. The incidence of this disease has increased over the past three decades, while
survival rates (~56%) have remained stagnant [69, 70]. Treatment of this disease con-
sists of radical surgical resection, radiotherapy, and adjuvant chemotherapy, which
offers a chance of cure in localized disease. However, the disease is prone to relapse,
and metastases are common and almost always fatal [70].

Synovial sarcoma is associated with the occurrence of a chromosomal rearrangement,
t(X;18) [71]. This aberration results in the formation of a fusion gene involving SS18
(also known as SYT) and one of three related genes: SSX1, SSX2, or SSX4. The presence
of an SS18-SSX fusion gene is the characteristic genomic abnormality associated with the
development of Synovial sarcoma [71-73]. Similar to Ewing sarcoma, Synovial sarcoma
is characterized by low somatic mutation rates and no chromosomal aberrations other
than the pathognomonic fusion [74, 75]. Some genes are mutated in more than 5% of
Synovial sarcoma cases, including TP53, PTEN, CTNNBI, and APC [74]. Histologically,
Synovial sarcoma shows a unique pattern with variable mesenchymal and epithelial
components [74]. Expression of an SS18-SSX fusion leads to transformation of cultured
fibroblasts and development of high-penetrance synovial sarcoma-like disease in mice
when expressed in muscle progenitor cells [76, 77]. On the other hand, knockdown of
the fusion protein in Synovial sarcoma cells results in the death of these cells [78].

SS18-SSX fusions do not act as transcription factors because neither SS18 nor the
SSX proteins contain DNA-binding domains. Instead, they function as transcriptional
regulators, aberrant chromatin regulators that drive oncogenesis by deregulating
epigenetic processes and gene expression [79, 80]. SS18 is a member of the BAF
complex (also known as the SWI/SNF complex) that directly interacts with the
catalytic subunit of this nucleosome remodeling complex, BRM [81, 82]. BAF com-
plexes promote gene activation through nucleosome remodeling that opens DNA for
access by transcription factors and the transcription machinery. SSX proteins, on the
other hand, have been shown to colocalize with Polycomb group proteins, which tend
to function as gene repressors [83]. Current models suggest two potentially compet-
ing mechanisms of transforming activity in synovial sarcomas: SS18-SSX displaces
wild-type SS18 and BAF47 (also known as SMARCBI, SNF5, or INI1) from the BAF
complex, which may then drive Sox2-mediated proliferation/differentiation [79].
Alternatively, there is evidence that SS18-SSX can directly recruit Polycomb repres-
sor complex 2 (PRC2) and Histone-Deacetylases (HDAC) to ATF?2 targets, silencing
transcription at these sites [84]; other studies have implicated SS18-SSX fusion genes
in epigenetic regulation and modification of target genes [85, 86]. Treatment with a
selective inhibitor of the histone methyltransferase EZH2, the enzymatic component
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of the PRC2, reverses gene expression of synovial sarcomas and leads to growth
inhibition and cell death in SS18-SSX-positive cells [87].

Most recently, two studies have further elucidated mechanisms underlying the re-
targeting of SS18-SSX-containing BAF complexes. Using CRISPR/Cas9-mediated epi-
tope tagging, Banito et al. were able to investigate SS18-SSX1 occupancy and its effects
on gene expression genome-wide. They observed that SS18-SSX1 is recruited to
unmethylated CpG-rich sequences on DNA through interaction with lysine demeth-
ylase 2B (KDM2B), a core component of the non-canonical PRC1.1, also known
as the BCOR complex. Recruitment of SS18-SSX to these PRC1.1 targets results in
abnormal induction of genes that constitute a gene signature of Synovial sarcoma,
including transcription factors associated with neurogenesis and development [88].
Second, McBride et al. have shown that SS18-SSX targets BAF complexes in bivalent
chromatin regions to genes marked by H3K4me3 and H3K27me3, repressing PRC2 and
abnormally activating a gene program essential for Synovial sarcoma survival. Loss
of SS18-SSX results in decreased binding of the BAF complex to genes that depend on
the fusion for their continued expression decreased chromatin accessibility at these
sites, and mesenchymal differentiation [89].

5. Targeting fusion oncoproteins

Fusion proteins of the sarcomas shown here appear to block the differentiation
potential of these cells. This is achieved by hijacking transcriptional regulatory mecha-
nisms to maintain the expression of stem cell transcriptional programs or by repressing
differentiation programs. In Ewing sarcomas, the EWSR1-FLI1 protein upregulates
EZH2 by binding to its promoter, thereby blocking its endothelial and neuronal dif-
ferentiation capabilities [90]. Recent data show that in this process EZH2-containing
PRC2 complexes interact with HDAC1, 2 and this HDAC activity mediates the imma-
ture, tumorigenic phenotype of Ewing sarcoma [91]. However, in the alveolar RMS
HDAC1,2,3 also appears to serve an essential function of P3F-driven super-enhancers, as
appropriate inhibitors disrupt the activity of these tumor-specific super-enhancers [92].

Transcription factors such as EWSR1-FLI1 can bind to DNA target sites on chro-
matin and initiate chromatin remodeling by recruiting other transcription factors
and coactivator complexes. One way to achieve this chromatin remodeling is through
association with BAF complexes. These multimembered complexes use ATP to move,
displace, or exchange nucleosomes on chromatin. In Ewing sarcomas, BAF complexes
can directly interact with the N-terminal EWSRI1 protein of the fusion protein to
promote and direct its tumor-specific activity at GGAA microsatellites. This binding
activity is attributed to a specific prion-like domain in the N-terminal EWSRI1 protein
that is sufficient to drive chromatin remodeling and oncogenic gene transcription
when fused to FLI1 [37]. In alveolar RMS, no direct interaction of P3F with the BAF
complex has yet been shown. However, prion-like domains are suspected in a grow-
ing class of genes involved in oncogenic fusions, including FOXO1 and SS18 [93]. In
synovial sarcomas, the SS18-SSX fusion also relocalizes and disrupts the BAF com-
plex. The SS18-SSX fusion protein not only displaces wild-type SS18 binding and the
tumor suppressor BAF47 from the complex [79]. Moreover, the SS18-SSX-containing
BAF complexes interact with various repressive polycomb complexes in a context-
dependent manner, thereby promoting the transcription of oncogenic genes [89], or
alternatively, SS18-SSX and the BAF complex can localize and activate target genes
via interaction with KDM2B and the PRC1.1 complex [88], as described above.
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Despite these preclinical and clinical data, to date, there are few examples of
targeted therapies that directly target these fusion transcription factors in solid
tumors. However, all of these examples do not directly target structures of these chi-
meric transcription factors that are considered undruggable but attempt to identify
processes or proteins that are essential for the activity or stability of these fusion
proteins. An example is the observed interaction of EWSR1-FLI1 with RNA helicase
A: YK-4-279 interferes with the interaction of EWSR1-FLI1 with RNA helicase A and
thereby efficiently impairs both the activity of the fusion protein and cell prolifera-
tion of Ewing sarcoma cells [40]. Based on these data, the derivative TK-216 is now
being tested in a clinical trial in patients with relapsed or refractory Ewing sarcoma.
Another example is BAF complexes in which the SS18-SSX fusion protein is present in
synovial sarcomas. Recent studies have shown that targeting the BRD9 protein, which
is a component of SS18-SSX-containing complexes, provides potent antitumor effects
in this context [94, 95]. BRD9 and SS18-SSX bind together to regions of the synovial
sarcoma genome, and small molecule-triggered targeted degradation of BRD9 pre-
vents oncogenic transcriptional programs in cell lines and blocks tumor progression
invivo [94]. These results will form the basis for future clinical trials in patients with
synovial sarcomas. Furthermore, efforts are underway to identify downstream target
genes that have critical roles in mediating the oncogenic effects of fusion transcrip-
tion factors. Examples of these are described below.

6. Combining targeted drugs with protein degradation

To identify potential targeted therapeutic compounds that can promote fusion
protein degradation, high-throughput chemical (HTS) screening can be used in a model
system that reports on the stability of the target protein [96]. Thus, cell-based systems
expressing a fluorescent dye-labeled protein of interest and a different color fluorescent
control can be used for image-based screening that can identify compounds that mea-
sure the stability of the fluorescently labeled protein. The identified compounds can be
further investigated and the mechanism affecting protein stability can be identified [96].

An example of the successful use of such a system was recently published for Ewing
sarcomas: Using a high-throughput drug screen (HTS) enriched with FDA-approved
drugs coupled with global protein stability (GPS) approach revealed that the dual
HDAC and phosphatidylinositol 3-kinase (PI3K) inhibitor Fimepinostat (CUDC-907)
is an excellent candidate to modulate EWSR1-FLI1 stability. Fimepinostat greatly
reduced the amount of fusion protein, decreased the viability of several Ewing sar-
coma cell lines and PDX primary cells, and delayed tumor growth in a xenograft mouse
model, while not significantly affecting healthy cells. They demonstrated that EWSR1-
FLI1 protein levels were mainly regulated by the HDAC activity of Fimepinostat [97].

A second approach to degradation of fusion oncoproteins is their targeted protein
degradation mediated by degradation molecules or proteolysis targeting chimeras
(PROTACs). While there are several strategies for targeted protein degradation
[98-100], PROTAC: are small molecule-based and thus a drug-like method to degrade
a target protein of interest. The methodology combines small molecules that can bind
directly to E3 ligases such as CRBN and VHL [101-103] with molecules that bind to
the desired target protein-coupled through a chemical linker such as polyethylene
glycol. Thus, these compounds bring the target protein and an E3 ligase complex into
close proximity, resulting in polyubiquitination of the target protein, followed by
proteasome-mediated degradation [100].

143



Bone Tumours - A Comprehensive Review of Selected Topics

This strategy requires a small molecule that can bind to the desired fusion protein
but does not necessarily need to enter the enzyme pocket or specifically inhibit the
activity of the target protein, which has historically been an obstacle to the develop-
ment of drugs targeting transcription factors. Small molecule inhibitors of proteins
with bromodomains and extra terminal domains (BET) such as JQ1 and OTX015 have
been successfully converted into degraders [104, 105].

On the other hand, there are ways to directly tag fusion proteins for proteasomal
degradation. For example, it has been shown that EWSR1-FLI1 degradation involves
polyubiquitination at lysine-380, which marks the fusion protein for proteasomal
degradation [106]. Lysine-380 is located within the DNA-binding domain and is
also present in wild-type FLI1 and conserved in several other members of the ETS
family like ETS1. However, this may limit specificity [107]. Although, given the
short half-life of EWSR-FLI1, a PROTAC targeting a lysine-380-containing motif
could create a therapeutic window [106]. On the other hand, EWSR1-FLI1-specific
PROTAC: have not yet been developed. However, PROTACs targeting fusion protein
interacting with BET or CK proteins have been successfully tested in Ewing sarcoma
cells [108, 109].

In the search for small molecules that can bind to a protein of interest, the HTS
method is now being used very successfully. A wide variety of target-specific HTS
methods and assay formats can be used (see review in Coussens et al. [110]). With
improvements in stability and delivery of PROTACS targeting fusion proteins, they may
represent a viable approach to identify new drugs for targeted therapy of FP sarcomas.

7. Ways to block oncogenic transcription

The basic mechanism by which fusion-positive sarcomas promote and maintain
tumorigenicity is through the activation of pathogenic transcriptional programs. They
mediate this (as described above) through direct regulation of genes at promoters, the
establishment of de novo enhancers, and aberrant recruitment of transcription cofac-
tors [111]. Pathogenic transcriptional activity is also achieved through dysregulation
of epigenetic programs, including the generation of super-enhancers characterized
by extended stretches of acetylation at histone H3 lysine 27 (H3K27ac) [112]. These
histone marks are recognized by members of the BET family (BRD2, BRD3, BRD4)
[113]. They have an essential role in regulating transcription by interacting with
various proteins such as RNA polymerase II [114]. This allows multiple approaches to
intervene pharmacologically in this pathogenic transcriptional program. For example,
the first published inhibitor of BET proteins, JQ1, has also shown much noted antitu-
mor activity against various tumor cells [115]. We demonstrated that the BET inhibi-
tor JQ1 reverses the EWSR1-FLI1 transcriptional signature of Ewing sarcoma cells and
inhibits tumor growth of Ewing sarcoma xenografts [116]. These results have been
confirmed or further investigated in other studies [109, 117-119] Thus, Jacques et al.
confirmed the effect of JQ1 on Ewing sarcoma xenografts and additionally observed
their decreased vascularization [117]. The effect on angiogenesis was confirmed by
another study that examined rhabdomyosarcoma in addition to Ewing sarcomas and
showed a reduction in the expression of tumor-associated angiogenic factors [118].
Finally, EWSR1-FLI1 or EWSR1-ERG were studied in a functional complex with
BRD4, MED1, and RNAPII [109], and impairment of this complex was observed
either by RNA interference of BRD4 expression or by BET inhibitors [109]. In alveolar
rhabdomyosarcoma, PAX3-FOXO1 was shown to recruit BRD4 to establish de novo

144



Drug Targeting of Chromosomal Translocations in Fusion-Positive Sarcoma
DOI: http://dx.doi.org/10.5772/intechopen.106671

super-enhancers at myogenic transcription factors. These FP-RMS cells were highly
sensitive to JQ1, as it selectively silenced PAX3-FOXO1-driven transcription [55].

Another way to interfere with the pathogenic transcriptional program of FP
sarcomas is to pharmacologically inhibit transcription-dependent cyclin kinases
(CDKs) CDK7, 8, 9, 12, and 13. These CDKs have an essential role in transcription by
phosphorylating the C-terminal domain of RNA polymerase II, thereby regulating
transcription initiation and elongation [120]. Indeed, profiling of cancer cell lines
with the covalent CDK7/12/13 inhibitor, THZ1, showed exceptional sensitivity in
cancer cell lines dependent on dysregulated transcriptional programs [121]. Using
chemical genomics screening, Iniguez et al. 2018 found that Ewing sarcomas are
particularly sensitive to THZ1. Further, they observed that the selective CDK12/13
inhibitor THZ531 elicited DNA damage repair in an EWSR1-FLI1-dependent man-
ner. Combining these molecules with the PARP inhibitor Olaparib resulted in tumor
volume reduction and prolonged survival in both cell lines and patient-derived
xenografts without hematopoietic toxicity [122].

Synergistic effects were also observed with a sequential targeting approach using
the histone demethylase inhibitor GSK-J4 and the CDK inhibitor THZ1 [123]. We
observed that CDK9 binds to EWSR1-FLI1 via the BET protein BRD4. The combina-
tion of the CDK9 inhibitor CDKI-73 with the BET inhibitor JQ1 was more effective
in reducing Ewing sarcoma cell proliferation and tumor volume in xenografts than
either agent alone [124]. Another study also demonstrated synergy between the
EWSR1-FLI inhibitor mithramycin and the CDK9 inhibitor PHA-767491. Importantly,
the synergy was observed at clinically relevant concentrations of mithramycin
[125]. Finally, in synovial sarcomas, Li et al. 2019 observed that inhibition of CDK9,
with either siRNA or the CDK9 inhibitor LDC067, impaired synovial sarcoma cell
growth and proliferation in a dose-dependent manner. This was also associated with
a decrease in RNA polymerase II phosphorylation and an increase in the expression
of anti-apoptotic proteins. In addition, inhibition of CDK9 decreased sarcoma cell
spheroid formation and cell motility [126].

8. Inhibition of key players of the fusion-positive interactome

Fusion oncoproteins remodel the transcriptional machinery of cells, silencing
genes and activating others by creating new enhancers, remodeling chromatin, and
critically altering the epigenetic profile of sarcoma cells. By cooperating with histone
deacetylases (HDACs) in transcriptional regulatory complexes, fusion oncoproteins
affect histone acetylation and chromatin remodeling. For these chromatin remodel-
ing complexes, they recruit BAF complexes as in the case of Ewing sarcoma [37] or
alter their function as in the case of synovial sarcoma [79] to enforce pathogenic
transcriptional programs. Binding of EWSR1-FLI1 to GGAA mSATs leads to the
binding of histone acetyltransferase p300 at many of these sites and an increase in
H3K27ac [35, 36]. On the other hand, the PAX3-FOXO1 fusion oncogene of alveolar
rhabdomyosarcoma recruits master transcription factors MYOG, MYOD, and MYCN
to activated gene loci and alters their histone acetylation which enables binding and
manipulation of reader proteins such as BRD4 [55]. In synovial sarcomas, SS18-SSX
fusion oncogenes, cause epigenetic restructuring involving HDACs [127]. Conversely,
EWSRI1-FLI1 translocation recruits histone deacetylases and histone demethylase
LSD1 to specific gene loci through direct interaction with the NuRD complex, thereby
suppressing their expression in Ewing sarcoma [39].
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However, downstream processes also appear to be important for the epigenetic
expression profile in FP sarcomas. For example, EWSR1-FLI1 binds to the promoter
of the histone methyltransferase EZH2, upregulating its expression and thereby
blocking its endothelial and neuronal differentiation abilities [90, 128]. But, chemi-
cal inhibitors of EZH2 activity cannot reproduce the results after RNA interference
(unpublished). Yet, recent data show that EZH2-containing PRC2 complexes interact
with HDACI, 2 and this HDAC activity mediates the immature, tumorigenic pheno-
type of Ewing sarcoma [91].

The involvement of HDACs in key mechanisms of sarcoma cell transformation
has paved the way for the investigation of HDACi for therapeutic intervention.
Preclinical studies have not found significant therapeutic benefits in solid tumors,
including sarcomas. Nevertheless, in combination therapies based on HDACi,
sarcomas were represented in most cases as an unclassified group [129]. More
recent studies are now specifically examining individual sarcomas and attempting
to identify meaningful combination therapies based on known/identified mecha-
nisms: In Ewing sarcomas, we observed that CRISPR/Cas9 knockout of individual
HDACs such as HDAC1 and HDAC2 inhibited the invasiveness of Ewing sarcomas
and blocked local tumor growth of xenografts. RNA analyses showed that treatment
with single HDAC inhibitors (HDACi) blocked an EWSR1-FLI1-specific expres-
sion profile, and EwS cells in the presence of HDAC inhibitors (HDACi) such as
entinostat and romidepsin had increased susceptibility to treatment with chemo-
therapeutic agents including doxorubicin. HDACI acted synergistically with the EED
inhibitor A-395 and together inhibited tumor growth of Ewing sarcoma xenografts
[91]. Similarly, the dual HDAC and phosphatidylinositol 3-kinase (PI3K) inhibi-
tor Fimepinostat can thus also provide simultaneous and sustained inhibition of
multiple oncogenic pathways in Ewing sarcoma and reduce EWSR1-FLI1 levels and
transcriptional activity [97]. Inhibition of HDAC activity largely affects Ewing sar-
coma cell proliferation and survival, alone or in combination with DNA-damaging
agents, through a variety of pathways that include induction of apoptosis, cell cycle
arrest, and prevention of tumor invasion and metastasis [130-133]. Fimepinostat is
currently being tested in children and young adults with relapsed or refractory solid
tumors (NCT03893487).

In alveolar RMS, class I HDACs such as HDAC1, 2, and 3 appear to play an essen-
tial function in PAX3-FOXO1 driven super-enhancers, as corresponding inhibitors
disrupt the activity of these tumor-specific super-enhancers and block transcription
and cell proliferation [92]. Recent data show that entinostat affects in vivo growth of
FP-RMS and inhibits PAX3-FOXO1 via a multistep and indirect process through an
HDAC3-SMARCA4-miR-27a axis [134]. Interestingly, the HDAC inhibitor Entinostat
is now being clinically tested in pediatric rhabdomyosarcomas (NCT02780804).

Previous studies have shown that HDAC inhibitors disrupt the oncoprotein com-
plex of synovial sarcoma, leading them to apoptosis. Transcriptome analysis showed
that HDAC inhibition blocks the cell cycle, neuronal differentiation promotes poly-
comb repressor complexes and proapoptotic factors were reactivated. HDAC inhibi-
tion resulted in a lower tumor burden in the mouse model [135]. In another study, the
response of synovial sarcoma to HDACi was consistently characterized by activation
of ERKs, EGR1, and the f-endoglycosidase heparanase. Disruption of HDAC-induced
ERK-EGR1-heparanase pathway by concomitant treatment of cells with an MEK
inhibitor (trametinib) or a heparanase inhibitor (SST0001/Roneparstat) enhanced
the antiproliferative and proapoptotic effects. HDAC and heparanase inhibitors had
opposite effects on histone acetylation and heparanase core levels. The combination
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of SAHA with SST0001 prevented the upregulation of ERK-EGR1 heparanase,
induced by HDACI, and promoted caspase-dependent cell death. In the mouse
model, combined treatment with SAHA and SST0001 enhanced the antitumor effect
compared with single-agent administration [127]. Thus, it seems very reasonable

to advance mediators of epigenetic processes as treatment targets for FP sarcomas.
Pracinostat (SB939) a potent pan-HDAC inhibitor is now being tested in pediatric
patients with refractory solid tumors and leukemias (NCT01184274).

9. Conclusions

The FP sarcomas presented here are characterized by chromosomal rearrangements
that generate pathognomonic fusion transcripts and oncoproteins. It is certainly desir-
able to primarily block or destroy the translocation products of the sarcomas themselves
with targeted therapeutic approaches. However, this has not yet been possible for the
fusion transcription factors EWSR1-ETS, PAX3/7-FOXO1, and the SS18-SSX fusion
oncogene. But it seems promising to prevent important binding partners of these fusion
oncogenes, which are essential for mediating the oncogenic processes, from successfully
binding to these fusion oncogenes. An example of this is the observed blockade of the
interaction of EWSR1-FLI1 with RNA helicase A by YK-4-279, and the results of initial
therapeutic interventions are of great interest here.

Currently, the greatest progress seems to be promised by approaches that address
mediators of the fusion-positive interactome. Essential here seems the pathological
takeover of the transcriptional machinery by these fusion oncogenes and the manifes-
tation of their epigenetic state by histone deacetylases. Approaches that block epigen-
etic reader proteins such as BRD4 or transcription-specific cyclin kinases such as CDK
9 and 12 indicate promising results. The remarkable efficacy of HDAC inhibitors is
highly interesting. Also, the use of these inhibitors seems to significantly reduce the
stability of fusion oncogenes. On the other hand, particularly high therapeutic effects
were achieved experimentally where these inhibitors were used in combination. It
can therefore be assumed that targeted therapeutic approaches will be particularly
successful in the future where they specifically address pathological processes of the
fusion oncogenes and block several identified processes simultaneously. In doing
so, the existing plasticity of the tumor must be kept in mind or synergistic processes
must be identified by combining the drugs, which will probably make it possible to
reduce their concentration and thus toxicity of individual doses.
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APC
AKT
ARF
ATF2
ATP
AYA
BAF
BAF47

BET
BRG

BRD
BRM

Cas9
CDK
Co-IP
CRBN
CRISPR
CTNNB1
DEAD
EED
ERG
ETV
EWSR1
EZH2
FET

FEV
FGFR4
FLI1

FOXO1
HDAC
Hippo

IGF2
INI1
LSD1
KDM2B
KRAS

LOX
MET
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Adenomatous Polyposis Coli regulator of WNT signaling pathway
AKT serine/threonine kinase

ADP-ribosylation factor

Activating transcription factor 2

Adenosin-triphosphate

adolescents, and young adults

ATP-dependent BRG1/BRM associated factor

is SMARCB1: SWI/SNF related, matrix associated, actin dependent
regulator of chromatin, subfamily b, member 1

Bromodomain and extraterminal domain

BRM/SWI2-related gene is SMARCA4 SWI/SNF related, matrix
associated, actin dependent regulator of chromatin, subfamily a,
member 4

Bromodomain containing

Brahma is a core, ATPase subunit of the chromatin-remodeling
complex

Type II CRISPR RNA-guided endonuclease

Cyclin dependent kinase

Co-immuno-precipitation

Cereblon

Clustered regularly interspaced short palindromic repeats
Catenin beta 1

Contains the amino acid sequence D-E-A-D (asp-glu-ala-asp)
Embryonic ectoderm development

Erythroblast transformation specific (ETS) related gene

ETS variant transcription factor

Ewing sarcoma breakpoint region 1/EWS RNA binding protein 1
Enhancer of zeste 2 polycomb repressive complex 2 subunit
Fused in sarcoma (FUS) RNA binding protein, EWSR1 and TATA-
box binding protein associated factor 15 (TAF15) family of genes
Fifth Ewing variant transcription factor, ETS family member
Fibroblast growth factor receptor 4

Friend leukemia virus integration 1 proto-oncogene, ETS
transcription factor

Forkhead box O1

Histone deacetylase

Protein kinase hippo (hpo) is part of a signaling pathway that
controls organ size through the regulation of cell proliferation and
apoptosis

Insulin like growth factor 2

Integrase interactor 1 (INI1) is SMARCAB1

Lysine-specific demethylase 1A

Lysine (K)-specific demethylase 2B

Kirsten rat sarcoma viral oncogene homolog (KRAS) proto-
oncogene, GTPase

Lysyl oxidase

Mesenchymal-epithelial transition factor (MET) proto-oncogene,
receptor tyrosine kinase
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miR-27a microRNA-27a

MYCN MYCN proto-oncogene, BHLH transcription factor

MYOD Myogenic differentiation

MYOG Myogenin

PAX Paired box

p21 is CDKN1A: cyclin dependent kinase inhibitor 1A

PCR2 Polycomb repressor complex 2

PI3K Phosphatidylinositol 3-kinase

PIK3CA Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit
alpha

PTEN Phosphatase and tensin homolog

RAS Rat sarcoma proto-oncogene, GTPase

RNAi RNA interference

RNAPII RNA Polymerase II

SAHA Suberoylanilide hydroxamic acid

SMARCA4 SWI/SNF related, matrix associated, actin dependent regulator of
chromatin, subfamily A, member 4

SMARCB1 SWI/SNF related, matrix associated, actin dependent regulator of
chromatin, subfamily b, member 1

SNF5 Sucrose nonfermenting 5 is SMARCB1

SS18 Synovial sarcoma translocation, chromosome 18, subunit of BAF
chromatin remodeling complex

SSX Synovial sarcoma, X breakpoint

STAG2 Stromal antigen 2

SWI/SNF SWitch/Sucrose Non-Fermentable is a subfamily of ATP-dependent
chromatin remodeling complexes

TGFBR2 Transforming growth factor-beta receptor 2

TP53 Tumor protein 53

TGF-p Transforming growth factor beta

VHL von Hippel-Lindau tumor suppressor
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Abstract

Sarcomas are rare tumors that are difficult to treat. Many of them are chemo-
resistant and with a high tendency to recur. Hence, finding new treatments is impera-
tive in these tumors. Metabolic changes in tumor biology have become an essential
characteristic in carcinogenesis processes, highlighting among them the role of lipids
in these events, mainly cholesterol biosynthesis. Statins, inhibitors of 3-hydroxy-
3-methylglutaryl coenzyme A (HMGCoAR), a key enzyme in the mevalonate
pathway responsible for cholesterol synthesis, have an effect beyond the reduction in
plasma cholesterol levels. These are the so-called pleiotropic effects of statins, respon-
sible for some of the antitumor action of statins. Although there are considerable
epidemiological and preclinical evidences that support the use of these medicaments
in the treatment of sarcomas as adjuvant reprofiled drugs, clinical trials are disparate
and heterogeneous, and do not provide enough information to help determine the
convenience of their use, being necessary more studies to evaluate the efficacy and
safety of statins in sarcomas. The purpose of this review is to update the role played
by the reprofiled statins in the treatment of sarcomas.

Keywords: sarcoma, cholesterol metabolism, mevalonate, HMGCoAR, statin,
reprofiling

1. Introduction

Sarcomas are malignant uncommon heterogeneous tumors [1] derived from mesen-
chymal tissues [2, 3]. There are mainly bone and soft tissue sarcomas (4:1), accounting
for 1% of all cancers [2]. They are responsible for 19%—21% of cancer deaths [2]. Low
frequency, high diversity, and limited knowledge about the underlying biological mech-
anisms make it difficult to treat sarcomas [1, 2]. Chemoresistance, local recurrences
(10-20%) [4], and metastatic disease (33%) are still unresolved clinical problems with
no new critical improvement in sarcomas treatment [2]. In these tumors about one-
third of sarcoma patients die, so it is imperative to find new therapeutic strategies for
sarcomas. Since lipids, especially those derived from the cholesterol pathway, play an
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important role in tumorigenesis, the purpose of this review is to update the function
played by cholesterol in the treatment of sarcomas and to assess whether statins can
have a place in the therapeutic treatment of sarcomas.

2. Role of lipid metabolism in tumorigenesis

Changes in cancer cell metabolism are essential in tumor behavior, but it is not
known how they interrelate (Figure 1). The high proliferative capacity of tumor cells
generates high metabolic demands [5]. Lipids are necessary for cell survival, prolif-
eration, differentiation, motility, cell structure, and cell signaling [6, 7]. Cholesterol
stands out in cancer progression because tumor cells require more cholesterol than
normal cells to achieve various functions [4, 8-10]. To reach this, some tumors over-
express genes from the cholesterol biosynthetic pathway to accomplish this goal [11].

2.1 Physiology of cholesterol synthesis

Cholesterol, synthesized in the mevalonate pathway from HMGCoAR (Figure 2)
[3], is regulated in response to different stimuli [3]. This pathway also generates [1, 2]
farnesyl pyrophosphate (FPP), precursor of sterols, such as cholesterol; ubiquinone,
necessary for the mitochondrial electron transport chain; dolichols, for the protein
N-glycosylation; carotenoids, free radical scavengers; isoprenoids, to anchor proteins
to cell membranes [2]; and geranylgeranyl pyrophosphate (GGPP), involved in a wide
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The mevalonate (MVA) pathway and its connection to intracellular energy metabolism signaling. The fatty acid
synthesis and p-oxidation pathway; glycolysis and the TCA cycle are noteworthy among other.
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HMGC reductase (HMGCR) to synthesize MVA. MVA generates farnesyl pyrophosphate (FPP), precursor of
some stevols, such as membrane cholesterol; as well as ubiquinone (Coenzyme Q) from the mitochondrial electron
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Antitumoral effects of MVA pathway inhibition. MVA pathway inhibition inhibits tumor growth and progression
through reduction in MVA synthesis, which decreases isoprenoid levels, preventing protein prenylation,
translocation of Rho and Ras to the cell membrane, and inhibition of cholesterol synthesis.
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Siggnal transduction through Rho-GTP proteins. Rho proteins ave present in an active state, bound to GTE, and
an inactive state, bound to GDP. When GTP binds to Rho proteins, a change in protein structure is produced
that allows information to be processed and the signal to be propagated within the cell. The Rho proteins change
cyclically between their active and inactive forms, these reactions being catalyzed by the “guanine-nucleotide-
exchange factors” proteins (GEFs); by the “GTPase-activating proteins” (GAPs), and by the “guanine-nucleotide
“proteins-dissociation inhibitors” (GDIs). Among the effectors downstream of Rho (Figure 4), the Rho-
dependent kinase (ROCK) family of MAP kinase proteins stands out.

2

range of cellular processes (Figure 3) [3]. Prenyltransferases farnesyl transferase
(FTase) and geranylgeranilatransferase (GGTase I and II) activate the functions of
some FPP or GGPP-dependent proteins in the cell membrane [3, 5, 12]. Thus, Ras
protein regulates cell differentiation and proliferation; Rho controls the cytoskeleton
and cell growth progression (Figure 4) [3, 13]; Rab, acts in the transport of intracel-
lular vesicles; Rap, is essential in cell replication, platelet activation and generation
of oxygen radicals; and G proteins, necessary in the signal transduction process [6].
Therefore, blocking the mevalonate pathway would lead to dysfunctional proteins
due to disruption of the prenylation process (Figure 3) [3, 7].

2.2 HMGCOoAR inhibition by statins

Statins inhibit the enzyme HMGCoAR, binding to the enzyme active site instead
of HMGCoA [14]. There are differential effects of statins according to the specific
tissue analyzed (liver »s non-hepatic) or polarity (hydrophilic vs lipophilic) [15]. The
more lipophilic, the higher levels in non-hepatic tissues [16], while the hydrophilic are
more hepato-selective [17].

2.3 Increased cholesterol needed in tumor cells

Increased cholesterol synthesis requires a rise in HMGCoAR activity; enhanced
absorption of low-density lipoprotein (LDL); and/or both mechanisms [18].
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The mevalonate (MVA) pathway in cancer progression. The MVA pathway is dysregulated in several cancer
cells due to mutations or abnormal signaling of different proteins/pathways. Upregulation of MVA pathway
drives increased protein prenylation thus promoting a malignant phenotype of cancer cells with uncontrolled

cell invasive growth and survival. In cancer cells expressing a mutation of tumor protein ps3, there is a positive-
feedback loop where p53 interacts with stevol regulatory element-binding protein (SREBP), leading to increased
activation of the MVA pathway activity and thevefore higher levels of MVA. This MVA leads to the stabilization
of p53 mutation as well as promotes protein prenylation, thus accelevating cancer progression.

2.3.1 Expression of HMGCoAR in tumors

Overexpression or activation of HMGCoAR [10] produces the isoprenoids necessary
to maintain pro-tumor benefits (Figure 5) [19]. High levels of HMGCoAR, present in
various types of tumors [20-22], are associated with favorable prognostic criteria [20],
such as prolonged relapse-free survival [23, 24] or predicted response to treatment [24].

2.3.2 LDL receptor expression

Physiologically, plasma cholesterol transported in LDL is internalized into the cell
upon contact with its receptor. If the cell needs cholesterol, it increases its synthesis
and LDL receptor activity; otherwise, both activities decrease [24]. In tumor cells,
higher cholesterol requirements cause an increase in LDL receptor concentration,
associated with an increased plasma LDL activity and absorption [25-27].

3. Pleiotropic effects of statins beyond lowering cholesterol levels

Statins, regulators of small GTPases prenylation [26], are essential in multiple
cellular processes [4, 27]. These pleiotropic effects of statins [1] are modulated either
by HMGCoAR-dependent (canonical) or HMGCoAR-independent (non-canonical)
ways [28]. We will focus on HMGCoAR-dependent processes, which prevent the
isoprenylation of small GTPases Rho, Ras, Rac, and Cdc24 [1, 29].
3.1 Non-tumor pleiotropic effects of statins

Statins can affect several tissue functions [30]. The different pleiotropic effects are

summarized in Table 1.
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Pleiotropic effect Main mechanism of action Ref.

Brain

Reduction of incidence of dementia Reduction of embolic and ischemic stroke [31]

Improvement psychological well-being Cumulative reduction of levels of depression, [32]
anxiety and hostility

Vascular

Endothelial function enhancement Education seric cholesterol levels. Decreased [33]
vascular relaxation Restoration of NO production

Reduction of blood pressure Reduction of blood pressure and peripheral [34]
vascular resistance

Reduction of thrombogenicity Reduction of platelet aggregation - Reduction [35]
(TxA2) -Increase in prostacyclin synthesis

Endocrine

Reduction of incidence of type II Inhibition of cellular pathway insulin-dependent [35]

diabetes

Immunology

Reduced transplanted organ rejection Inhibition of the expression of the MTF and [36, 37]
reduction of hypercoagulability. Decrease of TNF
o, IL-6 and NBP

Cardiology

Reduction of vascular events Ischemia reduction: -Coronary arteries, [36, 38]
Cerebrovascular; Kidney arteries

Improved VE fraction function in HF VE fraction improvement [32]

Bone

Reduction of osteoporosis and the Stimulates ECM genes expression [39]

fract isk

racture risk Prevention of bone resorption [35]

Stimulation of bone formation [39]
Promotes differentiation and proliferation [39]
Enhances bone mineral density [39]

Table 1.
Non-tumor pleiotropic effects of statin.

3.2 Tumor pleiotropic effects of statins

3.2.1 Pleiotropic effects of statins in non-mesenchymal tumors

Inhibition of mevalonate pathway by statins (Table 2) (Figure 5) [10] prevents

Rho protein isoprenylation and consequently produces apoptosis [47], decreases cell
proliferation [49] and tumor cells invasiveness [42], but not in non-tumoral cells [43].

3.2.2 Pleiotropic effects of statins in mesenchymal tumors

Cholesterol is involved in the sarcomagenesis process, with an inverse relationship
between increased cholesterol synthesis activity and decreased survival of patients
with sarcoma [11, 55].

166



Statins: Are Lipid-lowering Drugs Useful in Sarcomas?
DOI: http://dx.doi.org/10.5772/intechopen.107127

Pleiotropic effect Main mechanism of action Ref.
Cell proliferation Suppression of cell proliferation. Promotion of cells differentiation [25]
11 cycl
and cell cycle arrest Activation (phosphorylation) of IF2«, JNK and c-Jun [40]
Arrest in the GO/G1 and the S phase with changes in p53, p21°¥, [40]
CDK1
Loss of cell viability Osteosarcoma, chondrosarcoma, rhabdomyosarcoma, Ewing’s [22, 41-43]
and apoptosis sarcoma.
Cell detachment (anoikis) and induction of apoptosis [27,30]
Increase in the bax/bcl-2 ratio (decreased expression of bcl-2) [21, 28, 29,
41-44]
Enhancement of Doxorubicin and cisplatin enhancement in osteosarcoma and [29, 45]
chemotherapeutic rhabdomyosarcoma
ffect
etec Potentiating the inhibitory effect of cell migration [45]
Less released troponin T by cardiomyocytes in doxorubicin-treated [46]
mice
Effect on cell Promotion of cell differentiation in Ewing’s sarcoma [44]
differentiati
Elc:;[ren fation and Modulation of PTHrP/Ras/MAPK pathway in osteoblasts [47]
Increases in collagen, alkaline phosphatase, osteocalcin or BMP-2 [24]
Effect on migration Reduction of cell migratory ability in sarcoma cells [30, 48]
and invasiveness
Anti-angiogenic role decreasing the expression of VEGF, bFGF, [45, 48]
HGF and TGF-p
In osteosarcoma inhibition of migration, invasiveness and metastasis [49]
Down-regulation in osteosarcoma of MMP-2, 9 and 14 and TIMP2 [50]
expression or activity
MMP-3, —13, -2, -9 and TIMP-2 down-regulation in [48]
chondrosarcoma and in fibrosarcoma
In osteosarcomas alteration of RhoA-JNK-c-Jun-MMP2 pathway [48, 51]
Decreased Jak2/Stat5 phosphorylation and increased expression of [30]
SOCS3 in osteosarcomas
Growth inhibition of fibrosarcoma in animal models [52]
Control of tumor growth and pulmonary metastasis of rat [22]
fibrosarcoma
In vivo potentiation of doxorubicin or cisplatin [53]
In a xenograft model of osteosarcoma synergy of MTX with [54]

simvastatin

Table 2.
Pleiotropic effects of statin on mesenchymal tumors.

3.2.2.1 Effects of statins on cell proliferation and cell cycle

167

Statins, essentially lipophilic ones [56], suppress cell proliferation [57], promote
cell differentiation iz vitro [56], mainly in tumor cells [56], and prevent the prenyl-
ation of Ras and Rho. These effects are due to the increased phosphorylation of IF2a,
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JNK and c-Jun, and alteration of the p53, p21“*' and CDK1 gene expression [58, 59],
which arrest cells in the GO/G1 and the S phases.

3.2.2.2 Effect of statins on cell viability and apoptosis

Statin induces loss of cell viability [56, 60] and anoikis [61, 62], followed by p53
translocation, cytochrome c release [63], decreased expression of bcl-2 [64], caspase
9 and 3 activation [65], apoptosis and cell differentiation [66].

3.2.2.3 Enhancement of chemotherapeutic effect

Statins enhance the antitumor effects of chemotherapy [67]. Thus, lovastatin
enhances the effect of doxorubicin on NIH-3 T3 sarcoma cells [65], and in osteosarco-
mas, stimulates apoptosis and invasive behavior [68]. Sublethal doses of simvastatin
potentiate the cytotoxicity of doxorubicin in rhabdomyosarcomas [65], reducing in
vivo cardiac toxicity in mice [69, 70]. It is believed that these effects are produced by
the action of the p53 protein (Figure 5); the JNK phosphorylation [67]; the decreased
MMP-2 activity [68], the decrease in drug resistance regulated by the p-glycoprotein/
ABCBI gene [71], whose expression is associated with a poor prognosis in children
diagnosed with soft tissue sarcoma [62].

3.2.2.4 Effect of statins on cell differentiation and ECM composition

Simvastatin modulates cell differentiation through the IL-6-dependent PTHrP/
Ras/MAPK pathway in human osteoblasts and MG-63 osteosarcoma cells, increas-
ing the level of bone differentiation markers like alkaline phosphatase activity and/
or osteocalcin [72]. BMP-2-dependent osteoblast differentiation is stimulated by
lipophilic statins, while the hydrophilic statin pravastatin does not [72], also modify-
ing osteoblast differentiation markers collagen, alkaline phosphatase, and osteocalcin
[73]. Statins also promote cell differentiation of Ewing’s sarcoma [66].

3.2.2.5 Effect of statins on invasive behavior

Statins, increasing the non-isoprenylated cytosolic form of Ras [64], and
helped by its antiangiogenic effect and inhibition of the ECM degradation, reduce
sarcoma cell invasive ability [74]. Therefore, in osteosarcoma, statin decreases the
expression of the angiogenic factors secreted by the tumor VEGF, bFGF, HGF, and
TGF-p [75] and inhibits the neo-vascularization. Moreover, statins inhibit inva-
siveness [68, 76] by MMP-3, —13, -2, —9, —14 and TIMP-2 genes down-regulation,
involved in the ECM degradation, in the chondrosarcoma cell line SW1353 and
in HT1080 fibrosarcoma cells [76, 77]. Among some signaling pathways [32],
the RhoA-JNK-c-Jun-MMP2 pathway [76] or the Jak2/Stat5/SOCS3 pathway [74]
controlled by GGPP-prenylated RhoA [78]. In animal models, statins inhibit the
growth of primary tumor fibrosarcoma [50] and prevent tumor growth and pul-
monary metastatic development of rat fibrosarcoma [60]. Besides, statins enhance
the effect of doxorubicin or cisplatin [67]. In a xenograft model of osteosarcoma,
simvastatin synergistically potentiates the action of methotrexate, enhancing
tumor volume reduction, decreasing side effects, and drastically reducing lung
metastases [33].
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4. Mechanisms of action of statins
4.1 Effects derived from lipophilicity of statins

Lipophilicity of statins is an important factor in the effectiveness of these drugs.
Lipophilic statins diffuse passively through the plasma membranes, but hydrophilic
statins need transporters to cross them. Hydrophilic statins act mostly in the liver, and
lipophilic statins are mainly in extra-hepatic cells [15, 79]. Lipophilicity affects antitu-
mor actions of statins [41] inducing a cell cycle arrest in osteosarcoma [40]. Viability
and apoptosis are dependent on lipophilicity, in osteosarcoma [24], chondrosarcoma
[41], or rhabdomyosarcoma [43], but no clinical data related to the differential effect
of lipophilic vs hydrophilic statin in sarcomas were found. Data from other types of
tumors show this action [80], being lipophilic statins more effective.

4.2 Role of isoprenoid lipids, GTPases, and Rho in sarcomas

Members of the Rho family of small GTPases are involved in important functions
involved in malignant transformation and progression, like actin reorganization, cell
motility, or cell-cell and cell-ECM [55]. Rho proteins are promising targets as a novel
anticancer drug in several cancers [56] including sarcoma [28]. Rho GTPases local-
ized at membranes become activated upon stimulation of cell surface receptors. So,
Rho GEFs are often oncogenic, and the expression level of Rho GTPases frequently
increases with malignancy. A possible drawback of isoprenylation inhibitors is their
poor selectivity for individual Rho GTPases. High levels of RhoA and/or RhoC have
been observed to indicate a poor prognosis [81]. In addition, RhoA is involved in
tumor progression invasion [57] and RhoC in tumor invasion. Cell growth arrest and
proliferation inhibition in osteosarcoma depend on GGPP prenylation, rather than
FPP and farnesylation [19]. Similarly, treatment of NIH3T3 sarcoma cells with GGTI-
298 or lovastatin stops the cell cycle [82]; but FTI-277 has no such effect. So, geranyl-
geranylated proteins play a critical role in the cell cycle [83]. Statin-induced apoptosis
is also associated with changes in RhoA protein geranylgeranylation in human
chondrosarcoma [41] and osteosarcoma cell lines. Besides, in osteosarcoma cells,
simvastatin induced mevalonate-dependent apoptosis [30], mediated by the MAPK-
RhoA-p42/p44-bcl-2 mechanism [28]; or by activation of AMPK and p38 MAPK
[84]; or is associated with the RhoA/Stat1/bcl-2 signaling pathway [24, 30]. Inhibition
of geranylation by statins is also responsible for apoptosis in sarcomas [85]. Thus,
in osteosarcoma and chondrosarcoma cell lines [41], geranylgeranylation inhibition
induces apoptosis, which can be restored by adding GGPP, but not FPP. Similar results
have been observed after treating sarcomas with GGTI-298, but not with FTI-277.
This different effect of isoprenoid lipids on sarcoma cells may be due to the fact that
GGPP is derived from the condensation of FPP and isopentenyl pyrophosphate (IPP).
Since IPP could not be synthesized in cells treated with simvastatin, FPP could not be
converted into GGPP.

4.3 Autophagic cell death
Autophagic cell death or programmed cell death (PCD) type Il is a constitutively

active self-degradative process of cellular constituents [86]. It is responsible for
maintaining cellular homeostasis [87] under stressful conditions, such as nutrient
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starvation, hypoxia, growth factor insufficiency, acidosis, or drug exposure [87].
Autophagy begins with an isolation membrane that engulfs intracellular cargo [88],
degraded by lysosomal acid proteases. These lysosomal permeases and transporters
export amino acids and other by-products of degradation back out to the cytoplasm,
where they can be reused for building macromolecules and for metabolism [88].
Autophagy is regulated by the target of rapamycin (TOR) kinase, which is regulated
by some effectors [89]. Upstream of TOR, activation of AMP-activated protein kinase
AMPK in response to low ATP levels. Downstream, reduced Akt activity represses
TOR kinase [89] and induces autophagy, stimulating catabolism and reducing its
growth. Cholesterol depletion induced by statins produces inactivation of mTOR,
which then induces autophagy [18] and also can promote cancer cell death after
stimulation of ERK1/2 and Akt pathways [58]. In sarcomas, autophagy plays an
important role in the pro-survival response to therapies and stress, and in the thera-
peutic resistance of sarcoma [87]. The cell cycle arrest and apoptosis process start
with the GGPP depletion, which leads to a disrupted RhoA function, which activates
AMPK and consequently inactivates mTOR [84]. Finally, statin accumulated p53 at
the nucleus and induces autophagy through phosphorylation of HMGCoAR [59].

5. Evidence of the antitumor effect of statins
5.1 Epidemiological evidence of the antitumor activity of statins

Epidemiological studies have shown that statins reduce cancer mortality [74].
There is also a positive correlation between statin use and a reduction in cancer inci-
dence [60, 74, 78]. However, other authors have not found this connection between
taking statins and cancer risk [74]. Nevertheless, these epidemiological studies have
been criticized for having intrinsic limitations and a retrospective approach [74].

In addition, another criticism is that the studies have been designed to evaluate the
reduction of cholesterol levels and not the role it plays in oncogenesis [60], includ-
ing sarcomas. Besides, clinical studies of statins and their antitumor action are few,
limited, and inconclusive [61]. In addition, there is a discrepancy between data from
preclinical and epidemiology regarding the lack of response to combination therapy
in clinical trials. Moreover, unfortunately, clinical trials with statins and sarcomas
were not found.

5.2 Combined treatment of statins with chemotherapy

Statins can be administered at high doses to cancer patients (i.e. 15 mg/kg/day
for simvastatin; 25 mg/kg/day for lovastatin), but the expected effects have not been
observed [62]. However, statins sensitize the tumor cells to the action of chemo-
therapy, improving antitumor efficacy, due to the synergism of these drugs, enhanc-
ing cytotoxicity [60], increasing the therapeutic window of statins, and reducing
toxicity [63]. In sarcomas, statins increase the anti-tumor efficacy of doxorubicin
or cisplatin on human osteo- and fibrosarcoma in an additive manner [53]. Besides,
atorvastatin potentiates the effect on viability, migration, and cell invasion in human
osteosarcoma cells [45]. In a xenograft model of human sarcoma, lovastatin enhances
doxorubicin efficacy, reducing acute doxorubicin-induced heart damage [22, 46]. In
the same model with osteosarcoma cells, simvastatin increased methotrexate cyto-
toxic effect, being necessary for lower doses of this drug and decreasing the toxicity
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in the mice. Besides, increased the reduction in tumor volume caused by methotrexate
and markedly decreased the rate of lung metastases [54]. In this sense, there are also
some positive reports showing the efficacy of the combination of these drugs [64].
Therefore, in a patient with rhabdomyosarcoma refractory to chemotherapy, statins
contributed to the improvement of the patient after receiving radiotherapy and being
treated with bevacizumab [90]. However, it has also been described in other drugs
that patient survival did not improve with this strategy [65].

5.3 Disadvantages and inappropriate effects of using statins

Several advantages have been associated with statin therapy, but some drawbacks
have also been described. For instance, the low bioavailability of statins (5%-20%)
limits their effectiveness [63, 66]. For this reason, nanocarriers have been developed
[67] to overcome the lower oral bioavailability of statins [66]. Another drawback of
statins may be myopathies [91], due to direct effect of statins on muscle or autoim-
mune responses from autoantibodies against HMGCoAR [68]. Also, statins could
increase the risk of developing diabetes mellitus (in 10%—20% of patients receiving
statins) [69], increase of the rate of hemorrhagic stroke when blood cholesterol

levels are reduced [70], or increased liver enzymes, although hepatotoxicity is rarely
observed [92].

6. Discussion

Is there enough evidence to say that statins are useful in the treatment of sarco-
mas? From the epidemiological studies’ point of view, the results are not clear enough
to advise their use since the conclusions are not homogeneous and are objectionable.
Most studies are observational and retrospective [71], mainly phase I and/or phase II
clinical trials, with small sample size and poor statistical support [93]. The few pro-
spective articles published cannot assess the true extent of statins in cancer treatment.
It is also difficult to draw valid conclusions from heterogeneous articles, therapeutic
regimens with different types and doses of statins; not systematized frequency of
administration; dispensing or not concomitantly with chemotherapy; lipophilic vs
hydrophilic statins, etc. In addition, it is also necessary to investigate what dose and
how long statin treatment is needed to prevent cancer; or what mechanism of death
(apoptosis vs autophagy) is responsible for the observed effects [94]. In addition, it
is not well known whether statins reduce the degree of tumor aggressiveness [71] or
allow them to be diagnosed earlier [95]. Second, the response to statins may depend
on interindividual variability that may explain the variation in pharmacological
response to them [93]. HMGCoAR expression is known as a tumor biomarker. Thus,
in ovarian cancer, is associated with greater survival without recurrence [96]. In
colorectal cancer, the chemopreventive capacity of statins depends on polymorphisms
in the HMGCOoAR gene [72]. Even so, population studies have shown chemopreven-
tive and survival benefits of statins in several types of cancer [93]. Thus, in a case-
control study, cancer was diagnosed less frequently among patients who took statins
(28%) [78]. Also, the use of statins in cancer patients is associated with a reduction in
cancer-related mortality [74]. But in a clinical trial, designed to evaluate the effect of
pravastatin combined with sorafenib on hepatocellular carcinoma, no improvement
in survival was observed in these patients [73]. On the other hand, is the use of statins
effective and safe in the treatment of these neoplasms? While epidemiological studies
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are contradictory, preclinical studies confirm the anticancer efficacy of statins in
controlling metastatic disease [20, 93] due to growth inhibition and cell death, both i
vitro and in vivo [20]. These contradictory epidemiological data generate uncertainty
regarding the role of cholesterol in the development of cancer [97]. Based on data
from long-term studies of cardiovascular disease, neither taking statins nor lowering
serum cholesterol levels increases cancer risk [76]. These discrepant data may be due
to inadequate methodological designs (retrospective vs prospective), insufficient
follow-up, and/or the different types of statins used [98]. In this sense, some mecha-
nisms can alter cholesterol homeostasis and lead to cancer development [97]. Are
statins safe or do they have any degree of toxicity? Toxicity caused by statins it is more
selective in tumor than in healthy cells [99]. This fact has been observed in osteo-
sarcoma cell lines with simvastatin [24]; or in Ewing’s sarcoma cells, with lovastatin
[75]. These data are critical, because these drugs are safe and well tolerated, and the
achievable plasma concentration (0.1-4 pM) at a dose of 24 mg/kg/day corresponds
to the dose range that can trigger apoptosis in vitro [100]. Moreover, treatment with
atorvastatin, evaluated for 3 years in growing patients diagnosed with heterozygous
familial hypercholesterolemia, was effective, safe, and well tolerated [9], with no
impact on child growth or maturation, with only a few adverse events responsible for
a2.2% treatment withdrawal. With respect to the toxic effects of fluvastatin in termi-
nal pediatric Ewing’s sarcoma patients, fluvastatin showed that can be used safely at a
dose of 8 mg/kg/day in this population [77].

In conclusion, for the above-mentioned reasons, even though many aspects remain
to be resolved, we consider statins to be good potential candidates for being reprofiled
in sarcomas. However, further studies in sarcoma patients, with large phase III pro-
spective randomized controlled trials are warranted to establish the effect of statins in
cancer prevention and treatment [93], and to answer the question of whether statins
can be used to prevent and/or treat various types of cancer [71], including sarcomas.

Abbreviations

HMGCoAR 3-hydroxy-3-methylglutaryl coenzyme A reductase

FPP farnesyl pyrophosphate

GGPP geranylgeranyl pyrophosphate
FTase farnesyl transferase

GGTase geranylgeranyl transferase
LDL low-density lipoprotein

Gende ABCB1 gen del casete de unién de Bl a ATP
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Abstract

Ameloblastoma is a benign odontogenic tumor of epithelial origin with locally
aggressive behavior. It affects a broad age range of patients and it is most commonly
found in the mandible, especially posterior area. The majority of ameloblastomas are
conventional (multicystic), which are more difficult to eradicate than the unicystic
or peripheral types. Although most of ameloblastoma cases can be treated predict-
ably with radical surgical treatment, the management of recurrent and metastasizing
ameloblastomas remains a major challenge. Surgical treatment is standard, but the
extent of resection is controversial. Radical resection with segmental and marginal
mandibulectomy or curettage and enucleation with better quality of life, but with
higher recurrence rate. Besides the conventional surgical treatment, novel therapy
options like neoadjuvant molecular targeted therapy and decompression in young
patients could make a significant improvement in the management of the disease. The
aim of this chapter was to determine the present and future concepts of treatment
and discuss significant factors responsible for recurrence.

Keywords: ameloblastoma, odontogenic tumors, surgical procedures,
molecular targeted therapy, recurrence

1. Introduction

Odontogenic tumors are considered as relatively rare and destructive neoplasms
of the jaw bones. They are derived from the remnants of odontogenic tissue and each
odontogenic tumor represents the abnormality in odontogenesis [1].

Ameloblastomas belong to benign odontogenic tumors with locally aggressive
behavior. Although the incidence of odontogenic tumors varies from 1% to 32% of all
jawbone tumors, ameloblastoma, alongside odontoma, is the most common benign
odontogenic tumor [2]. It is predominantly found in the mandible (up to 80%) and
most patients diagnosed with ameloblastoma are aged between 30 and 60 years [3].

The current, 5th World Health Organization (WHO) classification from 2022
distinguishes five different types of benign ameloblastoma as described hereafter [4].
They most commonly manifest as slow-growing and asymptomatic swelling with
the ability to expand and perforate cortical bone. Slow-growing character and lack
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of symptoms are considered responsible for delayed diagnosis of the ameloblastoma
which is an ongoing problem, especially in developing countries [3].

Throughout history, primary treatment was, and still is, surgical with controversial
extent of resection [5]. Taking into consideration severe clinical implications with high
recurrence rate it is of utmost importance to provide sufficient guidelines and standard-
ize surgical approach. In addition, recent literature has provided us with breakthrough
in the understanding of genetic mutations and signaling pathways crucial in ameloblas-
toma pathogenesis [6]. Thus, novel therapy options like neoadjuvant molecular targeted
therapy could significantly contribute to the management of the disease.

This chapter will address evidence-based treatment options and contemporary
concepts of managing ameloblastoma.

2. Etiopathogenesis

The exact etiological factors associated with ameloblastoma are not yet completely
understood. Up to 2014, little was known about exact molecular pathogenesis and a
variety of etiological factors existed, including trauma, inflammation, dental caries
and nutritional deficiencies [3, 7]. Considering ectodermal origin of ameloblastoma
and its development from cells of the dental lamina, it is anticipated that enamel
organ, cell rests of Malessez, cell rests of Serres and remnants of odontogenic epithe-
lium are linked to etiopathogenesis of ameloblastoma [8].

As the genetic understanding increased, valuable findings have been brought
to light regarding molecular pathogenesis of ameloblastoma. In 2014, it was con-
firmed that recurrent somatic and activating mutations in the mitogen-activated
protein kinase (MAPK) plays a prominent role in the pathogenesis of the disease
[6, 9, 10]. Additionally, there is evidence that mutations in non-MAPK signal-
ing pathways, especially sonic hedgehog (SHH) pathway are also associated with
ameloblastoma [11].

Mutations related to MAPK pathway include BRAF, fibroblast growth factor
receptor 2 (FGFR2) and RAS genes [6, 9, 10]. BRAF is a serine/threonine protein
kinase which activates the MAPK/ERK signaling pathway with consequential increase
in cell proliferation and neoplastic transformation [6]. BRAF V600OE mutations were
firstly found in ameloblastoma clinical samples by Kurppa et al. [6] using real-time
PCR enhanced by Sanger sequencing. These authors observed a high frequency of
BRAF V600E mutations (63%). Subsequently, more recent studies described occur-
rence of the mutations ranging from 43% to 82% [7, 12, 13]. RAS is a protein that
normally activates BRAF, therefore acts upstream of BRAF. In addition, the activation
of RAS is normally triggered by the activation of FGFR2 which is a membrane-bound
activator of MAPK signaling [14]. FGFR2 and RAS mutations were identified in up to
20% ameloblastoma cases [7]. Together, all the mentioned mutations are present in
vast majority of ameloblastomas, suggesting that activation of the MAPK signaling
pathway represents a critical event in the pathogenesis of ameloblastoma [2].

Several non-MAPK mutations have also been associated with ameloblastoma. The
most important is nonclassical G protein-coupled receptor, the smoothened (SMO)
gene. It is a signaling receptor that mediates SHH signaling pathway. Frequency rates
of SMO mutations are lower than those in MAPK pathways, but these mutations
have a greater tendency to appear in the maxillary ameloblastomas. Furthermore,
SHH mutations including SMO appear to be associated with higher recurrence of the
disease [7, 10].
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3. Classification

WHO has recently provided the 5th edition of Classification of Head and Neck
Tumours. Ameloblastoma classification is almost identical to that of 2017, with one
new entity that will be mentioned in further text [4].

Ameloblastoma is primarily divided into five types:

* Conventional

* Unicystic

* Extraosseous/Peripheral
* Metastasizing

* Adenoid

Conventional ameloblastoma, earlier known as multicystic or solid ameloblastoma,
is the most common type and comprises about 90% of cases. Clinically, it is a slow
growing, benign neoplasm with locally aggressive behavior [3]. It is of vital impor-
tance to distinguish radiographic features of ameloblastoma to the earlier mentioned
term of multicystic ameloblastoma. Multilocular radiographic presentation of amelo-
blastoma in no way should be considered as the reason why conventional type was
named multicystic in the past classifications. On the contrary, it was reported that
ameloblastomas appear equally as multilocular or unilocular radiolucencies [15, 16].
However, opinions about radiographic features contradict and radiographic evalua-
tion alone is in no case sufficient for adequate diagnostics (Figure 1). Histologically,

a decent number of ameloblastoma variants have been found, such as follicular,
plexiform, acanthomatous, desmoplastic, basaloid and granular cell. Plexiform and
follicular are the two most prevalent histological patterns. It is worth mentioning that
ameloblastoma can simultaneously display both histological patterns [3]. Additionally,

Figure 1.
Conventional ameloblastoma of distal part of maxillae.
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desmoplastic ameloblastoma is from 2017 no longer recognized as separate type, but
is classified as histological variant because of its distinctive histological appearance.
It possesses a pathognomonic histological feature of extensive stromal dysplasia,
epithelial islands within a highly collagenous connective tissue, and metaplastic bone
formations in some cases [2, 3].

Unicystic type is the second most common ameloblastoma making from 5% to
15% of all cases. This type is most frequently found in younger patients, with differ-
ent clinical, radiological and histopathological features from conventional type [16].
Unicystic ameloblastomas can be predominantly found in the posterior mandible
and are often associatied with an unerupted tooth, resembling dentigerous cyst
(Figure 2). It is thought to be less aggressive and has a lower recurrence rate, which
mainly depends on the histological variant. Luminal and intraluminal variants have
a good response to conservative treatment with approximately 10% of recurrence,
but conservatively treated mural variant has a high recurrence comparable to that of
conventional type [2].

Peripheral or extraosseous ameloblastoma is rare variant that has about 1% ratio
among all ameloblastomas [17]. This variant has gone through a terminological

Figure 2.
Radiological featuves of unicystic ameloblastoma in the mandible: (a) orthopantomographic image; and (b)
CBCT image.
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evolution from its first appearance in late nineteenth century until 1959, when the
term “peripheral ameloblastoma” was used for the first time [18]. Stanley and Krogh
[19] introduced this term in their study and from that point on, “epithelial epulis” and
“alveolar border ameloblastoma” fell out of favor. This type mostly affects middle-
aged patients with higher prevalence in the mandible. It is considered to be amenable
to conservative surgical therapy, recurring in a small number of cases [2]. From
histological point of view, it has a similar pattern to conventional ameloblastoma
consisting of ameloblastic epithelium islands [3].

Metastasizing ameloblastoma was defined as a histologically benign type of
ameloblastoma which metastasizes to distant sites by WHO classification from 2017
[14]. It is particularly rare type of ameloblastoma and despite its affiliation with
benign tumors, it metastasizes to distant sites and makes treatment unpredictable
with a high recurrence rate [20]. It is most commonly found in lungs, but other sites,
such as brain and kidneys have also been reported [21].

According to the 5th edition of Classification of Head and Neck Tumors by WHO,
adenoid ameloblastoma is introduced as a new entity. It is described as epithelial
odontogenic tumor with cribriform architecture, ameloblastoma-like component
and presence of duct-like structures. It is also characterized by possible presence of
dentinoid, ghost and clear cells [22]. The hybrid histological pattern including both
ameloblastoma and adenomatoid odontogenic tumor characteristics was reported
in approximately 40 cases in the literature [23]. Moreover, adenoid ameloblastoma
is considered as more biologically aggressive type with higher recurrence rate than
conventional ameloblastoma. In contrast to other ameloblastoma types, BRAF V60OE
mutations are not present in the adenoid type [23].

4. Contemporary treatment options

Current management concept of ameloblastoma is still controversial. To date,
standard treatment is radical resection with a wide bone margin. However, various
treatment methods have been recommended with respect to many factors, such as
type and clinical presentation of tumor [5]. Regardless of the type, the management
of ameloblastoma is either surgical or non-surgical. Surgical approach can be fur-
therly divided into radical and conservative surgery. These approaches often inter-
twine, and conservative methods such as decompression are valuable in preoperative
reduction of tumor volume [24]. Non-surgical methods include radiotherapy and/
or chemotherapy. Recent advances in signaling pathways and genetic understanding
related to pathogenesis of ameloblastoma resulted with the development of molecu-
lar targeted therapies as a valuable treatment option in management of the disease
[3, 25]. Details on the contemporary surgical approach and aforementioned treatment
methods will be provided in the following subchapters.

4.1 Diagnostic protocol

Standard diagnostic protocol of ameloblastoma is by no means different from
other odontogenic tumors [26]. Thorough clinical examination combined with ade-
quate radiological imaging and histopathological analysis are mandatory to successful
diagnosis and further management. A variety of radiological procedures are available
to provide surgeon with precise structural expanse of ameloblastoma. Different
methods are often combined, starting with orthopantomogram as a usual starting
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Figure 3.
Preoperative CBCT image of ameloblastoma found on the vight side of the mandible.

point. Three-dimensional analysis is further performed by conventional computed
tomography (CT), cone-beam computed tomography (CBCT) or magnetic resonance
imaging (MRI). Taking into consideration potential malignancy of ameloblastoma,
positron emission tomography combined with CT (PET/CT) can be used for diag-
nosing distant metastasis [3]. CBCT is considered as a standard three-dimensional
imaging modality prior to further therapeutic procedures (Figure 3). Nevertheless,

it is worth pointing out that MRI provides superior soft-tissue contrast, which makes
it a useful imaging modality for diagnosing tumors with soft-tissue components [27].
This is especially applicable for depicting the extension of ameloblastoma to adjacent
anatomical structures. Finally, definitive diagnosis cannot be made by clinical and/or
radiological findings alone, thus it is imperative to obtain a biopsy for histopathologi-
cal analysis.

4.2 Surgical treatment.
4.2.1 Radical surgical approach

Still a gold standard in ameloblastoma treatment, radical surgery is favored for
all aggressive types of primary and recurrent ameloblastomas [3]. Radical resection
implies en bloc tumor removal with a wide bone margin followed by immediate or
delayed bony reconstruction of the defect with tissue grafts and/or prosthetic appli-
ance [28]. In the mandible, resection can be performed through segmental osteotomy
which involves the loss of continuity and requires reconstruction or can be marginal
preserving the lower border with consequential maintenance of bone continuity [29].
Even though radical treatment is favored according to the contemporary literature
[5, 30-32], several factors such as age, clinical presentation and ameloblastoma type
should be considered when determining the course of therapy. Surgery can impair
facial growth and development of pediatric patients, thus a conservative approach
may be preferred [5]. Patient wishes regarding surgically induced facial deformations
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and psychological effects affecting the quality of life are also important factors that
should not be overlooked.

Relatively high recurrence rate of ameloblastoma presents a major challenge.
The recurrence rate of aggressively treated ameloblastomas is approximately
12%, which is significantly lower than that for conservative treatment, with post-
treatment recurrence of 30% [33]. In a retrospective review by Ooi et al. [31]
patients with conventional and unicystic ameloblastoma treated with segmental
mandibulectomy and free fibula flap reconstruction were observed. The treatment
showed no recurrence in a 5-year follow-up period with overall patient satisfactory
regarding esthetic and functional results. 40% of the patients did not receive any
form of prosthodontic rehabilitation and only 3 patients underwent dental implant
insertion, showing that low uptake of dental rehabilitation did not adversely affect
outcome and patient satisfaction. Another retrospective study by Bianchi et al. [34]
confirmed positive outcomes of radical therapy. The study comprised 34 patients
with histologically confirmed mandibular ameloblastomas, treated with segmental
mandibular resection, fibula or iliac crest free flap reconstruction, and immedi-
ate or delayed dental implant placement. The duration of follow-up was from 18
to 120 months and no patient showed radiological or clinical signs of recurrence.
Furthermore, recurrence rates up to 80% were reported after enucleation of con-
ventional ameloblastoma, indicating the necessity for segmental resection with
atleast 1 cm of margin to the bone, including an adjacent soft tissue margin [35].
Moreover, the importance of adequate treatment choice is evident in the study by
Hertog et al. [36]. The experience with the treatment of recurrent ameloblastoma
previously treated by enucleation over a 40-year period was reported. Of all patients
who underwent radical surgery, not a single recurrence was found during 10.5 years
follow-up period. The remaining patients treated with conservative approach all
developed one or more new recurrences. Observing a localization of tumor alone,
it is believed that the best treatment option for maxillary ameloblastoma is radical
resection [37]. Maxillary tumors are believed to be more aggressive than those found
in the mandible due to the bone histomorphology, which is spongier providing a
weak wall of defense against local spread (Figure 4). Moreover, the proximity of
important anatomical structures such as the orbit, infratemporal fossa, pterygo-
palatine fossa, nasal fossa and base of the skull makes the treatment more difficult
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Figure 4.
Postoperative orthopantomographic image after segmental resection of left maxillae.
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and mutilating [38]. These tumors can be resected via various midface approaches,
resulting with defect that unifies oral cavity, nasal cavity and paranasal sinuses
causing alterations in phonation, mastication and deglutition [32]. The remaining
defects can be fitted with an obturator, allowing surgeons an easy access for clinical
examination [2].

With the development of bone grafting and osteomyocutaneous free flaps, loss of
function and esthetics can finally be considered relics of the past. Patients undergoing
extensive tumor removals are now enabled to receive improved postoperative course
with preserved essential functions such as mastication, deglutition and phonation
together with a satisfactory esthetic outcome [39]. Nowadays, the emphasis is increas-
ingly placed on the use of computer-aided design/computer-aided manufacturing (CAD/
CAM) technology in reconstructive surgery. Virtual surgical planning and 3D print-
ing techniques are used to preoperatively shape free flap dimensions or individually
fabricate titanium meshes and fixation plates [40]. In a recent study by Lv et al. [41],
guiding plate system for precise mandibular reconstruction was introduced with
thorough postoperative evaluation. Mandibular and fibular osteotomy guides for
tumor resection and simultaneous donor site bone segment shaping were designed
and fabricated using CAD/CAM technology. All patients underwent successful
surgery with 100% overall survival rate of flaps. Postoperative esthetic assessment
was rated as excellent and quantitative evaluation was performed by measuring
different parameters such as discrepancy in osteotomy lines, mandibular resemblance
and symmetry. The cohort included patients undergoing traditional resection and
reconstruction. There was significant difference between cohort and test group in all
the mentioned parameters.

Last but not least important step in surgical management of ameloblastoma is
postoperative follow-up. Various examples of recurrences emphasize the inevitable
need for prolonged follow-up visits after surgery [42]. Adebayo et al. [42] presented
a case of soft tissue recurrence 21 years after radical surgery in the mandible which
leads to conclusion that radiological follow-up should be carried out throughout life in
ameloblastoma patients.

4.2.2 Conservative surgical approach

Conservative treatment has found its purpose in treating less aggressive types
of ameloblastoma [2]. It involves one or more of the following procedures: enucle-
ation, curettage, physicochemical treatment (cryotherapy or Carnoy’ solution),
marsupialization and decompression (Figure 5) [43]. The main advantages of the
conservative approach are: preservation of adjacent healthy tissues, avoidance of
facial disfiguration and, consequentially, better postoperative quality of life. Pediatric
patients are, for instance, very approach sensitive and radical surgery may affect
the growth dynamics of the dentition, soft tissues and entire craniofacial skeleton
[44]. Therefore, a conservative approach is often the treatment of choice in children.
However, ameloblastoma type and histological pattern must be taken into account
during the planning and selection of the adequate treatment. These are mandatory
factors influencing the surgeon’s decision with a primary goal of minimizing the pos-
sibility of recurrence and avoiding under- or overtreatment [16].

Considering the high recurrence rate of conservatively treated conventional type
of ameloblastoma it is crucial to emphasize the right indication [33]. Firstly, histo-
pathological analysis is necessary to confirm the type of ameloblastoma curable with
conservative approach. Only less aggressive types such as unicystic or peripheral are
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Figure 5.
Preoperative decompression of the unicystic ameloblastoma in the mandible of young patient.

suitable to be treated by this type of approach [35]. In a study by Seintou et al. [43],
a thorough review of clinical, radiological, and histopathological characteristics of
unicystic ameloblastoma in children was presented with findings that treatment

is still controversial. However, it was concluded that conservative treatment was
preferable due to better postoperative quality of life, despite a slightly higher recur-
rence rate. Huang et al. [45] also claim that radical treatment should be reserved for
recurrent and more aggressive types of ameloblastoma, with important statement
that recurrence is probably not a major consideration for pediatric patients and
should not be considered as equivalent to failure. On the other hand, some authors
[46, 47] believe that radical resection should still be a treatment of choice whenever
follow-up examinations are limited. This applies usually to developing countries,
but any other limiting factors are not excluded. Even though the radical treatment
results with less recurrence, a majority of ameloblastoma cases in pediatric patients

Figure 6.
Postoperative healing after conservative surgical treatment of ameloblastoma in adolescent patient (a), and
patient in the middle of 205 (b).
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are unicystic [43, 44]. Less aggressive behavior and lower recurrence rate are factors
that furtherly support the conservative treatment of ameloblastoma in these patients
(Figure 6). In addition, peripheral ameloblastoma is another entity successfully treat-
able with conservative therapy. It is most frequently present in the gingival tissues and
the conservative approach with narrow margins of unaffected tissue is treatment of
choice [48].

Altogether, opinions on the treatment of conventional ameloblastoma are still
divergent with valid arguments regarding both radical and conservative approaches.
It is of vital importance to know the differences between various types of conserva-
tive procedures. A simple enucleation is considered as inadequate with unaccept-
ably high recurrence rate of up to 60% in unicystic ameloblastoma and up to 80%
in conventional ameloblastoma [35]. Enucleation followed by curettage and/or
physicochemical treatment has been suggested as standard conservative approach
(Figures 7 and 8) [43].

It is necessary to eradicate intraosseous ameloblastoma cells that can be found
up to 8 mm from the clinical and radiographic margin of the lesion (Figure 9).

Figure 7.

Conservative surgical treatment of ameloblastoma in an adolescent patient with CBCT image presented in
Figure 3: (a) enucleation of tumor mass; (b) enucleated ameloblastoma; (c) status post-enucleation and
curettage; and (d) primary wound closure.
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Figure 8.

Conservative surgical treatment of ameloblastoma in patient in the middle 20% with radiological status presented
in Figure 2: (a) status post enucleation and curettage; (b) enucleated tumor mass; and (c) primary wound
closure.

Figure 9.
Orthopantomographic image showing postoperative margins after conservative surgical treatment with
decompression and subsequent enucleation and curettage. Preoperative vadiological status is presented in Figure 2.

Physicochemical treatment of these cells can be performed with liquid nitrogen cryo-
spray or with Carnoy’s solution [30]. Carnoy’s solution is a fixative initially proposed
by Stoelinga and Bronkhorst [49]. It has ability to penetrate cancellous bone to a depth
of 15 mm, so it is ideal for application after enucleation [35].

Decompression is a valuable method most commonly used to preoperatively
reduce the size of cysts [50]. The size of the lesion is expected to be reduced
by inserting a rubber tube or a stent through a previously created hole in the
overlying bone and mucosa [51]. Huang et al. [45] have reported a significant
reduction in ameloblastoma size using 6-12 months preoperative decompres-
sion. Furthermore, Park et al. [51] reported a 36.7% reduction in size of unicystic
ameloblastoma after 13 months of decompression in 5 patients with mean age
of 18.6 years (Figures 10 and 11). They also highlighted that the patient’s age is
inversely proportional to the relative velocity of shrinkage. Additionally, con-
temporary methods including active decompression and distraction osteogenesis
have been developed for the treatment of odontogenic cystic entities [52]. Active
decompression and distraction osteogenesis involve the use of active negative
pressure inside a cyst to increase the velocity of cystic lesion shrinkage and to
stimulate the regeneration of bone [52]. There is still no evidence of its clinical
use in literature, thus the further research is required to verify the effect of active
decompression on pathophysiology of ameloblastoma.
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Figure 10.

Decompression in a pediatric patient with unicystic ameloblastoma of the mandible. Preoperative radiographic
follow-up (surgical procedure is presented in Figure 7: (a) initial situation of a large ameloblastoma; (b)

2 months after rubber tube insertion; (c) 4 months after tube insertion; and (d) 9 months after tube insertion.

4.3 Non-surgical treatment
4.3.1 Chemotherapy and radiotherapy

Radiation therapy and chemotherapy have played no significant part in the
management of ameloblastoma [35]. Ameloblastoma was, together with ameloblastic
carcinoma, believed to be radioresistant tumor, as older methods failed to improve
outcome of the disease [53]. Nevertheless, more recent literature suggest radiotherapy
may be utilized for preventing recurrence in patients with microscopic positive
margins or those with inoperable disease [54]. As malignant ameloblastomas or
ameloblastic carcinomas are rare, data reporting radiotherapy effects remain scarce.
Kennedy et al. [53] achieved local control in 4 of 6 patients treated with radiotherapy
alone or postoperatively after radical surgery. Koukourakis et al. [55] concluded that
image-guided radiation therapy, intensity-modulated radiation therapy or proton
beam irradiation may be beneficial in adjuvant setting after surgical treatment for
local control. Results of chemotherapy are also unpredictable with a lack of research
[56]. Amzerin et al. [56] used combination of doxorubicin and cisplatin in patient
with recurrent ameloblastoma with lung metastases. Pain disappearance, local sta-
bilization and lung lesions shrinkage of 30% were reported. Gall et al. [57] evaluated
effectiveness of three chemotherapeutic agents (methotrexate, cyclophosphamide,
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Figure 11.
Postoperative image of the patient presented in Figure 7. Conservative surgery with enucleation and curettage
was performed after 12 months of decompression.

and doxorubicin) with no regression of tumor nodules in the lungs, but with major
symptomatic improvements. These data suggest that chemotherapy may improve
clinical symptoms in metastatic patients.

4.3.2 Molecular targeted therapy

Over the past decade, novel molecular targeted therapies are evolving alongside
with dramatically improved understandings of biological behavior of ameloblastoma
[58]. The main identified mutations are found in MAPK and SHH signaling path-
ways. These include BRAF, RAS and FGFR2 genes from MAPK pathway and SMO
gene from SHH signaling pathway [2, 10]. Discovery and clarification of mentioned
activated molecular pathways brought out the novel potentional targeted therapies in
the management of ameloblastoma.

Drugs approved by US Food and Drug Administration which are predominantly
used for treatment of metastasizing, unresectable or recurrent ameloblastoma are
vemurafenib, dabrafenib and trametinib [59, 60]. Initially, vemurafenib was approved
for use in treatment of metastatic or surgically non-treatable melanoma, while dab-
rafenib and trametinib for the treatment of metastatic non-small cell lung cancer with
BRAF V600E mutations. Vemurafenib and dabrafenib are BRAF inhibitors, while
trametinib is MEK inhibitor [59, 60]. Although the available literature is limited with
alack of clinical research, clinical effectiveness of using molecular targeted drugs for
patients with ameloblastoma was reported in several case reports [61-66]. Fernandes
etal. [61] presented a case of patient with recurrent ameloblastoma with confirmed
BRAF V600E mutation. Vemurafenib therapy was prescribed and complete resolu-
tion of symptoms together with continuous shrinkage of lesion evidenced on MRI
scans after 11 months of therapy were reported. Furthermore, Faden et al. [62]
used dabrafenib reduced to a 50% of therapy dose to treat a patient with significant
medical comorbidities. MRI analysis showed a 75% reduction in tumor mass after
8 months of therapy. Both authors [61, 62] recommended single agent therapy over
dual therapy in ameloblastoma patients. However, adverse reaction to vemurafenib
including arthralgia, nausea and rash has been reported after 12 months of therapy
[63]. Adverse effects can be controlled by decreasing the dosage without adversely
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affecting outcomes of therapy. It has been found that neoadjuvant treatment with
dabrafenib significantly reduces size of the primary tumor which could reduce the
extent of the subsequent surgery [64]. On the other hand, Kaye et al. [65] reported

a case of unresectable locally recurrent ameloblastoma of the mandible with lung
metastases treated with dual targeted therapy. They used dabrafenib in combination
with trametinib which resulted with significant reduction of tumor and metastases
volume and utter resolution of symptoms after 20 weeks. Combination of dabrafenib
and trametinib has also proven to have a significant influence resulting with complete
remission in a study by Brunet et al. [66].

SMO inhibiting drugs, such as itraconazole and vismodegib, are considered less
successful due to the mechanisms of resistance which disable their binding [10].
Cyclopamine is SHH signaling pathway antagonist and is more effective than SMO
inhibitors [2]. However, it has ability to inhibit osteoblast proliferation and differen-
tiation with negative effects on bone healing [67].

It is worth mentioning that matrix metalloproteinases (MMPs) have a role in local
invasiveness of ameloblastoma [58]. MMPs are zinc-dependent proteinases that are
important in extracellular matrix degradation and are associated with tumor growth
and invasiveness [68]. MMP-2 and MMP-9 are expressed in various benign and
malign tumors, including ameloblastoma. They are mainly involved in angiogenesis
and tumor growth [69]. Consequently, invasion of adjacent tissues could be effec-
tively controlled by regulation of MMPs. Still, they have a vital role in tissue remodel-
ing and inhibition of their activity causes major side effects. Thus, further research is
needed to reveal potential disease control by MMP inhibitors [58].

5. Conclusions

Despite the great strides that have recently been made in investigation of
molecular factors and biological mechanisms responsible for ameloblastoma, the
management continues to be the subject of debate among clinicians. Surgeons often
empirically decide for radical treatment to reduce the risk of recurrence, affecting
postoperative quality of life. Novel conservative surgical methods such as active
decompression and distraction osteogenesis have the potential to vastly reduce the
extent of surgery. The development of molecular targeted therapies implicates MAPK
and SHH pathway inhibition as an effective treatment modality for ameloblastoma.
Further clinical research is mandatory for standardization of treatment methods.
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