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Osteosarcoma is the most common malignant bone tumor and mainly affects children,
adolescents, and young adults. Osteosarcoma shows significant genetic instability,

resulting in very complex biology with multifaceted cellular and molecular
mechanisms and behavior. Although clinical outcomes, both prognostic and

functional, of osteosarcoma dramatically improved in the 1980s, the prognoses of the
patients with relapsed and/or metastatic disease remained very poor in spite of our

continuous efforts to overcome this difficulty. This book aims to delve into the current
advances of basic and clinical sciences in osteosarcoma that are guiding the future
directions of its research and clinical practice. The knowledge presented here will
lead to further inspiration, ideas, and novel insights into the field of osteosarcoma

research. Hopefully, this work will foster improvement of the prognosis for patients
suffering from the disease.
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Preface

In 2016, a very impressive report was published describing that osteosarcoma is the oldest
malignant neoplasm in humans evidenced by the fossil record, dating back 1.7 million years
to the Homo ergaster era. Since then, we have accumulated great knowledge of its biology
and behavior from tissue and cells to the molecular level. We have also developed many
therapeutic weapons against this disease including limb-sparing surgery with megaprosthe‐
ses and intensive chemotherapy with multiple cytotoxic agents. As a result, the prognosis of
osteosarcoma dramatically improved in the 1980s. However, in spite of our continuous ef‐
forts to uncover the mechanisms and pathophysiology involved with disease progression
including molecular pathways and microenvironment interactions, the prognosis of osteo‐
sarcoma has now remained unchanged for several decades. This is especially the case for
patients with relapsed and/or metastatic disease, whose outlook remains poor. Osteosarco‐
ma’s very complex biology is accompanied by tremendous genetic instability and intratu‐
moral heterogeneity. These mysteries must be solved in order to improve the prognosis of
osteosarcoma.

This book aims to delve into current advances of basic and clinical science in osteosarcoma
to guide the future directions of research and clinical practice. The book consists of 13 chap‐
ters including Chapter I that introduces the recent progress and issues to be discussed in
osteosarcoma research. Upon this comprehensive overview, Chapters II to VII describe ad‐
vances of the basic sciences that could be translated into the clinical arena in the near future.
Chapters II and III focus on the molecular pathways that could reveal potential therapeutic
targets such as phosphatase and tensin homolog (PTEN) and phosphoinositide 3-kinase
(PI3K), as well as aldehyde dehydrogenase (ALDH), epidermal growth factor (EGFR), and
insulin-like growth factor-1 receptor (IGF-1R). Chapters IV and V focus on the interaction
between osteosarcoma cells and their microenvironment, including the role of mesenchymal
stem cells. Chapters VI and VII describe the emerging field of cancer immune therapy and
checkpoint inhibition. Chapters VIII to X include topics in the basic sciences that are poten‐
tially close to translation into the clinical setting. Chapter VIII describes the biology of one of
the most prominent and challenging clinical symptoms: pain. The chapter describes novel
strategies to combat pain from the view of its molecular mechanisms. Chapters IX and X
discuss the identification of possible therapeutic biomarkers and targets of osteosarcoma
through microRNAs and omics approaches. Chapters XI and XII include the clinical issues
particular to the treatment of osteosarcomas of the extremities and jaw. Chapter XI proposes
a novel technique using frozen autograft by liquid nitrogen for joint preserving surgery, and
Chapter XII describes the unique biology of osteosarcoma of the jaw and its treatment strat‐
egy. Chapter XIII is a highlight of this book and presents a review of the comparative oncol‐
ogy of canine osteosarcoma as a human counterpart.



We believe that the information in this book will lead to further inspiration, ideas, and novel
insights into the field of osteosarcoma research. Our hope is that the knowledge inspired by
these pages will be returned to our patients.
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In 2016, a very impressive report was published describing that osteosarcoma (OS) is the
earliest human cancer in the fossil record, dating back 1.7 million years to the Homo ergaster
era [1]. This demonstrated that OS is the oldest recognized malignant neoplasm with concrete
(no pun intended) evidence. In general, OS is the most common malignant bone tumor and
mostly affects children, adolescents, and young adults. OS shows significant genetic instability,
resulting in a very complex biology with multifaceted cellular and molecular mechanisms and
behaviors. This is the main reason why treatment options are still limited and the prognosis
has remained unchanged for several decades, despite significant improvements in the 1980s
through advancements in systemic chemotherapy and definitive surgery [2]. The prognosis for
patients with relapsed and/or metastatic disease is still quite poor.

The concept of “toward precision medicine” was proposed in 2011 to bring about a new
treatment paradigm in which clinicians, researchers, patients, policymakers, the pharmaceuti-
cal industry, and health care systems work together to improve human health at all levels—
disease prevention, diagnosis, and treatment—through the development of more precise,
individualized care [3]. Because of the chaotic genetic background of OS and its lack of
treatment options, which still mainly involve radical surgery and non-specific combination
chemotherapy, the concept of precision medicine could be the most highly desired platform for
patients with OS. This chaos of OS biology probably started 1.7 million or even more years ago.

The complicated genetic background of OS is characterized by an extremely heterogeneous
genetic alteration spectrum. The most historical and thoroughly described genetic alterations
in patients with OS are aberrations of the tumor suppressors p53 and Rb, which cause hered-
itary dispositions to Li-Fraumeni syndrome and retinoblastoma, respectively [4]. Because both

© The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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the p53 and Rb pathways are involved in cell cycle regulation, other cell cycle regulators such
as p16INK4a/p19ARF and MDM2 have also been investigated [5]. These tumor suppressors
and their associated pathways are still a staple of research for potential therapeutic targets in
patients with OS. However, treatments targeting these pathways thus far have failed to show
substantial impact.

Recent advances in next-generation sequencing, including whole-genome sequencing, whole-
exome sequencing, and RNA sequencing, have revealed several possible candidate pathways
involved in OS development. In a study performed at St. Jude Children’s Research Hospital,
Chen et al. [6] reported that next-generation sequencing of pediatric OS specimens revealed
recurrent somatic alterations: structural variations and/or single-nucleotide variation in the
ATRX and DLG2 genes. Among those, the PI3K/mTOR signaling pathways, including the
PTEN, PI3K/Akt, and IGF1/mTOR pathways, have emerged as possible therapeutic targets in
patients with OS [7]. A genome-wide siRNA screening with a screen of therapeutically rele-
vant small molecules have identified the dual inhibition of the PI3K-mTOR pathway as a
sensitive druggable target in OS [8]. A Sleeping Beauty transposon-based forward genetic
screen also highlighted that OS driver genes are enriched in the ERBB, PI3K–AKT–mTOR,
MAPK, PTEN, and NF2 signaling pathways [9]. Several specific inhibitors of the PI3K–AKT–
mTOR pathway have been developed, and their efficacy against OS has been investigated;
some of these inhibitors have already been applied in clinical trials [10].

High-throughput screening technologies, including those that involve microRNA (miRNA),
have also had a huge impact on the cancer research field. miRNAs are small non-coding RNAs
that play critical roles in the regulation of gene expression at the post-transcriptional level and
in the control of cellular processes such as proliferation, differentiation, initiation, and progres-
sion of various diseases including cancer. More than 2500 miRNAs have been identified, and
many of them function as oncogenes or tumor suppressors that regulate gene and protein
expression. Some miRNAs like miR-34a and miR-21, target genes involved in OS development
such as the p53 and Rb genes as well as the PI3K/Akt/mTOR, IGF-R1, and MAPK pathways.
Some miRNAs could be proposed as potential biomarkers of disease progression and metas-
tasis, and may serve as therapeutic targets for OS [11].

For precise, personalized therapeutic approaches, especially in the prediction of the response
to chemotherapy, the establishment of predictive biomarkers is a long-standing goal in OS
research. The “-omics” approach at the genome, transcriptome, and proteome levels has been
applied to identify the predictive biomarkers of OS, and several potential candidates have been
identified [12]. Hagleitner et al. [13] recently identified the association between five-year
progression-free survival and five genetic variants [the Fas Ligand (FasL), MutS homologue 2
(MSH2), ATP-binding cassette sub-family C (ABCC5), caspase 3 (CASP3), and cytochrome
P450 3A4 (CYP3A4)] using a linkage disequilibrium-based tag single-nucleotide polymor-
phism strategy. They found that patients with fewer risk alleles showed a more favorable
prognosis. They concluded that these pharmacogenetic risk factors might be useful to predict
treatment outcomes and to stratify patients, thus allowing for more personalized treatment
[13]. Recent studies have also uncovered the important roles of the tumor microenvironment,
including tumor stromal cells and extracellular matrices, in the development of OS. Mesenchymal
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stromal/stem cells (MSCs) or MSC-derived lineage-specific progenitors have long been considered
as the cells of origin for certain types of sarcomas, including OS [14]. Additionally, OS develop-
ment is closely linked to certain oncogenic lesions, such as p53 and Rb deficiency in MSCs, and to
bone microenvironment signals such as calcified substrates and bone morphogenetic protein-2
[15]. MSCs are not only the putative cells of origin for sarcomas, but are also thought to be the
source of cancer-associated fibroblasts, one of the key players in the tumor microenvironment for
cancer progression [16]. Several studies have proposed that the mechanism of the interaction
between MSCs and tumor cells could be a potential therapeutic target against OS. A recent study
by an Italian group demonstrated that MSCs in the tumor stroma driven by oxidative stress
induced by OS cells could be potential modulators of the metabolism of OS cells that underwent
mitochondrial biogenesis to increase the mitochondrial activity [17]. The authors suggested that
this mutual metabolic reprogramming of OS cells and their stroma could also represent a possible
target for OS therapies.

Despite remarkable progress in these fields, the results of studies of specific inhibitors of
possible targetable pathways and specific biomarkers have not yet been applicable to the
clinical setting. However, continued progress in -omics technology, next-generation sequenc-
ing, and high-throughput screening will provide new insights into the pathogenesis of OS and
will help to identify novel biomarkers that will contribute to improved therapeutic strategies,
prognoses, and quality of life.

The role of immunotherapy has been investigated in both the preclinical and clinical settings in
OS. Immunotherapeutic techniques include the use of nonspecific immunomodulators such as
muramyl tripeptide phosphatidylethanolamine [18], interferons [19], interleukin-2 [20], adop-
tive T-cell immunotherapy, vaccines, immunologic checkpoint blockades such as CTLA-4/PD-1
blockade, and oncolytic viral therapy. It is very important to continue the development of
immunotherapeutic strategies, especially for patients with metastatic disease in whom effec-
tive systemic therapy is not a treatment option.

Advances in imaging modalities, surgical procedures, and neoadjuvant chemotherapy have
allowed more limb salvaged and less amputation to be performed. Megaprosthetic replace-
ment has become more popular for limb salvage than any other technique, including the use of
allografts and vascularized autografts. However, when preoperative chemotherapy is effective
and tumor locates far enough from the joint surface, joint preservation rather than megaprosthetic
replacement has been utilized. Joint preservation can be achieved using so-called biological
reconstruction methods including allografts, vascularized autografts, and processed autologous
bone grafts. Processed autologous bone grafts have been developed to utilize the patient’s own
diseased bone sterilized by irradiation, pasteurization, and liquid nitrogen freezing. However,
precise evaluation and surgical planning are required for joint-preserving reconstruction.

Recent advances in three-dimensional (3D) imaging and printing techniques have already had
a significant impact on orthopedic surgery. Especially for musculoskeletal tumor resection and
reconstruction, 3D visualization of computed tomographic and magnetic resonance images
has become an effective supportive tool for surgical planning and determination of surgical
margins. In addition, a precise personalized anatomical model of the surgical site by 3D
printing can be created for each patient, and personalized guiding templates fabricated by 3D

Introductory Chapter: From Chaos to Cosmos – Toward Precision Medicine in Osteosarcoma
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printing with computer-assisted designs have been utilized for many orthopedic surgeries,
including resection of OS [21]. The jaw, including the mandible and maxilla, is a region where
OS is occasionally involved, representing 7% of all cases of OS and 1% of all head and neck
malignancies [22]. Although definitive surgery is still the mainstay of jaw OS treatment,
precise tumor resection is sometimes difficult to achieve because of the anatomical complexity
of the maxillofacial region. In this clinical setting of OS of the jaw, as well as in joint-preserving
surgery, 3D imaging and printing techniques will be of great help for precise surgical treatment
of OS.

A multi-disciplinary approach is essential for the management of OS. Among many clinical
symptoms of OS, pain is the most prominent symptom and sometimes requires multimodal
treatments. Recent studies have demonstrated that molecular pathways such as the MAPK
and PI3K pathways, which are closely involved in OS development as described earlier, play
critical roles in regulating the cell signaling of transient receptor potential vannilloid subfamily
member 1 (TRPV1), a nocioceptive receptor among peripheral nerve fibers that is closely
linked in cancer pain [23, 24]. Therefore, these pathways could be possible targets for both
cancer-induced pain as well as OS development.

Comparative oncology approaches through translational research involving rodent,
canine, and human, models could provide new insights for OS treatment strategies. Genet-
ically engineered mouse models of OS have been created, such as those exhibiting Cre/
LoxP–mediated deletion of p53 and/or Rb [25]. A novel model of OS developed using the
Sleeping Beauty transposon mutagenesis system was recently established [9]. These mouse
models will be useful to identify new candidate driver genes of OS development. While the
incidence of OS in humans is roughly 25 per 10 million cases per year in the US, it is about
15 times more common in dogs. The natural history of OS and the genome-wide expres-
sion profiles are very similar between humans and canines OS [26]. Comparative studies
using a multi-species approach will be indispensable for OS research and will allow us to
identify true driver genes and pathways that will provide novel therapeutic targets and
new therapeutic strategies encompassing the fields of chemotherapy, immunotherapy, and
surgery.

Precision medicine in the management of OS should be a multidisciplinary effort involving
the collaboration of both medical and non-medical professions. Involved individuals
should include family members, friends, teachers, and colleagues in the patients’ schools
and work places. We hope that the findings provided herein will be helpful for all individ-
uals dealing with OS, including physicians, researchers, and patients and their family
members.
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Abstract

Attention has been given to the fact that overall survival of osteosarcoma has plateaued 
over the last 30 years despite the addition of chemotherapy regimens. Elucidating the 
involvement of p53 and Rb1 in osteosarcoma has not yielded many novel treatments, 
but recent studies have started to characterize how the PTEN and the PI3K pathway can 
contribute to osteosarcoma. PTEN is a tumor suppressor that regulates a variety of signal 
transduction pathways and cellular processes, mainly by antagonizing PI3K activity and 
shutting down the PI3K/Akt pathway. Loss of PTEN function with concurrent PI3K acti-
vation has been detected frequently in a multitude of cancers, including osteosarcoma. 
This chapter aims to characterize PTEN and the PI3K/Akt pathway in osteosarcoma, their 
effects on primary bone tumor behavior, and potential therapeutic targets.

Keywords: osteosarcoma, phosphatase and tensin homolog, phosphatidylinositol 
3-kinase, therapeutic applications

1. Introduction

Osteosarcoma (OS) is a malicious cancer that affects predominantly children and adolescents, 
and is the most common primary sarcoma of bone. After the advents of adjuvant multi-agent 
chemotherapy, in combination with surgery, the 5-year survival rate for OS has increased 
from 40 to 76% in children under 15 and from 56 to 66% in adolescents 15–19 years old 
[1]. Despite these advances, the prognosis for the 20% of patients that present with stage IV 
disease remains poor, and survival rates have plateaued [2]. In addition, with roughly 60% of 
cases occurring in just the second decade of life, the societal cost of OS exceeds that of many 
other cancers.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



OS also represents a unique entity among pediatric cancers, with cases arising de novo and 
already exhibiting high-grade pathology, heterogeneous karyotypes, and frequent genomic 
mutations. This genomic instability is further characterized by unusually high numbers of 
chromosomal structural variants and not single nucleotide mutations [3]. An OS genome can 
often contain over 200 of these structural variants, making it the most disordered among 
childhood cancers [4] (Figure 1).

To overcome the stagnation in survival rates, the cellular etiology and biology of OS need 
to be more completely understood. Toward this end, molecular targets that actively modu-
late essential cell processes such as cell cycle regulation, migration, mitosis, metabolism, 
and apoptosis have been studied to develop potential therapies. The most well-known and 
frustrating examples are the frequent inactivation mutations of cell cycle regulator gene 
tumor protein 53 (TP53) or tumor suppressor gene retinoblastoma protein 1 (Rb1), and 
attempts in translating these targets into applicable therapies have been met with much 
difficulty. Recent advances in cell signaling have broadly identified tyrosine kinase recep-
tors (TKRs) as prominent targets for cancer therapies, with many receptors confluencing 
on the second messenger phosphatidylinositol (3,4,5)-triphosphate (PIP3), and it is activa-
tion by phosphatidylinositol-4,5-bisphosphonate 3-kinase (PI3K). More importantly, PI3K 
and its inhibitor, phosphatase and tensin homolog (PTEN), may play significant roles in 

Figure 1. CIRCOS plots of osteosarcoma tumors. Representative CIRCOS plots of validated mutations and chromosomal 
lesions in diagnostic and metastatic osteosarcoma tumors from different patients. Loss of heterozygosity (orange), gain 
(red), and loss (blue) is shown. Intra-chromosomal (green lines) and inter-chromosomal (purple lines) translocations 
are indicated. Sequence mutations in RefSeq genes included silent single nucleotide variations (green), nonsense and 
missense single nucleotide variations (brown), splice-site mutations (dark blue), and insertion/deletion mutations (red). 
An additional track was added to the innermost ring of the plot showing the density of single nucleotide variations to 
highlight regions adjacent to structural variations characteristic of kataegis. Adapted from Figure 1A, Chen et al. [3].
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OS and represent therapeutic targets [4]. Investigations have also been centered on the 
effects of PTEN on osteoclastogenesis, and how the bone microenvironment may facilitate 
tumor expansion with PTEN loss. Therapeutic targets are expanding as strategies focus on 
restoring normal PTEN function and inhibiting PI3K pathway activation.

2. The PI3K pathway and PTEN

Class I PI3K is a family of heterodimeric signal transduction enzymes that phosphorylates the 
3′ hydroxyl group of the inositol ring on phosphatidylinositol-4,5-bisphosphate (PIP2) to PIP3. 
The implications of that biochemical mouthful are that PI3K activates one of the most influen-
tial pathways in cell cycle regulation and cell proliferation, the PI3K/Akt pathway (Figure 2).

Figure 2. PI3K/Akt signaling pathway. Illustration reproduced courtesy of Cell Signaling Technology, Inc. (www.
cellsignal.com).
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The PI3K/Akt pathway was first identified when attempting to characterize insulin signal-
ing and discovering the tyrosine kinase receptor type-1 insulin-like growth factor receptor 
(IGF1R) [5]. IGFR1 is one of the many tyrosine kinase receptors (TKRs) in the cell membrane, 
in addition to G protein-coupled receptors, that can instigate signaling through the canoni-
cal PI3K pathway. Although there are three classes of PI3Ks, class I is the most involved in 
oncogenesis and divided into class IA (PI3K alpha, PI3K beta, and PI3K delta) and class IB 
(PI3K gamma) [6]. All class I PI3Ks form a heterodimer consisting of a catalytic and regulatory 
subunit. The catalytic subunits forming class IA PI3Ks are p110 alpha, beta, and delta, and 
encodedby the genes PIK3CA, PIK3CB, and PIK3CD, respectively. The regulatory subunits 
for class IA PI3Ks are p85 alpha, p85 beta, and p55 gamma encoded by PIK3R1, PIK3R2, and 
PIK3R3, respectively [7]. Class IB PI3K is formed exclusively from the catalytic subunit p110 
gamma (encoded by PIK3CG) and and the regulatory subunit p101 (encoded by PIK3R5). 
Class IA PI3Ks can be activated by TKRs including IGFR1, platelet-derived growth factor 
(PDGF), and epidermal growth factor receptor (EGFR). Class IB PI3Ks are activated only by 
G protein-coupled receptors.

Once activated, PI3K converts PIP2 to PIP3 [8]. PIP3 acts as a second messenger by recruit-
ing and activating proteins containing a pleckstrin homology domain to the plasma mem-
brane, notably the phosphoinositide-dependent kinase 1 (PDK1) and serine-threonine 
kinase Akt (also known as protein kinase B) [9]. Akt is activated via two phosphorylation 
sites, and the first occurs at threonine 308 by none other than PDK1. The second phos-
phorylation required for Akt activation occurs at serine 473 by a number of kinases includ-
ing PDK1 or even Akt itself [7]. Once activated, Akt translocates to the cell cytoplasm or 
nucleus to set in motion a number of downstream effects to inhibit apoptosis and induce 
protein synthesis.

One of the most important downstream targets of Akt is mammalian target of rapamycin 
(mTOR), a 289 kDa serine/threonine kinase that drives one of the two complexes in mamma-
lian cells, mTORC1 or mTORC2. mTORC1 has been implicated as a driver of many cancers, 
and mTORC2 can create a positive feedback loop by phosphorylating and activating Akt at 
serine 473 [10]. mTOR is activated when Akt phosphorylates and inactivates a regulatory pro-
tein in the mTORC1 complex called proline-rich Akt substrate of 40 kDa (PRAS40). Akt also 
inhibits the tumor suppressor protein tuberous sclerosis protein 2 (TSC2) which can result in 
activation of mTOR [11]. The activation of mTORC1 promotes protein synthesis and cellular 
proliferation by phosphorylation of eukaryotic translation initiation factor 4E-binding protein 
1 (4EBP1) and ribosomal protein S6 kinase polypeptide 1 (S6K1) which in turn phosphorylates 
ribosomal protein S6 (RPS6). The majority of mTOR inhibitors (including rapamycin deriva-
tives) function by inhibiting mTORC1.

In addition to mTOR, important downstream targets of the PI3K/Akt pathway include pro-
motion of cyclin-dependent kinase 4 (CDK4) to support cell cycle progression [12] and acti-
vation of nuclear factor-kappa B (NF-κB) which initiates transcription of many target genes 
including those seen in drug-resistant malignancies [13]. Akt also inhibits Bcl-2-associated 
death promoter (BAD), caspase-9, and forkhead box O3 (FOXO3), while activating cyclic AMP 
response element-binding protein (CREB), all of which serve to prevent apoptosis [14–16].
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The grandiosity and arborous nature of the of the PI3K/Akt pathway emphasize the current 
attention being given to phosphatase and tensin homolog (PTEN) (Figure 3), a lipid phos-
phatase that directly antagonizes PI3K during the initiation steps of the PI3K/Akt pathway 
[17]. PTEN is a 200 kb gene located on chromosome 10q23.3 [18], which encodes a 60-kDa 
dual-specificity phosphatase that cleaves phosphate groups from phospholipids (including 
phosphatidylinositols) as well as proteins (serine, threonine, and tyrosine residues including 
those on TKRs) [19]. PTEN functions as a tumor suppressor by dephosphorylating and inacti-
vating the second messenger PIP3 to PIP2, cogently shutting down the PI3K/Akt pathway and 
promoting cell cycle regulation and apoptosis [20]. The function of PTEN is further supported 
by phosphorylation at tyrosine 336 by RAK, which prevents ubiquitin-mediated proteosomal 
degradation [21]. PTEN also has tumor suppressor functions outside of the canonical PI3K 
pathway and regulates a variety of cellular processes and signal transduction pathways, such 
as controlling cell proliferation through cyclin D1 levels [22, 23]. A 576 amino acid transla-
tional variant of PTEN has been discovered, termed PTEN long, that can be secreted and enter 
other cells, enabling tumor suppressor effects in a paracrine-like manner [24]. The C-terminus 
of PTEN is thought to be essential in maintaining heterochromatin structure and genomic 
stability [25].

3. Relevance of PTEN and PI3K to cancer processes

OS is already prone for structural genomic variations and chromothripsis, and whether this is 
due to selective loss of the TP53 gene or an intrinsic feature of OS itself is beyond the scope of 
this paper. What this intrinsic genomic instability does allow for is the selection of cancer cells 
that consistently develop predictable mutations that are beneficial for tumor survival [3]. This 

Figure 3. A ribbon diagram of the PTEN tumor suppressor. The phosphatase domain and the C2 domains are shown in 
yellow and green ribbons, respectively. Reproduced from Das et al. [98].
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phenomenon of localized hypermutation in a cancer genome is called kataegis. Two of these 
predictable mutations in OS are the frequent loss of PTEN and activation of the PI3K/Akt 
pathway [26, 27]. The PI3K/Akt pathway is activated in a multitude of cancers, as its overall 
effects are to promote cellular proliferation and survival while reducing apoptosis. Akt upreg-
ulates expression of murine double minute 2 (MDM2) which further inhibits release of tumor 
protein 53 (p53) [28] and can result in very aggressive phenotypes since p53 is already stunted 
in many OS cancers. p53 itself has been shown to be a potent dual inhibitor of mTORC1 and 
mTORC2 in OS cells, further supporting a highly active PI3K/Akt pathway in OS tumors [29].

Loss of PTEN function has been detected frequently in many different forms of cancer 
including breast, prostate, lung, gastric, colon, and skin cancer, as well as endometrial 
carcinoma. The frequency of mono-allelic mutations of the PTEN locus is estimated to 
be 50–80% in sporadic tumors, with complete loss generally associated with advanced 
malignancies and metastases [30]. In fact, the PTEN protein was initially referred to as 
MMAC1 for “mutated in multiple advanced cancers” [18]. PTEN deletion mutations were 
first identified in canine OS cell lines [31], and retrospectively, it is interesting to note that 
chromosomal loss of 10q has been a frequent occurrence in over 50% of human OS tumor 
samples analyzed in some studies [32]. Specific mutations in PTEN have been identified in 
44% of pediatric OS [3].

The genetic disruption of PTEN often leads to unchecked PI3K/Akt signaling [33]. In breast 
cancer cell lines, a functional PTEN can directly inhibit cell growth [21]. More recently, the 
PI3K/Akt pathway and PTEN have risen to the forefront of OS research since the surprise 
finding by Perry et al. that identified biologically and clinically relevant alterations in the 
PI3K/Akt pathway in 24% of OS samples [4]. Furthermore, when comparing the same OS 
tumors to a murine model of OS (with conditional deletions of TP53 and Rb1 in the preosteo-
blast), both contained somatic mutations in PTEN and PIK3R1.

4. How is PTEN lost in cancer?

There are numerous methods by which the PI3K/Akt pathway is activated in malignancies, 
often the consequence of upregulation via a multitude of TKRs and G-protein-coupled recep-
tors. With PTEN having a pronounced effect on the PI3K/Akt pathway, PTEN function is 
accordingly inhibited in many ways. Recurrent PTEN germline mutations often involve exon 
5, which codes for its phosphatase domain, and missense and nonsense somatic mutations 
also can occur in exons 5–8 [34]. Cowden’s disease (also known as multiple hamartoma syn-
drome) is an autosomal dominant condition with increased risk of thyroid, breast, uterine, 
and kidney cancers that results from similar somatic inactivating mutations of PTEN [35]. The 
end result is a functional loss of heterozygosity, which is sufficient to produce oncogenesis, 
as PTEN is essential for embryonic development, and homozygous loss results in embryonic 
lethal phenotype in mice [36].

At the epigenetic level, PTEN is inhibited by aberrant promoter hypermethylation of CpG 
islands, which is a poor prognostic indicator in numerous cancer types including breast, 
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colorectal, uterine, and malignant melanoma [37–40]. While hypermethylation has been 
identified in several soft tissue sarcomas and in murine models of OS, it has only been 
studied in human OS tumors in vitro [41]. PTEN protein translation can be negatively regu-
lated by many microRNAs including miR-92a, miR-17, miR-128, and miR-130/131 [42–44]. 
Theoretically, structural features of PTEN itself could prove to be potential sites for compro-
mising protein stability. Post-translational modification such as phosphorylation at tyrosine 
336 could be abrogated, thus promoting protein degradation. Protein localization to the cell 
membrane or nucleus could be affected if the C2 or PDZ-binding domains of PTEN were 
impaired. Although the majority of inactivating mutations affect the phosphatase domain of 
PTEN, preventing it from cleaving PIP3 to PIP2, there are several ways that PTEN expression 
and dysregulation can be imparted in malignancies.

5. PTEN in bone and osteosarcoma

PTEN is frequently deactivated through deletions in human OS tumor samples [26]. A sleep-
ing beauty forward genetic screen by Moriarity et al. supports the role of PTEN loss as a 
key driver in osteosarcomagenesis in mice, with a concordant enrichment of genes involved 
in the PI3K/Akt pathway [45]. The PI3K/Akt pathway is already recognized as a common 
effector for RTK-activating mutations in cancer [46]. The loss of PTEN only further promotes 
this, but what factors in the bone microenvironment that facilitate tumor expansion in the 
absence of PTEN is unknown. It would be very un-Darwinian for OS, multiple myeloma, and 
bone metastases to all have PTEN derangements for unrelated reasons. The effects of PTEN 
on osteoclastogenesis and receptor activator of nuclear factor-kappa-B ligand (RANKL) may 
be the commonality among these cancers.

There is a vicious cycle that begins when a malignancy metastasizes or originates in bone that 
allows it to propagate and induce osteolysis. Metastatic tumor cells can secrete interleukin-1 
(IL-1) and parathyroid hormone-related protein (PTHrP), which stimulate RANKL produc-
tion and secretion from osteoblasts. IL-1 also stimulates osteoblasts to secrete IL-6 via the 
PI3K/Akt pathway, and IL-6 is a potent stimulator of osteoclastogenesis [47]. OS cells also 
directly produce RANKL. RANKL binding to the RANK receptor on osteoclast precursors 
activates osteoclast differentiation and osteolysis. The increased bone resorption results in the 
release of bone morphogenetic proteins (BMPs) and insulin-like growth factor 1 (IGF-1) that 
further attract and stimulate the growth of cancer cells in bone, thus initiating a vicious cycle 
of tumor expansion and osteolysis [48, 49].

PI3K/Akt acts as a cog in the wheel of this vicious cycle, being activated by RANKL and 
resulting in downstream expression of NFATc1, a key transcription factor of osteoclastogen-
esis [50]. This gives PTEN the opportunity to prevent bone resorption by inhibiting the PI3K/
Akt pathway, thus suppressing RANKL-induced osteoclast differentiation and stopping the 
vicious cycle [51]. This would support the loss of PTEN in aggressive bony malignancies, 
preventing stimulation of osteoblasts by IL-1 and osteoclasts by RANKL. Murine models with 
PTEN deletions have shown increased osteoblast proliferation and bone mass [52], in addi-

Characterizing Osteosarcoma Through PTEN and PI3K: What p53 and Rb1 Can’t Tell Us
http://dx.doi.org/10.5772/67071

19



tion to increased osteoclast differentiation [53]. Fibroblast growth factor 18 (FGF18) is another 
stimulator of bone growth, and with all FGF receptors being RTK’s, its effects are mediated 
via the PI3K/Akt pathway and can be inhibited by PTEN [54]. Vascular endothelial growth 
factor (VEGF) and EGFR are both upregulated in OS and are key activators of the PI3K/Akt 
pathway [26, 55].

The finding that WNT5A may phosphorylate Akt is further support for the bone microenvi-
ronment being conducive to tumor growth [56]. WNT5A is expressed on osteoblast-precursor 
cells and activates RTK-like orphan receptors (Ror) on osteoclast precursors, culminating in 
increased expression of RANK on osteoclasts and enhancing RANKL osteoclastogenesis [57]. 
The result of PTEN loss in OS would be twofold in promoting the effects of WNT5A: (1) 
further increasing RANKL production by osteoblasts and (2) enabling WNT5A-related Akt 
activation, both increasing osteoclastogenesis and osteolysis.

6. PTEN in osteosarcoma and metastasis

WNT5A also provides segue into the realm of OS metastases. Metastatic melanoma cell motility 
and invasiveness are increased through WNT5A and Akt. Akt is increased in metastatic OS speci-
mens, and inhibiting Akt in mice decreases pulmonary metastases [7]. WNT5A is even implicated 
in helping to initiate the epithelial to mesenchymal transition (EMT), a key event in malignant 
cancers developing metastatic potential [58, 59]. The effect of PTEN loss in promoting EMT has 
been shown in prostate, colorectal, and OS cancer cells [60–62]; however, the role of EMT in mes-
enchymal tumors including OS is still a topic of debate and a focus of current research.

IL-6 is also increased in OS tissues and can promote ICAM-1 expression and cell motility 
in OS in vitro, possibly correlating to metastatic potential. These effects of IL-6 in OS can be 
negated by Akt inhibition [63], suggesting that PTEN could also negate this effect in bone by 
preventing IL-1 from stimulating IL-6 through PI3K/Akt. Another promoter of metastasis is 
the chemokine CXCL12 and its receptor CXCR4, both induced by IL-1 and strongly linked to 
bone metastasis [64]. PTEN is involved in the negative regulation of CXCR4, and in prostate 
cancer, PTEN loss induces CXCL12/CXCR4 expression [65].

Focal adhesion kinase (FAK) deserves special recognition as a direct target of PTEN outside 
of the canonical PI3K pathway, as it is a target of the protein phosphatase (not lipophos-
phatase) domain of PTEN [66]. Activation of FAK by phosphorylation (pFAK) promotes 
proliferation and invasion of tumor cells and increases matrix metalloproteinases that can 
degrade the extracellular matrix. FAK and pFAK are overexpressed in human OS samples 
and independently predict overall and metastasis-free survival [67]. This effect may be 
reversed in OS cells with PTEN transfections, which exhibit decreased migration and adhe-
sion capabilities and concomitant downregulation of pFAK and MMP-9, further supporting 
the loss of PTEN in OS [68]. Just as FAK can be prognostic in human OS, the presence of 
PTEN in tumor resections is significantly associated with improved survival prognosis [69]. 
Unfortunately neither can be correlated with response to current chemotherapy regimens.
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7. Therapeutic applications targeting PI3K/Akt pathway and PTEN in 
osteosarcoma

There is an abundance of convincing evidence supporting a key role for PTEN in OS, but 
from a therapeutic standpoint, this assumes that there is causality and not just correlation 
between PTEN loss and poor patient prognosis. Two major therapeutic strategies are restor-
ing normal PTEN function and inhibiting the PI3K pathway. Comparing these two strategies 
could also aid in distinguishing how PTEN serves as a tumor suppressor beyond the canoni-
cal PI3K pathway.

Many chemotherapy agents already target various levels of the PI3K/Akt pathway, and 
several are in various phases of clinical trials involving OS. These include small molecule 
inhibitors of PI3K, Akt, and numerous mTOR inhibitors (Table 1). Countless PI3K small 
molecule inhibitors have been developed, but several have specifically been effective in 
OS including GSK458, LY294002, BYL719, and BKM120 (Buparlisib) [4, 70–72]. Pictilisib 
(GDC-0941) is a pan PI3K inhibitor that has entered phase I clinical trials for advanced 
solid tumors [73]. Aminopeptidase N (also known as CD13) is a surface receptor activated 
by IL-6 that can stimulate PI3K and is involved in tumor invasion. An aminopeptidase N 
inhibitor, ubenimex, is currently used for acute myeloid leukemia treatments and may help 
prevent OS metastases [74]. The Akt inhibitors perifosine and MK-2206 both exert anti-OS 
activity in vitro [75, 76]. Inhibitors of the mTOR complex are the most numerous of this 
pathway, being extensively studied and developed since the discovery of the mTORC1 
inhibitor rapamycin in 1975. Many new inhibitors of the mTORC1/2 complex are currently 
being developed, but several in particular have been tested on OS either in vivo or are 
in various phases of clinical trials: temsirolimus [77], ridaforolimus [78], everolimus [79], 
XL388 [80], and NVP-BEZ235 [81]. Apitolisib (GDC-0980) has entered phase I clinical trials 
for patients with advanced solid tumors and could precede future studies involving OS 
patients [82].

With current chemotherapy regimens for OS having reached seemingly maximum effi-
cacy, attention has been generous in identifying new agents to increase PTEN function 
in OS. MicroRNA-21 (miR-21) is one of the first mammalian microRNA’s discovered that 
happens to be highly expressed in bone marrow and post-transcriptionally regulates 
a number of tumor suppressors including PTEN. miR-21 is overexpressed, suppresses 
PTEN in OS, and has been identified as a potential therapeutic target [83]. MicroRNAs are 
small non-coding pieces of RNA, similar to small interfering RNA (siRNAs) that bind to 
complimentary pieces of messenger RNA, effectively preventing translation of the mRNA 
into proteins. In multiple myeloma, miR-21 inhibitors have been used in vivo using 
murine models to cause tumor suppression, with tumors exhibiting increased PTEN 
and decreased p-Akt levels [84]. Targeting microRNAs could show promise, as numer-
ous microRNAs are specifically upregulated in OS cell lines [44]. In addition to miR-21, 
miR-17 and miR-221 are also increased and can inhibit PTEN in OS cells and tissues, 
potentially being therapeutic targets [42, 85]. Further incentive for therapeutic inhibition 
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of miR-221 is its association with cisplatin resistance, an agent frequently included in 
chemotherapy regimens for OS.

Targeted molecular therapy using RTK inhibitors has been fruitful in many cancers. EGFR 
causes activation of Akt in OS, and resistance to EGFR inhibitors can be seen in tumors with 
PTEN deletions leading to unchecked Akt activity. This is encouraging for possible combi-
nation therapies that restore PTEN function and inhibit either the PI3K pathway or RTKs. 
One RTK inhibitor in particular, sorafenib, may have interactions with PTEN. Sorafenib is 
a small molecule inhibitor of many RTKs including platelet-derived growth factor receptors 
(PDGFR), VEGF, EGFR, and Raf family kinases and is currently used in advanced renal cell 
carcinoma, thyroid cancer, and hepatocellular carcinoma. In thyroid cancers in vivo, sorafenib 
reversed tumor growth that had been attributed to PTEN loss [86]. Interactions between 
sorafenib and PTEN can also explain why acquired resistance to sorafenib in hepatocellular 

Agent Target Therapies

GSK458 PI3K Phase I trial for advanced solid tumors

LY294002 PI3K Efficacy against OS cells in vitro

BYL719 (Alpelisib) PI3K alpha Phase I for advanced solid tumors

BKM120 (Buparlisib) PI3K Phase Ib for advanced solid tumors

GDC0941 (Pictilisib) PI3K Phase I for advanced solid tumors

Bestatin (Ubenimex) Aminopeptidase N Efficacy against OS cells in vitro

KRX0401 (Perifosine) PI3K, Akt Efficacy against OS cells in vitro

MK-2206 Akt Phase I for advanced solid tumors and 
metastatic breast cancer

Rapamycin (Sirolimus) mTORC1 Phase II for soft tissue sarcoma and 
osteosarcoma

CCI779 (Temsirolimus) mTORC1 Phase II for soft tissue sarcoma and recurrent/
refractory sarcoma

MK8669 (Ridaforolimus) mTORC1 Phase II and III for advanced soft tissue 
sarcoma and osteosarcoma

RAD001 (Everolimus) mTORC1 Phase II for advanced osteosarcoma

XL388 mTORC1/2 Efficacy against OS cells in vitro

NVP-BEZ235 (Dactolisib) PI3K, mTORC1/2 Phase I for advanced solid tumors
Efficacy in vivo against OS in mice

GDC0980 (Apitolisib) PI3K, mTORC1/2 Phase I for advanced solid tumors

Sorafenib RTK Phase II for advanced osteosarcoma

“Advanced” denotes tumors that have metastasized, recurred, failed prior chemotherapies, or are not surgically 
resectable.

Table 1. Current agents targeting PI3K/Akt pathway with potential against osteosarcoma.
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MK8669 (Ridaforolimus) mTORC1 Phase II and III for advanced soft tissue 
sarcoma and osteosarcoma

RAD001 (Everolimus) mTORC1 Phase II for advanced osteosarcoma

XL388 mTORC1/2 Efficacy against OS cells in vitro

NVP-BEZ235 (Dactolisib) PI3K, mTORC1/2 Phase I for advanced solid tumors
Efficacy in vivo against OS in mice

GDC0980 (Apitolisib) PI3K, mTORC1/2 Phase I for advanced solid tumors

Sorafenib RTK Phase II for advanced osteosarcoma

“Advanced” denotes tumors that have metastasized, recurred, failed prior chemotherapies, or are not surgically 
resectable.

Table 1. Current agents targeting PI3K/Akt pathway with potential against osteosarcoma.
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carcinomas is partly due to miR-21-mediated inhibition of PTEN [87]. Notably, sorafenib is the 
first targeted chemotherapy agent used for treatment of OS. Sorafenib did demonstrate some 
activity as a single agent in patients with unresectable OS, with median progression free and 
overall survival of 4 and 7 months, respectively [88]. Additional effect was seen with combina-
tion of sorafenib and the mTOR inhibitor everolimus [78], and further improvement could be 
achieved with combination therapy specifically targeting PTEN or miR-21.

Demethylating agents may be able to restore PTEN function by removing hypermethylated pro-
moter regions in cancer cells. In many cancerous processes, methyl groups are added through-
out the genome preferentially in the promoter regions of tumor suppressor genes, to the five 
position of cytosine of a CpG dinucleotide (i.e., where a guanine is preceded by a cytosine). 
These 5-methylcytosines act as roadblocks on a cell’s DNA, preventing transcription of tumor 
suppressor genes. Although hypermethylation occurs in many cancers, it is difficult to show 
that this occurs in OS in vivo. 5-Azacytidine is a commonly used demethylating agent approved 
for treatment of myelodysplastic syndrome. It has been shown in human OS in vitro that the 
PTEN gene promoter is hypermethylated and that 5-azacytidine treatments activate PTEN 
expression [89]. Initial uses of 5-azacytidine as an isolated agent in OS were disappointing [90]; 
however, recent investigations show a role for combination therapies targeting PTEN through 
epigenetic regulation [91].

Many other specific activators of PTEN have been recently identified, but at this time, they 
remain tested only in vitro. Tepoxalin, a 5-lipogenase inhibitor, appears to increase PTEN 
activity by preventing its alkylation or oxidation in canine OS cell lines [92]. Evodiamine, 
derived from the fruit of the Evodia rutaecarpa plant, inhibits human OS cell proliferation 
by increasing both protein and gene levels of PTEN [93]. Celecoxib, a cyclooxygenase-2 
inhibitor, inhibits hepatocarcinoma tumor growth and angiogenesis in mice by concur-
rently increasing PTEN and decreasing PI3K levels [94]. Similarly, using a VEGF inhibitor 
in combination with celecoxib may prove beneficial in human OS [95]. Even caffeine has 
been shown to induce PTEN activation and many other tumor suppressor genes, while 
decreasing expression of IL-6 and matrix metallopeptidase 2 [96, 97]. Overall there is much 
promise for improving OS treatments by honing our understanding of PTEN and the PI3K 
pathway (Table 2).

Agent Target Effect on PTEN

None yet available miR17, miR21, miR221 Reduced inhibition of PTEN by miR

5-Azacytidine Demethylating agent Increases PTEN in human OS cells

Tepoxalin 5-Lipogenase inhibitor Increases PTEN in canine OS cells

Evodiamine Unknown Increases PTEN in human OS cells

Celecoxib Cyclooxygenase-2 inhibitor Increases PTEN and decreases PI3K 
in vitro

Caffeine Unknown Activates PTEN, decreases expression 
of IL-6 and MMP2

Table 2. Potential future agents for targeting PTEN in osteosarcoma.
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8. Conclusion

The stagnation of current chemotherapy regimens has forced us to look beyond the usual 
players in oncogenesis. The mentality behind the recent targeted developments against OS 
involving PI3K and PTEN could be expanded to benefit many tumor types. We have been 
able to see through the genetic chaos of OS, finding predictability in the form of kataegis and 
the seemingly random mutations that converge on the PI3K/Akt pathway. Significant inroads 
still need to be made to clinically validate what has been proven on the bench and in animal 
models, but sarcomatologists are optimistic that potential therapies and improved patient 
survival lie within the PI3K and PTEN axis.
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Abstract

Presently, the 5-year survival rate for metastatic osteosarcoma remains low despite advances 
in chemotherapeutics and neoadjuvant therapy. A majority of the morbidity and nearly 
all of the mortality in osteosarcoma rely not in the primary disease but in the metastatic 
disease. The pursuit of novel molecular therapies is attractive due to their targeted abil-
ity to combat metastasis. Unlike traditional chemotherapy agents, which work by tar-
geting rapidly dividing cells, targeted therapies may spare normal cells and decrease 
the adverse effects of chemotherapy by targeting specific pathways. Here, we discuss 
key molecular pathways in osteosarcoma and their ability to be modulated for the goal 
of eradication of primary and metastatic disease. We focus specifically on the aldehyde 
dehydrogenase (ALDH), epidermal growth factor receptor (EGFR), and insulin-like growth 
factor-1 receptor (IGF-1R) pathways.

Keywords: osteosarcoma, molecular inhibition, metastasis, ALDH, EGFR, IGF-1R

1. Introduction

Prior to the use of chemotherapeutics, the 5-year survival rate of osteosarcoma (OS) was 
approximately 20% [1]. Despite new surgical techniques and the adoption of neoadjuvant 
therapy, patients diagnosed with nonmetastatic OS have a 65.8% 10-year survival rate, while 
those diagnosed with metastatic disease have a 15–30% 5-year survival rate [2]. These statis-
tics have not improved in a generation. This stagnation may reflect recurrent disease as well 
as the intrinsic resistance of OS to chemotherapy.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



The pursuit of targeted molecular therapies to treat OS has increased in popularity over the 
past decade. The inhibition of specific molecular pathways critical to OS metabolism may 
decrease its metastatic potential, slow its rate of growth, and potentially eliminate the disease 
altogether. Unlike chemotherapeutics, which act on all rapidly dividing cells, targeted thera-
pies may be mechanistically independent in their efficacy. By specifically targeting OS cells, 
we may save normal cells and decrease the risk of adverse clinical side effects [3].

Here, we examine the inhibition of specific molecular targets that are critical to the biologic 
pathways of OS, but may spare other critical organ systems from damage.

2. Aldehyde dehydrogenase (ALDH)

Aldehyde dehydrogenases (ALDHs) are a superfamily of nicotinamide adenine dinucleotide 
phosphate (NADP+)-dependent tetrameric enzymes that participate in aldehyde metabolism 
via catalysis of exogenous and endogenous aldehydes into their corresponding carboxylic 
acids and the cell’s resistance to oxidative stress [4–7]. Inhibition of ALDH can lead to a build-
up of aldehydes that can lead to toxic side-effects, which include enzyme inactivation, DNA 
damage, impairment of cellular homeostasis, and cell death by forming adducts with various 
cellular targets [4, 8, 9].

Cancer stem cells (CSCs) comprise a small, distinct subpopulation of cancer cells that demon-
strate robust self-renewal properties, enhanced differentiation capacity, the ability to propa-
gate tumor growth, and increased resistance to chemotherapeutic drugs. ALDHs have been 
identified in numerous studies as elevated in highly malignant tumors and in CSCs [4, 10–12]. 
ALDHs exert their effects through cellular processes such as target gene expression, protein 
translation, signal transduction, and antioxidative mechanisms. ALDH has, therefore, been 
implicated as a potential CSC marker. Cells found to be high in ALDH have demonstrated 
enhanced tumorigenicity in multiple cancers [7].

Elevated ALDH levels have been associated with poor survival in patients with breast and 
ovarian cancers [13, 14]. ALDH expression also appears to be linked with metastatic potential. 
Semisolid matrigel matrix invasion assays showed a correlation between ALDH levels and 
increased invasiveness when comparing two murine OS cell lines [7]. OS cells treated with 
disulfiram, an ALDH-inhibitor, show reduced ALDH expression and altered cellular mor-
phology, with fewer invadopodia and greater shape uniformity [6, 15, 16].

2.1. Pathophysiology

Reactive oxygen species (ROS) are a natural by-product of aerobic metabolism and can lead to 
DNA damage, protein degeneration, and lipid membrane destruction. Cancer cells often gen-
erate abnormally high levels of ROS because of the aberrant metabolism and protein transla-
tion typical of diseased cells [17]. ALDHs play a vital role in clearing ROS and reducing the 
oxidative stress caused by ultraviolet radiation and chemotherapeutic agents. Cells that have 
high levels of ALDH expression have consistently lower ROS than those incapable of such 
expression [18–20].
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CSCs have relatively low levels of ROS, which may be because of elevated antioxidant enzyme 
levels [6, 21, 22]. The protective effects of ALDH for CSCs may also include the inhibition of 
downstream apoptosis-related pathways [18, 23, 24]. ALDH-positive CSCs have also dem-
onstrated resistance to myriad chemotherapeutic agents such as anthracyclines and taxanes 
[25, 26], two classes of drugs commonly used in OS treatment. ALDH-positive cancer cells 
develop this drug resistance in part because of their increased ability to metabolize certain 
drugs into their nontoxic byproducts [27]. Once tumors are treated with chemotherapy or 
radiotherapy, the levels of CSCs with high ALDH expression tend to increase, increasing the 
cells’ abilities to become drug-resistant [25, 28].

Retinoic acid (RA) signaling plays a pivotal role both in embryonic [29] and tumor cells [30]. 
This pathway in fact exerts an antitumor effect. This is due to activation of a series of cellular 
genetic programs that modulate cell differentiation, apoptosis, and growth involved in the 
classical RA pathway [4, 31] (Figure 1 ). In this pathway, retinol is absorbed by cells, oxidized 
to retinal, and then oxidized to RA by ALDH. RA then enters the nucleus and can induce the 
transcriptional activity of downstream effectors through activation of heterodimers of the RA 

Figure 1. Potential retinoic acid-mediated signaling pathway in CSCs. Retinol (vitamin A) absorbed by cells is oxidized 
to retinal by retinol dehydrogenases. Retinal is oxidized to retinoic acid by ALDH enzymes. The metabolized product 
retinoic acid includes ATRA, 9-cis retinoic acid, and 13-cis retinoic acid, entering the nucleus and associated with RARα. 
In the classical pathway, retinoic acid binds to dimers of RARα and RXRs to induce the expression of its downstream 
target genes including RARβ. In the solid tumor type, RARβ promoter is methylated and/or the histones are significantly 
deacetylated, leading to low expression. In the nonclassical pathway, retinoic acid binds to dimers of RXRs and PPARβ/δ 
to induce the expression of its downstream target genes including PDK-1/Akt. In cells expressing ERα, retinoic acid can 
bind to dimers of RXRs and ERα as well as induce the expression of c-MYC and cyclin D1. Retinoic acid which extra-
nuclearly binds with RARα can also induce the expression of c-MYC and cyclin D1 through the PI3K/Akt signaling 
pathway.
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receptor and retinoic X receptors. RA binds its nuclear receptors and activates gene expression 
that affects loss of CSC markers, differentiation, cell cycle arrest, and morphology [32, 33]. The 
upregulation of these receptors generates a positive feedback loop for RA signaling. ALDH 
serves a paradoxical role in the RA pathway, by inducing differentiation of CSCs. The overall 
effect of this is antitumor, and thus exploiting this pathway is the goal for certain therapeutics.

2.2. Therapeutic applications

Disulfiram (DSF) has been shown to enhance the cytotoxicity of several anticancer drugs, as 
well as radiotherapy, which early on indicated its potential role as either a novel chemothera-
peutic agent or a sensitizer for other treatments [34]. Theories of its mechanism include the 
induction of oxidative stress and inhibition of proteasome activity through c-Jun N-terminal 
kinase (JNK), NF-ĸB, and PI3K pathways [35–38].

In metastatic OS, the phenomenon of CSCs plays a large role in the ability of the disease to 
withstand a great amount of stress and remain invasive. ALDH is considered not only a surro-
gate marker for these cells but also a functionally important target [39]. The beauty of ALDH 
serving both roles is that the effects of DSF can be targeted to tumor cells exclusively due to 
their high ALDH content and additionally exert its antitumor effects. As described above, 
ALDH serves a pivotal role in reducing ROS to protect CSCs from oxidative stress and sub-
sequent intracellular destruction. DSF as an inhibitor of this process has been shown to make 
the cancer cells more susceptible to oxidative stress and subsequently to improve survival in 
many cancer patients [40, 41].

DSF has also demonstrated efficacy in defeating the invasive nature of cancer by inhibiting 
matrix metalloproteinases (MMPs). In metastatic cancer physiology, the degradation of the 
extracellular matrix allows for primary tumor metastasis and distal site invasion. MMPs facili-
tate this process and are known to be closely associated with tumor growth and metastasis. In 
one study, nontoxic ranges of DSF successfully suppressed MMP-2 and MMP-9 activity and 
expression, producing a near complete growth inhibition at a 10 μM concentration of DSF [42].

Various studies have demonstrated that the cytotoxicity of DSF is copper dependent [38, 
43, 44]. Copper plays an essential role in redox reactions and triggers generation of ROS in 
both normal and tumor cells [37, 44]. As a bivalent metal ion chelator, DSF forms a complex 
with copper and allows for Ctrl-transporter-independent transport of copper into tumor cells 
[43, 45]. For this reason, the DSF-copper complex is a much stronger inducer of ROS [46]. 
Furthermore, the abundance of copper in cancer cells enables DSF to specifically target cancer 
as opposed to normal tissues [47].

Copper ions promote ROS formation, which has been shown in multiple cancer cell lines [44]. 
Two forms of intracellular copper (cupric and cuprous) induce the formation of hydroxyl 
radicals from hydrogen peroxide, which serve to damage a variety of intracellular molecules 
[48]. Since studies have demonstrated that cytotoxicity of DSF appears to be copper depen-
dent, the high concentration of copper in CSCs allows for an excellent substrate on which DSF 
can act in the treatment of cancer [43].

RA has been shown to inhibit proliferation of malignant tumors and induce apoptosis and dif-
ferentiation [32, 49–53]. Most notably, all-trans-retinoic acid (ATRA) is an effective treatment 
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for acute promyelocytic leukemia (APL) and has been shown to result in complete remission 
[50, 54]. RA is derived from ATRA by the action of ALDHs. Since ALDH is often specifically 
upregulated in CSCs, clever design can exploit this pathway for tumor suppression [49].

In mouse model studies, the highly metastatic K7M2 OS cells seem to be preferentially targeted 
by RA [49]. The role of retinal in decreasing cell proliferation and cell survival was demonstrated 
by exposing cells to oxidative stress in the form of hydrogen peroxide. ALDH-high K7M2 cells 
exhibited a greater increase in apoptosis compared to ALDH-low cells. Additionally, RT-PCR 
demonstrated that retinal treatment resulted in downregulation of various genes involved in 
cell proliferation and cell survival in a dose-dependent manner [49]. This would suggest that 
retinal can effectively be used as a cellular “Trojan Horse” of sorts to specifically target OS cells, 
as the very ALDH-rich nature that is crucial to their metastatic potential leads to their willful 
acceptance and rapid metabolism of retinal, leading ultimately to their demise.

3. Epidermal growth factor receptor (EGFR)

In order to obtain enough EGFR protein to biochemically purify and sequence, scientists ini-
tially used an epidermoid carcinoma cell line which was found to contain 100-fold higher 
levels of the receptor tyrosine kinase (TK). Since then, aberrant EGFR signaling has been 
implicated in the development and progression of many types of carcinomas including small 
cell lung, breast, stomach, prostate, ovarian, and glioblastoma. In the past decade, more atten-
tion has been placed on the role of EGFR signaling in OS.

3.1. Pathway physiology

Epidermal growth factor (EGF) was the first growth factor to be discovered and was found 
to have significant mitogenic effects of multiple cell types. Its receptor EGFR is a receptor 
tyrosine kinase (TK) which contains an extracellular domain where binding occurs to ligands 
of the EGF family such as, TGF-α, EGF, β-cellulin, epiregulin, and heparin-binding EGF. 
EGFR also contains a hydrophobic transmembrane region and a cytoplasmic TK domain [55]. 
Ligands bind to the cell surface domain and cause a conformational shift in the intracellular 
domain of the protein, which leads to dimerization and autophosphorylation. This phosphor-
ylation then activates several other proteins downstream such as JNK, Akt, and mitogen-
activated protein kinases (MAPK), which are responsible for normal cellular functions such 
as proliferation, apoptosis, adhesion, DNA synthesis, and migration. Signaling also occurs 
through other related TKs: HER2, HER3, and HER4. EGFR also has been shown to activate 
NFκB signaling, as well as being linked to certain G protein-coupled receptor signaling.

3.2. Pathophysiology

EGFR structure and function is closely related to erbB oncogene of avian erythroblastosis 
virus. The oncogene erbB is a part of a larger family of ErbB TKs including ErbB2 or HER2, 
HER3, and HER4. In addition, sequence anomalies found in the extracellular domain of EGFR 
were found to cause constitutive signal transduction independent of binding. Overexpressed 
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EGFR levels in cancer cells also cause EGFR to undergo ligand-independent firing due to 
spontaneous activation of TK activity [56].

Recently, more attention to the action and therapeutic intervention of aberrant EGFR signal-
ing in OS has been studied. Immunohistochemistry demonstrated high EGFR protein expres-
sion in 57% of 37 established bone tumor-derived cell lines [57]. Additionally, 90% of 27 OS 
biopsy samples showed moderate-to-high EGFR protein levels, as well as in four established 
OS cell lines HOS, KHOS/NP, MG-63, and U-2 OS . EGFR expression was not found to corre-
late to response to preoperative chemotherapy or survival [58]. Another group demonstrated 
that OS cell lines, MG-63 and Saos-2 proliferative abilities, were decreased by natural flavo-
noid Icariside II. Treatment also inactivated EGFR/mTOR signaling pathway including PI3K, 
serine/threonine protein kinase (Akt), mitogen-activated protein kinase kinase (MEK), and 
Extracellular-Signal-Regulated Kinases (ERK) [59].

3.3. Therapeutic applications

3.3.1. Gefitinib (Gef)

This molecular inhibitor of EGFR acts by binding to the cytoplasmic adenosine triphosphate 
binding site of the TK domain [60]. Signaling dysfunction leads to an inhibition of down-
stream malignant phenotypes through Akt, MAPK, and Ras signal cascades. Gef is used clini-
cally in non–small-cell lung cancer known to be harboring aberrant EGFR levels, typically 
used in combination with other chemotherapy regimens.

Researchers have shown under serum starvation, EGFR inhibition in OS cells by Gef was 
more pronounced compared to normal conditions, suggesting that aberrant EGFR signaling 
contributes to OS progression but is not the major driver for proliferation. The EGFR inhibitor 
Gef was found to moderately synergize with doxorubicin and methotrexate in attenuating the 
proliferative capabilities of OS cell lines U-2 OS, Saos-2, OS-9, and others. Gef EGFR inhibition 
antagonized the cytotoxic effects of cisplatin [61].

3.3.2. Erlotinib (Erl)

Erl is another molecular inhibitor of EGFR via the ATP binding site of the cytoplasmic domain 
[62]. Erl is used in treating advanced metastatic non–small-cell lung cancer and pancreatic 
cancer, usually in combination with other chemotherapies.

Canine OS cell lines treated with another selective EGFR inhibitor Erl did not inhibit down-
stream protein kinase B (PKB/Akt) activation, and vascular endothelial growth factor (VEGF) 
levels increased. Conversely, Erl enhanced the effects of radiation therapy on a subset of OS 
cell lines [63].

3.3.3. Trastuzumab (Tra)

As the name suggests, Tra is a monoclonal antibody which interferes with normal HER2 recep-
tor functioning of EGFR [64]. It has been suggested that Tra does not alter receptor expression 
but instead causes inhibition of downstream Akt and MAPK proliferation  signaling. A phase 
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II clinical trial of metastatic OS with EGFR2 overexpression showed that Tra can be safely 
delivered in combination with anthracycline-based chemotherapy [65].

Targeting one substrate of the receptor TK signaling cascade is likely insufficient to effec-
tively abrogate downstream effects. Incremental improvements for the treatments of OS will 
depend on the novel chemotherapeutic interactions now being observed in the laboratory. 
BreAkthroughs will occur by further testing intricate combination therapies including sensi-
tizers like EGFR inhibitors (Erl and Gef) with traditional chemotherapeutics such as doxoru-
bicin, methotrexate, and cisplatin.

4. Insulin-like growth factor-1 receptor (IGFR-1R)

Insulin-like growth factor-1 receptor (IGF-1R) has been shown to play role in various cancers, 
including pediatric sarcomas. IGF-1R is just one cog in the complicated system of insulin-like 
growth factor (IGF) and insulin family of growth factors and is located in various tissues 
including bone. It plays an important role in regulating bone homeostasis, and activation of 
this unique TK receptor leads to several important downstream signaling cascades that play a 
crucial role in cell proliferation and protein synthesis. Aberrant signaling in the IGF-1R path-
way may be implicated in the development of OS. Studying the basic physiology and patho-
physiology in this pathway has been critical to the development of OS-targeted therapy. Here, 
we examine the basic biology of IGF-1R in relation to OS- and molecular-targeted therapies 
that exploit this signaling pathway.

4.1. Physiology

IGF-1R signaling is involved in normal osteogenesis and bone homeostasis [66]. IGF-1R is a 
type II receptor TK consisting of two α- and two β-subunits. The binding of IGF-1 to IGF-1R 
induces autophosphorylation of tyrosine residues in the kinase domain. This autophosphoryla-
tion leads to the downstream activation of insulin receptor substrate (IRS) proteins and Shc, an 
adapter protein between IGF-IR and the network of their signaling pathways [67, 68] (Figure 2). 
Phosphorylation of Shc and its binding to Grb2 is required for the activation of mitogen-activated 
protein kinases (MAPK)/extracellular-signal-regulated kinases (ERK), both important regulators 
of proliferation, invasion, angiogenesis, and inflammatory responses [69, 70].

There are four isomers of IRS, and of these isomers, IRS1 and IRS2 are expressed in osteoblasts. 
These adaptors are important in normal bone turnover. Furthermore, deficiencies in IRS1/2 
impair osteoblast proliferation and differentiation and result in decreased bone mass [71, 
72]. IRS1 is one of the many activators of phosphatidylinositol 3 kinase (PI3K). PI3K converts 
phosphatidylinositol 4,5-biphosphate (PIP2) into phosphatidylinositol 3,4,5-triphosphate 
(PIP3), which then recruits the signaling proteins PDK1 and Akt to the plasma membrane [73]. 
The PI3K/Akt pathway is implicated in the proliferation and invasion of malignant OS via 
multiple pathways, such as increasing the expression of cyclins and cyclin-dependent kinases 
that act as positive regulators of the cell cycle in OS [74]. The mammalian target of rapamycin 
(mTOR) is one of the most important downstream effectors of PI3K/Akt and controls cell 
cycling and protein synthesis by activation of its downstream targets p70S6K and 4E-BP [68].
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Aside from regulating insulin’s control of carbohydrate metabolism, the ligands IGF-1 and 
IGF2 may play a role in the neoplasticity of OS [75]. It has been demonstrated that there may 
be increased local IGF-1 levels in primary OS, which may affect survival, aggressiveness, and 
chemotherapeutic response [76]. Activation of IGF-1R by IGF-I stimulates OS cell growth in 
vitro and in vivo [77]. IGF-1 levels peak during adolescence, also the same age where OS inci-
dences peak [78]. Interestingly, IGF-2 levels are increased in OS after chemotherapy treatment 
and may increase OS cell survival by inducing an autophagic state of dormancy, protecting 
OS against chemotherapy [79]. These ligands’ influences in the tumorigenicity of OS have 
made them attractive targets in OS treatment. However, the only IGF-1 neutralizing antibody 
in clinical trials is MEDI-573 and is still in the early stages of development [80].

It is not completely clear yet whether mutations in IGF-1R contribute to cell growth, differen-
tiation, apoptosis, and so on. Interestingly, mutations in IGF-1R are rare and produce growth 
retardation rather than neoplasia [81]. The recent discovery of somatic mutations in the IGF-1R 
kinase catalytic domain showed a small reduction in peptide phosphorylation. However, the 
mutant kinase domains were active, not hyper-activated relative to the wildtype [82]. Interactions 
between wildtype and mutant variants of the tumor suppressor gene, p53, and IGF-1R have also 
been studied. Normally, p53 suppresses the activity of IGF-1R, thus preventing cell proliferation. 
However, mutant variants of p53 derived from tumor have shown to enhance promotor activity 
and increase the transcription of IGF-1R, increasing the survivability of malignant cells [81, 83, 84].

4.2. Therapeutic applications

Currently, there are several IGF-1R inhibitors categorized into TK inhibitors, monoclonal anti-
bodies, or microRNA targets of IGF-1R. Monoclonal antibodies against IGF-1R ligands have been 
studied but may be ineffective because of the redundancy in autocrine and paracrine secretion 

Figure 2. IGF-1 signaling pathway which can activate MAPK and PI3K signaling pathways.
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of this growth factor [85]. Several monoclonal antibodies against IGF-1R, such as Ganitumab or 
Dalotuzumab, are still being tested but tend to have a stronger inhibitory effect when combined 
with other therapies such as Rapamycin, an mTOR inhibitor [80 ]. Here, we focus on one small 
molecular IGF-1R inhibitor, OSI-906, and assess its current status in OS therapy.

The ATP-binding or substrate-binding site in the IGF-1R kinase domain can be targeted by 
small-molecule inhibitors, thus inhibiting IGF-1R signaling. An example of these inhibitors is 
OSI-906 (Linsitinib), a highly selective, small-molecule dual IGF-1R/IR kinase inhibitor given 
in an oral formulation that is in clinical trial. It has been shown that OSI-906 inhibits the 
downstream effectors of IGF-1R, ERK1/2 and Akt, thus affecting cell survival and prolifera-
tion [86]. One of the issues with molecular targeting of IGF-1R is the high degree of homology 
between the binding sites in IGF-1R and the insulin receptor. Molecular targets that cross-
react with the insulin receptor may produce unwanted side effects such as dysregulating glu-
cose metabolism [87]. Fortunately, OSI-906 exhibits a nine-fold selectivity for human IGF-1R 
over human insulin receptor [88]. The inhibitory effect of OSI-906 was tested on four unique 
OS cell lines and was found to inhibit phosphorylation of IRS-1 and proliferation in three of 
the four OS cell lines tested [89]. OSI-906 in combination with the EGFR inhibitor, Erl, has also 
been tested on human colorectal cancer cell lines and found to exhibit a synergistic inhibition 
of cell proliferation and survival [88]. Though OSI-906 has been somewhat successful as a 
single-agent for inhibiting IGF-1R in OS, further studies examining combination therapies 
with OSI-906 are necessary.

5. Conclusion

There is definitely hope and evidence to apply targeted molecular therapies to treat OS. As 
our understanding of the different molecular pathways that affect OS improves, we will be 
better equipped to attack this disease in ways that were not available before. Though numer-
ous molecular pathways have been described here, it is important to understand that there are 
many more pathways that exist or are under investigation. Clearly, there is still much to learn 
about the biology of OS and its targeted therapies. The weight of evidence described above 
suggests that we are steadily moving forward in the right direction.
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Abstract

Osteosarcoma is the most common primary malignant tumour of bone. Currently, 
despite treatment with multi-agent chemotherapy and limb salvage surgery, the five-
year survival rate for osteosarcoma remains at 70%. The pathogenesis of osteosarcoma is 
complex and involves alterations in cellular apoptosis, adhesion, migration, invasion and 
molecular signalling. Research most recently has focused on the molecular basis of the 
disease with the goal of identifying novel therapeutic targets. To this end, mesenchymal 
stem cells (MSCs) have been identified to play a role in sarcomagenesis. MSC transfor-
mation may give rise to tumours, whereas interactions of MSCs with osteosarcoma cells 
in the tumour microenvironment may cause increased cell proliferation. This is in stark 
contrast to the role of MSCs as a promising source for tissue repair and regeneration. In 
order to utilize MSCs for biological reconstruction in the setting of osteosarcoma, further 
research is necessary to delineate the role of MSCs in osteosarcoma transformation and 
progression.

Keywords: osteosarcoma, pathogenesis, mediators, mesenchymal stem cell, MSC

1. Introduction

Osteosarcoma is the most common primary malignancy that arises from bone. While rela-
tively rare, with an annual incidence of 1–3 cases per million [1], it is fatal if left untreated. 
Osteosarcoma has a bimodal distribution affecting patients in the 2nd and 3rd decade of life 
and those after the 6th decade of life [2]. It is the sixth most common paediatric cancer and is 
the second-highest cause of cancer-related death in this age group [3, 4].

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Current treatment protocols for osteosarcoma combine neoadjuvant chemotherapy, surgery 
and adjuvant chemotherapy. The five-year survival rate for patients diagnosed with osteosar-
coma remains at 60–75% [5]. The medical and surgical treatments of osteosarcoma can cause 
significant morbidity for the patient. Chemotherapy agents are systemically toxic and sur-
gery, in the form of amputation or limb salvage, require a prolonged period of rehabilitation. 
Despite the advent of multi-agent chemotherapeutic regimens, the prognosis for osteosar-
coma has not significantly improved; hence, there is a real need to optimize current strategies 
and to develop novel approaches for treatment.

Our understanding of osteosarcoma has traditionally been based upon anatomical and his-
tological principles. Primary osteosarcoma arises in the metaphysis of long bones, most com-
monly, within the medullary cavity. The most common sites for osteosarcoma are the distal 
femur, proximal tibia and proximal humerus. The occurrence of osteosarcoma in sites other 
than long bones increases with age. The tumour typically breaks through the cortex of the 
bone into surrounding soft tissues, around which a pseudocapsule forms [6].

Histologically, osteosarcoma is a malignant mesenchymal cell tumour, characterized by pleo-
morphic spindle-shaped cells, capable of producing an osteoid matrix. Tumour cells metas-
tasize primarily via the haematogenous route. There are various subtypes of osteosarcoma, 
including the intramedullary ‘classic’ osteosarcoma already described, periosteal osteosar-
coma, parosteal osteosarcoma, small cell osteosarcoma and telangiectatic osteosarcoma.

Current standards for staging and surgical resection of osteosarcoma rely on this anatomical 
knowledge [1]. However, recent advances in molecular biology have provided insight into 
the molecular pathogenesis of the disease. Through the identification of specific mediators 
of osteosarcoma progression and tumour pathways, novel approaches for targeting osteosar-
coma are being developed.

This chapter will outline our current understanding of the molecular pathogenesis of osteo-
sarcoma with some reference to the development of novel treatment agents. The environmen-
tal, genetic and molecular alterations that underlie osteosarcomagenesis will be discussed 
with further emphasis on the role of mesenchymal stem cells (MSCs). MSCs have been identi-
fied as playing a role in not only sarcomagenesis but also the progression of disease. This role 
of MSCs in osteosarcoma contrasts with their ability to differentiate into the various cell types 
of connective tissue for tissue repair. This chapter discusses MSC origin, differentiation and 
transformation in sarcomagenesis. The interactions between MSCs and osteosarcoma cells 
are outlined. A number of research models that utilize MSCs in order to replicate the human 
condition will be discussed along with the potential use of MSCs in biologic reconstruction.

2. Pathogenesis of osteosarcoma

The pathogenesis of osteosarcoma is a complex process, which is not completely understood 
and involves tumorigenesis from mesenchymal cells, alterations in cellular apoptosis, adhe-
sion, migration and invasion, as well as tumour-induced osteolysis and angiogenesis. Various 
genetic and molecular alterations underlie these processes. It is hoped that by targeting 
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the deranged molecular signalling of these pathways that novel treatment agents could be 
developed that enhance the efficacy of conventional chemotherapeutics and possibly reduce 
patient morbidity.

2.1. Environmental factors

Physical, biological and chemical agents have been implicated in osteosarcoma pathogenesis. 
There is a well-documented risk of osteosarcoma following exposure to ultraviolet and ion-
izing radiation, which occurs in 2-3% of cases. The first identified case of radiation exposure 
association with osteosarcoma was found in female watch-makers working with radium [7]. 
Nevertheless, only 2% of osteosarcoma cases are associated with radiation exposure [8] and 
it is not thought to contribute significantly to paediatric disease. Samartiz et al., have identi-
fied that radiation-related-sarcoma formation can even occur in those with low-level radia-
tion exposure. Of children who received radiotherapy for treatment of a solid tumour, 5.4% 
develop a secondary neoplasm and only 25% of these are sarcomas [9]. A latent period of 
10–20 years between radiation exposure and osteosarcoma formation has been observed [10]. 
Methylcholanthrene and chromium salts [11], beryllium oxide [12], zinc beryllium silicate 
[13], asbestos and aniline dyes [14] are among the chemical agents associated with osteosar-
coma formation.

2.2. Familial and chromosomal abnormalities

Amplifications of chromosomes 6p21, 8q24 and 12q14, and loss of heterozygosity of 10q21.1, 
are among the most common genomic alterations in osteosarcoma [15]. Numerical chromo-
somal abnormalities associated with osteosarcoma include loss of chromosomes 9, 10, 13 and 
17, as well as gain of chromosome 1 [4]. Osteosarcoma has been reported in patients with 
Werner syndrome, Rothmund-Thompson syndrome, Bloom syndrome, Li-Fraumeni syn-
drome, and hereditary retinoblastoma [14]. In particular, Werner, Rothmund-Thompson and 
Bloom [16] syndromes are characterized by genetic defects in the RecQ helicase family. DNA-
helicases separate double stranded DNA prior to replication [17, 18].

Pagetic osteosarcoma occurs in approximately 1% of patients with Paget’s disease [19]. These 
tumours are characteristically high grade pleiomorphic intramedullary tumours. Loss of 
heterozygosity of chromosome 18q is a recognized genetic anomaly contributing to tumori-
genesis: the specific region located between loci D18S60 and D18S42 contains the tumour 
suppressor locus [20]. This region also encodes for receptor activator of nuclear factor kappa 
B (RANK), a peptide which is a mediator of osteoclastic activity [21].

2.3. Tumour suppressor gene dysfunction

The p53 mutation is the most common genetic aberrancy in malignancy, and is a causative 
factor in the transformation and proliferation of osteosarcoma cells [22]. Here, it is found to be 
mutated in 22% of cases [4]. The presence of p53 mutation in osteosarcoma was initially iden-
tified in the autosomal dominant Li-Fraumeni syndrome, which is a syndrome characterised 
by a predisposition to forming multiple malignancies, such as osteosarcoma, rhabdomyosar-
coma and breast cancer.
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Normally, p53 is a vital protein in cell cycle arrest, cellular senescence and DNA damage 
response and repair [23]. It is regulated by mouse double minute 2 homolog (MDM2), a pro-
tein that inhibits p53 activation via multiple methods including the ubiquitin degradation 
pathway and competitively binding to the amino terminus of p53 (instead of transcriptional 
co-activators) [24]. Transcriptional activation of p21 (cyclin-dependent kinase inhibitor) 
mediates p53 activity, where its expression results in cellular arrest in either the G1 or G2 
phase. This can be either temporary, until the source of the cellular stress has been removed 
or subsided, or can be irreversible, which is known as cellular senescence. Cellular senes-
cence is stimulated by the presence of oncogene activation or presence of DNA damage. Its 
ability to arrest the cell cycle in the G1/G2 phase is dependent on its response to stressful 
stimuli [25].

Mutation in the retinoblastoma gene (Rb1) is the most common mutation found in osteosar-
comas whereby greater than 70% of cases are associated with an alteration in Rb gene. The 
association between hereditary retinoblastoma and osteosarcoma has been localised to this 
mutation, where it acts as a dysfunctional tumour suppressor. Normally, Rb1 is found on 
chromosome 13, which encodes for a nuclear protein allowing sequestration of transcription 
factors and acts as a tumour suppressor. This protein is vital in regulation of cell cycle pro-
gression from the G1 to S phase of the cell cycle. Hypophosphorylation of Rb protein allows 
it to bind to E2F transcription factor which inhibits cellular progression from G1 into the S 
phase. Once pRb is phosphorylated, it releases E2F, allowing continuation of the cell cycle. 
Additional biological characteristics include regulating DNA replication, apoptosis, cellular 
differentiation, as well as DNA damage response and repair [26–28].

2.4. Transcription and growth factors

Osteosarcoma cells produce a number of transcription and growth factors that contribute 
towards continued tumour cell growth and proliferation. During transcription single-stranded 
messenger RNA (mRNA) is formed from double-stranded DNA. Transcription factors bind to 
promoter sequences for specific genes to initiate the process. Transcription is usually a tightly 
regulated process and deregulation can lead tumour formation. Growth factors may act via 
both autocrine and paracrine mechanisms and overexpression or constitutive activation may 
lead to accelerated osteosarcoma cell proliferation.

The activator protein 1 complex (AP-1) is a regulator of transcription that controls cell pro-
liferation, differentiation and bone metabolism. AP-1 is comprised of Fos and Jun proteins, 
products of the c-fos and c-jun proto-oncogenes, respectively. Upregulation of Fos and Jun is 
seen in high-grade osteosarcomas [29, 30] and is also associated with a propensity to develop 
metastatic lesions [31].

Myc is a transcription factor that acts in the nucleus to stimulate cell growth and division. 
Myc amplification has been implicated in osteosarcoma pathogenesis and resistance to che-
motherapeutics. Overexpression of Myc in bone marrow stromal cells leads to osteosarcoma 
development and loss of adipogenesis [32]. This factor is amplified in U2OS osteosarcoma cell 
line variants with the highest resistance to doxorubicin and gain of Myc was found in SaOS-2 
methotrexate-resistant variants [33].
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In addition to Myc, transforming growth factor beta 1 (TGF-β1) has been shown to be over-
expressed in high grade osteosarcomas [34]. Smad activation was implicated downstream of 
TGF-β with an inability to phosphorylate the Rb protein.

Insulin-like growth factor (IGF)-I and IGF-II are overexpressed by osteosarcomas. Activation 
of the IGF-1R receptor leads to the activation of phosphoinositide 3-kinase (PI3K) and mito-
gen-activated protein kinase (MAPK) pathways. This leads to accelerated cell proliferation 
and inhibition of apoptosis [35].

Connective tissue growth factor (CTGF) is a potent stimulator for the proliferation of osteosar-
coma cells, leading to increased expression of type I collagen, alkaline phosphatase, osteopon-
tin and osteocalcin, markers for bone cell differentiation and maturation [36]. CCN3, a related 
protein, is overexpressed in osteosarcoma and is associated with a worse prognosis [37].

The wingless-type (Wnt) canonical pathway, is a specific cascade that occurs within the Wnt 
family of glycoproteins and has been identified in the molecular basis of osteosarcoma forma-
tion. The Wnt family is essential in cellular differentiation and cell fate determination, and in 
the context of osteosarcomas, directing mesenchymal stem cells down the osteogenic lineage. 
Through this pathway, bone morphogenic protein 2 (BMP-2) is the key factor in osteogenesis. 
Another factor has been identified to inhibit the Wnt cascade, and histologically has been 
identified at the peripheries of osteosarcomas, Dickkopf 1 (DKK1). A secreted antagonist of 
Wnt pathway is low density lipoprotein receptor related protein 5 (LRP-5) which has been cor-
related with metastatic disease in osteosarcoma, independent of the histological type. When 
LRP-5 is expressed, the Wnt pathway is activated resulting in the up-regulation of a number 
of genetic factors including matrix metalloproteinases (MMP) which have been known to be 
involved in metastatic activity of cancers. Hoang et al. have analysed osteosarcoma patients 
expressing LRP-5, who were metastases free at time of diagnosis to have a lower probability 
of an event-free survival [38].

Stromal cell derived factor-1 (SDF-1), also known as C-X-C motif chemokine 12 (CXCL-12), 
[39] is a ligand for CXCR-4 and a part of the cxc chemokine family, where CXCR-4 has been 
implicated in various cancer types. SDF-1/CXCL-12 is a chemokine that has a paracrine effect 
within the interstitial space stimulation migration of pluripotent cells as well as tumour cells. 
The interaction between CXCR-4 and SDF-1/CXCL-12 has an important role in cancer pro-
gression as it promotes osteosarcoma cell migration and angiogenesis [40]. Within osteosar-
coma the level of CXCR-4 mRNA is low however the SDF-1/CXCL-12/CXCR4 combination 
is required in osteosarcoma cell proliferation. Tumour promotion occurs by SDF-1/CXCL-12 
in a paracrine manner, stimulating cellular growth and survival. Besides tumour promotion 
CXCR-4 is involved in metastatic spread of tumour cells into areas where SDF-1/CXCL-12 is 
expressed. This factor is important in angiogenesis as it promotes endothelial cells into the 
tumour microenvironment [39].

2.5. Osteosarcoma invasion

Degradation of the extracellular matrix by osteosarcoma cells allows for invasion of sur-
rounding tissues by the primary tumour mass. Matrix metalloproteinases (MMPs) and the 
urokinase plasminogen activator (uPA) system are the effectors of this matrix breakdown.
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The MMPs include collagenases, gelatinases and stromelysins. Collagenases break down col-
lagen types I, II and III. Gelatinases break down collagen type IV, while stromelysins break 
down collagen types III, IV and V as well proteoglycans [41].

The urokinase plasminogen activator (uPA) system has been studied extensively with relation 
to osteosarcoma invasion. When uPA binds to its receptor uPAR it becomes active. Activated 
uPA then cleaves plasminogen to form plasmin. Plasmin is both responsible for direct break-
down of the extracellular matrix but also for further activation of pro-MMPs [42, 43].

uPA levels possess prognostic significance in osteosarcoma. An inverse relationship exists 
between survival time and uPA levels in osteosarcoma [44]. The downregulation of uPAR in a 
clinically relevant murine model of osteosarcoma resulted in limited primary tumour growth 
and inhibited metastatic spread [45].

2.6. Osteoclasts and osteosarcoma-induced osteolysis

Substantial osteolysis may result from osteosarcoma growth. This osteolysis at the tumour 
site is the result of interactions between osteosarcoma cells, osteoclasts, osteoblasts and the 
bone matrix. Growth factors such as transforming growth factor beta (TGF-β) are released 
from degraded bone matrix and stimulate the release of tumoral cytokines that induce osteo-
clastic resorption of bone. Among the osteoclast-stimulating cytokines are parathyroid hor-
mone-related protein (PTHrP), interleukin-6 (IL-6) and interleukin-11 (IL-11) [46, 47]. Further 
growth factors are then released from the bone matrix, leading to a cycle of osteolysis, osteo-
clast activation and osteosarcoma invasion.

The critical involvement of osteoblasts in the osteolytic process is a surprising finding. Among 
the other factors that osteosarcoma cells release are the osteoblast-stimulating factors endo-
thelin-1 (ET-1), vascular endothelial growth factor (VEGF), and platelet-derived growth fac-
tor (PDGF) [48, 49]. Osteoblast stimulation by these factors leads to increased expression of 
receptor activator of nuclear factor κB ligand (RANKL). RANKL is a key regulator of osteo-
clast differentiation and activity. Osteosarcoma cells have been noted to produce RANKL 
independently also [50].

2.7. Osteosarcoma angiogenesis

Tumour neovascularization is required for continued osteosarcoma growth and progression. 
Osteosarcoma cells obtain the necessary oxygen and nutrients for cellular proliferation from 
the neovasculature and gain access to these vessels in order to metastasize.

The process of angiogenesis is regulated by a balance between pro-angiogenic and anti-angio-
genic regulators. Loss of tumour suppressor gene function and oncogene activation pushes 
this balance toward neoangiogenesis. The hypoxic and acidotic environment that surrounds 
the primary tumour also promotes vascular proliferation. Such conditions lead to de-ubiquiti-
nation of the von Hippel Lindau protein. Von Hippel Lindau protein releases hypoxia-induc-
ible factor-1α (HIF-1α). HIF-1α upregulates vascular endothelial growth factor (VEGF) [51]. 
VEGF is pro-angiogenic through stimulation of the processes of endothelial cell proliferation, 
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genic regulators. Loss of tumour suppressor gene function and oncogene activation pushes 
this balance toward neoangiogenesis. The hypoxic and acidotic environment that surrounds 
the primary tumour also promotes vascular proliferation. Such conditions lead to de-ubiquiti-
nation of the von Hippel Lindau protein. Von Hippel Lindau protein releases hypoxia-induc-
ible factor-1α (HIF-1α). HIF-1α upregulates vascular endothelial growth factor (VEGF) [51]. 
VEGF is pro-angiogenic through stimulation of the processes of endothelial cell proliferation, 
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migration and maturation. An immature, irregular and leaky vasculature is thus formed in 
and around the tumour.

Anti-angiogenic factors are downregulated in osteosarcoma. These include thrombospondin 
2, transforming growth factor beta (TGF-β) [52], troponin I, reversion-inducing cysteine rich 
protein with Kazal motifs (RECK) [53] and pigment epithelial derived factor (PEDF) [54]. 
Downregulation of such molecules may lead to increased invasion through predominately 
avascular zones, such as the growth plate [55, 56].

Osteosarcoma is a particularly vascular tumour. However, the true significance of vascular den-
sity is yet to be fully elucidated. While vascular tumours may be more likely to lead to increased 
rated of metastasis, increased osteosarcoma microvascular density may offer a survival advantage 
attributed to improved tumour penetration by intravenously delivered chemotherapeutics [57].

3. Mesenchymal stem cell origin and differentiation

The defining features that characterise stem cells as a group are the ability to self-renew and 
the ability to differentiate into distinctive cell line types. Stem cells, broadly speaking, may fall 
into one of four main categories:

1. Embryonic stem cells

2. Pluripotent stem cells

3. Cancer stem cells

4. Tissue specific stem cells

Various tissue specific stem cells have been identified and mesenchymal stem cells (MSCs) 
are but one of these. Other tissue specific stem cells include cord blood stem cells, neural stem 
cells, gut stem cells, amniotic fluid stem cells and others. MSCs are multipotent cells that are 
able to differentiate into bone, cartilage, fat and muscle. Due to this ability they represent a 
promising source for tissue repair and regeneration. Research has focused on the cellular and 
molecular pathways that direct differentiation towards a particular cell type and aberrant dif-
ferentiation of MSCs may contribute to sarcomagenesis. Prior to understanding the interac-
tions between MSCs and osteosarcoma cells, an understanding of the biological factors that 
characterize MSCs is essential.

The initial work of identifying and characterising MSCs can be largely credited to the work of 
Friedenstein, Cohnheim and Caplan [58–61]. Cohnheim hypothesised that certain fibroblastic 
cells originating from bone marrow were a key factor in wound healing. In the 1970s and 
1980s, Friedenstein isolated a population of plastic adherent stromal cells from bone marrow, 
which had the capacity to differentiate into certain colony forming units (CFU). These CFUs 
possessed the capacity to give rise to osteoblasts, chondrocytes, adipocytes, muscle and hae-
matopoietic tissue. Beyond this, Kopen et al. [62] have demonstrated that not only are MSCs 
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able to differentiate into mesoderm-derived cells but they are also able to undergo transdif-
ferentiation, forming endoderm-derived cells.

Since these early studies, MSCs have been identified and isolated from tissues other than 
bone marrow, including adipose tissue, muscle, peripheral blood, placenta, umbilical cord 
and amniotic fluid. Irrespective of the tissue of origin of MSCs are able to adhere to plastic 
and differentiate along mesenchymal cell lines. The expression of specific surface antigens 
has also been used to identify MSCs. The International Society for Cellular Therapy use the 
following characteristics to identify and standardize isolated human MSCs [63]:

1. Plastic adherence – in vitro under standard culture conditions (1–5 days);

2. Tri-lineage differentiation into cells of mesodermal lineage (osteoblasts, chondroblasts and 
adipocytes);

3. Surface antigens:

a. Expression of CD105, CD73, CD 90

b. Absence of CD45, CD 34, CD 14, CD 11b, CD79b, CD 19, HLA-DR (haematopoietic markers)

Most relevant in the setting of translational research, however, is that significant variation 
exists in the expression at surface antigens across species. MSCs of murine origin may be 
identified by the expression of CD106 and Sca-1, and the absence of CD31, CD45 and CD11b. 
Studies have demonstrated significant variability in surface antigen expression which changes 
once MSCs undergo expansion and ex-plantation [64].

3.1. Sources of MSCs

MSCs are found in nearly all tissues, including adult bone marrow, peripheral blood and adi-
pose tissues. MSCs are derived from pericytes (cells surrounding blood vessels) and exist in 
a perivascular niche. This explains the presence of adult MSCs in a number of different tissue 
types [65], including:

 - Bone marrow

 - Synovium and synovial fluid

 - Periosteum

 - Peripheral blood

 - Adipocytes

 - Liver

 - Brain

 - Kidney
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 - Lung

 - Spleen

 - Blood vessels

While MSCs may be obtained from a variety of different tissue types, the concentration of 
MSCs in these tissues varies widely. Pittenger et al. [66] isolated MSCs from bone marrow, 
adipocyte and peripheral blood. 0.001-0.01% of bone marrow cells were MSCs in comparison 
to ~5000 cells of 1g of adipose were MSCs. Furthermore, in addition to the variable concentra-
tion of the stem cells sourced from different tissues, it has been demonstrated that there is 
altered capacity to form osteocytes in vivo dependent on the tissue of origin of MSCs. Cosimo 
De Bari showed that periosteal derived MSCs have a greater potential to form osteocytes than 
those derived from synovium [67].

Mesenchymal stem cells can also be obtained from birth associated tissues [65], including:

 - Placenta

 - Human amnion membrane

 - Umbilical cord

 - Cord blood

 - Chorionic villi and chorion membrane

 - Wharton’s jelly

The major advantages of MSCs derived from birth associated tissue, over those obtained from 
bone marrow, are the availability of the tissue, as well as the greater proliferative and differ-
entiation capacity of these cells. The rate of expansion varies between adult and birth associ-
ated tissue derived MSCs. The mean doubling time for umbilical cord MSCs is approximately 
24 hours whilst it is 40 hours for bone marrow MSCs. Additionally, umbilical cord MSCs 
proliferate with multi-layering, while bone marrow MSCs demonstrate contact inhibition. 
Bone marrow MSCs are multipotent, while birth associated tissue MSCs are pluripotent and 
are able to differentiate into all three germinal layers.

3.2. Multi-lineage potential and transdifferentiation of MSCs

Friedenstiein et al. initially demonstrated that bone marrow derived MSCs differentiated 
exclusively into cells of mesodermal lineage, namely osteocytes, adipocytes and chondrocytes 
[59]. More recently, however, MSCs have been shown to also possess the ability to differenti-
ate along endodermal and neuroectodermal lines. In vitro studies have shown formation of 
neural tissue from bone marrow derived MSCs. This has propagated multiple studies deter-
mining the factors that stimulate MSCs to differentiate into cell lineages.

Pittenger et al. [66] highlighted that in vitro mesenchymal stem cells can maintain a stable and 
undifferentiated state, however when exposed to certain cues or cultured in certain media 
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they are able to differentiate into diverse cell types. MSCs that have undergone 20 cumulative 
population doublings maintain this multipotent ability.

The osteogenic potential of MSCs has been observed in vitro, however this ability in vivo is 
still incompletely defined. Osteoblasts may stimulate the expansion of MSCs and regulate 
differentiation down the osteogenic pathway, however this may be secondary to the role of 
osteocytes in stimulating differentiation toward osteogenesis.

Huang et al. demonstrated the process of osteogenic differentiation in vitro, through multiple 
stages [68, 69]:

1. Day 1–4

a. Peak number of cells

2. Day 5–14

a. Early cell differentiation

b. Deposition of type 1 collagen early in this phase

c. Expression of alkaline phosphatase (ALP), however the level of ALP de-
creases at the end of the second phase

3. Day 14–28

a. Expression of fibroblast growth factor 2 (FGF-2) and bone morphogenetic 
protein 2 (BMP-2)

b. Expression of osteocalcin and osteopontin

c. Calcium and phosphate deposition

The early response growth factors were distinguished from the growth factors present in late 
cycle. The early response factors include transforming growth factor beta, insulin-like growth fac-
tor and vascular endothelial growth factor. The later phase growth factors include platelet derived 
growth factor, bone morphogenetic protein 2 (BMP-2) and fibroblast growth factor 2 (FGF-2)

Transforming growth factor beta (TGF-beta) administration stimulates osteoblast activity as 
well as cell proliferation, alkaline phosphatase activity and calcium deposition. BMP-2 is a 
notable cytokine which is osteoinductive, and has been shown to commit cells into either a 
chondrogenic or osteogenic lineage depending on its culture medium. When these two fac-
tors co-exist in an environment, there is approximately five-fold greater osteogenic potential.

Other groups of factors are important for adipogenic and chondrogenic differentiation. Factors 
favouring adipogenic differentiation include 1-methyl-3-isobutylxanthine, dexamethasone, 
insulin and indomethacin, whereby the adipocytes expressed lipoprotein lipase, fatty acid-
binding protein (Ap2) and peroxisome proliferation-activated receptor gamma 2 (PPAR-2) 
[66, 68]. Factors for chondrogenic potential include glutamine, linoleic acid, dexamethasone, 
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ascorbic acid, proline and sodium pyruvate. Dexamethasone is required as it promotes TGF-
beta1 upregulation of type II collagen. The potent factors which were found to be important 
in chondrocyte formation are BMP-2 and BMP-7, with TGF-beta being a weaker factor. The 
effect of BMP-2 is dose-dependent, whereby it stimulates the production of mRNA for type 
II collagen and aggrecan [70, 71].

There are two main pathways important in differentiation. One discussed previously is 
through TGF-beta, involved in the formation of chondrocytes. This occurs through multiple 
intra-cellular cascades (mitogen activated protein, JNK, p38). The other pathway is the Wnt 
canonical pathway, where soluble glycoproteins stimulate and regulate cellular differentia-
tion and expansion. Like the TGF-beta pathway, the binding of Wnt to receptors on cells trig-
ger an intracellular cascade, however, this pathway has an osteogenic potential.

4. Transformation of mesenchymal stem cells

Transformation is the sequential accumulation of genetic changes in a cell that may lead to 
altered behaviour and function of the subsequent cell lineage. Transformation causes cells to 
both acquire new and lose certain characteristics of the original cell type. This may be reflected 
as changes in the morphology of the cells, altered expression of surface antigens, changes in 
the growth characteristics, as well as increased tumorigenicity. Differentiation of MSCs at a 
variety of stages may underlie sarcomagenesis. Sarcomas may arise from cells already com-
mitted to a particular differentiation pathway, or alternatively, from multipotent cells that are 
pushed towards a particular sarcoma subtype. Alterations in oncogenes, tumour suppressor 
genes, growth factors and transcription factors may underlie the transformation of MSCs.

Studies that have utilised MSCs of both murine and human origins have supported the con-
cept of transformation of MSCs for tumorigenesis. The findings of human studies have been 
conflicting, however, and warrant further evaluation. Transformed murine MSCs demon-
strate altered morphology and growth characteristics. Transformed murine MSCs exhibit a 
compact morphology, demonstrate anchorage-independent growth, lack contact inhibition 
and form multiple layers in culture. This is in contrast to the spindle-shaped single layer 
growth characteristics of MSCs [72–75]. The proliferation rates of transformed murine MSCs 
have been shown to be increased and genetic and molecular signalling alterations underlie 
these changes [72, 76, 77]. Increased chromosome number beyond the usual 40 acrocentric 
chromosomes have been demonstrated in transformed murine MSCs by multiple authors [72, 
73, 78]. Additionally, Matushansky et al. [79] showed that inactivation of the Wnt pathway in 
transformed MSCs gave rise to a cell population with a similar appearance to that of malig-
nant fibrous histiocytoma.

Human models require MSCs that are able to undergo ex vivo expansion prior to its clinical 
application and through this process some cells undergo spontaneous transformation. This 
is particularly concerning when considering the potential therapeutic use of MSCs for tis-
sue repair and regeneration. There are also pharmacological agents that mobilise MSCs into 
the bloodstream. However, there has been some variability in studies using human MSCs. 
Some studies have shown spontaneous transformation of human MSCs in culture [80, 81] 
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while other research groups have demonstrated that human MSCs are not able to spontane-
ously transform into malignant cells and with prolonged in vitro culturing become senescent 
[82–85]. These conflicting studies have been further confounded by Torsvik et al. [86] and de 
la Fuente et al. [87] that demonstrated previously considered transformed MSCs were tainted 
by contamination. Pan et al. [88] have subsequently shown MSCs to undergo transformation 
and have eliminated the possibility of contamination. In this study, 46 cultures of MSCs were 
studied and 4 of these cultures showed characteristics of transformation, including morpho-
logical changes and increased proliferation rates. Increased tumorigenicity was demonstrated 
when these cells were introduced into immunodeficient mice.

In addition to the cellular, molecular and genetic changes underlying osteosarcoma patho-
genesis, the transformation of MSCs have also been implicated in the tumorigenesis of 
osteosarcoma. Wang et al. [89] were among the first to hypothesise that a subpopulation of 
cancer stem cells existed in human osteosarcoma. In order to demonstrate such a subpopu-
lation of tumorigenic cells, Wang et al. characterised cells with high aldehyde dehydroge-
nase (ALDH) in 4 human osteosarcoma cell lines. Of these, the OS99-1 cell line, which was 
derived from an aggressive primary human osteosarcoma, had significantly higher ALDH 
activity. When OS99-1 cells were introduced into a murine xenograft model, 3% of tumour 
cells demonstrated high ALDH activity and these cells demonstrated the characteristics 
of MSCs, namely self-renewal, tri-lineage differentiation and the expression of typical cell 
surface antigens.

Since then, Adhikari et al. [90] have further characterised a subpopulation of cancer stem cells 
in osteosarcoma using cell surface antigens. This study took the concept of tumour-initiat-
ing cells further by identifying a possible role of cancer stem cells in highly metastatic and 
resistant osteosarcoma. Mouse and human osteosarcoma stem cells were identified using the 
MSC markers CD117 and Stro-1. Expression of these markers were largely in spheres and 
doxorubicin-resistant cells. Cells that were positive for both CD117 and Stro-1 were serially 
transplantable and gave rise to more aggressive metastatic disease when applied to an ortho-
topic murine model. CD117 and Stro-1 positive tumours in the model were highly invasive 
and demonstrated drug resistance.

Alterations in oncogenes, tumour suppressor genes, growth factors and transcription fac-
tors may underlie the transformation of MSCs for osteosarcoma tumorigenesis. In one study, 
Mohseny et al. [74] examined the pre-malignant stages of osteosarcoma using murine mes-
enchymal cells. A functional and phenotypical analysis of MSCs, transformed MSCs and 
osteosarcoma cells was performed in parallel using. Aneuploidization, translocations, homo-
zygous loss of the cyclin-dependent kinase inhibitor (cdkn2) region, and alterations in sar-
coma amplified sequence (SAS), retinoblastoma 1 (Rb1), mouse double minute 2 homolog 
(Mdm2), c-myc, p53 and p16 have all been implicated in the transformation of MSCs for 
osteosarcoma formation [74, 91].

Tao et al. [92] identified the transformation of immature osteoblasts as a potential source 
for osteosarcoma transformation. Using a murine model of osteosarcoma with conditional 
overexpression of intracellular domain of Notch1 (NICD), expression of NICD in osteoblast 
stem cells caused the formation of bone tumours including osteosarcoma. These tumours 
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demonstrated histopathological, metastatic and genetic features of human osteosarcoma. 
Additionally, when overexpression of NICD and loss of p53 were combined in the murine 
model, osteosarcoma development and progression was accelerated.

5. Interactions between mesenchymal stem cells and osteosarcoma cells

The interaction between MSCs and tumour cells is an evolving area of current research. MSCs 
have been shown to be capable of migrating to not only sites of inflammation and injury but 
also to tumours and sites of metastasis. Once at these tumour sites, cellular interactions may 
cause progression of both primary and metastatic lesions. While these interactions between 
MSCs and osteosarcoma cells in the tumour microenvironment have been demonstrated, 
some studies show that MSCs may cause increased proliferation of tumour cells while others 
show reduced proliferation and pro-differentiation. Khakoo et al. [93] showed that systemi-
cally injected MSCs inhibit the growth of Kaposi sarcoma using a xenotransplant model.

Yu et al. [40] characterised the interaction between MSCs and osteosarcoma cells in vitro and 
showed that bone marrow derived MSCs had the potential to promote osteosarcoma cell pro-
liferation and invasion. In this study bone marrow MSCs were cultured with osteosarcoma 
cells. Osteosarcoma cells were also cultured with conditioned media from MSCs. Cellular 
proliferation was measured by cell counting kit 8 (CCK-8) assay and a matrigel assay was 
used to evaluate tumour cell invasion. Tumour cell proliferation and invasion were promoted 
under these conditions with the implication of stromal derived factor-1 (SDF-1). SDF-1 is a 
cytokine that controls tumour neoangiogenesis, apoptosis, migration and invasion through 
binding to the CXCR4 receptor.

Tsukamoto et al. [94] showed that MSCs may provide a favourable environment for osteosar-
coma growth and metastasis in a rat osteosarcoma model. In this study, rat COS1NR osteosar-
coma cells were injected along with rat bone marrow derived MSCs. Injections were performed 
subcutaneously and intravenously. Osteosarcoma tumour formation and growth was increased 
significantly prior to 5 weeks using the subcutaneous injection model. When injected intrave-
nously there was increased pulmonary lesion formation in the group that received co-injections 
of COS1NR and MSCs. The expression of genes by MSCs involved in cellular adhesion and extra-
cellular matrix receptors were suggested as possible explanations for this tumour behaviour.

6. Mesenchymal stem cell utilization for biological reconstruction

MSCs are being portrayed in the literature as the key to biological reconstruction, however, 
studies are few and results are varied. There are significant challenges to be overcome if we 
are to utilise MSCs in biological reconstruction after tumour resection. Much of the concern 
relates to the yet to be fully characterised ability of MSCs to transform into sarcomas and 
the interactions between MSCs and tumours that cause increased tumorigenesis and disease 
progression. In order to apply MSCs to clinical reconstruction the cells require prior in vitro 
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expansion. As has been discussed above, there are concerns of chromosomal instability and 
malignant transformation during this process of expansion.

A number of attempts at utilizing MSCs in the reconstruction process after tumour resection 
have been made. Perrot et al. [95] raised concern of osteosarcoma recurrence after autologous 
fat grafting, reporting a case of late recurrent osteosarcoma 13 years after the use of a lipofill-
ing procedure. Following this they utilised a pre-clinical murine model of osteosarcoma to 
show that injection of fat grafts and MSCs promoted tumour growth.

Since then, Centeno et al. [96, 97] has published two papers with results for 339 patients that 
were treated following orthopaedic procedures with in vitro expanded, autologous bone mar-
row derived MSC implantation. Follow up by general observation and MRI tracking beyond 
3 years post-operatively did not demonstrate tumour formation at the sites of injection. 
2 patients were diagnosed with cancer during the follow up period, however these cases were 
assessed not to be related to the MSC therapy and the rate of neoplasm development was 
comparable to that of the general population. While the results presented by Centano et al. 
[96, 97] appear reassuring with regards to the safety of MSCs for reconstruction, further stud-
ies, particularly in the setting of reconstruction after treatment for malignancy are required. 
There are hundreds of clinical trials currently underway evaluating the therapeutic safety and 
efficacy of MSC based treatments.

7. Conclusions

While the advent of multi-agent chemotherapeutic regimes dramatically improved the prog-
nosis for patients with osteosarcoma, novel treatment agents are required in order to reduce 
morbidity and improve function following surgical reconstruction. The pathogenesis of osteo-
sarcoma is complex and current research is focusing on defining the deranged cell behaviours 
and molecular signalling pathways that underpin tumorigenesis and disease progression. 
Mesenchymal stem cells have attracted great interest over recent years due to their ability to 
expand into mesodermal tissues including bone, cartilage, fat and muscle; however, pre-clinical 
studies have highlighted possible roles in the processes of sarcomogenesis through transforma-
tion and interactions with the tumour cells themselves. Further studies defining the role of MSCs 
in osteosarcoma pathogenesis are required prior to studies of therapeutic safety and efficacy.
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Abstract

Osteosarcoma (OS) is the most common malignant primary bone tumor in children 
and adolescents and features rapid development, strong metastatic ability, and poor 
prognosis. It has been well established that diverse genetic aberrations and metabolic 
alterations confer the tumorigenesis and development of OS. The intricate metabolism 
and vascularization that contributes to the nutrient and structural support for tumor 
progression should be thoroughly clarified to help us gain novel insights into OS and its 
clinical diagnoses and treatments. With regard to the complex bone extracellular matrix 
(ECM) and local cell populations, we intend to illustrate the interrelationship between 
various microenvironmental signals and the different stages of OS evolution. Solid evi-
dence has noted two crucial factors of the OS microenvironment in the acquisition of 
stem cell phenotypes - transforming growth factor-β1 (TGF-β1) signaling and hypoxia. 
Different cell subtypes in the local environment might also serve as unique contributors 
that interact with each other and communicate with distant cells, thus participating in 
local invasion and metastasis. Proper models have been established and improved to 
reveal the evolutionary footsteps of how normal cells transform into a neoplastic state 
and progress toward malignancy.

Keywords: microenvironment, genetic aberrations, vasculogenesis, niches, models

1. Introduction

Osteosarcoma (OS) is the second highest cause of cancer-related death in children and adoles-
cents. Unfortunately, complete surgical resection fails to eliminate OS due to the early hema-
togenous spread of pulmonary metastases. Despite advanced multi-agent neoadjuvant and 
adjuvant chemotherapies, the clinical outcome for patients with OS unfortunately remains 
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discouraging, and the long-term survival rate for high-grade OS remains poor [1]. It is urgent 
to identify innovative diagnostic and prognostic markers as well as effective therapeutic 
targets.

The vast majority of OS arises in the metaphyseal regions adjacent to physes with a strong 
capacity of proliferation, including the distal femur, proximal tibia, and proximal humerus 
[2]. Evidence has elucidated that the complex etiology of OS is characterized by genomic 
instability, highly abnormal karyotypes, and multiple genomic aberrations with copy num-
ber variations occurring in multiple chromosomes [3, 4]. The story of how OS originates and 
develops is mysterious and is still the subject of exploration on many fronts.

In addition to the complexity of OS cells, the microenvironment of OS is also dynamic and 
variable with a complex bone extracellular matrix (ECM) and diverse populations of local-
ized cells. Regulating various microenvironmental signals and different niches in OS warrant 
attention. Importantly, the OS microenvironment is characterized by abundant transform-
ing growth factor-β1 (TGF-β1) and hypoxia. These conditions induce non-stem-like OS cells 
to adopt cancer stem cell characteristics, which in turn promote tumorigenesis and chemo-
resistance [5]. In addition, identifying distinct metabolic patterns and vascularization in OS 
should be considered in more detail and could provide a potential framework for clinical 
applications.

By reviewing the literature on classical and cutting-edge studies, we will discuss the regula-
tion of microenvironmental signals during OS development and illustrate novel models for 
the study of OS.

2. Cells of origin: tumorigenesis

When a normal cell acquires the first cancer-promoting mutation(s) and initiates neoplasm, 
it is termed as cell of origin. As more information is gathered on the characteristic features of 
cell of origin, it is not difficult to create a clear assessment and better understanding on tumor 
evolution, which may remarkably lead to clinical improvements.

OS was believed to originate from bone mesenchymal stem cells (MSCs) or osteoprogeni-
tors [6]. The deficiency of p53 alone or in combination with pRb in undifferentiated adipose-
derived MSCs (ASCs) or bone marrow-derived MSCs (BM-MSCs) promotes metastatic 
osteoblastic OS development upon intrabone (i.b.) or periosteal (p.) orthotopic inoculation 
in immunodeficient mice [7]. In addition, the protein expression of cyclin-dependent kinase 
inhibitor 2A (CDKN2A)/p16 was identified as a sensitive prognostic marker in OS patients. 
Aneuploidy, translocations, and homozygous loss of the Cdkn2 region might have caused the 
malignant transformation of MSCs, which eventually evolved to OS in xenografted mice [8]. 
These findings proved that MSCs with genetic mutations might eventually develop into OS. 
Moreover, excision of p53-floxed alleles, which are p53 genes flanked by loxP sites that could 
be edited, in the osteoblastic lineage mediated by an osterix (OSX)-Cre transgene would cause 
spontaneous OS in mice. This model traced the cells of origin to osteoprogenitors because the 
excision was driven by the osterix promoter expressed in osteoprogenitor cells [6].
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Nonetheless, there have been some other disputes as to the cell of origin for OS (Figure 1). 
Induced pluripotent stem cells (iPSCs) were generated from fibroblasts obtained from a fam-
ily with Li-Fraumeni syndrome (LFS), a rare autosomal dominant syndrome characterized by 
the occurrence of diverse mesenchymal and epithelial neoplasms at multiple sites. LFS iPSC-
derived osteoblasts (OBs) from these individuals have provided a sophisticated model system 
to study the early stages of OS development and elucidate the pathological mechanism of p53 
mutant-associated OS development [9]. Recent research has provided evidence that pericytes, 
a mesenchymal cell population surrounding endothelial cells, could be a cell of origin for 
benign and malignant mesenchymal neoplasms [10]. Lineage-tracing studies in mice were 
accomplished to reveal sarcomas that are driven by the deletion of p53, and desmoid tumors 
that are driven by a mutation in adenoma polyposis coli (Apc) could be derived from neuron-
glial antigen 2/chondroitin sulfate proteoglycan 4 (Ng2/Cspg)-expressing pericytes. They also 
determined the role of β-catenin dysregulation in the neoplastic phenotype.

The etiology of OS is still vague, while its pathogenesis remains mysterious. Generally, 
tumorigenesis is closely associated with inherited gene defects or mutations and exposure 
to exogenous carcinogens. These factors will affect the mutation rate and continually play a 
role in tumor evolution [11]. In the most likely scenario, the unique properties of OS might be 
related to either the genetic or epigenetic aberrations generated from either the cell of origin 
or components in the bone marrow microenvironment, such as the elevated levels of TGF-
β1 and low oxygen tension. Uncovering the relationship between cytogenetic changes and 
microenvironmental signals in tumorigenesis will provide solutions for tumor eradication.

Figure 1. Cells of origin in OS. OS initiation is promoted by multiple genetic alterations (e.g., activation of oncogenes or 
inactivation of tumor suppressor genes). 
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2.1. Tumor suppressor genes and oncogenes

OS results from multiple factors and gene aberrations. During the initiation and progres-
sion of OS, diverse oncogenes or tumor suppressor genes cause aberrant expression and 
hence dysregulate cell proliferation, apoptosis, and angiogenesis. Currently, the etiology and 
pathogenesis research on OS mainly focus on these oncogenes, tumor suppressor genes, and 
multidrug-resistant genes.

OS is a malignant bone cancer with severe chromosomal abnormalities and often has muta-
tions of p53 and pRb. Up to 22% of OS patients carry an abnormal TP53 gene, and the allelic 
loss on chromosome 17p13 was confirmed in 75% of patients by a detection of mutation in the 
germ line [12, 13]. Strong evidence also suggested that p53 could regulate the genomic stabil-
ity, proliferation, and immune properties of MSCs. p53 loss of function in MSCs compromises 
osteogenic differentiation and affects bone tumor microenvironment, both of which influence 
the development of OS [14].

A German group generated the first porcine model of OS by introducing oncogenic TP53R167H 
and KRASG12D mutations as well as overexpressing Myc in porcine MSCs. These transformed 
porcine MSCs, with genomic instability and complex karyotypes, had the ability to develop into 
sarcomas upon transplantation into immunodeficient mice [15]. Other models also indicated that 
intrabone or periosteal inoculation of p53−/− or p53−/−RB−/− BM-MSCs or ASCs originated met-
astatic osteoblastic osteosarcoma (OS). Moreover, the subcutaneous (s.c.) coinfusion of p53−/−
RB−/− MSCs together with BMP-2 resulted in appearance of tumoral osteoid areas [7]. pRb and 
p16(INK4a) are crucial G1-checkpoint proteins that maintain the balance of cellular prolifera-
tion. Deletion of p16 expression is significantly associated with decreased survival in a univariate 
analysis. The loss of pRb activation permits the hyper-proliferation of aberrant cells [16].

The progression of health informatics and the comprehensive study of “big data” have 
brought about new insights of genomic research. OS gene expression was first compared in 
gene expression omnibus (GEO) datasets and genomic aberrations in the International Cancer 
Genome Consortium (ICGC) database to identify differentially expressed genes (DEGs) and 
correlate these with both single-nucleotide polymorphisms (SNPs) and copy number variants 
(CNVs) in OS. The functional annotation of SNP- or CNV-associated DEGs was accomplished 
in accordance with gene ontology analysis, pathway analysis, and protein-protein interac-
tions (PPIs). The PPI network analysis showed that chaperonin containing TCP subunit 3 
(CCT3), COP9 signalosome subunit 3 (COPS3), and WW domain-containing E3 ubiquitin-
protein ligase 1 (WWP1) could be candidate driver genes in OS tumorigenesis [17].

Another study performed a microarray-based comparative genomic hybridization (array-
CGH) analysis on genomic DNA isolated from 41 patients with p53 +/− OS and 10 rhabdo-
myosarcoma samples. Results showed either gains or losses in the recurrent copy number, 
and the regions indicated known candidate oncogenes on mouse chromosomes 9 and 15. 
Furthermore, functional assays proved that the matrix metalloproteinase 13 (MMP13) gene, 
the antiapoptoticgenes Birc2 (cIAP1) and Birc3 (cIAP2) are potential oncogenic drivers in the 
chromosome 9A1 amplicon [18].
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2.2. MicroRNAs and their target genes

MicroRNAs (miRNAs) are a class of small, single-stranded RNA molecules ranging from 
18 to 25 nucleotides in length. miRNAs play important roles in proliferation, differentia-
tion, apoptosis, and other cellular activities through posttranscriptional regulation of genes 
[19, 20]. miRNA signatures are detected in diverse types of cancers such as sarcoma, breast 
and prostate cancer [21–23]. Emerging evidence suggests that miRNAs are involved in the 
pathogenesis of OS and could potentially be developed for use as diagnostic biomarkers and 
therapeutic strategies.

Expression profiling of 723 human miRNAs was performed in seven OS specimens. Of the 
miRNAs tested, 38 were differentially expressed ≥ 10-fold (28 under- and 10 overexpressed) 
as shown in Figure 2A. In this analysis, miRNA-mRNA pairings were identified along with 
copy number changes of their corresponding target genes (Figure 2B). Many of the predicted 
gene targets of differentially expressed miRNAs are involved in intracellular signaling path-
ways important for OS, which include the c-Met, Notch, RAS/p21, mitogen-activated protein 
kinase (MAPK), Wnt, and Jun/Fos pathways [24]. For example, GADD45A, a putative target 
of miR-148a, could promote DNA repair and cell cycle arrest via the p38 MAPK and c-Jun 
N-terminal kinase (JNK) pathways. Overexpression of miR-148a contributed to the down-
regulation of GADD45A in OS, which was associated with multidrug resistance [25]. In this 
set of OS specimens, miR-126 was overexpressed and reported to downregulate the expres-
sion of polo-like kinase 2 (PLK2). PLK2 was proven to undergo transcriptional silencing via 
methylation in various cancer types, thus acting as a presumptive tumor suppressor gene [26]. 
Furthermore, miR-126 could stimulate developmental angiogenesis via vascular endothelial 
growth factor (VEGF) signaling [27].

The expression and either genetic or epigenetic alterations of the miR-34 family were exam-
ined in 117 primary OS samples. The miR-34 family was found to be decreased and undergo 
minimal deletions and epigenetic inactivation in OS cells [28]. Mutations in the TP53 gene 
sequence, functional inhibition of p53 protein, and hypermethylation of the miR-34a pro-
moter are all associated with the loss of miR-34a expression in tumors [29]. miR-34a was 
proven to be involved in the drug resistance, proliferation, and metastasis of OS [30, 31]. 
Sarcomas occur at a high frequency in p53-deficient mice and patients with Li-Fraumeni 
syndrome (LFS). The overexpression of c-Met in these tumors suggested that the miR-34-
p53-c-Met axis could comprise a regulatory gene network that cooperatively controls tumor 
progression in OS [32].

As one of the common target of miR-34a, c-Met is encoded by the MET oncogene, which is 
the receptor for hepatocyte growth factor (HGF). This receptor is overexpressed in a variety 
of human malignancies and stimulates cell proliferation, local invasion, and distant migration 
[33]. Researchers transformed OBs into malignant cells characterized with OS properties via 
overexpression of MET [34]. HGF-c-Met signals can activate the downstream signals of RAS/
MAPK and PI3K-Akt, which enhances the drug resistance of OS and promotes the motility 
and proliferation of sarcoma cells [35, 36].
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3. Osteosarcoma stem cells and dedifferentiation

Cancer stem cells (CSCs) are characterized by self-renewal, pluripotency, and increased cell 
plasticity. Some OS cells expressed specific surface markers of MSCs such as Stro-1, CD105, 
and CD44 [37]. Other evidences suggested that single-cell suspensions were able to form sar-
cospheres in anchorage-independent and serum-free conditions. These spheroids showed 
increased expression of the pluripotency-associated genes OCT4, NANOG, and SOX2 com-
pared with adherent cells [38].

Figure 2. miRNA signature and relevant target genes in OS. (A) Differentially expressed miRNAs more than 10-fold 
in OSs relative to OBs in at least four tumor samples are listed. (B) Genomic status and relative expression of relevant 
target genes. 
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The currently embraced notion assumes that CSCs are critical for the recurrence and metas-
tasis of malignancies, and common chemo- and radiotherapies are ineffective at killing CSCs. 
Thus, there is a need to explore the characteristics of CSCs in OS. CSCs isolated from OS are 
able to self-renew, sustain tumor generation, and confer metastatic potential and drug resis-
tance [39]. The enhanced chemoresistance of the CSC subpopulation appears to be related to 
a more tolerant DNA repair ability [40] as well as an increased drug efflux capacity due to the 
high expression of ATP-binding cassette (ABC) transporters such as P-glycoprotein (MDR-1) 
and the breast cancer-resistant protein (BCRP/ABCG2) [41]. Developing CSC-targeted thera-
pies could yield exciting new approaches for clinical application. The inhibition of ABC trans-
porters is able to sensitize OS-derived sarcospheres to doxorubicin [42]. The nuclear factor 
κB (NF-κB) inhibitor BRM270 can specifically target the SaOS-2 stemlike cell population to 
undergo apoptosis [43].

Normal cells and cancer cells can acquire stem-like properties by several dedifferentiation 
inducers, including transcriptional networks involving key transcription factors (e.g., Oct4, 
Sox2, Nanog), miRNAs (e.g., let-7, miR-200 family), microenvironmental signals (e.g., hypoxia, 
inflammation, autocrine/paracrine oncogenic signaling pathways), epigenetic modifications 
(e.g., DNA demethylation, histone acetylation/methylation), and metabolic reprogramming [44].

Our group has demonstrated the role of the microenvironment and the intracellular context 
of OS on dedifferentiation. TGF-β1 and hypoxia are crucial factors that induce OS cells toward 
a CSC phenotype, which is characterized by the ability to self-renew and pluripotency. The 
dedifferentiated cells induced by TGF-β1 and hypoxia could differentiate into vascular endo-
thelial-like cells (CD31 positive) in either a 3D culture system or xenografts. These cells could 
also form lipid droplets in an adipogenic differentiation medium. Gene set enrichment analy-
sis (GSEA) revealed that gene alterations during the process of dedifferentiation are closely 
correlated with chemoresistance and metastasis in OS patients [5].

3.1. TGF-β1

The expression level of TGF-β1 is related to the metastatic potential of OS patients [45]. 
TGF-β1 suppressed miR-143 expression through a SMAD2/3-dependent mechanism and 
collaboratively upregulated the expression of versican to promote OS cell migration and 
invasion in vitro [46]. Blockage of the TGF-β1 autocrine loop inhibited OS cell proliferation 
and enhanced chemotherapy sensitivity, which might serve as a viable clinical treatment 
[47]. The tumor suppressor p16(INK4) inhibited the paracrine pro-migratory effect on OS 
stromal fibroblasts through the inhibition of TGF-β1 expression/secretion via an ERK1/2-
dependent pathway [48].

OS cells can secrete factors that initiate osteoclast-mediated bone destruction, which coin-
cides with TGF-β1 release from the bone matrix. It was suggested that OS cells might secrete 
TGF-β1 to maintain the stemness of MSCs and promote the production of pro-tumorigenic 
cytokines [49]. Elevated secretion of TGF-β1 by MSCs under hypoxic conditions could pro-
mote the growth, motility, and invasiveness of breast cancer cells [50]. This result indicated a 
possible link between TGF-β1 signaling and hypoxia.
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High TGF-β1 expression occurs in many other types of cancer and is related to the state of 
ECM, angiogenesis, and immune escape [51]. The activation of TGF-β1 signaling triggers the 
epithelial-mesenchymal transition (EMT) and ensures that the transformed cancer cells pos-
sess a stronger capacity of self-renewal, tumorigenesis, and chemo-/radioresistance [52]. In 
OS or other tumor types, solid evidence suggests that TGF-β1 is responsible for promoting 
stemness [5, 53]. The TGF-β1 inhibitor SB525334 significantly inhibited the migration and 
invasion of sphere-forming stemlike cells [54]. In an OS mouse model, either overexpression 
of the natural TGF-β/SMAD signaling inhibitor SMAD7 in OS cells or treatment with the 
TGF-β receptor inhibitor SD208 affected the microarchitectural parameters of the bone and 
inhibited lung metastasis [55]. The natural alkaloid halofuginone, an inhibitor of the TGF-β/
Smad3 cascade, specifically hindered OS progression against lung metastatic dissemination 
[56]. All of these studies revealed that blocking TGF-β resulted in the repression of the tumori-
genic potential of OS cell lines, tumor-associated bone remodeling, and the development of 
metastasis, highlighting TGF-β1 as a promising therapeutic target.

3.2. Hypoxia

The hypoxic niche plays a vital role in regulating tumor cell behavior. During tumor prolifera-
tion, oxygen is unable to diffuse completely throughout the tumor. On the other hand, if newly 
formed blood vessels cannot reach the tumor region, these results in an imbalance between 
oxygen consumption and acquisition and creates a hypoxic microenvironment. Hypoxia-
inducible factors (HIFs) are associated with the maintenance of cellular oxygen equilibrium 
and hypoxia adaptation when oxygen levels cannot meet the demand [57]. Hypoxic signaling 
promotes the expression and function of HIF-1α and HIF-2α.
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suppresses OS cell growth by inducing apoptosis [59], and the HIF-1α/CXCR4 pathways 
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HIF is highly expressed in CSCs in various types of cancer, and blockade of either HIF-1α or 
HIF-2α activity would significantly attenuate the proliferation and self-renewal of CSCs [66]. 
Targeting the hypoxic microenvironment could be a possible therapeutic strategy to eradicate 
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mouse OS cells to hyperbaric oxygen and measured the cell viability. Cell proliferation was 
significantly suppressed under hyperbaric oxygen conditions, and a hyperbaric oxygen treat-
ment in combination with carboplatin exhibited significant synergy in the suppression of cell 
proliferation. Concomitant hyperbaric oxygen enhanced the chemotherapeutic effects of car-
boplatin on both tumor growth and lung metastasis and reduced the mortality of OS-bearing 
mice. These findings suggested that the concomitant treatment of hyperbaric oxygen plus 
carboplatin could be an efficient therapeutic strategy for OS treatment [67].

4. Glycolysis in osteosarcoma

Metabolic reprogramming is considered to be a prominent hallmark in cancer [68]. In the 
1920s, Otto Warburg found that cancer cells were prone to glycolysis even under aerobic con-
ditions, while most of the surrounding normal cells underwent oxidative phosphorylation. 
This phenomenon, known as the “Warburg effect,” has been confirmed in cancers from dif-
ferent tissues [69]. Although ATP productivity via glycolysis is lower than that via oxidative 
phosphorylation, glycolysis provides tumor cells with a stronger adaptability to a hypoxic 
environment caused by the lack of vasculature. Furthermore, glycolysis intermediates can 
provide precursors such as lipids, proteins, and nucleotides for the synthesis of macromol-
ecules needed for proliferation [70].

The oxidative phosphorylation levels in different OS cell lines (LM7, 143B, SaOS-2, and HOS) 
were evaluated compared with those in noncancerous counterpart osteoblastic hFOB cells. 
The results showed that two of the OS cell lines (SaOS-2 and HOS) were actively respiring, 
whereas LM7 and 143B were highly glycolytic. Further analysis of the mitochondrion in the 
latter cell lines indicated mitochondrial swelling, depolarization, and membrane permeabili-
zation, all of which could explain their reliance on glycolysis [13].

In OS, glycolysis might be caused by either gene mutation or a hyperactivated metabolic 
pathway. For example, the tumor suppressor p53, which is well characterized in safeguard-
ing the body from developing OS [71], is important in the maintenance of the cytochrome 
C oxidase complex. The dysfunction of p53 can lead to reduced oxygen consumption from 
mitochondrial respiration and enhanced glycolysis [72]. The PI3K-Akt-mTOR pathway, a key 
oncogenic pathway in multiple human cancers that promotes glucose metabolism and cell 
proliferation, is frequently hyperactivated in OS and leads to glycolysis [73, 74].

Although the significance of glycolysis in OS is still under investigation, its value regarding 
clinical diagnosis and treatment has already been proven. 18F-Fluorodeoxyglucose (FDG)-
positron emission tomography/computed tomography (PET/CT) has emerged as a promising 
tool for the diagnosis and prognosis for OS based on its ability to quantify glucose consump-
tion. In several studies, patients with OS had undergone 18F-FDG PET/CT scans to measure 
imaging parameters such as the maximum standardized uptake value, metabolic tumor vol-
ume, and total lesion glycolysis both before and after chemotherapy. Significant differences 
between nonresponding tumors and responding lesions were observed and therefore could be 
used as predictors of the histological response to chemotherapy and patient survival [75, 76].
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Lactate dehydrogenase A (LDHA) is a key enzyme involved in anaerobic glycolysis and converts 
pyruvate into lactate. It is upregulated in OS compared to normal OB cells (hFOB1.19). LDHA 
inhibition could decrease lactate production, inhibit cell proliferation and invasion in vitro, and 
compromise tumorigenesis in vivo [77]. 2-Deoxy-D-glucose (2DG), a glucose analogue, can be 
used as a glycolysis inhibitor which decreases lactate production, enhances oxidative phosphor-
ylation, inhibits the metastatic phenotype in vitro, and delays metastasis in an orthotopic post-
surgical model [78]. 2-DG is also used in combination with either adriamycin (ADR) or paclitaxel 
in animal models for the treatment of human OS and non-small-cell lung cancer [79].

As a heterogeneous entity with multicomponent interactions, the progression of OS depends 
upon reciprocal interactions between the neoplastic cells and the dynamic microenviron-
ment. Tumor microenvironments include ECM, immune cells, endothelial cells, pericytes, 
fibroblasts, MSCs, adipocytes, and other components [80, 81]. Recent studies have described 
metabolic coupling among stromal cells such as cancer-associated fibroblasts (CAFs), adipo-
cytes, immune cells, and neoplastic cells [82–90]. Glycolytic CAFs can provide nutrients such 
as lactates and ketones as fuel for tumor cells [82–84]. Adipocytes produce free fatty acids 
and promote fatty acid oxidation in tumor cells [85]. MSCs cocultured with OS cells can lead 
to metabolic reprogramming in both MSCs and neoplastic cells as described by the Warburg 
effect. After coculturing, MSCs underwent a metabolic shift toward aerobic glycolysis with 
increased lactate production and efflux due to the upregulation of monocarboxylate trans-
porter-4 (MCT-4). In the meantime, OS cells would utilize lactate by increasing MCT-1 expres-
sion to enhance mitochondrial biogenesis and oxidative phosphorylation. Interestingly, these 
MSC-activated SaOS-2 and HOS cells also acquired an increased migratory capacity [91].

5. Angiogenesis and vasculogenic mimicry

Vascularization plays an important role in tumor survival and progression. Angiogenesis and 
vasculogenic mimicry (VM) have been demonstrated to be the two major processes in the 
development of tumor vascularization system, which supplies cancer cells with blood.

The growth, invasion, and metastasis of solid tumors require an adequate blood supply to 
transport nutrition and oxygen as well as metabolic waste and carbon dioxide [68, 92]. Tumors 
have their own vascular system, which is, however, highly abnormal and different from the 
normal vasculature with respect to organization, structure, and function.

OS is a type of malignant bone tumor with abundant blood vessels, indicating the prominent 
functions of the vasculature in OS progression. Increased vasculature could be a poor prog-
nostic factor in human OS [93]. Similarly, a decrease in the number of vessels was shown to 
significantly reduce primary OS growth in a mouse model [94]. Here, we intend to summarize 
the theoretical and clinical findings in OS angiogenesis and VM.

5.1. Angiogenesis in OS

Angiogenesis is a dynamic and programmed process in which new capillaries sprout from 
preexisting vessels, and is induced by different triggers (e.g., hypoxia) that modulate a broad 
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range of molecular mechanisms manipulating tip cells and stalk cells [95]. Angiogenesis 
firstly demonstrated its correlation to tumor growth by inserting a transparent chamber into 
mouse ears [96]. Subsequently, in vitro tumor-induced angiogenesis was established with a 
wound chamber [97].

Clinical studies on OS angiogenesis are highly controversial. The first clinical discussion on 
the relationship between angiogenesis and long-term outcomes of patients with OS was pub-
lished in 2001 [98]. A retrospective immunohistochemical study was performed on biopsy 
specimens from non-metastatic OS patients with CD34 antibody staining and quantified the 
average intratumoral microvessel density (MVD) per field, but results showed no correlation 
with long-term outcome in patients with non-metastatic OS. Additionally, angiogenesis was 
correlated with the overall and disease-free survival as well as the metastasis rates because 
patients with a higher MVD had a shorter survival time and a higher metastatic rate [99]. 
However, the quantification and analysis have been hampered by heterogeneous OS vascu-
larization and non-standardized methods in detecting microvessels and small study cohorts. 
Recent study applied highly standardized whole-slide imaging to overcome these limitations. 
Intratumoral vascularization was quantified at the time of diagnosis in whole sections from 
a multicenter cohort of 131 osteosarcoma patients. The results suggested that patients with 
low OS vascularization have a prolonged survival and good response to neoadjuvant chemo-
therapy [100]. Moreover, inhibition of angiogenesis in murine OS by the angiogenic inhibitor 
TNP470 indicated an antitumor ability with higher cancer cell death rate and an effective sup-
pression of pulmonary metastasis in an OS mouse model [101].

Vascular endothelial growth factor (VEGF), a homo-dimeric protein also known as VEGFA, 
is a key trigger to induce either physiological or pathological angiogenesis including OS 
[102]. Elevated expression of VEGF in primary OS notably promotes angiogenesis, increases 
the local MVD and perimeter, and subsequently leads to a prominently higher rate (p < 0.05) 
of pulmonary metastasis. These findings correlate with a worse outcome in terms of the dis-
ease-free survival and overall survival in untreated patients [103, 104]. Furthermore, patients 
with serum VEGF > 1000 pg/ml had significantly worse survival than patients with levels 
< 1000 pg/ml (p = 0.002) despite the lack of a link between serum VEGF levels and the tumor 
volume as well as the sensitivity to preoperative chemotherapy [105]. The transcription level 
of VEGF isoform variants and VEGF receptors (Flt-1 and KDR) was detected in 30 OS sam-
ples. Interestingly, the cell-retained VEGF isoforms VEGF165 and VEGF189 might be critical 
for neovascularization in OS, while the soluble VEGF121 isoform is insufficient to stimulate 
neovascularization in this type of neoplasm [106]. This also indicated that only specific types 
of VEGF isoforms have the ability to induce OS angiogenesis. Orthotopic injection of human 
OS cells with either high or low VEGF expression into severe combined immunodeficient 
mice uncovered that high VEGF-expressing OS cells developed more malignant xenografts 
with earlier neoplasm formation, larger tumor size, more frequent invasion to the peritu-
moral tissue, and a higher rate of lung metastasis [107]. VEGF blockade by sFlt1 in a murine 
model partially abrogated the angiogenesis and delayed VEGF-promoted tumor growth 
[108]. In view of the substantial influence of VEGF in OS progression, molecular regulation 
of VEGF in tumorigenesis and progression of OS has been studied in recent years. STAT3 
has been determined as an important upstream regulator in VEGF expression, while the 
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PI3K-Akt pathway has been suggested as the main signaling cascade downstream of VEGF 
that mediates OS angiogenesis [109, 110]. Several studies also showed that members of the 
interleukin (IL) family, such as IL-6 and IL-17, could induce VEGF expression and promote 
angiogenesis in OS [111, 112]. The CXCL12-CXCR4 axis has additionally been demonstrated 
to be involved in promoting VEGF expression [113]. As opposed to the factors mentioned 
above, miR-145 targets VEGF and inhibits angiogenesis as well as the invasion and metasta-
sis of OS cells [114].

Endostatin, a 20 kDa fragment of collagen XVIII, is a member of a group of endogenous 
anti-angiogenic proteins activated by proteolytic processing. Endostatin inhibits endothe-
lial cell proliferation, migration, and invasion by modifying 12% of the human genome to 
downregulate pathological angiogenesis without exerting side effects, which makes this 
protein a broad-spectrum angiogenesis inhibitor. Anti-angiogenic therapy by endostatin 
was performed in OS-burdened mice models [115, 116]. Notably, the number of pulmonary 
metastatic lesions was lower, and the size of the pulmonary metastatic lesions was smaller 
in the group treated with endostatin compared to control group. Thus, anti-angiogenic 
therapy might be a potential treatment for OS because it provides patients with a promis-
ing improvement to their prognosis, although anti-angiogenic therapies cannot thoroughly 
cure OS [117].

5.2. Vasculogenic mimicry

Apart from the important role of angiogenesis in OS vessel network formation, VM has 
emerged as another effective pathway in OS vascular development. VM is defined as a type 
of vasculature-like lumen formed by tumor cells and the extracellular matrix instead of by 
endothelial cells and becomes incorporated into the tumor blood microcirculation. It was 
first reported in melanoma and identified by CD34-negative and periodic acid-Schiff (PAS)-
positive staining in which red blood cells could be detected [118].

VM also has been detected in OS in vivo and in vitro. Immunohistochemical staining for 
endothelial cell marker CD34, OB-related marker osteocalcin, and PAS was performed on OS 
clinical samples. VM channels were confirmed in OS specimens in which the channel wall was 
positive for osteocalcin and PAS but negative for CD34 [119]. Further investigation by using 
the Kaplan-Meier survival analysis found that the present rate of VM in OS patients after 
preoperative chemotherapy was correlated with both the overall survival (p = 0.011 and 0.040) 
and metastasis-free survival (p = 0.002 and 0.045). Additionally, as a strong mediating factor in 
vascular formation, inhibition of VEGF by siRNA in the human OS cell line MG-63 could sup-
press VM formation in vitro [103]. Furthermore, vascular endothelial-cadherin (VE-cadherin) 
seems to be critical in the formation of VM. After knocking down VE-cadherin, OS cells could 
not form OS-generated endothelial-like networks in vitro [120].

Notably, unlike the typical CD31⁻/CD34⁻/PAS⁺ VM, our group found that osteosarcoma 
stem cells (OSCs) had the capability to construct a CD31-positive vascular network de novo 
either under hypoxia or upon VEGFA induction [5]. This neo-VM subtype was formed by 
a type of vascular endothelial cell-like cells that transdifferentiated from OSCs as shown 
in Figure 3. 
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6. Stromal niche: bone marrow mesenchymal stem cell

OS is more often found in the distal femur and proximal tibia, which are also the major milieu 
of bone marrow MSCs. MSCs are a heterogeneous subpopulation of adult stem cells with 
immunomodulatory properties and a potential to differentiate into several tissue-specific 
cells such as OBs, adipocytes, and chondrocytes [121].

It is widely accepted that the tumor microenvironment is correlated with tumorigenesis and 
cancer progression. Since MSCs are one of the important components in the OS microen-
vironment, many studies have investigated the contribution of bone marrow MSCs to OS 
growth and progression. MSCs isolated from primary OS tissue, which show no neoplastic 
features, are similar to their bone marrow counterparts with regard to morphology, specific 
gene expression, and differentiation potential. Exogenous MSCs could target the OS site and 
promote OS growth and progression in a mouse xenograft model [122]. Similar results were 
also found in a rat model [123]. IL-6 secreted by MSCs could activate STAT3 signaling in OS 

Figure 3. Differentiation potential of OSCs into vascular endothelial-like cells and formed vasculature-like network. 
During the transdifferentiation, vessel-like sprouts appeared around the outermost region of the OSCs (arrowhead), 
followed by the appearance of numerous branches (arrow). These branches extended out from the spheres and 
eventually formed a vasculature-like network. The dotted line and arrowhead show the region of the OSCs. The arrow 
indicates the vasculature-like network which is formed by vascular endothelial-like cells. High magnification image of 
the vasculature-like network is shown as an inset. Scale bar = 100 μm. 
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cells, which in turn augment cell proliferation, migration, invasion, and pulmonary metas-
tasis [124]. Interestingly, IL-6/STAT3 signaling could also respond to MSCs to enhance drug 
resistance. MSC-conditioned medium could improve the survival of U-2 OS and SaOS-2 cells 
and reduce apoptosis in the presence of therapeutic concentrations of either doxorubicin or 
cisplatin via the IL-6/STAT3 signaling pathway by increasing the expression of multidrug-
resistant protein (MRP) and MDR-1 and decreasing the expression of caspase 3/7 activity and 
annexin V binding. Furthermore, the proliferation and progression of neoplastic cells need 
to be initiated and induced by certain pro-tumor cytokines secreted by MSCs. Therefore, OS 
cells could inhibit MSC differentiation into OBs via the TGF-β/Smad2/3 signaling pathway to 
promote the secretion of cytokines from MSCs [49].

Basic helix-loop-helix (bHLH) transcription factors belong to the third largest family of recog-
nized transcription factors in the human genome and are essential regulators of development 
and differentiation via DNA-binding elements known as E boxes. DNA binding of bHLH pro-
teins is restricted by heterodimerization with inhibitors of DNA binding (IDs). ID ubiquitina-
tion by ubiquitin-specific peptidase 1 (USP1) has been demonstrated to not only be necessary 
for the proliferation of several OS cell lines but also sufficient to prevent normal mesenchymal 
cell differentiation and sustain the cells in a stemlike state [125]. Meanwhile, a recent study 
uncovered a phenomenon of functional mitochondrial transfer from bone marrow stromal cells 
to acute myeloid leukemia (AML) cells during chemotherapy, which confers survival advan-
tages for AML cells [126]. Altogether, preventing the differentiation of MSCs into OBs might 
remodel the bone microenvironment and provide OS cells with a more suitable survival niche.

As a vital component of the OS environment, MSCs might play a critical role in OS malig-
nancy and could be a potential target in cancer therapy.

7. Emerging role: exosomes

Tumor cell function not only depends on self-regulation but also requires a significant assis-
tance from the microenvironment to support growth and help with immune escape and 
motility through the local area. Approximately 15–20% of patients diagnosed with OS are 
observed as having detectable metastasis via X-ray examination. Additionally, more than 30% 
of patients will develop metachronous lung metastases, which makes clinical treatment more 
challenging [127, 128]. There is an urgent need for more studies on the early diagnosis of dis-
tant metastasis of OS. In recent years, more researchers have focused their concentration on 
an emerging role of extracellular vesicles, also referred to as exosomes, in cancer metastasis.

Exosomes are extracellular vesicles that originate within microvesicular bodies and are shed 
from plasma membrane with sizes in the range from 30 to 100 nm [129, 130]. Exosomes are 
unilamellar vesicles composed of a lipid bilayer and have a homogenous cup-shaped appear-
ance based on scanning electron microscopy [131, 132]. The contents of exosomes are var-
ied and heavily depend on the originating cells, but these are broadly considered to include 
 proteins, mRNAs, miRNAs, lipids, and carbohydrates [133]. Exosomes have been recognized 
as important to intercellular communication among tumor cells [134]. However, related 
papers focusing on exosomes in OS are scarce and limited.
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as important to intercellular communication among tumor cells [134]. However, related 
papers focusing on exosomes in OS are scarce and limited.
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Exosomes isolated from the multidrug-resistant human OS cell line MG-63DXR30 by differ-
ential centrifugation of the culture media could be taken up into secondary cells and induce 
a doxorubicin-resistant phenotype, suggesting that exosomes play a potential critical role in 
transferring the multidrug-resistant phenotype [135]. A systematic comparison of the pro-
teomes, exosomes, and exosome-free fractions was performed in MG-63, U-2 OS, and SaOS-2 
cells. The results showed that OS cells can secrete different exosomes involved in angio-
genesis, cell adhesion, and migration [136]. Additionally, it has been indicated that Notch-
activating factors can be delivered to the murine muscle cells by exosomes from the murine 
OS cell line K7M2 and specifically increase Notch signaling pathway activation [137]. The 
urokinase plasminogen activator (uPA) is a serine protease involved in ECM degradation and 
plays a significant role in the progression and metastasis of various solid tumors including 
the breast, lung, prostate, pancreas, ovary, kidney, and colon [138]. The levels of uPA and the 
uPA receptor (uPAR) were exclusively elevated in metastatic OS cells. These metastatic OS 
cells secrete both an active soluble form and an exosome-encapsulated form of uPA to drive 
the migration or metastatic conversion of OS cells [139]. Other research demonstrated that 
exosomes secreted by human MSCs could exhibit antiapoptotic function or cell-protective 
function to increase OS survival under serum starvation conditions [140]. Exosomes may also 
be a neo-drug vector for OS treatment. For example, synthetic miR-143 can be enveloped in 
exosomes and transferred to OS cells exhibiting that the delivery of miR-143 via exosomes 
could significantly reduce the migration of OS cells [141].

In the future, research of the effects of exosome should be focused on its constituents in OS. 
As these microvesicles are involved in tumor progression, they might be the promising tar-
gets for cancer therapy. We could possibly identify tumor antigens to improve the diagnosis 
and prognosis of OS if exosome contents are associated to different levels of aggressiveness. 
Importantly, exosomes are easily isolated from the peripheral blood and other bodily fluids 
and could be used as a noninvasive diagnostic tool [142–144].

8. Mimicking the bone microenvironment

To reveal the process in detail that normal cells take to evolve to a neoplastic state and 
their subsequent progression to metastasis, proper research models need to be established. 
Establishment of an OS research model has always been challenging. Researchers initially 
used transgenic technology to reedit key genes in mice [145], but since then great strides have 
been made for the establishment and improvement of various OS animal models [6–10, 15, 
146]. Despite all this, animal models and patient tissues are often limited by the availability of 
test subjects, feasibility of the testing procedure, and maintaining viable tissue. Furthermore, 
there are important ethical concerns regarding the compassion for experimental animals that 
may suffer pain or discomfort during the study. In vitro models have the advantage of easier 
availability and operability as well as reducing time and monetary costs.

Traditional two-dimensional cultures are most commonly used for the in vitro study of 
mammalian cells and have made remarkable contributions to scientific discovery. Even so, 
cultivation either on plastic dishes or in flasks rarely recapitulates the conditions of cell activi-
ties in vivo. The limitations of flat culturing regarding the cellular microenvironment have 
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prompted the use of three-dimensional (3D) cultures [147]. The advantages of 3D cell culture 
include better mimicry of the cell-cell interactions and of the intricate microenvironment. In 
recent years, zebrafish models have been generated as a comprehensive stand-in for malig-
nancy research and are especially appealing for OS because of their similarities to human 
osteogenesis [148–152]. More high-tech models are being created with the rapid development 
of engineering techniques. It is promising that these novel technologies could be applied in 
drug testing as well as other physiological and biochemical studies with the goal of replacing 
animal models to reduce the use of experimental animals.

8.1. Extracellular matrix

ECM is a collection of extracellular molecules that provides structural and biochemical sup-
port to the surrounding cells and therefore plays a vital role in cell adhesion, cell commu-
nication, and maintenance of function. In the case of the bone, the organic portion of ECM 
primarily comprises type I collagen secreted by OB lineage cells, while calcium phosphate in 
the form of hydroxyapatite composes its mineralized portion. Bone ECM provides a scaffold 
for mineral storage and regulates OB lineage and osteoclast lineage cell function and differ-
entiation of MSCs to OBs [153]. The usage of bone ECM in tissue engineering and biological 
studies has attracted attention [154, 155]. Porcine cartilage was decellularized, solubilized, and 
then methacrylated, and ultraviolet (UV) photocrosslinked to create methacrylated solubilized 
decellularized cartilage hydrogels. These hydrogels were characteristically similar to native 
cartilage tissue and could support ECM production. Additionally, these hydrogels supported 
the growth of rat bone marrow-derived MSCs that were encapsulated in the gel networks and 
caused significant upregulation of chondrogenic genes [156]. Bone-like ECM synthesized by 
OBs was used to enhance the osteoblastic differentiation of MSCs in vitro [157], and decellu-
larized cartilage ECM was applied as a treatment for osteochondral defects [158].

Our group has generated tissue-derived bone ECM from humans, mice, and rats and established 
an OS model that could mimic an intact OS environment in vitro by injecting OS cells into bone 
ECM. Bone ECM is soaked in cell-cultured medium after decalcification and decellularization, 
and OS cells are injected into ECM and cultured under complete medium. As shown in Figure 4, 
bone ECM provides a scaffold for OS cell proliferation and shows amazing biocompatibility.

Figure 4. HE staining of mouse bone ECM after injecting MNNG/HOS (unpublished data). Scale bar = 100 μm. 
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8.2. Zebrafish: an in vivo model for OS research

Zebrafish is an important and widely used vertebrate model in scientific research. In recent 
years, they have become a useful model for cancer and other diseases due to their straight-
forward genome information with abundantly conserved regions homologous with those 
in human beings, their small size and ease of manipulation, and their transparent bodies 
which make observation of organ systems easy. Compared to the 3D model, zebrafish can 
address the issue of maturation, which is a virtually insurmountable barrier of in vitro 
development.

As a multifunctional model, zebrafish with genetic modifications have been used in a large 
number of experiments. Transgenic zebrafish with a GFP-tagged vasculature provide an 
advanced approach for the study of angiogenesis and cancer metastasis and can easily be 
observed by either light microscopy (Figure 5) or laser confocal microscopy. Furthermore, leu-
kemia, melanoma, pancreatic adenocarcinoma, intestinal hyperplasia, and other types of solid 
tumor have been studied in zebrafish models, which are stable and effective assay method for 
investigating pathogenesis.

An OS xenograft zebrafish model has also been reported recently [159]. Since OS probably 
originates from MSCs mutated in the process of differentiation toward OBs, one group injected 
two MSC cell lines, after 8 months of culturing, and found that the cells gained a malig-
nant transformation. The results found that transformed MSCs formed an OS mass, induced 
angiogenesis, and migrated through the bodies of the embryos of zebrafish, which was not 
observed in the normal MSC controls. Whole-genome analysis indicated higher expression of 
matrix metalloproteinase 19 (MMP-19) and erythroblastosis virus E26 oncogene homologue 1  
(Ets-1) in the mutated cells compared to normal cells. Furthermore, upon investigation the 
host response, zebrafish embryos injected with transformed MSCs showed decreased expres-
sion of immune response-related genes, especially major histocompatibility complex class I 
(MHC-I), compared to embryos injected with normal MSCs. The above experiments also 
reproduced tumorigenesis, progression of OS, including angiogenesis, migration, and metas-
tasis in vivo and identified potential molecular regulators by using a zebrafish model.

Figure 5. The FLK+-GFP zebrafish showed a green vasculature system photographed by light sheet microscopy (unpublished 
data). Scale bar = 100 μm. 
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Zebrafish is also a useful tool for screening for OS therapeutic drugs. The development of 
metastases is still the major cause of death of patients with OS as well as other cancers. Ezrin, 
the prototypical ezrin/radixin/moesin (ERM) protein family member, is associated with the 
actin cytoskeleton and the plasma membrane. Ezrin has been demonstrated to be a vital pro-
tein related to cancer metastasis. Microinjection of ezrin small-molecule inhibitors, NSC305787 
and NSC668394, into zebrafish embryos prominently inhibited cell mobility during embry-
onic development. The results supported an approach using ezrin protein as a putative target 
molecule in OS therapy [160].

8.3. Other novel OS models

With their advantages of in vivo vascularization and an immune system, animal models can 
be instrumental for executing drug screens and studying the etiology of OS. Apart from the 
cell-of-origin transgenic models and the zebrafish models mentioned above, there are more 
novel therapeutic interventions in various models that have already been reported or are in 
current veterinary clinical trials [161].

OS is an aggressive primary bone cancer with highly metastatic capacity, and the develop-
ment of pulmonary metastases is the most common reason for treatment failure. K7M3 cells 
were injected into the tibia of wild-type BALB/c mice to induce a primary bone tumor or 
into the tail vein of wild-type BALB/c and gld mice to form pulmonary metastases [162]. 
To assess the importance of Fas in the process of OS lung metastasis, two animal models 
for lung metastases were generated through intravenous injection or subcutaneous injec-
tion in mice, and those proved the efficacy of aerosol gemcitabine (GCB) which targets Fas 
pathway [163].

The assessment of the safety issue of a regional aerosol GCB delivery and evaluation of the 
effect of GCB on Fas pathway in lung metastasis of OS-bearing dogs further confirmed clinical 
and pathological findings in mice [164]. The clinical and pathological findings in mice were 
further confirmed and extended in a canine model, which supports the notion that aerosol-
ized gemcitabine may be useful against the pulmonary metastasis of OS and can allay patient 
tolerability concerns to a certain extent.

9. Conclusion

Multiple genomic aberrations together with abnormal activation of receptor kinases greatly con-
tribute to the complex etiology of OS. There is no escaping the fact that in many respects, micro-
environmental signals can either support or interrelate with tumor cells to regulate the biological 
behavior of OS. Although the remodeling systems established heretofore still require more precise 
characterization in vivo with respect to the extent of recapitulation, the utilization of physiological 
and biochemical studies can eventually be applied to clinical pharmacokinetic studies and evalu-
ations of therapeutic efficiency. To gain exact and further insight on the cross talk between tumor 
cells and the microenvironment, both in vivo and in vitro novel models should be created and 
applied in research.
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Abstract

Immune niche with its huge cell diversity including more specifically tumour infiltrat-
ing lymphocytes (TILs), tumour-associated macrophages (TAMs) regulate osteosarcoma 
(OS) microenvironment. TAMs exert differential activities in the tumour development 
according to their polarisation. Indeed, in oncology, M1-polarised macrophages are 
considered as anti-tumour effectors, and M2-polarised macrophages are defined as pro-
tumour modulators by increasing the neoangiogenic process. TAM density is correlated 
with tumour cell proliferation, invasion, metastasis and poor prognosis in various epi-
thelial and haematological cancers and in bone metastasis. Similarly, tumour infiltrating 
lymphocytes play a key role in tumour development by inducing a local tolerant envi-
ronment favourable for the tumour growth. The present chapter will describe the main 
roles of the immune system in the pathogenesis of osteosarcoma and the most recent 
therapeutic development based on its regulation.

Keywords: osteoimmunology, osteosarcoma, macrophage, lymphocyte, 
microenvironment

1. Introduction

In recent years, there has been a dramatic increase in the importance given to the theory 
that the tissue microenvironment participates in determining the “bone niche” in the pro-
gression of bone tumours and in establishing resistance processes to conventional therapies. 
Originally, the concept of tumour niche has emerged based on the “seed and soil theory” 
proposed by Stephan Paget at the end of the nineteenth century [1, 2]. This tumour niche is 
defined as a specific microenvironment promoting the emergence of cancer initiating cells 
and providing all the factors required for their quiescence, proliferation and migration. 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Therefore, the tumour microenvironment is composed of a complex, interconnected network 
of protagonists, including soluble factors such as cytokines, extracellular matrix compo-
nents, interacting with fibroblasts, endothelial cells, immune cells and various specific 
cell types depending on the location of the cancer cells (e.g. osteoblasts, osteoclasts in the 
bone tissue or pulmonary epithelium in case of lung metastasis). This cellular diversity 
defines three main “niches” depending on their functional implication: an immune niche 
involved in local immune tolerance, a vascular niche associated with tumour cell extrava-
sation/migration and a metastatic niche (e.g. bone, lung and liver) hosting the metastatic 
tumour cells [3, 4].

The concept of “bone niche” was initially described in the context of haematological malig-
nancies, such as leukaemia [5] or multiple myeloma [6], and then extended to bone metasta-
ses, such as breast or prostate cancers [7]. As all tumours, the pathogenesis of osteosarcoma 
(OS) is closely related to the microenvironment in which the tumour grows. Even though the 
aetiology of OS has not been clearly established, its development has the special feature of 
being strongly associated with the “soil” described by Paget. In physiological and pathologi-
cal bone tissue, the various cells communicate together by direct contacts involving adhesion 
molecules or channels, but also in an autocrine/paracrine/endocrine manner involving cyto-
kines and growth factors [8]. Among these glycoproteins, the triad osteoprotegerin (OPG)/
Receptor Activator of NF-κB (RANK)/RANK Ligand (RANKL) plays a pivotal role in OS 
development [9]. In case of OS, there is effectively a dysregulation in this balance between 
OPG/RANK/RANKL, provoking exacerbated local bone remodelling (Figure 1). As a result, 
numerous factors initially trapped in this matrix are released, which in turn stimulate sarcoma 
cell proliferation, leading to the establishment of a vicious cycle between bone and tumour 
cells [10]. These events are associated with early and late events in the metastatic process by 
promoting the neoangiogenesis and extravasation of tumour cells [11, 12]. But until today, 
the characterisation of the microenvironment of OS has not been fully documented [13, 14]. 
The immune niche, with its huge cell diversity including more specifically tumour infiltrating 
lymphocytes (TILs) and tumour-associated macrophages (TAMs), regulates the OS micro-
environment [15, 16]. TAMs exert different effects on tumour development because of their 
polarisation. In oncology, M1-polarised macrophages are considered to be anti-tumour effec-
tors, and M2-polarised macrophages are defined as pro-tumour modulators as they increase 
the neoangiogenic process [17–19]. The density of TAMs is correlated with tumour cell pro-
liferation, invasion, metastasis and poor prognosis in various epithelial and haematological 
cancers and in bone metastases [20].

Osteoimmunology is a recent term proposed for describing the complex immune environment 
controlling the bone remodelling and related diseases [21]. Several reports have underlined 
the therapeutic interest to use immunotherapies or immunomodulatory-based therapies for 
OS. In this context, the number of new drugs activating the immune system has exploded in 
the last 10 years, and numerous phase I and II clinical trials are in progress in OS. The present 
chapter will describe the main roles of the immune system in the pathogenesis of OS and the 
most recent therapeutic development based on its regulation.
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controlling the bone remodelling and related diseases [21]. Several reports have underlined 
the therapeutic interest to use immunotherapies or immunomodulatory-based therapies for 
OS. In this context, the number of new drugs activating the immune system has exploded in 
the last 10 years, and numerous phase I and II clinical trials are in progress in OS. The present 
chapter will describe the main roles of the immune system in the pathogenesis of OS and the 
most recent therapeutic development based on its regulation.
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2. The immune niche in osteosarcoma

As said above, the niche of OS is composed of a complex network of diverse cells, which 
interact together by direct contacts, or in an autocrine/paracrine/endocrine manner involving 
cytokines and growth factors. This chapter will focus specifically on the main cellular pro-
tagonists: lymphocytes, macrophages and the principal associated cytokines.

2.1. Tumour infiltrating lymphocytes (TILs)

Heterogeneity of tumour cells with various osteosarcoma sub-entities further complicates 
identification of robust biomarkers with broad clinical application [22]. Analysis of the tumour 
microenvironment in patients with a variety of haematological pathologies and solid tumours 
such as bone metastases and soft tissue sarcomas has revealed that a major subset of tumours 
shows evidence of a T cell–infiltrated phenotype [23, 24]. Selected T lymphocytes migrate from 
secondary lymphoid organs to the tumour sites and invade the tumour tissues. They are com-
posed of various T lymphocyte subpopulations, which exhibit highly specific immunological 

Figure 1. Osteosarcoma and its niches. In osteosarcoma, the microenvironment plays a pivotal role in the pathogenesis 
of tumour cells. It facilitates the transport of gas and nutriments to cancer cells and extravasation to their metastatic 
location (vascular niche), induces a tolerant environment (immune niche) and dysregulates bone remodelling (bone 
niche), in which the molecular OPG/RANKL/RANK triad plays a key role in regulation. OPG and RANKL are produced 
by osteoblasts and/or stromal cells, whereas RANK is expressed at the surface of osteoclasts and their precursors. The 
immune niche is one of the source of therapeutic targets against osteosarcoma.
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reactivity compared to circulating and non-infiltrating lymphocytes [25]. The final immune 
response resulting from the activation of T lymphocytes is complex and depends on the 
nature of these T cells (e.g. Treg, CD4+) and the presence of the other immune protagonists 
such as macrophages.

As other immune cells, lymphocytes seem to play an essential role in osteosarcoma growth 
and prognosis, but publications reporting this population in OS remain rare [16, 22, 26]. The 
presence of T lymphocytes in human OS tissues was previously studied by Trieb et al. by 
immunohistochemical techniques [26]. Phenotypic analyses have revealed that the infiltrat-
ing lymphocytes into OS were 95% CD3+ and 68% CD8+. At this time, human CD4+ Treg was 
unknown and not included in the study, which did not detect any correlation of TILs with OS 
outcome. A few years later, Theoleyre et al. supported the presence of specific T subpopula-
tions in OS: TILs isolated from OS samples exhibited lytic activity in vitro, which were appar-
ently no efficient in patients [16]. The study of the microenvironment has a strong impact 
on targeted patient treatment for which little progress has been achieved since introduction 
of neo-adjuvant chemotherapy 30 years ago. Prognostic biomarkers for risk stratification at 
the time of diagnosis are missing and are a major drawback in clinical testing of novel thera-
peutic agents. Alternatively, analysis of the tumour microenvironment for osteosarcoma out-
come-related biomarkers might be less dependent from the osteosarcoma subtype. Recently, 
Fritzsching et al. have reported for the first time CD8+/FOXP3+ ratio as strong prognostic fac-
tor at time of OS diagnosis, pointing out the functional key role of Treg in OS pathogenesis. 
Multivariate analysis showed that this novel parameter was independent from tumour metas-
tasis and response to neoadjuvant chemotherapy and could be validated in an independent 
patient cohort with current state of diagnosis and treatment of OS [22]. It has been suggested 
in other solid tumours (e.g. colon cancers) that intensity of tumour microenvironment infil-
tration with T-cells, especially cytotoxic tumour infiltrating CD8+T-cells (CD8+ TILs) allows 
more powerful prognostic staging than traditional staging. The characterisation of this simple 
immune system-based biomarker has been termed the “immunoscore”, and this is currently 
tested for some tumours in a multicenter study [27, 28].

Lymphocytes are immune cells regulated by diverse cytokines, in particular the triad OPG/
RANK/RANKL, which represents a setting up a fertile soil for cancer cells as well [9]. Bone 
remodelling results from a balance between two opposite cellular activities: (i) osteoblasts in 
charge of the synthesis of new organic extracellular matrix, which will become progressively 
mineralized and (ii) osteoclasts specialised in the degradation of the mineralised extracellular 
matrix, process named bone resorption. Osteoclastogenesis and osteoclast activities are regu-
lated by a master cytokine called NF-κB Ligand (RANKL), member of the tumour necrosis 
factor (TNF) superfamily (official TNF nomenclature: TNFSF11) [9]. RANKL is a soluble and/
or membrane cytokine expressed by osteoblasts and stromal cells, binds to RANK a membrane 
receptor expressed at the surface of mature osteoclasts and their precursors. RANKL binding to 
RANK induces specific NF-κB–dependent signal transduction pathways and stimulates osteo-
clast differentiation, survival and resorption activity. RANKL binds to a soluble receptor named 
osteoprotegerin (OPG), which is a ubiquitous protein and acts as a decoy blocking RANKL 
binding to RANK [29]. OPG is then considered as a strong inhibitor of osteoclastogenesis and 
bone resorption. LGR4 is the last receptor of RANK recently identified. LGR4 expressed at 
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the osteoclast/osteoclast precursor membrane is a negative regulator of RANKL-RANK acti-
vation (see review in Ref. [9]). It is widely accepted that the multiple components of the bone 
niche (e.g. soluble factors, extracellular matrix) strongly contribute to the bone tumour initia-
tion and the metastatic process [30, 31]. RANKL influences the microenvironment of cancer 
cells by acting on the local immunity. Indeed, the major role of RANKL in the immune system 
has been initially identified in RANKL-knockout mice in which the development of secondary 
lymphoid organs was impaired especially the lymph nodes [32] but also at the “central” level 
where the maturation of thymic epithelial cells necessary for T cell development was affected 
[33]. RANKL is also involved in the modulation of the immune response by inducing T cell 
proliferation [34] and dendritic cells survival [29]. Indeed, activated T cells through RANKL 
expression stimulate dendritic cells, expressing RANK, to enhance their survival and thereby 
increase the T cell memory response [34]. More recently, Khan et al. demonstrated that RANKL 
blockade can rescue melanoma-specific T cells from thymic deletion and increases anti-tumour 
immune response as shown in melanoma [35]. In 2007, Mori et al. reported for the first time 
functional RANK expression in human OS cells strengthening the involvement of the RANK/
RANKL/OPG axis in OS [36, 37]. Moreover, in animal OS models, OPG gene transfer prevents 
the formation of osteolytic lesions associated with OS development, in reducing the tumour 
incidence and the local tumour growth, leading to a fourfold increase in mice survival 28 days 
post-implantation [38]. This opened a new door of novel therapeutic approaches for OS.

2.2. Tumour-associated macrophages (TAMs)

The mononuclear phagocyte system is composed by heterogeneous populations participating 
in the body’s first line of defence against pathogens and parasites [39]. This system includes 
cells circulating cells into the body fluids such as monocytes, and integrates resident cells 
such as macrophages, dendritic cells (DC) and their precursors located in the bone marrow 
[40]. Their production and activities are controlled by numerous cytokines and growth factors 
but are more specifically regulated by the two ligands of macrophage-colony stimulating fac-
tor (M-CFR, cFMS or CD115): M-CSF (or CSF-1) and interleukin (IL)-34 [41, 42].

TAMs are the predominant leukocytes infiltrating solid tumours and can represent up to 50% 
of the tumour mass. These cells play a pivotal role in tumour behaviour illustrated by the 
significant link between TAM number and density and the prognosis [18, 43, 44]. Whereas 
TAMs can exert anti-tumour activities, the ambiguous role of macrophages in tumour pro-
gression is reflected in the finding that TAMs can also actively contribute to each stage of 
cancer development and progression [45]. Macrophage subtypes are conventionally classified 
in M1 considered as the classical population and M2 identified as an alternative subpopula-
tion in link to their differentiation/activation state. However, if the parallel between M1 and 
M2 can be drawn with the Th1 and Th2 T lymphocyte classification, Th1/Th2 cells do not 
regulate macrophage polarisation. On the contrary, macrophage subtypes are versatile, are 
non-permanent cell populations, initiate and influence T lymphocyte polarisation resulting 
in differential immune response (e.g. Th1 response against virus and bacteria, Th2 response 
against parasites) [46]. Indeed, M1 and M2 macrophages are characterised by specific profiles 
of cytokine secretion. M1 macrophages are characterised by the secretion of IL-12, IL-1, IL-6, 
TNF or ROS, considered as pro-inflammatory mediators and directly involved in the control 
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of infections and anti-tumour activities. On the opposite, M2 macrophages constitute a het-
erogeneous population (M2a, b and c) inducing a Th2 immune response and secreting IL-4, 
IL-10 and IL-13. M2 macrophages are pro-angiogenic, pro-fibrotic and pro-tumorigenic.

The exact role of macrophages in OS is still unclear and controversial. Some studies have 
defined TAMs as anti-tumour effectors. Buddingh et al. thus demonstrated that higher TAM 
infiltration was associated with better overall survival in high-grade osteosarcoma. However, 
the authors did not observe any differences between metastatic and non-metastatic osteosar-
comas, and TAMs exhibited both M1 and M2 characteristics [47]. On the contrary, the impact 
of macrophages in tumour development has been also suspected. Lewis and Pollard distin-
guished the anti-tumour M1-macrophages from M2-macrophages leading to tumour growth 
and invasion, angiogenesis, metastasis and immune-suppression [18]. OS development may 
thus be accompanied by a switch in the phenotype of infiltrating TAMs, from anti-metastatic 
M1-macrophages to pro-metastatic M2-macrophages. This hypothesis is in agreement with 
the in vivo work described by Xiao et al. who showed a switch in macrophage subpopu-
lations in a mouse model of human osteosarcoma from M1-macrophages during the first 
week of tumour growth, to M2-macrophages after 2–3 weeks [48]. In addition, Pahl et al. 
demonstrated that human M1-like macrophages can be induced to exert direct anti-tumour 
activity against osteosarcoma cells, mediated by TNF-α and IL-1β [49]. In the same manner, 
Ségaliny et al. demonstrated that osteosarcoma cells expressed IL-34, increasing the recruit-
ment of M2-polarised macrophages into the tumour tissue, which correlates with tumour 
vascularization and the metastatic process [50]. TAMs accumulate in tumour microenviron-
ment and according to their M2 or M1 phenotype contribute to tumour growth, angiogenesis 
and metastasis [51]. RANK is present at the cell membrane of monocytes/macrophages and 
RANKL acts as chemoattractant factor for these cells [52]. M2 subtype is strongly associated 
with the angiogenic process and interestingly RANK is mainly expressed by M2 macrophage 
subtype [53]. RANK/RANKL signalling in M2 subtype modulates the production of chemo-
kines promoting the proliferation of Treg lymphocytes in favour of an immunosuppressive 
environment [54]. In breast carcinoma, RANKL is mainly produced by CD4+CD25+ T lym-
phocytes expressing Foxp3 and corresponding to Treg lymphocytes. In this context, a vicious 
cycle is established between TAMs, Treg and tumour cells resulting in the tumour growth, the 
spreading of cancer cells and the amplification of the metastatic process [55].

2.3. Recent therapeutic developments based on the regulation of the immune system of 
osteosarcoma: immunomodulating drugs

The therapeutic protocol currently used for osteosarcoma was established by Rosen et al. at 
the end of the 1970s [56]. It comprises preoperative (neoadjuvant) chemotherapy associating 
mainly four drugs (doxorubicin, cisplatin, methotrexate and ifosfamide) [57], and followed by 
surgical removal of all detectable disease (including metastases), and postoperative (adjuvant) 
chemotherapy, preferably within the setting of clinical trials [58]. OS is considered resistant to 
applicable doses of radiation [59, 60]. Supplemental therapeutic approaches such as chemoem-
bolisation or angioembolisation, thermal ablation, radiofrequency ablation and cryotherapy 
are experimental or palliative [59]. Unfortunately, patients, who are diagnosed with meta-
static disease or who relapse post-therapy have an extremely poor prognosis, with little to no 
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improvements in survival seen over the past 30 years [61]. Several reports have underlined 
the therapeutic value of using immunotherapies or immunomodulatory-based therapies for 
osteosarcoma [15, 62–64]. In this context, the number of new drugs activating the immune 
system has exploded in the last 10 years and numerous phase I and II clinical trials are in 
progress in osteosarcoma (Figure 1). In this chapter, the most recent therapeutic develop-
ments targeting the regulation of T lymphocytes and macrophages will be exposed.

2.3.1. T-cell therapies

Detection of specific T lymphocyte populations in the tumour microenvironment and in 
human tumour tissues defines an immunoscore and leads to patient stratification based on 
this immunophenotyping. These analyses have identified new predictive biomarkers and 
new therapeutic targets, which have stimulated the development of immunotherapies [65].

2.3.1.1. Disialoganglioside (GD2)

Monoclonal antibodies targeted against cell surface antigens specific to tumour cells have 
been proven to be effective in patients with breast cancer, lymphoma and neuroblastoma 
[66–68]. Usually these bispecific antibodies are engineered antibodies linking a tumour anti-
gen recognition domain to a second domain that activates a receptor on immune effector cells, 
typically T cells. The expression of the glycosphingolipid GD2 is restricted to the central and 
peripheral nervous system, skin (melanocyte) and mesenchymal cells located in the stroma 
[69–71]. In addition to the healthy tissues, GD2 was detected in neuroblastomas, melano-
mas, sarcomas, lung and central nervous system tumours, in which a variable number of 
cancer cells express this antigen [72–75]. Based on this relative restricted distribution, GD2-
targeting appeared very quickly as an interesting immunotherapy, especially for high-risk 
neuroblastomas, for which anti-GD2 antibodies improved significantly patient survival [68, 
76]. In patients with stage IV neuroblastoma, anti-GD2 antibody ch14.18 has been shown to 
improve EFS effectively when given in the setting of minimal residual disease. The rationale 
for using this antibody in patients with OS lies in that 95% of osteosarcoma express GD2 [77]. 
Consequently, given the success of anti-GD2 mAb therapy in neuroblastoma, studies explor-
ing the use of these mAbs in OS are underway [78]. Current trials include the GD2mAbs 
humanized3F8 (NCT01419834 and NCT01662804) and hu14.18K322A (NCT00743496) [61].

2.3.1.2. Nivolumab

Nivolumab is an immunomodulator, which acts by blocking the activation of the pro-
grammed cell death-1 (PD-1) receptor, induced by one of its two ligands (PD-L1) on activated 
T cells [79]. Numerous preclinical investigations have demonstrated that inhibition of the 
interaction between PD-1 and PD-L1 enhances the T-cell response, resulting in increased anti-
tumour activity. PD-L1 or PD-1 blockade with monoclonal antibodies results in strong and 
often rapid anti-tumour effects in several mouse models. A high PD-L1 expression has been 
identified in OS cell lines [80], and PD-1 expression on CD4 and CD8 T-cells was found higher 
in OS patients than in healthy controls and in patients with metastasis at diagnosis, high 
tumour stage or bone fracture [81]. A phase I/II trial will be conclude in 2016 on refractory 
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solid tumours and sarcomas including osteosarcoma. A total of 242 patients will be enrolled 
and treated with Nivolumab IV over 60 minutes twice a month. Courses repeat every 28 days 
in the absence of disease progression or unacceptable toxicity.

2.3.2. Immune and dendritic cell vaccine

Dendritic cells have the specific ability to initiate and modulate adaptive immune responses 
[82]. This specificity, associated with their role in antigen presentation, has led to their use in 
vaccine approaches in cancer. Matured autologous dendritic cells loaded with tumour lysates 
derived from tumour tissue were used as the vaccine product. In a pre-clinical model of osteo-
sarcoma, it has been demonstrated that killer dendritic cells were able to induce an adaptive 
anti-tumour immune response with a decrease in tumour development after cross-presentation 
of the tumour cell-derived antigen [83]. A phase I clinical trial demonstrated the feasibility and 
good tolerance of dendritic cells pulsed with MAGE-A1, MAGE-A3 and NYESO-1 full length 
peptides in combination with decitabine. Anti-tumour activity was observed in some patients 
[84]. In 2012, 12 osteosarcoma patients were vaccinated with tumour lysate pulsed dendritic 
cells, but evidence of a clinical benefit was observed in only two of these patients [85]. These 
authors concluded that osteosarcoma patients may be relatively insensitive to DC-based vac-
cine treatments. A new clinical trial was initiated, enrolling 56 patients (>1 year) with confirmed 
sarcoma, either relapsed or without known curative therapies, and treated with autologous den-
dritic cells pulsed with tumour lysate. NCT02409576 is a pilot trial (“Pilot Study of Expanded, 
Activated Haploidentical Natural Killer Cell Infusions for Sarcomas (NKEXPSARC)”) analys-
ing the effect of donor NK cells on clinical response determined by imaging. About 20 patients 
(aged 6 months–80 years) will be included between 2015 and 2016. The patients will receive lym-
phodepleting chemotherapy with cyclophosphamide (1 day) followed by fludarabine (5 days) 
and each patient will receive IL-2 1 day before infusion of the NK cell (total six doses).

2.3.3. Mifamurtide (liposomal-muramyl tripeptide phosphatidyl-ethanolamine L-MTP-PE)

As it has been discussed above, the density of TAM is linked to a poor diagnosis. In osteosar-
coma, Buddingh et al. showed that macrophages exhibit M1 and M2 phenotypes and demon-
strated a link between M2 macrophages and angiogenesis. Similarly, in preclinical models of 
osteosarcoma, the recruitment of the M2 subtype is correlated with tumour angiogenesis and 
lung metastasis [47, 50].

L-MTP-PE is a synthetic analogue of muramyl dipeptide of the bacterial cell walls, which 
was identified as a powerful activator or monocyte/macrophage lineage. Indeed, L-MTP-PE 
induces the expression of pro-inflammatory mediators such TNF-α, IL-1, IL-6, lympho-
cyte function-associated antigen 1 (LFA-1) and intercellular adhesion molecule 1 (ICAM1) 
leading to an M1 macrophage response. The therapeutic interest of L-MTP-PE was widely 
studied in osteosarcoma [86, 87]. The largest clinical experience with combination chemo-
therapy and L-MTP derives from the Intergroup 0133 osteosarcoma study. No difference 
in survival was found for patients who received ifosfamide in addition to the standard 
three-drug chemotherapy (doxorubicin, cisplatin and methotrexate). But this study did sug-
gest that L-MTP had a beneficial impact on survival, improving the 5-year overall survival 
rate from 70 to 78% (p = 0.03) [88]. However, no significant difference in survival was observed 
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cyte function-associated antigen 1 (LFA-1) and intercellular adhesion molecule 1 (ICAM1) 
leading to an M1 macrophage response. The therapeutic interest of L-MTP-PE was widely 
studied in osteosarcoma [86, 87]. The largest clinical experience with combination chemo-
therapy and L-MTP derives from the Intergroup 0133 osteosarcoma study. No difference 
in survival was found for patients who received ifosfamide in addition to the standard 
three-drug chemotherapy (doxorubicin, cisplatin and methotrexate). But this study did sug-
gest that L-MTP had a beneficial impact on survival, improving the 5-year overall survival 
rate from 70 to 78% (p = 0.03) [88]. However, no significant difference in survival was observed 
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between the two groups of treatment concerning the patients with metastatic disease (40% with-
out L-MTP versus 53% with L-MTP, p = 0.27). Based on these results, the European Medicines 
Agency granted L-MTP an indication for the treatment of non-metastatic osteosarcoma in 2009; 
the American Food and Drug Administration (FDA) did not. L-MTP is also approved for use 
in Turkey, Mexico and Israel. Recently, Biteau et al. have proved the efficacy of association 
of zoledronate and L-mifamurtide combination in osteosarcoma. This association induced an 
additional and in some cases synergistic inhibition of primary tumour progression [89].

2.3.4. Inhaled granulocyte-macrophage colony stimulating factor (GM-CSF)

GM-CSF is one of the master regulators of myeloid cell lineage by controlling their differen-
tiation, proliferation and activities. Indeed, this growth factor exerts immunomodulatory and 
immunostimulatory activities by stimulating the functional activities of neutrophil granulocytes 
but also of macrophages and DC. More specifically, GM-CSF promotes the recruitment and cyto-
toxic functions of macrophages, stimulates natural killer and dendritic cells, and consequently, 
upmodulates the number of CD4 T lymphocytes [90]. Arndt et al. have recently performed a 
phase I clinical trial using inhaled GM-CSF in patients with first isolated pulmonary recurrence 
of OS. Unfortunately, even though the clinical studies demonstrated the safety of administered 
GM-CSF (e.g. aerosolized delivery), no biological benefit (e.g. local immunomodulation in lung 
metastases) or improved clinical outcome was demonstrated. A future larger prospective ran-
domised trial may demonstrate improved outcomes in OS patients probably [91, 92].

3. Conclusion

The therapies focused on the immune niche partially represent the potential therapeutic tar-
gets available for OS nowadays. Blood vessels, bone cells and tumour cells are targeted as 
well in the current clinical trials. However, in the future, the key to success will lie in better 
understanding and characterisation of the disease, leading to better patient stratification and, 
consequently, to personalised medicine.
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Abstract

Osteosarcoma remains the most common form of bone cancer in adolescents. Standard 
of care treatment for osteosarcoma includes chemotherapy combined with limb-salvage 
surgery or amputation. Survival rates for compliant patients are 60–80% for those with 
localized tumors and 15–30% if the tumor metastasizes or reoccurs. Given the successes of 
monoclonal antibody blockades in other cancers, clinical trials for applying immunother-
apies to osteosarcoma are underway. Antibody blockades reinvigorate T cells to eliminate 
cancer cells thereby leading to decreased tumor burden and long-term regression. Single 
monoclonal antibody therapy has shown modest efficacy compared to standard of care. 
However, treating with only a single antibody can ultimately result in immune evasion 
by heterogeneous tumors via selection of cells expressing other inhibitory ligands. Hence, 
combination immunotherapies have yielded the most promising results for eliminating 
tumors or preventing reoccurrence in other cancer types and will likely be the most effica-
cious strategy for treating osteosarcoma. Here, we review current immunotherapies for 
other cancers and their potential application to osteosarcoma.

Keywords: osteosarcoma, monoclonal antibody blockade, PD-1, PD-L1, CTLA-4, LAG-3, 
TIM-3, combination antibody blockade, tumor escape

1. Introduction

Multiple tumor types have been shown to co-opt the use of immune inhibitory receptors 
to evade immune detection and killing [1–5], including metastatic osteosarcoma. Several 
immune inhibitory receptors have been identified and shown to decrease tumor-specific T-cell 
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killing and induce an exhausted T-cell state [6]. The use of blocking monoclonal antibodies 
in experimental settings can prevent tolerance, reinvigorate T-cell function at the tumor site 
increasing T-cell killing, cytokine production, and proliferation, or induce new systemic T-cell 
responses [7]. The prevention of T-cell exhaustion or reinvigoration at the tumor site has led 
to improved clinical results in using these monoclonal antibodies to reduce tumor burden in 
human patients [8, 9]. However, outcomes after blocking monoclonal antibody therapy vary 
by tumor type/stage (i.e., primary versus metastatic), amount of tumor infiltrating lympho-
cyte (TIL) infiltration, and amount and combinational inhibitory receptor expression. Early 
studies investigating the role of the immune system in preventing metastatic tumor develop-
ment, while allowing primary tumor growth, shed light on the importance of T-cell-tumor 
mingling in order to effectively suppress tumor growth through immune-mediated killing 
[10]. Suppressive tumor microenvironments that inhibit TIL infiltration leading to immune-
privileged sites would not benefit from increased tumor-reactive T-cell responses via blocking 
monoclonal antibodies. Additionally, tumor-reactive T cells require inhibition via inhibitory 
receptors to benefit from blocking monoclonal antibody treatments [11]. Ultimately, with new 
advances in immunotherapies to alleviate microenvironment suppression, combinational 
treatments to increase T-cell function, increased immune effector access to tumors, and pre-
vention of T-cell exhaustion may have increased curative potential.

2. Successes of single checkpoint mAb blockade strategies in the 
treatment of progressive tumors

2.1. PD-1 blockade

The efficacy of programmed death receptor-1 (PD-1) blockade in initial clinical trials of several 
tumor types has been reviewed extensively by Pardoll, Momtaz and Postow, and Sharma and 
Allison [9, 12, 13]. Nivolumab, pembrolizumab, and pidilizumab are α-PD-1 blocking antibodies 
developed by various pharmaceutical companies. Investigators are trying to identify biomark-
ers to classify cancer patients that will benefit most from PD-1 blockade. Programmed death 
ligand 1 (PD-L1) expression on tumors correlates with poor prognosis; however, high expres-
sion of PD-L1/PD-1 in tumors correlates with responses to blockade therapy [14]. However, 
patients with PD-L1 negative tumor expression still benefit from PD-1 blockade in some cases 
[15]. Briefly, overall response rate from patients with different progressive solid tumors treated 
with nivolumab was 31%, and duration of response was approximately 2 years, with median 
overall survival of 16.8 months [14, 16]. This is in comparison to malignant melanoma patients 
treated with pembrolizumab with an overall response rate of 38%, although treatment dose 
varied [17]. Additionally, chemotherapy-resistant hematologic malignancies treated with 
pidilizumab saw clinical benefit in 33% of patients [18]. Clinical success of the PD-1 monoclo-
nal antibody blockade in treating multiple progressive tumors has inspired the field of tumor 
immunology, by leading to some of the best clinical efficacies and long-term durable regression. 
Currently, clinical trials for treating recurrent or refractory osteosarcoma with nivolumab, with 
and without ipilimumab, are in phase I/II [19].
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2.2. CTLA-4 blockade

Successes of cytotoxic lymphocyte associated antigen-4 (CTLA-4) monoclonal antibody 
blockade have been reviewed extensively in Ref. [13]. Briefly, patients with advanced stage 
melanoma when treated with ipilimumab had long-term durable responses with over 20% sur-
viving longer than 4 years [20, 21]. However, other tumor types, such as prostate cancer, saw 
no improvement in survival in patients treated with ipilimumab at multiple stages of disease 
progression [22].

2.3. LAG-3 blockade

Lymphocyte activating gene protein 3 (LAG-3) inhibitors have begun phase I/II trials in human 
patients. Both renal cell carcinoma and metastatic breast cancer patients saw objective responses 
when treated with LAG-3 inhibitors and durable disease stabilization [23, 24]. Ongoing trials 
are beginning with a monoclonal antibody to LAG-3; however, no results have been reported.

2.4. TIM-3 blockade

Preclinical tumor models suggest that blocking T-cell immunoglobulin mucin domain mol-
ecule 3 (TIM-3) activation in combination with PD-1 may improve survival, as the majority of 
TILs are both TIM-3 and PD-1 positive, and these TILs have the most profound exhaustion at 
the tumor site [25]. In a mouse model of solid-tumor CT26 colon carcinoma, mice treated with 
dual TIM-3 and PD-1 blocking mAb had significantly decreased tumor growth; however, 
TIM-3 mAb treatment alone provided no benefits. The combinational approach appeared to 
have some synergistic effects [25].

3. Resistance to blockade treatment

3.1. Resistance to blockade treatment in tumor settings

Tumor heterogeneity provides the fuel for the evolution of therapeutic resistance [26]. A more 
diverse tumor has a greater likelihood of possessing a pre-existing resistance mutation than 
a less heterogeneous one, and a more mutable tumor has a greater likelihood of generating a 
de novo mutation during therapy. Even before immunotherapy, cells in the tumor will have 
undergone extensive selection for the capacity to evade the immune system during the course 
of progression. This means that cell-level capacities that enable resistance to immunotherapy 
pre-exist in some tumors. In immunotherapy, cells that preferentially survive treatment are 
likely to be those with the ability to create an immunosuppressive environment around the 
tumor and/or reduce immunogenicity through loss of antigens or downregulation of MHC I.

Taube et al. introduced the adaptive immune resistance hypothesis to explain selection of 
PD-L1 positive tumor cells by endogenous immune response pressure [27]. Initially proposed 
by Robert Schreiber, the now widely accepted hypothesis of tumor immune editing describes 
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how immune responses can both eliminate and promote tumor formation. This fine line 
between elimination and immune driven escape explains the ability of the adaptive immune 
resistance hypothesis to select for PD-L1 positive tumor cells, suppressing immune-mediated 
killing. Overwhelming evidence exists for the use of PD-1/PD-L1 blockade in reinvigorat-
ing immune-mediated tumor killing. However, little is known regarding immune-mediated 
tumor escape after monoclonal antibody blockade TIL reinvigoration. Responses in only a 
fraction of patients and incomplete tumor control from PD-1 blockade may be due to the 
upregulation of compensatory regulatory pathways or the selection of nonimmunogenic 
tumors. As stated earlier, clinical trials are in the early stages for recurring and refractory 
osteosarcoma treatments with monoclonal antibody blockade both as a singular drug and 
in combination with another monoclonal antibody blockade therapy. Therefore, little data 
are currently available regarding how combination immunotherapies affect human patients. 
Nonetheless, scientific research highly suggests increased expression of other regulatory 
pathways when only one immunotherapy is administered [28].

Knowing the mechanism of immune escape from blockade therapy will guide the clinician in 
choosing more effective treatments to combat escape and lead to durable responses or com-
plete remission. It may also be possible to measure existing immune evasion strategies in a 
tumor before therapy begins in order to limit the use of immunotherapies for which the tumor 
may already be preadapted (e.g., where there are pre-existing resistance mutations). However, 
to prevent escape from occurring, it may be necessary to administer combinational treatments 
concurrently and early in treatment history, similar to treatment to persistent viral infections.

3.2. Viral resistance to therapy, what can we learn

T-cell exhaustion was first observed in a mouse model of chronic lymphocytic choriomenin-
gitis virus (LCMV), in which exhausted T cells were unable to proliferate rapidly, produce 
antitumor cytokines, or perform cytotoxic functions [29]. PD-1 blockade in mice infected with 
chronic LCMV could reinvigorate T cells and rescue function. However, due to only a subset 
of exhausted CD8 T cells regaining function after blockade, PD-1/PD-L1 blockade is not fully 
effective at restoring function to all exhausted T cells [30], leaving open the potential for addi-
tional T-cell exhaustion, and ultimately viral escape. T-cell exhaustion has been observed in 
many chronic virally infected humans with HIV, hepatitis B virus, or hepatitis C virus, and 
immune checkpoint blockade can restore T-cell function in vitro. However, HIV escape from 
adaptive immune responses has led to persistent viremia with no immune control. Even in 
the presence of combinational antiretroviral therapy, HIV still increases inflammation, leads 
to increased apoptosis, and induces oxidative stress in the host. However, physicians treat 
with combination antiretroviral therapy at the beginning of a treatment regimen to reduce 
chance of viral resistance and escape.

There may be limitations to the application of viral antiresistance strategies to cancer immu-
notherapy including the differences in population sizes, with tumors having several orders 
of magnitude more cells than are typically virally infected in HIV [31, 32]. This larger popula-
tion size means that there is a greater likelihood of pre-existing resistance in cancer relative 
to viral infections and that it may be easier for tumor cell populations to evolve resistance. 
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Nonetheless, just as cancer immunologists learned from virologists about T-cell exhaustion 
in chronic viral settings, we may be able to apply the same strategies of early combinational 
treatments to try to prevent overall escape.

4. Potential escape through upregulation of other inhibitory receptors

Blockade of other inhibitory receptors in combination with PD-1 blockade is of clinical interest 
as responding TILs often co-express multiple inhibitory receptors, which may be an appropri-
ate marker for potential escape through additional T-cell suppression [33].

Multiple studies have now shown increased expression of co-inhibitory receptors on infiltrat-
ing CD4 and CD8 T cells after blockade therapy including α-CTLA-4 alone, α-PD-1 alone, 
α-PD-L1 alone, or combinational therapies. Curran et al. observed a twofold increase in the 
percentage of CTLA-4+ expressing cells after treatment with anti-PD-1 mAb in their B16-BL6 
melanoma mouse model [34]. Additionally, treatment with CTLA-4 mAb led to an approximate 
10% increase in PD-1+ CD8+ TILs [34]. In a metastatic mouse model of osteosarcoma, treatment 
with anti-PD-L1 led to a twofold increase in CTLA-4 expression and selection of a PD-L1 nega-
tive tumor [28]. Sznol and Chen, in personal communications with J. Weber, confirmed this 
effect in human patients treated with α-PD-1 blockade noting an increase in CTLA-4 expres-
sion on TILs [35]. In an implantable mouse model of metastatic osteosarcoma, the authors of 
this review discovered resistance to α-PD-L1 blockade following treatment due to increases in 
co-inhibitory receptor expression on TILs, which dual CTLA-4/PD-1 blockade treatment could 
prevent [28]. These studies confirm changes in co-inhibitory receptor expression on TILs fol-
lowing blockade therapy and confer additional mechanisms for tumor cells to evade immune 
killing in response to blockade treatment. Conversely, the other co-inhibitory receptors LAG-3 
and TIM-3 appear to decrease in an methylcholanthrene (MCA) induced sarcoma model fol-
lowing anti-PD-1 alone, anti-CTLA-4 alone, or anti-PD-1 and anti-CTLA-4 in combination [36]. 
The most likely explanation for increased co-inhibitory receptors following blockade is due to 
compensatory mechanisms preventing pathology against persistent antigen exposure.

Tumor resistance to blockade treatment generated through additional upregulation and ligation 
of co-inhibitory receptors may direct physicians to treat with combinational immunotherapies 
to target multiple inhibitory receptors. Whereas tumor resistance to blockade treatment gener-
ated through decreased immunogenicity may warrant chemotherapy or radiation in combina-
tion with blockade to increase the expression of immunogenic antigens.

5. Successes of combinational blockade strategies

5.1. Immunotherapy combinational blockades

CTLA-4 and PD-1 combinational blockade has shown promise in clinical trials against advanced 
melanoma with 50% of patients in the highest dose cohort achieving objective responses and a 
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large reduction in tumor burden [37]. The inhibitory pathways of PD-1 and CTLA-4 appear to 
be nonredundant with distinct mechanisms in the maintenance of peripheral tolerance, as well 
as biased effects on distinct subsets of T cells, making the combination of the two of particular 
interest.

The combination of anti-PD-L1 or anti-PD-1 and anti-CTLA-4 mAb improved tumor control, 
increased IL-2 production and proliferation of CD8+ TILs, and increased the ratio of intratu-
moral CD8+ T cells to Tregs in the B16 melanoma mouse model [34, 38]. In the GL261 glioma 
model, the combination of CTLA-4 and PD-L1 mAb blockade provided long-term survival 
and significantly reduced the proportion of Tregs in the brain [39]. Moreover, the combina-
tion potentiated the eradication of tumors in the CT26 colon carcinoma and 4T1 breast cancer 
model compared to the modest effects of single-agent treatment.

In a metastatic osteosarcoma model, combining PD-L1 and CTLA-4 blockade allowed for over 
50% rate in mice, while neither PD-L1 nor CTLA-4 blockade alone eliminated tumor burden. 
Furthermore, tumor did not come back even when mice were challenged [28].

Clinical success of α-CTLA-4 and α-PD-1 monoclonal antibodies has inspired investigators to 
identify other potential inhibitory receptors that modulate T-cell responses in nonredundant 
mechanisms. Other co-inhibitory receptors of clinical interest include LAG-3 and TIM-3 [40, 41]. 
Blockade of both LAG-3 and PD-1 in the Sa1N fibrosarcoma model and MC38 colon adeno-
carcinoma model exhibited complete tumor control with effects that appear to be synergistic 
compared to single-agent therapy. No effect was seen against established B16 melanoma tumors 
again suggesting the presence of other regulatory or resistance mechanisms [40]. The blockade of 
both TIM3 and PD-1 in methylcholanthrene-induced fibrosarcomas suppressed growth of estab-
lished tumors and even completely cleared tumors in a small fraction of mice [41]. However, the 
mechanism of action of anti-TIM3 blockade alone or in combination with other immunomodula-
tory mAbs has not been well characterized [42]. Additionally, upregulation of PD-L1 homologs 
B7-H3 and B7-H4 or the induction of expression of these homologs on macrophages within the 
tumor microenvironment presents additional opportunities for tumors to mediate effector T-cell 
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Although the mechanisms underlying resistance to PD-1/PD-L1 blockade have not yet been 
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tumor to escape from T-cell recognition, possibly following blockade reinvigoration. There is 
currently no evidence that we are aware of for selection of tumors with decreased immunoge-
nicity after monoclonal antibody blockade therapy, although selection of PD-L1+ tumors dur-
ing initial tumor immune responses suggests that similar mechanisms may exist following TIL 
reinvigoration with checkpoint inhibitor blockade. The use of radiation to overcome this type 
of resistance has shown promise by causing immunogenic cell death. After radiation, tumors 
upregulate MHC I, Fas (CD95), ICAM-1, and NKG2D ligands to become optimized targets 
for CTLs and lead to the release of more tumor antigens and activation of a broader T-cell 
repertoire [47]. Significant tumor regression in metastatic melanoma patients was seen with 
combinational anti-CTLA-4 blockade and radiation [48]. Another study showed the combina-
tion of radiation and PD-L1 blockade was more effective than either single agent treatment in 
TUBO breast cancer and MC38 colon adenocarcinoma tumor models, reduced myeloid derived 
suppressor cells (MDSCs), and led to eradication of tumor and protection against further 
rechallenge [49]. Hypofractionated radiotherapy appears to be more effective than single high-
dose radiotherapy, and the combination of hypofractionated radiation with anti-PD-1 mAb 
increased tumor antigen–specific CD8 T cells, improved survival, increased tumor control, and 
elicited the abscopal effect in 4T1 and B16 tumor models [50]. Additionally, fractioned radia-
tion required concurrent administration of PD-1 or PD-L1 to elicit a synergistic effect in CD26 
colon carcinoma, 4434 melanoma, and 4T1 breast cancer models, and no synergistic effect was 
seen if blockade was administered sequentially after completion of radiation [51]. Combination 
of PD-1 blockade with targeted therapies such as BRAF inhibitors in melanoma—which has 
been shown to decrease IL-10 production and enhance expression of tumor-specific anti-
gens—may also prove promising, and clinical trials of the combination are underway [52–54]. 
Chemotherapy can also cause immunogenic cell death and lead to maturation and recruitment 
of antigen presenting cells (APCs), upregulation of antigens, increased MHC I expression, and 
increased CD8+ TIL infiltration [55]. α-PD-1/PD-L1 mAb treatment can select for nonimmuno-
genic tumors via antigen loss, MHC downregulation, selection of less immunogenic antigens, 
etc. Combinational therapies that increase TIL repertoire, antigen diversity, and tumor-specific 
antigens can combat this type of resistance after PD-1/PD-L1 blockade.

Another opportunity in designing combinatorial treatments from an evolutionarily informed 
perspective is that of shaping selection pressures so as to make resistant cells least fit by using 
antagonistic drug interactions [56]. This approach uses two therapeutic agents with antago-
nistic effects, making the fitness of cells with resistance to one therapy or the other less fit 
than cells that lack resistance entirely. This strategy could potentially be leveraged in immu-
notherapy by employing immunotherapeutic approaches that have some antagonistic effects.

7. Conclusion

Therapeutic resistance is one of the most difficult challenges in cancer treatment. At its root, 
this therapeutic resistance is driven by heterogeneity of cancer cells and their capacity to evolve 
quickly in response to treatments. From an evolutionary perspective, immunotherapy offers a 
unique approach that can harness the power of the adaptive immune systems to generate and 
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respond to novelty rapidly and with a precision that may not be possible with other treatment 
approaches.

There are several potential mechanisms of resistance to PD-1/PD-L1 blockade that lead to upreg-
ulation of co-expression of inhibitory receptors and/or selection of less immunogenic tumors. 
Understanding these mechanisms will provide the opportunity to develop the right combination 
of therapies or to develop new therapies in order to elicit a potent anti-tumor T-cell response.
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Abstract

Osteosarcoma is the most common primary cancer of the bone and third most com-
mon cancer in children and adolescents with approximately 900 new cases annually in 
the United States. A major facet of osteosarcoma is its high level of genomic instability, 
in particular chromosomal instability, which is the result of increased or decreased chro-
mosome number in a cell. Furthermore, pain is the most common symptomatic feature of 
osteosarcoma that lacks effective therapy. Pain in osteosarcoma is relatively more com-
plicated than many other painful conditions requiring a more thorough understanding of 
its etiology, pathobiology, and neurobiology to allow the development of better therapies 
for reducing pain in osteosarcoma patients. Studies are underway to define the diverse 
modalities of presentation, growth, development, metastases, and nociception in osteo-
sarcoma. New data from human studies in combination with data from studies incorpo-
rating transgenic mouse models of osteosarcoma are providing valuable insights into the 
mechanisms underlying the development of both the tumor and the tumor-induced pain. 
These new data will undoubtedly lead to improved prognoses, as well as the develop-
ment of novel therapeutics that will significantly decrease bone cancer pain.

Keywords: osteosarcoma, genetics, pain, bone tumors, pathobiology

1. Introduction

Osteosarcoma is the most common malignant bone tumor found in children and adoles-
cents and is associated with many complications including metastases and intractable can-
cer pain [1, 2]. Typically, the prevalence of osteosarcoma shows a strong relationship with 
skeletal growth. The main incidence peak occurs in the second decade of life and generally 
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is associated with a highly defined phenotype. Osteosarcoma also occurs in elderly adults 
in the sixth and seventh decades of life and is often preceded by certain genetic predis-
positions [3]. Osteosarcomas predominately form in the metaphyses of the long bones in 
the major growth centers such as the distal femur, proximal tibia, and proximal humerus. 
Osteosarcomas are quite aggressive locally but often produce early, lethal systemic metas-
tases [4]. According to the National Cancer Institute, as many as 20% of patients will have 
radiographically detectable metastases at diagnosis, and ultimately nearly 90% of patients 
have radiographically undetectable metastatic lesions, particularly to the lungs [5, 6]. 
However, chest CTs have been estimated to miss nearly 25% of metastatic nodules found 
during thoracotomy, and up to 14% of metastases are not nodular in shape, which compli-
cates the metastatic picture in many patients [7]. With no known precursor to osteosarcoma, 
treatment options are extremely limited. Adjuvant chemotherapy and surgical resection are 
standard therapies, but treatment efficacy still remains poor for over one-third of osteo-
sarcoma patients [5, 8]. Although our understanding of the mechanisms underlying tumor 
development, tumor progression, and metastasis is improving [6, 9–12], the complex nature 
of the bone tumor microenvironment presents unique challenges to identifying novel drug 
targets and treatment strategies.

The most common presenting symptom of osteosarcoma is pain, particularly with activity. 
Osteosarcoma pain can start in adolescence, leading to hospitalization, reduced survival, 
and poor quality of life. Pain in osteosarcoma is unique because of unpredictable and recur-
rent episodes of acute pain due to vaso-occlusive crises (VOC), in addition to chronic pain 
experienced by a majority of adult patients on a daily basis [13]. As detection and survival 
among cancer patients have improved, pain has become an increasing challenge, because 
traditional therapies are often only partially effective [14]. In this regard, the treatment of 
osteosarcoma pain is complicated because long-term treatment choices remain limited and 
generally involve opioids, which impose liabilities of their own including constipation, 
mast cell activation, addiction, and respiratory depression [15]. Moreover, significantly 
larger doses of opioids are required to treat pain in osteosarcoma as compared to other 
acute and chronic pain conditions. Pain can be lifelong in osteosarcoma and may therefore 
influence cognitive function and lead to depression and anxiety, which can in turn promote 
the perception of pain [13]. In general, the treatment of chronic pain remains unsatisfactory, 
perhaps due to the diverse pathobiology in different diseases. Therefore, it is critical to 
understand the mechanisms specific to the genesis of osteosarcoma-related pain to develop 
targeted therapies.

2. Normal bone development

The bone is a readily adaptive, mineralized tissue that performs diverse functions includ-
ing enabling locomotion, storing nutrients such as phosphate and calcium, and protecting 
soft tissues among many others. Despite its static appearance, osteoclasts and osteoblasts, 
two major cell types abundant throughout bone tissue are constantly remodeling bone. 
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Osteoblasts are the resident bone-producing cells of the body. Osteoblasts are derived 
from a lineage of cells arising from a mesenchymal origin [16], while osteoclasts arise 
from a hematopoietic lineage [17]. The remodeling of the bone is a tightly coupled pro-
cess. From a physiological perspective, distinct differentiation and maturation pathways 
of these two cell types allows for uninterrupted maintenance of bone homeostasis [18]. 
The differentiation process of osteoblasts is often divided in specific stages: mesenchymal 
progenitors, preosteoblasts, and osteoblasts. Similarly, this process also occurs in osteo-
clastogenesis where cells of myeloid origin differentiate into one of four cell types, one 
being osteoclasts [17]. While differentiation stages are useful for cellular identification, 
the maturation process is not well understood. Often, the identities of cells during each 
stage are characterized by expression of various molecular markers highly associated with 
osteoblast development. Markers of cells from mesenchymal origin are not well defined 
and are still a matter of intense debate. Similarly, preosteoblast markers are also difficult 
to identify. These cells are highly heterogeneous in their expression patterns, as this stage 
can encompass various cell types during maturation into osteoblasts, bone-lining cells, 
or osteocytes. However, two common transcription factors, Runt-Related Transcription 
Factor 2 (RUNX2) and later OSTERIX (also known as SP7), are expressed during matura-
tion and are highly associated with maturation of the preosteoblast lineage [19], while 
hematopoietic transcription factor (PU.1), microphthalmia-associated transcription factor 
(MITF), and c-FOS are associated with osteoclast precursors [17].

3. Tumorigenesis

There is currently no known origin to osteosarcoma; however, much research has pointed to 
osteoblasts as the progenitor cell type. The single most shared feature of all osteosarcomas 
histologically is the presence of osteoid matrix, secreted by malignant cells in the growing 
tumor. In addition, the presence and quantity of this matrix do not define the disease, as 
osteosarcomas may be composed of many tissue types including chondroblastic, fibroblastic, 
and osteoblastic [20]. Osteosarcoma has been shown to be associated with loss of key tumor 
suppressor genes such as tumor protein P53 (TP53) and retinoblastoma 1 (RB1) [21], and 
alterations in p53 are associated with reduced event-free survival [22]. Moreover, sporadic 
osteosarcomas are highly associated with mutations in the RB gene. Additionally, germ line 
mutations in the p53 gene predispose patients with Li-Fraumeni syndrome (LFS) to osteosar-
coma [23] with an incidence of up to 12% [24].

4. Chromosomal abnormalities

Despite its well-defined phenotypic characteristics, genetically speaking, osteosarcoma is 
chaotic and disordered. It is often associated with massive chromosomal rearrangements, 
cytogenetic aberrations, and numerous mutations [25]. Numerous cytogenetic and molecu-
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lar studies of osteosarcoma have been conducted in recent years yielding interesting results 
but often with conflicting findings [26]. Many of these studies have limited prognostic and 
diagnostic value and fail to understand the driving events necessary for osteosarcoma 
development. However, the overall infrequency of this disease makes elucidating these 
factors all the more challenging. It has been apparent since early studies that osteosarco-
mas have a significant propensity toward aneuploidy with over 96% of high-grade cases 
being hyperploid [26]. Furthermore, cytogenetic analyses have provided evidence for enor-
mous variation in karyotypic alterations. A major facet of osteosarcoma is its high level 
of genomic instability, in particular chromosomal instability (CIN). CIN can contribute to 
tumor initiation and progression through altering the expression of proto-oncogenes or 
tumor suppressor genes. The rate of gain or loss of entire chromosomes or sections is sig-
nificant in the pathogenesis of osteosarcoma resulting in numerous aberrations and wide 
variability between cells and tumors [27].

5. Oncogene/tumor suppressor gene dysfunction

The search for specific drivers of osteosarcoma development has stemmed from the early 
cytogenetic and molecular findings. Initial genetic studies sought to identify impor-
tant genes involved in cancers although not necessarily specific to osteosarcoma. These 
early studies have implicated a number of important tumor suppressors, oncogenes, 
and growth factors that are implicated in other sarcomas and carcinomas as well [26]. 
As stated earlier, perhaps the best two characterized examples of this are the tumor sup-
pressor gene TP53 and the retinoblastoma RB1 gene. The location of TP53 on chromosome 
17p13 is an area frequently altered in osteosarcomas and is readily apparent in cytoge-
netic analyses. Alterations in the TP53 gene have significant effects on the downstream 
signaling targets, many of which are normally involved in cell cycle control and apopto-
sis. Gene rearrangements, point mutations, epigenetic modification [28, 29], and/or allelic 
loss can presumably lead to inactivation of normal TP53 function, and these aberrations 
have been associated with the development of osteosarcoma. In a recent study that char-
acterized the genomic landscape of osteosarcoma via whole genome sequencing (WGS), 
the majority of TP53 inactivation in osteosarcoma was found to be due to translocations 
[30]. Furthermore, this study highlights the fact that TP53 mutation is highly prevalent 
in osteosarcoma, with >90% of all tumors containing a mutation in at least one allele, and 
upward of 80% containing mutations in both alleles. In addition to the TP53 gene, associa-
tions between osteosarcoma and RB1 are well recognized as well, especially in patients 
with hereditary retinoblastoma, in which osteosarcoma incidence is 1000 times higher 
than in the general population. The loss of heterozygosity and/or sporadic alterations in 
the RB1 gene is apparent in >60% of osteosarcoma cases, and these genetic changes have 
significant prognostic value [31]. As only these prototypical cancer genes and a few oth-
ers have been definitively implicated in osteosarcoma, there is a pressing need to identify 
more genes and pathways governing its development and metastasis to better treat osteo-
sarcoma patients and their associated pain.
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6. Axonal guidance genes in osteosarcoma

Recently, a new pathway has been identified using the Sleeping Beauty mutagenesis system in 
mice implicating axon guidance genes such as semaphorin-4D (SEMA4D) in osteosarcoma [25]. 
During normal bone homeostasis, osteoclasts express high levels of Sema4d, whereas osteoblasts 
do not. Instead, osteoblasts express its cognate receptor and co-receptor, Plexin B1 (Plxnb1) and 
Erb-B2 receptor tyrosine kinase 2 (Erbb2), respectively. Thus, it is possible that misexpression of 
SEMA4D and MET proto-oncogene, receptor tyrosine kinase (MET) in osteoblasts might give 
rise to a subset of osteosarcomas. Similarly, the tumorigenic properties induced by overexpres-
sion of SEMA4D in human osteosarcoma cells are dependent on MET and ERBB2 levels, which 
has been reported [32]. Previous studies in osteosarcoma showed that high levels of ERBB2 are 
associated with a good outcome and that overexpression of MET can directly transform osteo-
blasts into osteosarcomas [33, 34]. The fact that SEMA4D is a cell surface receptor makes it an 
attractive candidate for novel therapies. This will be addressed later in the chapter.

7. Metastasis

Approximately 20–30% of osteosarcoma patients have overt metastases at diagnosis, and about 
40% of patients will develop lung metastases during the course of treatment [35–37]. Analysis 
of clinical outcomes of patients without overt metastasis at diagnosis prior to the advent of 
chemotherapy demonstrated >90% of patients developed lung metastasis 6–36 months after 
surgical resection, indicating the majority of seemingly nonmetastatic patients actually have 
micrometastatic disease at diagnosis [30]. While it is largely believed that the implementa-
tion of chemotherapy eradicates these developing micrometastases in many cases, these data 
highlight the fact that metastasis is the most important factor associated with poor outcome 
in osteosarcoma [38]. Recent work from Moriarity and colleagues identified many genes that 
promote osteosarcoma development and metastasis through a forward genetic screen in mice 
using the SB transposon-based mutagenesis system. Both classes of genes (oncogenes and 
tumor suppressors) may be critical for development of detectable metastases present at diag-
nosis and/or the ability of latent micrometastases to develop to a detectable level. Subsets of 
genes identified via the SB screen were only present in the metastatic lesions, while others 
were found both in primary tumors and metastases. Among those genes were phosphatase 
and tensin homolog (Pten), glycogen synthase kinase 3 beta (Gsk3b), synaptosome-associated 
protein 23 kDa (Snap23), mitogen-activated protein kinase kinase kinase kinase 3 (Map4k3), 
Rho GTPase-activating protein 35 (Arhgap35 (Grlf1)), Rho/Rac guanine nucleotide exchange 
factor 18 (Arhgef18), Axin 1 (Axin1), Raf-1 proto-oncogene, serine/threonine kinase (Raf1), and 
ubiquitin-associated protein 2 like (Ubap2l). Interestingly, all of these genes have been previ-
ously implicated in metastasis of other cancers, which supports the conclusion that these genes 
are likely involved in osteosarcoma metastasis [25]. Additionally, bone metastases are also 
highly painful. The ability of osteosarcoma to successfully metastasize relies in part on its abil-
ity to exploit many mechanisms of normal bone remodeling [39]. Two such examples of this 
are the Wnt family of proteins and bone morphogenetic proteins (BMPs), both of which are 
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critical in bone development and are implicated in cancer pain [40, 41]. The evolving physi-
ologic and pathological roles of the Wnt/β-catenin signaling pathway may offer attractive ther-
apeutic targets for novel antagonists and inhibitors for patients with primary and metastatic 
osteosarcoma. Likewise, BMPs are responsible for numerous osteoinductive cellular processes 
including bone growth, differentiation, and matrix maintenance [40]. In vitro examination in 
numerous osteosarcoma cell lines revealed highly abundant expression of BMPs in virtually all 
lines tested [42–44]. Moreover, BMP expression has been found to correlate with metastasis in 
osteosarcoma [45], while overexpression of BMP-9 reduces invasion and migration properties 
of osteosarcoma cells [46]. Conversely, analysis of 47 human osteosarcomas found no correla-
tions between BMP expression and prognostic outcomes [47]. Furthermore, BMPs have also 
been shown to induce bone formation in human osteosarcoma cells [48]. As mentioned earlier, 
osteosarcomas can present with mixed cell lineages and differentiation patterns [20]. These 
studies and others suggest that perhaps BMPs may be expressed at differing levels depending 
on the cellular state, and their presence may offer an attractive therapeutic option for the treat-
ment of osteosarcoma. While the significance of BMP signaling in osteosarcomagenesis is not 
yet fully understood, current research suggests BMPs may play an important role.

8. Characteristics of pain in osteosarcoma

Cancer-induced bone pain is a complex pain state involving a combination of background, 
spontaneous, and incident (movement-evoked) pain [14, 49]. Regional pain alone or in 
 conjunction with a palpable mass are the two main reasons that osteosarcoma patients 
 consult a doctor. Patients with osteosarcoma of the jaws typically present with pain,  swelling, 
 ulceration, or neurological deficit [50], but again pain is a major symptom causing these 
patients to seek medical attention. Currently only about half of patients with cancer-induced 
bone pain experience temporary relief from conventional therapies [51], which stresses the 
need for the development of more effective treatments. Table 1 summarizes some of the types 
of pain experienced by bone cancer patients and animal models of bone cancer pain.

Characteristics of pain Pain phenotyping method
Subjects with OSA Mice with bone tumor

Mechanical allodynia Patients with cancer pain were 
evaluated for mechanical allodynia [52]

Paw withdrawal responses to von 
Frey monofilaments in bone cancer 
mice or rats [1, 53–55]

Heat hyperalgesia Patients with cancer pain were 
evaluated for heat hyperalgesia [52]

Paw withdrawal latency and 
frequency in response to static heat 
stimuli in mice or rats [53, 54, 56]

Movement-evoked pain The use of a pain verbal rating scale 
during movement [57]

Count the number of spontaneous 
flinches of the hind limb in bone 
tumor mice [55]

Note: most human cancer pain studies have employed visual analogue scales (VAS), numerical rating scales, or verbal 
reporting to quantify pain, and thus it is often difficult to compare nociceptive behavioral testing results from cancer 
pain studies using animal models with human cancer pain studies because of the differences in pain assessment.

Table 1. Characteristics of pain in osteosarcoma.
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Paw withdrawal latency and 
frequency in response to static heat 
stimuli in mice or rats [53, 54, 56]

Movement-evoked pain The use of a pain verbal rating scale 
during movement [57]

Count the number of spontaneous 
flinches of the hind limb in bone 
tumor mice [55]

Note: most human cancer pain studies have employed visual analogue scales (VAS), numerical rating scales, or verbal 
reporting to quantify pain, and thus it is often difficult to compare nociceptive behavioral testing results from cancer 
pain studies using animal models with human cancer pain studies because of the differences in pain assessment.

Table 1. Characteristics of pain in osteosarcoma.
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9. Peripheral and central mechanisms of pain in osteosarcoma

While our knowledge of the mechanisms of bone cancer pain is ever expanding, part of our 
failure to adequately manage osteosarcoma and other forms of bone cancer pain is an inad-
equate understanding of the etiology and mechanisms involved. Cancer-induced bone pain 
is a mixed-mechanism pain state exhibiting elements of inflammatory, neuropathic, and isch-
emic pain, but with distinctive effects on the tissues and nerves in the periphery, as well as 
unique biochemical changes within the spinal cord [14, 58].

9.1. Peripheral mechanisms

As summarized by Falk and colleagues, the biology of cancer-induced bone pain involves a 
complex interplay among the tumor cells, peripheral nerves, and cells of the bone [14]. The 
tumor cells trigger a number of nociceptive and immune responses that ultimately recruit 
inflammatory cells including macrophages, neutrophils, and T cells to the bone resulting 
in release of a plethora of endogenous chemicals acting on bone cells, cancer cells, and 
importantly on primary afferent nerve fibers [59, 60]. Thus, tumor and tumor-associated 
cells in the cancer microenvironment may release various peripheral mediators. These 
include adenosine triphosphate (ATP), formaldehyde, protons, proteases, endothelin, bra-
dykinin, tumor necrosis factor (TNF), and nerve growth factor (NGF) that result in the acti-
vation and/or sensitization of peripheral and central neurons [61, 62]. The complexity of 
this neuroimmune and inflammatory effect on cancer pain has been recently reviewed [63]. 
Ultimately this cascade of events leads to the activation and sensitization of nociceptors, 
the degradation of the bone, and subsequent increased tumor growth [14]. Furthermore, 
studies have shown that cancer cells in the bone induce a highly disorganized sprouting 
of sensory and sympathetic fibers, leading to the formation of small neuromas. These dis-
organized bundles of nerve fibers are thought to contribute to episodes of breakthrough 
pain or even movement-induced pain [64, 65]. In addition to changes in nerve fibers, bone 
tumors in mice have also been shown to be associated with changes in both blood vessels 
and lymphatics, which may facilitate metastasis and which, interestingly, can be altered by 
acupuncture treatment [66].

9.2. Central mechanisms

Both the spinal cord dorsal horn and dorsal root ganglia undergo unique changes induced 
by bone tumors suggesting that the peripheral alterations drive central alterations. Some 
of the bone tumor-induced changes observed in the spinal glial and neurons are distinct, 
but many are reflective of changes seen with other chronic pain states. Thus, tumors are 
associated with increased expression of dynorphin with accompanying spinal astrocyte 
hypertrophy and upregulation of galanin and AF3 [14, 66]. Clearly, the recent identifica-
tion of a vast number of mediators and receptors that contribute to bone cancer-related 
pain, as well as more detailed knowledge of the peripheral and central mechanisms under-
lying the development of bone tumor nociception, will provide novel therapeutic targets 
for treating patients with osteosarcoma pain. Subsets of these targets are discussed in more 
detail below.
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10. Treatment of osteosarcoma

From the discussion above, it is clear that due to the complex nature of osteosarcoma patho-
biology and the neurobiological mechanisms that underlie the development of bone cancer 
pain, it may be necessary to target multiple receptors, mediators, and genes to adequately 
treat osteosarcomas and osteosarcoma-associated pain. Below we review some of the estab-
lished and novel targets for the treatment of osteosarcoma and its associated pain.

10.1. Immunomodulation

10.1.1. Semaphorins

VX15/2503 (Vaccinex, Inc.) is a highly novel, immunomodulatory monoclonal antibody that 
specifically targets SEMA4D (CD100), a receptor and soluble protein from the semaphorin 
family known to be involved in immune modulation [67] and regulation of normal bone for-
mation [68]. Initial interest in this monoclonal antibody was rooted in results indicating that 
immune cell-dependent interactions were in fact responsible for its antitumor activity [67]. 
Early preclinical studies have determined that high concentrations of SEMA4D are expressed 
at the invasive border of many human cancers and that this border restricts the antitumor 
cell infiltrate from effectively combating the growing tumor. Treatment with anti-SEMA4D 
restores the inhibited immune response leading to reduced tumor burden and delayed growth 
in animal models. Furthermore, anti-SEMA4D blockade results in phase I clinical trials of 42 
adult patients with advanced solid tumors have been well tolerated with many exhibiting 
stable disease over various treatment regimens. Antibody therapy targeting SEMA4D has also 
been shown to reduce tumor growth in a xenograft model of soft tissue sarcoma (STS) when 
combined with antibody therapy for vascular endothelial growth factor (VEGF) [69].

10.2. Intracellular signaling pathway inhibitors

10.2.1. Hedgehog (Hh)

While encompassing diverse functions such as tissue homeostasis and embryonic devel-
opment, Hedgehog (Hh) signaling is highly complex and not completely understood [70]. 
Signaling through its receptor Patched-1 (PTCH), Smoothened is activated and promotes 
subsequent downstream signaling pathway of the Hedgehog (Hh) pathway [71]. This acti-
vation has been implicated in many cancers including osteosarcoma where aberrant activa-
tion increases cell proliferation but can be reduced through inhibition of the signaling [72]. 
Hedgehog inhibitors have been successfully tested in clinical trials of other cancers such as 
chondrosarcoma [73, 74], carcinoma [75], and medulloblastoma [76] providing solid evidence 
for consideration as a novel therapeutic in osteosarcoma.

10.2.2. Mammalian target of rapamycin (mTOR)

The mammalian target of rapamycin (mTOR) is a protein kinase that regulates cell survival 
and proliferation [77]. Due to its diverse functions, mTOR is implicated in many cancers mak-
ing it an attractive target in treating tumors, including osteosarcoma. In one recent study, 
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activated mTOR was visualized in osteosarcoma and the staining positively correlated to 
metastasis and necrosis [78]. Targeted inhibition of the signaling pathway of mTOR has been 
shown to reduce metastatic behavior in a mouse model of osteosarcoma [79] as well as human 
xenograft models [80]. Current and future clinical trials using mTOR inhibitors may prove 
therapeutically fruitful in the treatment of osteosarcoma [81].

10.3. Tyrosine kinase receptors

10.3.1. Human epidermal growth factor receptor 2 (HER2)

HER2 is a member of the human epidermal growth factor receptor family. Located on chromo-
some 17, activation and overexpression have been implicated in a number of cancers includ-
ing osteosarcoma. HER2 is overexpressed in ~40% of osteosarcomas and has been found to 
occur more frequently in metastatic patients [82]. Expression was also found to correlate with 
decreased tumor necrosis and event-free survival [83]. Chimeric antigen receptor (CAR)-
modified T cells have been shown to kill HER2-positive osteosarcoma cells in xenograft and 
metastatic mouse models [84].

10.3.2. Vascular endothelial growth factor (VEGF)

VEGF expression has been shown to involve in osteosarcoma [85], correlated with overall 
survival [86] and implicated in metastatic development [82]. A recent paper by Zhou and col-
leagues found anti-VEGF strategies to be antiangiogenic in osteosarcoma [69]. Interestingly, 
SEMA4D blockade enhanced the anticancer activity of anti-VEGF treatment that provides a 
viable adjunct to VEGF therapy alone. While discussed above, development of a highly novel 
monoclonal antibody to SEMA4D is underway and may provide further insight into targeting 
VEGF-resistant tumors as well as associated malignancies.

11. Treatment of osteosarcoma pain

With a growing population of patients receiving inadequate treatment for intractable bone 
cancer pain, new targets need to be considered to better address this largely unmet clini-
cal need for improving their quality of life. In general, while there are a variety of meth-
ods that are used to treat bone cancer pain, including bisphosphonates, radiation therapy, 
chemotherapy, hormone therapy, and surgery, the clinical treatment of bone cancer pain 
still focuses on the three-step program. This program was established by the World Health 
Organization and includes NSAIDs and narcotics as therapeutic treatment options. 
However, as we learn more about the mechanisms responsible for cancer pain and the 
genetic basis for the development of osteosarcomas, there are several areas that offer hope 
for the development of novel treatments for bone cancer pain. It is important to point out 
that bone cancer pain can be treated by both systemic and local administration of drugs as 
well as alternative medical approaches. The obvious advantage of peripheral targets is the 
reduced potential for CNS side effects, such as the sedation and nausea that often accom-
pany opiate analgesics.
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11.1. Cytokines

Pain is a complex trait, and thus, the influence of genetics on pain sensitivity and the effi-
cacy of analgesics are an ongoing challenge. A recent study found that polymorphisms in 
the Interleukin 1 Beta (IL-1β) family have a significant influence on cytokine serum levels 
and maximum pain intensity in cancer patients, as well as affecting cancer proliferation 
[87]. IL-1β has been shown to be expressed in astrocytes and microglia and in nociceptive 
dorsal root ganglion neurons [88] and thus may represent a target for the treatment of 
cancer pain.

11.2. TRPV1 receptors

TRP channels were first identified in Drosophila [89], and TRPV1 denotes the transient receptor 
potential channel family number 1 and was the first mammalian TRP channel to be cloned [90]. 
Capsaicin and other TRPV1 agonists selectively stimulate nociceptive neurons, and thus while 
it induces pain, it is possible to treat pain by boosting analgesic pathways [91]. In this regard the 
use of the TRPV1 agonist, resiniferatoxin (RTX), to block cancer pain has recently been reviewed 
[92]. In human cancer patients, RTX was given by intrathecal injection into the lumbar cistern, 
and all patients experienced substantial analgesia without significant side effects. In addition, 
a recent study has shown that cancer cells undergo numerous metabolic changes that include 
increased glutamine catabolism and overexpression of the enzyme glutaminase, which medi-
ates glutaminolysis. This produces large pools of intracellular glutamate [93]. This is coupled 
to an upregulation of the plasma membrane antiporter, system xc

−. System xc
− is an amino acid 

antiporter that typically mediates the exchange of extracellular l-cystine and intracellular l-glu-
tamate across the cellular plasma membrane. The exchange-mediated export of l-glutamate is 
particularly important within the nervous system, since it represents a non-vesicular route of 
release through which glutamate can participate in either neuronal signaling or in excitotoxic 
pathology. With respect to osteosarcomas, the excess glutamate is released directly from the 
cancer cells and can act on peripheral glutamate receptors located on nerve fibers. It is known 
that glutamate receptors can modulate peripheral TRPV1 receptors [78]. Thus, the released glu-
tamate converges on peripheral afferent nerve terminals to transmit nociceptive signals through 
TRPV1. Activation of TRPV1 receptors can ultimately initiate central sensitization in response 
to tumor-released glutamate [93]. Thus, using RTX to block peripheral TRPV1 channels would 
block this excess glutamate effect on TRPV1 and reduce both tumor-induced peripheral and 
central sensitization.

11.3. Opioid receptors

Three members of the opioid receptor family were cloned in the early 1990s, including the 
delta-opioid receptor (DOR1), the mu-opioid receptor (MOR1), and the kappa-opioid receptor 
(KOR1) [94]. These three receptors and their corresponding peptide systems are significantly 
implicated in antinociceptive processes. Opiates have long been the mainstay of treatment for 
chronic bone cancer pain. However, there is increasing pressure to ensure that prescribing 
opioid analgesics is minimized to reduce not only the risk of dependence and illicit diver-
sion but also the potential harms associated with tolerance, side effects, and complications, 
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since opioid doses required for bone cancer patients are associated with adverse side effects 
further diminishing their quality of life [95]. This has often led to opiate underdosing [96]. 
It is important to note that while opioids are routinely used to treat tumor-induced bone 
pain, Parreca’s lab has shown that sustained morphine use increases pain, osteolysis, bone 
loss, and spontaneous fracture, as well as markers of neuronal damage in DRG cells and the 
expression of pro-inflammatory cytokines in a rodent model of bone cancer [97]. More recent 
studies indicate that morphine contributes to chemoresistance via expanding the population 
of cancer stem cells, promotes tumor angiogenesis, and promotes tumor growth, thereby 
revealing a novel role of morphine and providing some new guidelines for the clinical use of 
morphine [98, 99]. It is also worth noting that treatment guidelines tend to consider morphine 
and morphine-like opioids comparable and interchangeable in the treatment of chronic can-
cer pain, but individual responses can vary. A recent clinical trial found that while there were 
no significant analgesic differences among morphine, oxycodone, transdermal fentanyl, or 
buprenorphine, the dose escalation was greater with fentanyl and switches, and discontinu-
ations were more frequent with morphine [100]. Interestingly, this study identified groups 
of patients that were nonresponders to opiate treatment ranging from 11.5% (morphine) to 
14.4% (buprenorphine). Thus, subsets of patients that do not respond to opiates are found in 
the general population, and like nonresponders for acupuncture analgesia (discussed below), 
these patients should be considered for alternative treatments. Finally, cannabis may be used 
both to treat chronic cancer pain and importantly to significantly reduce opiate usage. Thus, 
a 2011 clinical trial that examined the administration of vaporized plant cannabis in chronic 
cancer pain patients on a daily regimen of morphine or oxycodone reported that inhaled 
 cannabis augments the analgesic effect of opioids [101].

11.4. Complementary/alternative therapies

Controlling cancer pain is an important part of the palliative care of cancer patients. Although 
conventional medicine has well-established guidelines to systemically control cancer-related 
pain, over half of cancer patients still suffer from pain as indicated above. Pharmacological 
therapeutic approaches are not always sufficient and may produce serious side effects. Thus 
these limitations have led to the use of complementary and alternative medicine approaches. 
While acupuncture has been around for thousands of years, it is only recently that it has been 
evolving as a promising approach to relieve chronic cancer pain [102, 103]. A recent study has 
shown that acupuncture and related therapies are effective in reducing pain and fatigue and 
in improving quality of life when compared with conventional intervention alone among can-
cer patients [104]. On the other hand, a subgroup analysis of five randomized controlled trials 
(RCTs) that evaluated acupuncture’s effect on cancer pain did not include cancer-induced 
bone pain, because none of the studies made any reference to bone pain [105]. At this point in 
time, there is not convincing evidence that acupuncture significantly reduces cancer pain in 
the human literature. That being said there are several studies using animal models of can-
cer bone pain that suggest that acupuncture can reduce bone tumor-induced pain including 
osteosarcoma-induced pain [1, 106, 107]. The animal data suggest that electroacupuncture 
can alleviate bone cancer pain, at least in part by suppressing IL-1β expression and by alter-
ing nerve innervation and the vasculature of osteosarcoma. However, the acupuncture treat-
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ment schedule can effect tumor growth, and therefore the sequence of acupuncture treatment 
must be determined carefully [66]. Clearly, more clinical research is required to address 
whether acupuncture can reproducibly reduce pain in human osteosarcoma patients without 
unwanted tumor-related consequences.

12. Conclusion

Despite advances in our knowledge of osteosarcoma biology, development, metastasis, and 
its associated pain, the current treatment options have not changed over the last four decades 
and continue to rely on tumor resection and nonspecific combination chemotherapy, which 
results in a dismal 5-year survival rate of 0–29% for patients with clinically detectable metas-
tases [38, 108]. Additionally, severe lack of knowledge regarding osteosarcoma metastasis 
hinders advancement of clinical treatment in pediatric patients. With limited human samples 
available, animal models hold promise for further understanding of the biology, pathways, 
and treatment options for osteosarcoma patients. While each model has its specific limita-
tions, the collective insight into the genetics has proven extremely fruitful. With the advent 
of novel genetic engineering approaches, future studies will be instrumental in better model-
ing of the disease and uncovering new and valuable information. While conventional che-
motherapy and surgical resection remain the mainstays of osteosarcoma treatment, when 
these approaches are used in combination with the above novel therapies, this will lead to 
prolonged if not remissive prognoses as well as significantly decreased pain for osteosarcoma 
patients in the future.
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Abstract

The main causes of death in osteosarcoma (OS) patients are the development of distant 
metastasis and resistance to chemotherapy. Clarification of the pathophysiological molec‐
ular mechanisms that contribute to the malignant phenotype in OS and identification of a 
molecular target, such as a diagnostic marker, prognostic predictor, or chemosensitivity 
sensor, are strongly desired to develop therapeutics for OS patients. Accumulating evi‐
dence has demonstrated that microRNAs (miRNAs), small endogenous single‐stranded 
noncoding RNAs, play critical roles not only in biological but also pathological processes 
such as cancer. miRNAs can function as oncogenes or tumor‐suppressive genes depend‐
ing on the mRNA they target. They are strongly associated with OS invasion, metastasis, 
and chemoresistance as well as OS cancer stemness. Furthermore, miRNAs are associ‐
ated with commonly altered genes, such as TP53 and RB1. Additionally, recent global 
microRNA expression analyses have identified specific miRNAs correlated with the 
clinical stage and the response to chemotherapy. In this chapter, we summarize the cur‐
rent understanding of the pathological roles of miRNAs as well as their potential utility 
as OS biomarkers.

Keywords: microRNA, metastasis, chemoresistance, cancer stem cells, therapy

1. Introduction

Osteosarcoma (OS) is the most common primary malignant bone tumor. Before the 1970s, 
treatment generally included only surgical resection. However, because approximately 80% 
of patients have developed pulmonary metastases by the initial diagnosis, the 5‐year survival 
rate was 10–15% [1, 2]. Due to the development of multidrug chemotherapy, surgical wide 
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resection, and reconstruction with tumor prosthesis, the prognosis has gradually improved 
over the past 30 years [3]. Despite advances in multimodality treatment, the prognosis is still 
poor in patients with metastasis and/or acquisition of anticancer drug resistance. Because 
the critical molecular mechanisms contributing to the development of distant metastases and 
acquisition of chemoresistance in OS remain largely unknown, elucidation of the detailed 
pathophysiological molecular mechanisms is strongly desired to develop the novel tools for 
OS diagnosis, prognostic prediction, and treatment against OS.

microRNAs (miRNAs) are endogenous single‐stranded, noncoding RNAs with approximately 
22 nucleotides in length that regulate gene expression by cleavage or translational repression 
at the post‐transcriptional level by base pairing with the 3’ untranslated region (UTR) of their 
target mRNAs. To date, 2588 mature miRNAs have been identified, and they regulate the 
expression of more than a half of all human genes [4, 5]. Emerging evidence has demonstrated 
that miRNAs not only regulate biological processes such as development, differentiation, 
apoptosis, and proliferation but also modulate pathological conditions [6]. Genetic or epigene‐
tic alterations, dysregulation of transcription factors, and abnormal microRNA biogenesis can 
alter the dysregulation of microRNA expression [7]. As a result, the misexpressed microRNAs 
contribute to many types of human diseases, including cancer [6–8]. miRNAs can function 
as either oncogenes or tumor suppressors depending on their individual target mRNAs, and 
abnormal miRNA expression has been observed in various solid and hematopoietic tumors 
in relation to the initiation and progression of tumors including growth, metastasis, and drug 
resistance. Furthermore, miRNA expression profiling of human tumors has identified signa‐
tures associated with diagnosis, staging, progression, prognosis, and response to treatment.

After the first study examining the association between the microRNAs and OS pathogen‐
esis in 2009 [9], numerous studies have reported miRNA expression profiles from clinical 
OS samples and cell lines, and the association between miRNAs and malignant phenotypes. 
The altered gene expression previously reported in OS patients is closely association with 
altered miRNA expression. There is growing evidence that miRNAs play critical roles in vari‐
ous pathological processes, such as tumorigenesis, invasion, metastasis, chemoresistance, and 
cancer stem cell maintenance in OS [10, 11]. Therefore, altered miRNA expressions could be a 
useful diagnostic and prognostic tool for OS patients [10, 11].

Here, we summarize the pathological roles of miRNAs in OS and their potential value as 
diagnostic and prognostic biomarkers for OS patients.

2. Biological machinery and miRNA function

miRNAs are small, noncoding, single‐stranded RNAs 18–25 nucleotides long that regulate 
gene expression at the post‐transcriptional level. miRNAs are mainly transcribed by RNA 
polymerase II to generate primary‐miRNAs (pri‐miRNAs), which are usually 3–4 kb long and 
characterized by hairpin structures. In the nucleus, these pri‐miRNAs are cleaved into 70–100 
nucleotide precursor‐miRNAs (pre‐miRNAs) by Drosha and DGCR8 (DiGeorge Syndrome 
Critical Region Gene‐8). Pre‐miRNAs are transferred to the cytoplasm by Exportin‐5 and 
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cleaved to form a miRNA duplex by Dicer and TRBP (transactivating response RNA‐binding 
protein). The two miRNA strands of the duplex are processed into two different mature miR‐
NAs (‐3p or ‐5p). Mature miRNAs are incorporated into the RNA‐induced silencing complex 
(RISC), which contains Argonaute 2 (Ago2) and GW182. As a part of this complex, mature 
miRNAs suppress gene expression by binding to the 3′UTR of target mRNAs, which are rec‐
ognized by 6–8 nucleotides at the miRNA 5′‐terminus called seed sequence, leading to mRNA 
degradation or translation inhibition depending on the complementarity between the miRNA 
seed sequence and the 3′UTR of the mRNA (Figure 1) [7, 12].

3. miRNAs in cancer

The relationship between cancer and miRNAs was first reported in 2002. Calin et al. demon‐
strated that miR‐15 and miR‐16 at chromosome 13q14 were deleted or downregulated in the 
majority of chronic lymphocytic leukemia (CLL) cases and that these miRs induced apoptosis 
by direct suppression of Bcl‐2 (B cell lymphoma 2) in CLL cells [13, 14]. Genetic or epigen‐
etic changes, dysregulation of transcription factors, and abnormal microRNA biogenesis can 
alter microRNA expression [7]. Accumulating evidence suggests that dysregulated miRNAs 
induce cancer initiation and progression [6], and aberrant miRNAs can function as oncogenes 
or tumor suppressor genes depending on their target genes.

Figure 1. MicroRNA biological machinery. miRNAs are mainly transcribed by RNA polymerase‐II to generate pri‐
miRNAs. In the nucleus, pri‐miRNAs are cleaved into 70–100 nucleotide pre‐miRNAs by Drosha and DGCR8. Pre‐
miRNAs are transferred to the cytoplasm by Exportin‐5 and cleaved to form a miRNA duplex by Dicer and TRBP. The 
two miRNA strands of the duplex are processed into two different mature miRNAs (‐3p or ‐5p). Mature miRNAs are 
incorporated into the RISC, which contains Ago2. As a part of this complex, mature miRNAs suppress gene expression 
by binding to the 3′UTR of target mRNAs, which are recognized by 6–8 nucleotides at the miRNA 5′‐terminus called 
seed sequence, leading to mRNA degradation or translation inhibition.
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miRNA Target gene Function Reference

miR‐34a Surviving Proliferation, apoptosis, 
chemoresistance to CDDP

[21]

mTOR, MET, MDM4 Proliferation, apoptosis [17]

Eag1 Proliferation, tumor growth 
in vivo

[16]

CD44 Migration, invasion [22]

c‐Met Proliferation, migration, 
invasion, tumor growth and 
metastasis in vivo

[15]

miR‐143 Bcl‐2 Migration, invasion, apoptosis [20]

ATG2B, Bcl‐2, LC‐1,2 Proliferation, chemoresistance 
to DOX, autophagy, tumor 
growth in vivo

[23]

VCAN Migration, invasion [24]

MMP13 Invasion, metastasis [18]

Bcl‐2 Proliferation, apoptosis, 
tumorigenicity

[19]

miR‐144 ROCK1, ROCK2 Proliferation, invasion, 
tumorigenesis and metastasis 
in vivo

[25]

ROCK1 Proliferation, migration, 
invasion

[26]

Ezrin Invasion, metastasis [27]

TAGLN Proliferation, invasion [28]

miR‐145 FLI‐1 Proliferation, migration, 
apoptosis, tumor growth in vivo

[29]

ROCK1 Proliferation, migration, 
invasion

[30]

ROCK1 Proliferation, invasion [31]

VEGF Invasion, angiogenesis [32]

miR‐451 LRH‐1 Proliferation, cell cycle [33]

CXCL16 Proliferation, invasion [34]

PGE2, CCND1 Proliferation, cell cycle, 
apoptosis

[35]

Table 1. Tumor suppressive microRNAs and targets in osteosarcoma.

4. Dysregulation of microRNAs in OS

The relationship between OS and miRNA expression has been reported in over 400 publica‐
tions to date. Aberrantly expressed miRNAs have been shown to play essential roles in the 
biological processes of OS pathogenesis through the regulation of numerous protein‐coding 
genes and signaling pathways (Tables 1 and 2).
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miR‐34a: The overexpression of miR‐34a inhibited the proliferation, migration, and inva‐
sion of OS cell lines (SOSP‐9607 and Saos‐2) in vitro and decreased tumor growth and 
pulmonary metastasis of SOSP‐9607 cells in vivo by directly targeting c‐Met [15]. Based on 
a bioinformatics analysis, they demonstrated that miR‐34a had multiple putative targets 
associated with proliferation and metastasis, including members of the Wnt and Notch 
signaling pathways. Wu et al. demonstrated that miR‐34a was significantly downregu‐
lated in clinical OS tissues and cell lines. Overexpression of miR‐34a inhibited the pro‐
liferation of OS cells (MG‐63 and Saos‐2) in vitro and tumor growth in vivo by decreasing 
the expression of Ether à go‐go 1 (Eag1) [16]. Furthermore, Tian et al. demonstrated that 
miR‐34a inhibited proliferation and induced apoptosis in MG‐63 cells through the p53 
signaling pathway [17].

miR‐143: Osaki et al. compared HOS and 143B OS cells (highly metastatic variant of HOS 
transformed by v‐Ki‐ras) using a miRNA microarray analysis [18]. miR‐143 was significantly 
downregulated in 143B cells, and transfection of miR‐143 decreased cell invasiveness by 
directly targeting matrix metalloproteinase 13 (MMP13). Furthermore, the systemic admin‐

miRNA Target gene Function Reference

miR‐20a ERG2 Proliferation, cell cycle [37]

Fas Metastasis [36]

miR‐21 PTEN Proliferation, invasion, 
apoptosis

[39]

SPRY2 Migration, invasion [41]

Bcl‐2 Chemoresistance to CDDP [38]

RECK Invasion, migration [40]

miR‐135b FOXO1 Proliferation, invasion [42]

Myocardin Proliferation, migration, 
invasion

[43]

miR‐155 HBP1 Proliferation, cell cycle, tumor 
growth in vivo

[44]

– Proliferation, migration, 
invasion

[45]

– Autophagy, chemoresistance  
to DOX and CDDP

[46]

miR‐214 PTEN Proliferation, migration, 
invasion

[47]

PTEN Proliferation, apoptosis, 
tumorigenicity

[48]

LZTS1 Proliferation, invasion, tumor 
growth in vivo

[49]

Table 2. Ongogenic microRNA and targets in osteosarcoma.
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istration of miR‐143/atelocollagen complexes significantly suppressed the lung metastasis of 
143B in vivo. Zhang et al. demonstrated that the restoring miR‐143 expression reduced OS cell 
(MG‐63 and U‐2OS) viability, promoted apoptosis in vitro, and suppressed tumorigenicity 
in vivo [19], and they identified Bcl‐2, an important antiapoptotic protein, as a direct target 
of miR‐143. Li et al. also showed that miR‐143 promoted apoptosis in OS cells (MG‐63 and 
U‐2OS) through caspase‐3 activation by targeting Bcl‐2 [20]. Moreover, miR‐143 overexpres‐
sion significantly suppressed cell migration and invasion.

miR‐20a: Huang et al. found the higher miR‐20a expression in metastatic Saos‐2 cells com‐
pared with original Saos‐2 cells [36]. The metastatic cells expressed low levels of Fas, which is 
inversely correlated to lung metastasis, and miR‐20a directly regulated the expression levels 
of Fas. The inhibition of miR‐20a expression decreased the occurrence of metastasis in vivo. 
Ectopic expression of miR‐20a promotes the proliferation and cell cycle progression of Saos‐2 
cells by directly suppressing early growth response 2 (EGR2), a key regulator of proliferation 
and the cell cycle [37].

miR‐21: miR‐21 was significantly overexpressed in OS tissues compared with matched normal 
bone tissues [38], and miR‐21 knockdown reduced migration and invasion in MG‐63 cells 
by directly regulating RECK (reversion‐inducing‐cysteine‐rich protein with kazal motifs), 
a tumor suppressor gene. Lv et al. demonstrated that PTEN might be a potential target of 
miR‐21 [39]. The miR‐21 expression level was significantly higher in MG‐63 cells than in a 
human fetal osteoblastic cell line, hFOB1. 19, and miR‐21 overexpression increased prolifera‐
tive and invasive abilities and reduced apoptosis in MG‐63 cells. The authors suggested that 
miR‐21 activates the PI3K/Akt pathway by suppressing PTEN expression. In addition, miR‐21 
regulates the MAPK signaling pathway by targeting SPRY2 (protein sprout homolog 2), an 
antagonist of MEK1/2, as an oncogenic miRNA that increases cell proliferation, cell cycle pro‐
gression, and inhibits apoptosis [40].

5. miRNAs associated with dysregulated genes in OS

OS exhibits a broad range of genetic and molecular alterations, such as the gains, losses, or 
rearrangements of chromosomal regions that result in inactivation of tumor suppressor genes 
and the misregulation of major signaling pathways [50].

5.1. TP53‐associated miRNAs

TP53, located in 17q13.1, is a tumor suppressor gene that is mutated in more than 20% of 
human OS patients, which drives OS initiation and progression of OS [51]. Recent studies 
have demonstrated an association between TP53 and miRNAs. He et al. demonstrated that 
miR‐34s (miR‐34a, b, and c), which was decreased OS tissues and regulated by p53, affected 
the expression of CDK6, E2F3, Cyclin E2, and Bcl‐2, and induced G1 arrest and apoptosis 
partially in a p53‐dependent manner [9]. Novello et al. demonstrated that miR‐34a demeth‐
ylation by p53 was important for etoposide sensitivity [52]. They demonstrated that U2‐OS 
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cells either with the wild‐type p53 or a dominant‐negative form of p53 both of which were 
expressing increased levels of unmethylated miR‐34awere more sensitive to etoposide than 
p53‐deficient OS cells (MG‐63 and Saos‐2).

5.2. RB1‐associated miRNAs

RB1 on 13q14 is one of the most commonly inactivated genes in sporadic OS [53]. Poos et al. 
performed the miRNA expression analysis of OS cell lines based on their proliferative activity 
to generate a coregulatory network between miRNA and transcription factor. As a result, they 
found that downregulation of miR‐9‐5p, miR‐138, and miR‐214 was correlated to a strong 
proliferative phenotype in OS cells through their effect on NFKB and RB1 signaling pathways 
and focal adhesion molecules [54].

5.3. RUNX2‐associated miRNA

The chromosomal region 6p 12–21 is commonly amplified and DNA gains occur in 40–50% 
of tumors. This region contains RUNX2 which promotes terminal osteoblast differentiation 
and is elevated in conventional OS [53]. van der Deen et al. demonstrated that miR‐34c which 
is elevated by p53 and targets RUNX2, is absent in OS tissue [55]. This p53‐miR‐34c‐RUNX2 
pathway controls osteoblast growth and its alteration may impact on OS pathogenesis.

These data indicate that miRNAs play critical roles in OS pathogenesis by regulation of and 
interaction with commonly aberrant genes.

6. Cancer stem cell‐associated miRNAs

It is widely considered that cancer stem cell (CSC) populations possibly drive the refrac‐
tory nature of cancer, especially multidrug resistance and distant metastasis. OS stem cells 
have been isolated and identified by using cell sorting methods based on specific cell surface 
markers such as CD133, Hoechst dye side population assay, and sphere colony formation 
assays. Several groups have demonstrated that miRNAs are involved in the maintenance and 
stimulation of CSC population in various cancers, including OS [56]. miR‐29b‐1 expression 
was decreased in 3AB‐OS cells, a CSC line selected from MG‐63 cells, and its overexpres‐
sion causes cell proliferation, self‐renewal, and chemoresistance. This is accompanied by the 
downregulation of stem cell markers (Oct3/4, Sox2, Nanog, CD133, and N‐Myc), cell cycle‐
related markers (CCND2, E2F1, E2F2), and antiapoptotic markers (Bcl‐2 and IAP‐2) [57]. Xu 
et al. demonstrated a relationship between miR‐382 and CSCs in OS [58]. miR‐382 expression 
was significantly lower in highly metastatic OS cell lines and relapsed OS clinical samples. 
Likewise, the overexpression of miR‐382 decreased the CSC population defined by CD133 
and ALDH1 expression and osteosphere capacity. In vivo experiments showed that miR‐382 
overexpression inhibited CSC‐induced tumor formation. However, the association between 
miRNAs and CSCs is still under investigation, thus further research will be required to 
develop the novel therapeutic strategies targeting CSCs in OS.
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7. Chemoresistance‐associated miRNAs

Advances in chemotherapy have contributed to the dramatic improvement to OS patient 
outcomes. Most OS patients receive multidrug chemotherapy that consists of doxorubicin 
(DOX), cisplatin (CDDP), methotrexate (MTX), and ifosfamide (IFO), but certain population 
of OS patients exhibit chemoresistance. The molecular mechanisms driving poor response to 
chemotherapy remain largely unclear, and there are no biomarkers to discriminate between 
good and poor responders before chemotherapy.

DOX: miR‐301a expression promoted HMGCR expression by targeting AMP‐activated pro‐
tein kinase alpha 1 and enhanced the resistance of OS cells (U2OS, MG‐63) to DOX [59]. Chang 
et al. have demonstrated that miR‐101 overexpression dramatically reduces DOX‐induced 
autophagosome formation by suppressing autophagy 4 (Atg4) in U2‐OS cells, thereby enhanc‐
ing the sensitization of tumor cells to DOX [60]. miR‐184 expression was induced by DOX, 
and overexpression or silencing of miR‐184 reduced or enhanced DOX‐induced apoptosis by 
targeting Bcl‐2‐like protein 1 (BCL2L1) [61].

CDDP: Overexpression of miR‐224, which is downregulated in OS cell lines and tissues, con‐
tributed to the increased sensitivity of MG‐63 cells to CDDP by targeting Rac1 [62]. miR‐33a 
was upregulated in chemoresistant OS tissues and promoted resistance to CDDP in OS cell 
(MG‐63, Saos‐2) by downregulating TWIST [63]. Downregulation of miR‐497 induced CDDP 
resistance through the PI3K/Akt pathway by directly targeting VEGFA in human OS [64], and 
miR‐138 functions as a tumor suppressor by enhancing sensitivity to CDDP in OS via direct 
downregulation of EZH2 [65].

MTX: Decreased miR‐126 reduced the sensitivity to MTX and promoted apoptosis in OS cells 
(MG‐63 and U‐2OS) [66]. According to high‐throughput miRNA expression analysis, Song et 
al. demonstrated that miR‐140 expression was associated with chemosensitivity in OS tumor 
xenografts [67]. The authors showed that miR‐140 overexpression induced MTX resistance by 
targeting HDAC4 possibly through p53‐dependent manner. Furthermore, they proved that 
miR‐215 caused G2 arrest by suppressing DTL expression, and that led to chemoresistance 
against MTX [68].

IFO: Five miRNAs (miR‐92a, miR‐99b, miR‐132, miR‐193‐5p, and miR‐442a), which inhibit the 
TGF‐β and Wnt pathways by in silico analysis, discriminate good from poor IFO responders 
against IFO [69].

These reports suggest that miRNAs associated with an anticancer drug might be potential 
chemosensitivity biomarkers and promising therapeutic targets for OS patients.

8. Detection of miRNA in blood samples

There are few biomarkers for the diagnosis and prognosis prediction of OS patients other than 
alkaline phosphatase (ALP). Meta‐analysis has demonstrated that high ALP level is significantly 
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associated with a poor overall survival and event‐free survival rate and the presence of metasta‐
sis at diagnosis [70]. However, predictors of poor outcome are mainly clinical parameters, such 
as proximal extremity or axial skeleton involvement, large size/volume, detectable metastases 
at diagnosis, and poor response to preoperative chemotherapy [53]. Recently, growing evidence 
indicates the clinical usefulness of miRNAs as biomarkers, and numerous candidate miRNAs in 
blood samples have been reported in OS patients (Table 3).

Upregulated miRNAs in OS: The expression level of miR‐221 [71], miR‐27a [72], miR‐191 [73], 
and miR‐21 [74, 75] in blood samples was increased in OS patients compared with healthy 
controls, and compared to preoperation and postoperation state, the expression levels of miR‐
199a‐5p [76] and four miRNAs (miR‐195‐5p, miR‐199a‐3p, miR‐320a, and miR‐374a‐5p; [77]) 
were decreased in postoperative compared to preoperative blood samples. It has been sug‐
gested that upregulations of these miRNAs were significant predictors for poor overall and 
disease‐free survival. The expression levels of these miRNA were related to clinical stage 
[71–74], tumor size [73], distant metastasis [71–73, 75], and chemoresistance [50], the upregu‐
lations of these miRNAs were significant predictors for poor overall and disease‐free survival. 

miRNA Blood sample Reference

Upregulated miRNAs

 miR‐221 Serum [71]

 miR‐191 Serum [73]

 miR‐199a‐5p Serum [78]

 miR‐27a Serum [72]

 miR‐195‐5p, 199a‐3p, 320a, 374a‐5p Plasma [77]

 miR‐155 Serum [44]

 miR‐9 Serum [83]

 miR‐196a, 196b Serum [76]

 miR‐21 Serum [74]

Plasma [75]

Downregulated miRNAs

 miR‐223 Serum [79]

 miR‐106a‐5p, 16‐5p, 20a‐5p, 425‐5p, 
451a, 25‐3p, 139‐5p

Serum [84]

 miR‐195 Serum [80]

 miR‐133b, 206 Serum [82]

 miR‐34b Plasma [81]

 miR‐199a‐3p, 143 Plasma [75]

Table 3. Dysregulated miRNAs in blood samples of OS patients.
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In addition, the combination of dysregulated miRNAs was more accurate than the individual 
expression level of each miRNA. The coexpression of miR‐196a/miR‐196b [78] and the com‐
bination of four miRNAs (miR‐195‐5p, miR‐199a‐3p, miR‐320a, and miR‐374‐5p) [77] were 
superior predictors to any of the miRNAs alone.

Downregulated miRNAs in OS: In contrast, the expression level of miR‐223 [79], miR‐195 [80], 
and miR‐34b [81] in blood samples was significantly decreased in OS patients compared to 
healthy controls. These miRNAs levels were associated with clinical stage [79, 80] and dis‐
tant metastasis [79–81], and the decreased expression of these miRNAs was associated with 
shorter overall survival and disease‐free survival. In addition, the coexpression of miR‐133b/
miR‐206 was a prognostic factor for overall survival and disease‐free survival [82].

These data indicate the potential of miRNAs in blood samples as diagnostic markers, prog‐
notic predictors, and chemosensitivity sensors.

9. Conclusion

Dysregulated miRNAs contribute to the initiation and progression of human OS in several 
pathobiological aspects. The detection of aberrant miRNAs could be a versatile tool for 
diagnosis, prognosis and chemosensitivity judgment, and inhibition of oncogenic miRNAs 
and/or restoration of tumor‐suppressing miRNAs could be a novel strategy for treatment 
of OS.
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Abstract

Osteosarcoma has a complex genetic background, and the response to treatments varies 
among patients. Induction chemotherapy has substantially improved the clinical outcome 
of osteosarcoma. Currently, there is no practical predictive modality in clinical settings, 
and therefore, uniform chemotherapy is applied for all patients. However, since the 
response to induction chemotherapy considerably influences the prognosis, the therapeu-
tic strategy should be optimized for each patient before initiating treatments. Therefore, 
identification and establishment of predictive biomarkers for induction chemotherapy 
have been a long-standing goal in osteosarcoma research. Because of the complex genetic 
traits associated with osteosarcoma, adoption of an omics approach for global gene 
expression is attractive in the search for predictive biomarkers, and omics technologies 
have recently been applied to the development of predictive biomarkers in malignan-
cies, including osteosarcoma. Global studies have been performed at the genome, tran-
scriptome, and proteome levels in osteosarcoma, and various candidate biomarkers have 
been reported using clinical specimens. Further investigation of the clinical utilities of 
these identified predictive biomarkers will be merited through validation and verification 
studies.

Keywords: osteosarcoma, biomarker, chemotherapy, omics, genome, transcriptome, 
proteome

1. Introduction

Osteosarcoma is a rare mesenchymal malignancy, accounting for less than 1% of all adult 
cancers [1]. In contrast, osteosarcoma represents the most frequent type of malignant tumor 
in children and adolescents, and its incidence has increased over time in younger cases [1, 2]. 
Mesenchymal malignancies are classified according to the unique molecular background: 
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those characterized by unique transfusion genes and simple karyotypes, and those without 
unique genetic characters but complex genetic backgrounds [3]. Osteosarcoma is a typical 
example of the latter case and is associated with highly complex karyotypes and frequent 
chromosomal copy number changes [4–11]. The advent of chemotherapy has improved the 
clinical outcome of patients with nonmetastatic osteosarcoma [12–16]. However, despite the 
considerable progress in cancer research, no novel therapeutic strategies for osteosarcomas 
have been established since the 1980s, and the cure rate of osteosarcoma patients has thus 
reached a plateau [15]. Effective molecular targeting drugs that may inhibit specific molecu-
lar aberrations common in certain cancer types are not currently available for osteosarcoma, 
which is likely attributed to the complex molecular backgrounds. Consequently, uniform 
induction chemotherapy is performed for all patients with osteosarcoma.

The identification of predictive biomarkers has been a long-standing goal in osteosarcoma 
research. The response to induction chemotherapy is evaluated by histopathological exami-
nation of tumor necrosis. When a tumor responds to the induction chemotherapy, a better 
prognosis can be expected [17–19]. Studies of the molecular events contributing to the differ-
ent responses to induction chemotherapy have been undertaken using clinical samples. As 
osteosarcoma is not associated with typical genetic alterations, a global approach to investi-
gating the molecular backgrounds may be the most promising strategy. With the advent of 
modern technologies, omics approaches have become increasingly popular in translational 
research and are starting to be applied in the studies of predictive biomarkers in various types 
of cancers, including osteosarcoma.

In this article, we review the researches on potential biomarkers for osteosarcoma with the 
intention to establish predictive biomarkers for induction chemotherapy. Providing an over-
view of the current status of knowledge on these predictive biomarkers will offer a perspec-
tive for further development of osteosarcoma treatments as well as new ideas of what is 
needed to achieve a better clinical outcome for osteosarcoma patients.

2. Omics studies for predictive biomarkers in osteosarcoma

2.1. Genomic studies

Predictive biomarkers based on genomic knowledge have proven to be clinically beneficial 
for various types of malignancies. Schwaederle et al. reported the results of a meta-analysis 
of 570 Phase II studies, including 32,000 patients with various types of malignancies [20]. 
They reported that the use of predictive genomic biomarkers resulted in a higher treatment 
response rate and prolonged progression-free survival as well as overall survival. These 
results should motivate and facilitate the development and use of predictive genomic bio-
markers in osteosarcoma.

Smida et al. reported the DNA copy number alterations and allelic imbalances associated 
with the response to induction chemotherapy using single nucleotide polymorphism (SNP) 
arrays [21]. They investigated the biopsy samples from 44 patients with osteosarcoma who 
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have a record of the subsequent response to chemotherapy. They reported that patients with 
a significantly higher frequency of loss of heterozygosity (LOH) often had a poor response to 
chemotherapy compared to patients with a lower LOH frequency. They also showed that spe-
cific chromosomal regions in chromosomes 10 and 11 were associated with the poor response 
to chemotherapy. Further investigations of these molecules will likely lead to the establish-
ment of novel predictive modalities in osteosarcomas.

Hagleitner et al. investigated 384 SNPs among 54 selected genes in 177 osteosarcoma patients, 
with the aim of identifying genetic variants associated with survival. The 54 genes included 
representative candidate genes involved in the cisplatin and doxorubicin pathway, according 
to the literature and Pharmacogenomics Knowledge Base (https://www.pharmgkb.org/). In 
addition to SNPs associated with progression-free survival, they found 14 SNPs that were sig-
nificantly associated with the poor response to chemotherapy [22]. The clinical utility of these 
14 SNPs has not yet been evaluated, and thus, further investigation is needed for validation.

2.2. Transcriptomic studies

Technologies for comprehensive analyses of mRNA and microRNA expression became avail-
able more than a decade ago and have since been widely used for biomarker development in 
various malignancies [23–28].

Ochi et al. examined the mRNA expression profiles of biopsied tumor tissues from osteo-
sarcoma patients using a cDNA microarray consisting of 23,040 genes [29]. They compared 
six responders and seven nonresponders to induction chemotherapy and identified 60 genes 
whose expression patterns were associated with favorable or poor response to neoadjuvant che-
motherapy. Man et al. identified a novel molecular signature of chemoresistance by comparing 
the profiles of 7 responders and 13 nonresponders using surgically resected tissues after che-
motherapy [30]. They hypothesized that the surgically resected tumor tissues of nonresponders 
were enriched for resistant cells. The identified tissues consisted of 45 unique genes, and their 
predictive performance was confirmed in 14 biopsied tumor tissues obtained before chemo-
therapy. Moreover, the expression levels measured by cDNA microarray were confirmed for 
seven genes using quantitative reverse transcription-polymerase chain reaction (RT-PCR).

Although these three studies had the common goal of identifying predictive biomarkers and 
used biopsy tumor tissues of osteosarcoma patients, the genes involved in the chemoresis-
tance signatures were quite different. This difference may be attributed to the different age 
distributions, small sample sizes, different chemotherapy regimens, and different methods 
used for expression analysis among the studies. Therefore, to establish the clinical utilities of 
the candidate predictive biomarkers, extensive validation studies as well as functional studies 
of the identified genes will be required.

Kubota et al. examined the microRNA expression profiles of open-biopsied tumor tissues 
from osteosarcoma patients using a microarray [31]. They compared four responders and 
four nonresponders to induction chemotherapy and identified six microRNAs whose expres-
sion patterns were associated with favorable or poor response to neoadjuvant chemotherapy. 
They confirmed the significant association of miR-125b and miR-100 with poor response to 
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chemotherapy by RT-PCR. The association between poor prognosis and the abundance of 
miR-125b and miR-100 was confirmed in 20 additional osteosarcoma patients. Overexpression 
of these microRNAs in three osteosarcoma cell lines resulted in the enhanced cell prolifera-
tion, invasiveness, and resistance to chemotherapeutic drugs. As the area under the receiver 
operating curve for these microRNAs were approximately 0.9 (p < 0.01), their clinical applica-
tion is worth challenging. Kubota et al. reported mRNAs whose expression was commonly 
affected by the transfection of miR-125b and miR-100 in osteosarcomas [31]. Those included 
sirtuin (silent mating type information regulation 2 homolog 5, SIRT5), which was previously 
associated with the resistance against therapeutic reagents in nonsmall cell lung cancer [32]. 
Thus, the expression profiles of miRNAs may be linked to those of mRNAs and provide a 
clue to understand the multilayer omics data in osteosarcomas.

2.3. Proteomics studies

Proteomics is another promising approach to biomarker discovery because the proteome is 
the functional translation of the genome, directly regulating the phenotypes of tumors. The 
modalities of proteomics have been considerably developed and applied to several cancer 
biomarker studies. Proteomics provides unique data that cannot be obtained with other tech-
nologies. This level of analysis is important, given the frequent reports of the discordance 
between protein and mRNA expression in global expression studies. In particular, proteomics 
is the only omics modality that can identify the protein status and characteristics such as post-
translational modifications, intra- and extracellular localization, complex formation, activity, 
and degradation. Therefore, adoption of a proteomics approach shows good promise for bio-
marker development in osteosarcoma.

Arai et al. reported the proteins corresponding to the response to chemotherapy reagents in 11 
osteosarcoma cell lines using two-dimensional differential gel electrophoresis (2D-DIGE) [33]. 
They found a differential response to the drugs between monolayer and spheroid cultured 
cells. Among the 4762 protein species observed, they reported the upregulation of cathepsin 
D in spheroid cells that showed resistance to a chemotherapy reagent. Cathepsin D has been 
implicated in chemoresistance, and its clinical utilities were suggested in various malignan-
cies [33]. Saini et al. also compared monolayer and spheroid culture cells using proteomic, 
transcriptomic, and immunophenotyping approaches and identified CBX3 and ABCA5 as 
possible biomarkers for tumor stem cells that showed heterogeneous response to anti-cancer 
drugs [34]. Moreover, they reported that spheres and monolayers showed different responses 
to the approved cancer drugs. The applications of spheroidal cells may offer a great opportu-
nity to evaluate the drug effects in preclinical studies, and adoption of an omics approach will 
be a powerful tool to further develop the biomarkers to predict the response to treatments.

Li et al. reported plasma proteins that may have good predictive performance for osteosar-
coma patients [35]. They investigated the proteome of plasma collected from 54 osteosarcoma 
patients comparing before (n = 27) and after (n = 27) induction chemotherapy. They developed 
two classifiers for responsiveness and revealed that both showed 85% accuracy for prediction 
of response. They also examined the biological backgrounds of serum amyloid protein A and 
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osteosarcoma patients was established using a proteomics approach [36], which should serve 
as a useful dataset for the plasma proteomics of osteosarcoma.

To characterize the proteome backgrounds associated with resistance to induction chemother-
apy, Kikuta et al. examined the differential protein expression between patients who showed a 
favorable response to induction chemotherapy and those who did not [37]. Among the several 
thousand protein species observed by 2D-DIGE, they focused on peroxiredoxin 2 (PRDX2), an 
enzyme that catalyzes the free radicals produced by catalase and protects cells from oxidative 
stress. The patients with primary tumor tissues showing high PRDX2 expression ultimately 
developed resistance to induction chemotherapy, and vice versa. The results were validated in 
additional cases of osteosarcoma using the specific antibody for PRDX2. Kikuta et al. examined 
osteosarcoma patients who received combination therapy with isofomide, cisplatin, and doxo-
rubicin, and in a subsequent study, Kubota et al. used 2D-DIGE to examine the protein expres-
sion in the osteosarcoma patients who received different versions of induction chemotherapy: 
methotorexate, cisplatin, or doxorubicin [38]. Both studies concordantly identified the high 
expression of PRDX2 in the nonresponders. The functional significance of the high expression 
of PRDX2 was also investigated in an in vitro experiment; the gene silencing of endogenous 
PRDX increased the sensitivity of cells to chemotherapy reagents. These results were repro-
duced using additional osteosarcoma cases receiving the same induction chemotherapy.

3. Future treatments for osteosarcoma patients with poor chemo-response 
potential

One of the most critical questions in the study of predictive biomarkers is what options to offer 
patients who are predicted to show an unfavorable response to induction chemotherapy. Due to 
the lack of predictive biomarkers for chemotherapy response in osteosarcoma, there has been no 
clinical trial conducted to identify patients with poor response. However, many lines of evidence 
suggest several possible therapeutic strategies for osteosarcoma patients. Meyers et al. reported 
that the addition of muramyl tripeptide to chemotherapy improved the overall survival of osteo-
sarcoma patients [39]. Lewis et al. reported the possible application of interleukin-11 receptor 
alpha as a functional target in osteosarcoma [40]. In addition, there are also several possible 
immunotherapies for osteosarcoma. Cripe et al. reported the possible application of treatment 
with a vaccinia virus, pexastimogene devacirepvec, through viral lysis and induction of granu-
locyte macrophage colony-stimulating factor-driven tumor-specific immunity in osteosarcoma 
[41]. Tsukahara et al. demonstrated the possibility of peptide therapy in osteosarcoma [42]. 
Lussier et al. reported that combination immunotherapy with alpha-CTLA-4 and alpha-PD-L1 
antibody might be effective for treating metastatic osteosarcoma [43]. Moreover, therapy using 
a genetically modified T cell line has been under evaluation for osteosarcoma patients [44]. 
Because these therapeutic approaches may have different modes of action compared with the 
conventional chemotherapeutic reagents, combinatory treatment of these novel drugs and con-
ventional chemo-agents will promise new therapeutic strategy against osteosarcoma. Clinical 
trials of the novel treatment strategies are strongly desired to establish predictive biomarkers 
especially for the patients with potential of resistance to conventional chemotherapy.
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4. Perspective of predictive biomarker identification with an omics 
approach

The advent of omics technology has made it feasible to observe tens of thousands of genes and 
proteins simultaneously with relative ease. Technologies for omics studies are continuously been 
developed, with expected improvements in terms of accuracy, comprehensiveness, and cost-
effectiveness, which can be applied to osteosarcoma research. Next-generation sequencing (NGS) 
technologies have made it possible to produce even more detailed omics data. For example, NGS-
based methods can be used to obtain the expression data of individual splice variants of mRNAs, 
which are not possible using conventional DNA microarray systems. Therefore, refined data of 
mRNA expression can be obtained by applying the novel technologies to previously examined 
sample sets. Moreover, proteomics was traditionally used to examine only protein expression lev-
els, which do not necessary correlate with protein activity. The recent advent of high-throughput 
technology allows for the measurement of the actual activities of various specific kinases as well 
as nuclear receptors across hundreds of samples in only a few hours. All these omics technologies 
will be useful for advancing the study of predictive biomarkers in osteosarcoma.

One of the major current limitations of current studies for predictive biomarkers in osteosar-
coma would be the small number and amount of clinical materials available. Considering 
the low prevalence of osteosarcoma, it is going to be very difficult to achieve the sufficient 
sample collection by single institutes and individual efforts alone. Therefore, nation-wide 
and/or international collaboration studies will be required.

The perspective provided herein on searching for predictive biomarkers in osteosarcoma, a 
rare malignancy with complex genetic traits, could be applicable to other major malignancies 
like lung cancers. Indeed, a recent NGS-based analysis revealed that the majority of lung can-
cers can be grouped into various minor subtypes according to the clinically important genetic 
aberrations. We believe that innovations developed in rare malignancies like osteosarcoma 
will not only benefit the patients with those diseases but also make a great impact on the 
researches for majority of malignancies.
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Abstract

In general, a tumor prosthesis is used for reconstruction after removal of osteosarcoma. 
However, the durability of artificial materials becomes a problem in the long term, 
and many patients inevitably undergo revision due to loose or damaged prostheses. 
Moreover, preservation of articular surface is the key to maintain better limb function 
for long duration. Reconstruction of affected limbs using biological materials has been 
sought to overcome the aforementioned problems. In some countries, it is significantly 
difficult to obtain allograft as a biological reconstruction material because of socio-reli-
gious or cost problem. Thus, a biological reconstruction method has been developed in 
which the patient’s affected bone is treated and used for reconstruction. Especially in 
recycling treatment for affected autologous bone, liquid nitrogen treatment has several 
favorable characteristics. There is optimal morphological fit because the treated bone 
itself is one’s own, and bone strength is maintained after treatment. Satisfactory bone 
union and bone regeneration are expected to be achieved due to good osteoconduction 
and osteoinduction because proteins and enzymes are preserved in the bone.

Keywords: osteosarcoma, biological reconstruction, liquid nitrogen, frozen autograft, 
joint preservation

1. Background

Osteosarcoma is the most common primary malignant bone tumor, but the reported incidence 
is very rare about 1 in 200,000 compared to other malignant neoplasms such as breast and lung 
cancer [1]. Because it has a predilection for children in the second decade of life, in order to ensure 
a prognosis that preserves life and limb function as well, treatment must be carried out with the 
utmost care. Limb-sparing surgery has become the standard surgical treatment for malignant bone 
tumors including osteosarcoma in recent years, and mega-prosthesis replacement is generally 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



used in reconstruction for limb salvage. Using mega-prosthesis for bone tumors usually results in 
good limb function in short term but various complications due to deterioration of non-biologi-
cal materials in longer term. Total joint replacement for osteoarthritis of knee joint showed good 
functional results for instance, and several designs for total joint replacement have been applied 
for more rigorous position and alignment in recent years to obtain better functions in contrast 
to hinge or rotating hinge-type prosthesis. Limitation of the mega-prosthesis for reconstruction 
of bone tumor resection is much larger than such surface replacement regarding alignment and 
torsion force. Thus, activities of daily life would be much more restricted, and various problems 
may occur especially in younger patients with osteosarcoma after mega-prosthetic replacement.

To overcome these problems, so-called biological reconstructions using allogenic bone graft, 
vascularized or non-vascularized autologous bone graft, autologous bone extension, and 
 sterilized processing autologous bone grafts have been utilized, and those reconstruction meth-
ods were more desired than mega-prosthesis in some regions in the world due to sociologi-
cal and economic reasons. Sterilized autologous bone grafts have been developed by killing 
cancer cells using irradiation, autoclaving, or pasteurization onto patient’s own diseased bone. 
Each processing methods for sterilization of diseased bone has the problem such as special 
equipment for irradiation and autoclaving, temperature control for pasteurization and those are 
sometimes complicated. One of the biggest problems is the quality of processed bone after auto-
claving, irradiation, and pasteurization. Therefore, we developed the processing method by 
freezing using liquid nitrogen (LN2) and confirmed the feasibility of LN2-freezed bone in terms 
of safety and quality issues [2, 3]. We applied this freezing method to reconstructive surgery for 
bone tumor including osteosarcoma and obtained the satisfied results up to date [4, 5]. In addi-
tion, histological examination revealed good regenerative activity of LN2-processed bone [6–8].

2. Characteristics of liquid nitrogen–treated bone

The characteristics of LN2-treated bone show several advantages compared to other  processed 
methods. That includes simple procedure without any specific equipment and complicated 
temperature control; strength of treated bone and superior osteo-conductive and osteo-induc-
tive capacity with spared matrix proteins and enzymes; best compatibility of size and form 
and attachment of soft tissues such as ligaments and tendons [2, 3, 11]. These advantages 
could lead to more preferable bone regeneration and limb functions.

3. Indication of reconstruction using LN2-treated bone

Bone-forming tumor such as osteosarcoma is the good indication for reconstruction using 
LN2-treated bone. Thus, we applied this method mainly to the patients with osteosarcoma. 
However, this method can be applied to the cases of osteolytic-type bone tumors such as 
bone metastasis with the reinforcement by polymethyl methacrylate. The tumor location, 
tumor origin (primary or metastatic), will not be a limiting factor for this method. Minimum 
 equipment is a sterile thermos (Dewar) and sufficient amount of LN2 (usually 10–20 L) to 
immerse the disease-affected bone for freezing (Figure 1A and B).
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4. Processing method for LN2 treatment of disease-affected bone

Freezing methods of disease-affected bone can be classified as so-called ‘free-freezing’ and 
‘pedicle-freezing’ method. The free-freezing method is performed in a way of complete dis-
connection of disease-affected bone from patient’s body, immersion into LN2 and returning 
into patient’s body (Figure 2I and II) [4]. Pedicle-freezing method is performed in a way of 
making the distal portion of the limb from the tumor as a pedicle with continuity with the 

Figure 1. Intraoperative photograph of free-freezing method: (A) pour enough liquid nitrogen into a sterilized thermos 
(Dewar) such that the affected bone can be completely immersed and (B) allow the diseased bone to be processed in the 
liquid nitrogen for 20 min.

Figure 2. Types of liquid nitrogen treatment methods: for the free-freezing method, a conventional wide resection 
should be performed. A hemi-cortical resection can be applied to preserve the healthy bone cortex of contralateral side. 
For the pedicle-freezing method, the process is carried out without any breakage of continuity between the body and 
the affected bone.
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patient’s body, inversion of the limb into LN2 to immerse the affected site, then putting back 
into the patient’s body (Figure 2 III) [9].

Hemi-cortical resection preserving a side of cortical bone can be performed in free-freezing 
method if the tumor margin is safe. That results in an increase of contact area between graft 
and host bone, which secures a high mechanical force and good treated-bone regeneration 
(Figure 2 II). Pedicle-freezing method is more advantageous for processed-bone regeneration 
because osteotomy site is only proximal side from the tumor [10].

Since the procedure of this method is quite simple, it can be performed everywhere in the 
world. However, several concerns have been raised, and fracture during LN2 treatment is 
one of main concerns. Because the expansion coefficients during freezing in LN2 are different 
among bone matrix, tumor bed, and blood, fracture is sometimes inevitable, such that careful 
curettage and reinforcement using Kirschner wire would be important to prevent fracture. 
Therefore, alternative operation plans such as mega-prosthesis replacement should be pre-
pared in case.

5. Reconstruction by free-freezing method

Site and route for biopsy should be placed under the careful consideration of the 
mode of definitive surgery. Resection of the tumor must secure the wide surgical mar-
gin including biopsy route and chevron (V-shaped) osteotomy using micro sagittal saw 
is recommended to increase the contact area, which reduces torsion force for the recon-
struction of osteotomy site. When attempting hemi-cortical resection, fluoroscopy and 
navigation system in case will help accurate osteotomy to preserve the contralateral corti-
cal bone.

Tumor tissues and other soft tissues excised with the disease-affected bone must be removed 
before freezing on a workbench separated from the surgical field, then a tunnel through the 
medullary canal in the affected bone should be created to prevent the fracture during the 
freezing process (Figure 3A).

After LN2 is stabilized in the Dewar, the excised bone tissue will be immersed in LN2 for 
20 min, then placed in room temperature for 15 min and thawed in warm distilled water at 
about 30°C for another 15 min. We sometimes use 1% iodine solution in the distilled water to 
prevent an infection (Figure 3B).

Double-plate fixation or intramedullary nail with plate fixation is strongly recommended 
to secure the stability at the osteotomy sites (Figure 3C). In case of large defect in pro-
cessed bone, polymethyl methacrylate fulfillment will give strength to the processed bone. 
Composite graft with allogenic bone can be applied for certain cases too. Soft tissue recon-
struction such as insertion of ligaments and tendons can be performed by direct attach-
ment to the processed bone or remaining soft tissues on the processed bone using screws 
and staples.
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6. Reconstruction by pedicle-freezing method

Basics for the wide resection are as same as the free-freezing method, and chevron (V-shaped) 
osteotomy should be performed at the proximal side from the tumor with the appropriate 
surgical margin using a micro-sagittal saw.

Bone with surrounding tissues, which should be excised with a wide margin, can be elevated 
at the osteotomy site. Unnecessary soft tissues should be detached from the bone at approxi-
mately 5-cm distal portion from the planned level for freezing to prevent the unwanted soft 
tissue damages by LN2 treatment. Marking the position for soaking into LN2 by electrode 
would be preferable before freezing.

After the detachment of unnecessary soft tissues with wide margin, the bone is elevated, and 
a tourniquet is applied to the affected limb to prevent bleeding and tumor cell dissemina-
tion during the curettage of tumor tissues. Covering the normal soft tissues with cotton and 
Esmarch lubber bandages and large clean sheets should be applied to prevent the damages 
by LN2 treatment (Figure 4A and B).

Tumor tissues must be curetted very carefully as possible without any contamination in the 
operation field as well as distal portion from the planned freezing site to secure the surgical 
margins then create a hole in the bone cavity to prevent the fracture during the LN2  treatment. 
Changing the gloves and scrubs of the operators is required to prevent the contamination 
with tumor cells (Figure 5A).

Figure 3. Free-freezing method: (A) perform wide resection of the tumor with or without sparing the contralateral bone 
cortex; (B) freeze the resected bone in the liquid nitrogen for 20 min; and (C) strong fixation should be done by double 
plate fixation.
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After curettage, the covering sheets are carefully removed without a contact with the bone. 
Then, operators firmly hold the elevated affected limb to soak the pedicle bone into LN2. Careful 
placement of affected bone into LN2 can be secured by controlling the levels of operating table. 
It is very important to confirm that the bone is properly immersed in LN2 at the level of mark-
ing for planned site. The processing will continue in LN2 for 20 min as describe earlier. It is also 
important to verify that the remaining normal soft tissue is not affected by freezing. At the end 
of freezing, the operating table is slowly raised to remove the bone from the LN2 (Figure 5B).

Thawing in room temperature for 15 min and in the warm distilled water for 15 min will be 
carried out as same as the free-freezing method. Firm fixation with double plates or intra-
medullary nailing with plate fixation and supplemental bone grafts if necessary should be 
performed as described earlier (Figure 5C).

Figure 4. Intraoperative photograph of pedicle-freezing method: (A) secure that no normal soft tissue is frozen during 
the processing of the affected bone in liquid nitrogen for 20 min and (B) thaw for 15 min at room temperature after 
freezing.

Figure 5. Pedicle-freezing method: (A) make the osteotomy on the proximal side of the tumor location. Careful curettage 
should be performed and bone tunnels are created to prevent fractures; (B) the distal portion maintains continuity with 
the body in a pedicle form, and inversion of affected limb and soaking into liquid nitrogen is performed; and (C) strong 
fixation should be done as same as free-freezing method.
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7. Conclusion

The procedure in reconstruction using liquid nitrogen-treated bone is simple. If surgeons 
learn small skills of this techniques, this procedure can be used in many institutions. When 
surgeons become familiar with the procedure, bone fractures rarely occur under processing. 
However, it is important to prepare cable system or tumor prosthesis in case.

Surgical resection of joint surface and prosthetic reconstruction has several disadvantages and 
is not only option for reconstruction after osteosarcoma resection. Surgeons should keep in 
mind that joint preservation technique has the advantages for better limb function especially 
with longer durability. Thus, reconstruction methods including recycled bone technology as 
describe above might be considered as an alternative rather than prosthetic reconstruction for 
more precise surgery in osteosarcoma.
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Abstract

Osteosarcomas are rare, highly malignant, bone tumors defined by the presence of malig-
nant mesenchymal cells producing osteoid or immature bone. Osteosarcomas of the jaws 
are extremely rare, representing about 7% of all osteosarcomas and 1% of all head and 
neck malignancies. An accurate diagnosis, usually facilitated by chemotherapy (CT), MRI 
and biopsy, is required in order to define the stage of the disease and plane the adequate 
treatment. Aggressive surgical resection and advanced technique reconstruction are the 
mainstay of treatment, as the single most important factor for cure is radical resection. 
Clinical outcomes can be improved by a multimodal strategy combining surgery with 
neo-adjuvant and adjuvant chemotherapy in selected cases, and adjuvant radiotherapy 
in the absence of clear margins.

Keywords: jaw osteosarcoma, sarcoma, reconstructive surgery, chemotherapy, 
radiotherapy

1. Introduction

Osteosarcoma is the most common malignant primary tumor of bone, with an estimated inci-
dence of approximately two cases per million persons per year. It accounts for 40–60% of all 
primary malignant bone tumors [1–4].

Its peak incidence is in the second to fourth decades and is more frequent in fast growing 
bones. When the diagnosis of osteosarcoma is made earlier than the second decade or after 
the cessation of skeletal growth, an association with other osseous abnormalities should be 
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searched. Indeed, osteosarcoma can arise in the context of a genetic predisposition or under-
lying abnormalities such as Paget disease or fibrous dysplasia. Later in life, it can present in 
previously irradiated bone [3, 5].

The histopathological characteristic of osteosarcoma is the presence of aggressive malignant 
mesenchymal cells producing osteoid or immature bone.

Osteosarcoma of the jaw (JOS) is extremely rare, representing about 7% of all osteosarcomas 
and 1% of all head and neck malignancies [1, 2, 5–9].

The mandible and maxilla are almost equally involved. Unlike long-bone osteosarcoma, JOS 
is diagnosed more frequently in men than in females and presents about two decades later [5].

Microscopically, approximately 50% of JOS are chondroblastic or osteoblastic. In the first case, 
a minimal production of osteoid matrix is present which, on the contrary, prevails in the latter 
[1, 3, 6, 7].

If untreated, the prognosis of JOS is extremely poor. Surgery has a crucial role as the ability 
to treat a patient rest on a combination of aggressive surgical resection and advanced recon-
structive techniques. The single most important factor for definite cure is radical resection 
[5, 7–23] with particular attention to achieve clear margins, a difficult task in relation to the 
complex anatomy of the maxillofacial region [13, 14, 20–23].

Many factors affect the prognosis of osteosarcoma. The most studied are histological subtype, 
grade, tumor size, patient age and response to chemotherapy (CTx) [5, 9–11, 24, 25].

From studies carried out on long bone sarcomas, it is well known that the most important 
prognostic indicator is the grade of CTx-induced necrosis, classified on the basis of viable 
tumor found in the surgical sample after resection [10, 11, 25].

Increasing necrosis with neoadjuvant chemotherapy positively correlates with efficacy, but 
this association has been recently questioned [26] and has to be further assessed in the future.

The clinical and biological behavior of long-bone and jaw osteosarcomas slightly differs. 
Head and neck osteosarcomas have a tendency to recur locally, and frequent symptoms are 
swelling at the site of disease, facial dysesthesia and loosening of the teeth. They give rise 
to distant metastases less frequently than osteosarcomas of the extremities [1, 2, 5, 7, 8, 12], 
which usually reveal their presence with swelling and pain, but sometimes even with dis-
seminated symptomatic disease.

At present, a multimodal approach consisting of a combination of surgery, CTx and/or 
radiotherapy (RTx), has gained strong consideration, and the prognosis has progressively 
improved over the years.

Nonetheless, the role of CTx and RTx is still evolving [13, 14, 19–23, 27].

Considering that micrometastases can be present at diagnosis, perioperative CTx can offer 
some potential benefit in order to improve loco-regional control and to reduce the occurrence 
of distant metastases. The degree of histologic response to CTx provides the treatment team 
with useful information about tumor chemosensitivity. The role of RTx is still not clear in the 
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multimodal strategy. It must be strongly considered in case of positive margins or high-grade 
tumors [12, 13, 21, 28].

For patients who are not candidates for surgery because of choice or associated comorbidities, 
RTx is an alternative for local control. Patients with poor performance status or seriously ill 
should be offered optimal supportive care in order to control symptoms and preserve quality 
of life.

2. Epidemiology, risk factors and genetics

Osteosarcoma is a disease of childhood and adolescence peaking in the second decade of life. 
Worldwide, a second smaller peak has been recognized later, in the seventh decade of life. 
The incidence rates in childhood and adolescent osteosarcoma range between 3 and 4.5 cases/
million population/year, whereas the rates in older persons are estimated to be about 1 to 
2 cases/million population/year for persons aged 25–59 years and 1.5–4.5 cases/million popu-
lation/year for persons over the age of 60 [29].

A higher incidence of childhood osteosarcoma has been reported in Italy, Latin America, Sudan 
and Uganda compared to other populations around the world. In individuals 25–59 years of 
age, the incidence is greatest in Blacks, whereas over the age of 60, osteosarcoma incidence is 
greatest in Whites. Higher rates in the elderly have been reported in the United Kingdom and 
Australia [29, 30].

When considering a wide range of ages, males are affected with osteosarcoma more frequently 
than females. Bone growth, hormonal changes and growth during puberty may be involved 
in osteosarcoma etiology, partly explaining the slightly higher overall incidence in males.

Osteosarcoma occurs most frequently in the lower long bones, whereas the jaws are unusual 
primary sites of disease. Maxilla and mandible osteosarcoma (equally affected) represent 
about 7% of all osteosarcomas.

In order to find etiological relationships between environmental exposures and rare cancers 
such as osteosarcoma, a few studies have been carried out, limited by small sample sizes. 
Indeed, the cohorts to be studied are usually too large to identify significant correlation in a 
population where the disease is a rare one.

Among risk factors for osteosarcoma, fluoride exposure has been ascribed to contribute to 
bone cancer etiology, but subsequent studies did not confirm this finding [31].

Data from recent studies provided no evidence that higher levels of fluoride in drinking water 
lead to greater risk of either osteosarcoma or Ewing sarcoma.

A predisposition has been found in young patients affected by genetic syndromes charac-
terized by somatic or germline mutations. Inherited cancer predisposition syndromes are a 
heterogeneous group of disorder in which higher rates of cancer in general and osteosar-
coma in particular are noted. An increased risk of osteosarcoma has been associated with the 
Li-Fraumeni syndrome, caused by autosomal dominant germline mutations in TP53, or with 
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retinoblastoma, caused by mutations in the RB1 tumor suppressor gene. A common feature of 
the genes involved is their crucial role in normal cell growth and development, apoptosis and 
DNA repair. Mutations of suppressor genes lead to uncontrolled proliferation and malignant 
transformation. Also, patients with germline mutations in DNA helicase genes have increased 
rates of bone sarcoma, as demonstrated in the rare Rothmund Thomas syndrome, Werner 
syndrome and Bloom syndrome [32].

In more advanced age patients, two risk factors have been recognized: radiation therapy and 
Paget’s disease.

Previous irradiation increases the risk of developing osteosarcoma, mainly for patients who 
received RTx for leukemia/lymphoma, but no correlation has been found with respect to low 
dose radiation received for medical diagnostic tests.

Paget’s disease of bone is a relatively common metabolic bone disorder characterized by 
uncoupled bone remodeling, depending on abnormalities in osteoblast and osteoclast com-
munication. The incidence of osteosarcoma secondary to Paget’s disease is not known, but it 
is estimated to be about 1% [33].

This association accounts for about half of the osteosarcomas reported in elderly patients.

Despite many efforts, the etiology of osteosarcoma remains largely unknown. Epidemiologic 
studies have provided many important associations with puberty and height or disorders of 
bone growth and remodeling, but this bulk of knowledge is mainly confined to long-bone 
osteosarcomas. Data on JOS are less conclusive, so further research is still needed in order to 
improve our diagnostic and therapeutic approach.

3. Pathology

Osteosarcoma is a primary malignant bone tumor in which the mesenchymal neoplastic cells 
produce osteoid or immature bone. Therefore, the observation of osteoid is the key for the 
diagnosis of osteosarcoma [Figure 1].

3.1. Histotypes

Histologically, osteosarcoma is divided into the central (intramedullary) and peripheral (sur-
face) subtypes.

The main type of central osteosarcoma is the conventional osteosarcoma, which is repre-
sented by a broad spectrum of morphologies. Besides the production of osteoid and imma-
ture bone, histological features are the presence of neoplastic cells showing anaplasia 
with epithelioid, plasmacytoid or spindle aspects and the growth with a permeative pat-
tern, filling the marrow space surrounding and eroding pre-existing trabeculae [Figure 2]. 
Depending upon the predominant type of extracellular matrix present, conventional osteo-
sarcoma is classified histopathologically into osteoblastic, chondroblastic and fibroblastic 
subtypes [34].
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Figure 1. Picture showing osteoid and immature bone in OS.

Figure 2. OS with a permeative pattern, filling the marrow space.
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The osteoblastic subtype consists of osteoid or immature bone surrounded by haphazardly 
arranged fibroblast-like or epithelioid cells. The chondroblastic variant shows areas of atyp-
ical hyaline chondroid tissue. The cartilage may be the dominant component or scattered 
throughout the tumor. The fibroblastic subtype shows spindle-shaped neoplastic cells, char-
acteristically arranged in herringbone pattern-like fibrosarcoma. The formation of tumor oste-
oid differentiates this variant of osteosarcoma from fibrosarcoma.

The World Health Organization (WHO) [35] in 2013 reported other osteosarcoma histotypes 
such as low-grade, giant cell rich, osteoblastoma and chondroblastoma-like, epithelioid, clear 
cell types, telangiectasic and small cell (Table 1).

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

JOS is relatively rare and the majority of them arise de novo but some of them may develop 
in bone affected by Paget’s disease, fibrous dysplasia, bone infarcts, chronic osteomyelitis, 
trauma, viral infection, exposure to high-dose radiation, metallic implants, joint prosthe-
ses in genetic syndromes such as Li-Fraumeni syndrome, hereditary retinoblastoma and 
RTx [36].

The JOS histotypes are the same as the conventional ones in long bones but differ from them 
in predominant differentiation pattern [38].

Most series of JOS report predominantly chondroblastic differentiation subtypes, more often 
myxoid [Figure 3].

Low-grade central osteosarcoma

Conventional osteosarcoma Chondroblastic

Osteoblastic (including sclerosis)

Fibroblastic

Giant cell rich

Osteoblastoma-like

Chondroblastoma-like

Epithelioid

Clear cell

Secondary

Teleangectasic osteosarcoma

Small cell osteosarcoma

Parosteal osteosarcoma

Periosteal osteosarcoma

High-grade surface osteosarcoma

Table 1. Osteosarcoma classification (WHO 2013).
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Mardinger et al.—for example—reported the highest prevalence for chondroblastic OS (42%), 
osteoblastic osteosarcomas being lesser (33%) in JOS [37].

In other series, the osteoblastic pattern was predominant, followed by the chondroblastic pat-
tern [39, 40].

Finally, there is no consensus regarding the main differentiation patterns (osteoblastic and 
chondroblastic), and more often JOS display a more heterogeneous histotype as Bennett et al. 
[41] and Nissanka et al. [42] also pointed out.

The histologic heterogeneity of osteosarcoma highlights the need for histology to be sup-
ported by clinical and radiographic data for a correct diagnosis [33].

Other less frequent but not less important histological subtype of central JOS is the low-grade 
central osteosarcoma (LGCO)(1–2% in JOS). This is a well-differentiated osteosarcoma con-
sisting of spindle cell fibroblastic proliferation with low cellularity, no significant atypia, low 
mitotic figures and a variable osteoid production. The most important feature of LGCO in long 
bones, and also in the jaw, is its similarities with benign lesions, first of all with fibrous dyspla-
sia. Histological characteristics, including cellularity amount, cellular atypia and mitotic activ-
ity rate, are not very helpful, and the interpretation of small biopsies is very difficult, unless 
there are definite radiographic evidences showing the presence of an aggressive lesion. An 
excisional biopsy specimen must contain a large and adequate part of the tumor tissue together 
with surrounding tissue, with tumoral cells infiltrating into the bone marrow, cortical destruc-
tion by tumor and tumor invasion into soft tissues. Curettage should not be performed [43].

Figure 3. OS with myxoid aspect.
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The peripheral osteosarcomas occasionally affect the jaw. The most frequent is parosteal 
(or juxtacortical) 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. With time, 
the trabeculae often coalesce and form a large mass of solid bone. About 40–50% of parosteal 
osteosarcomas exhibit foci of cartilage. Approximately 10–25% of parosteal osteosarcomas dedif-
ferentiate into high-grade osteosarcoma with a corresponding worsening of prognosis [34, 44].

3.2. Immunohistochemistry

Immunohistochemical detection of MDM2 and CDK4 may provide useful diagnostic tool [34, 45].

Recently, Yoshida et al. reported that the combination of MDM2 and CDK4 by immunohisto-
chemical analysis shows 100% sensitivity and 97.5% specificity for the diagnosis of low-grade 
osteosarcoma. They concluded that MDM2 and CDK4 immunostains reliably distinguish 
low-grade osteosarcoma from benign lesions, and their combination may serve as a useful 
adjunct in this difficult differential diagnosis [46].

However, Tabareau-Dalanlande et al. noted discordant results, with 33% of ossifying fibro-
mas and 12% of fibrous dysplasias exhibiting MDM2 amplification by qRT-PCR but no 
cases exhibiting MDM2 overexpression by immunohistochemistry. These investigators also 
showed amplification of an MDM2 neighbor, RASAL1, in all the fibro-osseous lesions with 
MDM2 amplification but in none of the low-grade osteosarcomas studied [47].

A recent study illustrated that some high-grade JOS is differentiated/dedifferentiated osteo-
sarcomas harboring overexpression and amplification of MDM2. Juvenile ossifying fibromas 
can rarely evolve into giant cell-rich high-grade osteosarcomas and are characterized by a 
RASAL1 amplification [48].

3.3. Grading

Cellularity is the most important criterion used for histological grading. In general, the more 
cellular a tumor is, the higher is the grade. Irregularity of the nuclear contour, enlargement 
and hyperchromasia of the nuclei are correlated with grade. Mitotic figures and necrosis are 
additional features useful in grading. The grade is divided into low grade (G1) and high 
grade (G2) [34].

The surface osteosarcomas are further divided into parosteal, well-differentiated (low-grade), 
periosteal low- to intermediate-grade and high-grade surface osteosarcomas [49–51].

Although there have been various attempts to grade histological osteosarcomas, the reproduc-
ibility is poor [40].

3.4. Staging

Staging incorporates the degree of differentiation as well as local and distant spread, in order 
to estimate the prognosis of the patient. The universal Tumor Lymph nodes Metastasis (TNM) 
staging system is not commonly used for sarcomas because they are unlikely to metastasize 
in lymph nodes.
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The American Joint Committee on Cancer (AJCC) System for bone sarcomas still recognizes 
four stages: Stage I and II for low grade and high grade without metastasis, respectively, Stage 
III for “skip metastasis” and Stage IV for metastatic sarcomas.

The system used most often to formally stage bone sarcomas is known as the Musculo-skeletal 
Tumor Society (MSTS) or Enneking system [52].

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), meaning it has basically 
remained in place, 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 [53].

In summary, low-grade tumors are defined as stage I, high-grade tumors as stage II and meta-
static tumors (regardless of grade) as stage III.

3.5. Prognosis

Osteosarcoma of the jaw is usually considered clinically as intermediate grade tumors and 
most authors point to the favorable prognosis of JOS compared with long-bone osteosarco-
mas. Paget’s disease-related JOS is, however, aggressive tumors [40].

The two main prognostic criteria of JOS are tumor size and resectability at presentation [54].

Positive margins are strongly associated with poor prognosis; unfortunately, marginal exci-
sion is unavoidable in some JOS due to anatomic difficulties [15].

Complete resection of tumors involving the maxilla can be technically challenging, so local 
recurrence is more frequent in maxillary than mandibular osteosarcomas and, considering 
both sites, more common than the occurrence of distant metastases [5, 15, 16].

Death is usually secondary to local tumor extension with neural and vascular infiltration [38].

4. Clinical features

Males are affected by JOS slightly more frequently than females. Median age is between 30 
and 40 years. Maxilla and mandible are equally involved, and the prognosis is similar [23].

The duration of symptoms before presentation is typically about 3–6 months. The most common 
presenting symptoms are swelling at the site of disease, which is almost universally present, 
and local pain, reported by approximately 70% of the patients. Other complaints are numb-
ness and facial dysesthesia (32%), loosening of the teeth (14%), trismus, limitation of mouth 
opening, headache and nasal obstruction or bleeding. Patients rarely complain about systemic 
symptoms like fever, asthenia or weight loss. A few patients have no symptoms at presenta-
tion, and their tumors can be discovered incidentally by radiography. Physical examination can 
demonstrate a painless, firm mass, fixed to the underlying bone covered with normal tissue. 
Lymph nodes involvement, either cervical, supraclavicular or axillary, is unusual [22].
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At first presentation, metastatic disease is present in 5% of the patients. This is less than 
in patients with appendicular skeleton osteosarcoma. The lungs are the most frequently 
involved sites.

Plain radiography and CT scan may demonstrate the presence of lytic lesions or mixed lytic 
and sclerotic lesions. Intraosseous tumors generally present as a poorly defined combination 
of radiodense and lucent lesions. In some cases, the cortex is invaded and eroded by the tumor, 
which extends into the soft tissues, frequently eliciting a periosteal reaction. Sometimes, the 
tumor grows expanding the bone but without violating the cortex. In other cases, the tumor 
surface is homogeneously radiodense and well demarcated from the soft tissues, resembling 
an osteoma. In the purely lytic lesions, the diagnosis may be difficult, as osteosarcomas mim-
icking hollow areas without new bone formation cannot be differentiated from metastatic 
disease radiographically.

Some laboratory parameters, such as alkaline phosphatase or lactate dehydrogenase (LDH) 
serum levels, can be increased in a few patients. Although they do not correlate reliably with 
disease extent, they may have negative prognostic significance [34].

5. Treatment

The prognosis of patients affected by JOS depends on few recognized risk factors. The most 
important is the achievement of clear margins with surgery. Furthermore, older age is sta-
tistically associated with decreased survival [55]. CTx with four or more agents used in a 
multimodality strategy is associated with a trend toward better disease-free (DFS) and overall 
survival (OS) [5].

On a multivariate analysis model recently reported, age (hazard ratio [HR], 1.03; 95% CI, 1.02–
1.04 [P < 0.001]), surgery (HR, 0.31; 95% CI, 0.16–0.60 [P < 0.001]) and stage at presentation (HR, 
1.37; 95% CI, 1.10–1.71 [P = 0.006]) were found to be independent predictors of OS. Moreover, 
age (HR, 1.03; 95% CI, 1.02–1.05 [P < 0.001]), surgery (HR, 0.22; 95% CI, 0.09–0.56 [P = 0.001]), 
tumor size (HR, 1.01; 95% CI, 1.00–1.01 [P = 0.003]) and stage at presentation (HR, 1.34; 95% CI, 
1.01–1.76 [P = 0.04]) were found to be independent predictors for disease specific survival [56].

Age under 30 years, early stage (IA-IIB), and surgical treatment significantly correlated with 
a better prognosis.

5.1. Surgery

As it is the case for other skeletal locations, surgery is a mainstay of osteosarcoma treatment 
also in the head and neck region. The rationale and principles of surgical treatment of JOS 
depend on the location of the tumor [23, 57].

Obtaining disease-free resection margins is of course imperative, to avoid the risk of local 
recurrence.

Nevertheless, this goal is even more difficult to reach when dealing with head and neck 
osteosarcomas, since resecting few millimeters more often means endangering pivotal 
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functional structures, with a noticeable decrease in the patients’ quality of life. 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: Intraoperative pathological examination does not indeed allow for the assess-
ment of bone margins. Only soft tissue margins can be assessed through the intraoperative 
consultation [58].

Because of the anatomical complexity of the region, tumor resections are occasionally incom-
plete. Local recurrences and intracranial invasion have long been reported as the major causes 
of treatment failure due to incomplete neoplasm resection [59].

For the head and neck region, appropriate preoperative information is usually derived from 
the combined study of CT scans and MR imaging, both with contrast [Figure 4].

The CT scan allows a better assessment of the bone involvement and extension (better hard 
tissue definition), whereas the MR imaging aims at defining with considerable accuracy the 
soft tissue involvement [60].

While whole body bone scintigraphy and chest CT scan area advised for the initial staging 
[61], there is no general consensus for the routine implementation of whole-body MR and 
positron emission tomography (PET)/CT or PET/MR, which are under evaluation both for 
staging and treatment response evaluation [62].

According to the histopathological diagnosis, obtained through the biopsy, and the extension 
of the neoplasm, the multidisciplinary team indicates the best treatment for the patient [57].

When dealing with high-grade osteosarcomas, the best curative option is represented by 
a multimodal treatment. Multimodality increases DFS from the disappointing 10–20% of 
surgery alone to a solid > 60%. On the other hand, the treatment of low-grade central and 
parosteal osteosarcomas can rely on surgery alone, provided a complete assessment of their 
metastatic potential [63].

Irrespective of the treatment plan, whether monomodal or multimodal, the principles of 
surgery remain just the same. Effective treatment requires wide resections, as disease-free 
margins are associated with lower risk of local recurrence and higher overall survival. 
Nevertheless, despite the best staging and the most delicate and careful reconstruction tech-
niques, it comes naturally that the 3 cm resection margin usually advocated for sarcomas of 
other sites (e.g., long bones sarcomas) is unthinkable when dealing with the head and neck 
structures. If we take into account literature reports, safety margins for head and neck osteo-
sarcoma vary, from the observation of Granados-Garcia, who suggests a resection tailored on 
tumor size in the head and neck region [64], to the 1 cm minimal resection margin suggested 
by Ketabchi [65] [Figure 5].

As previously anticipated, despite obtaining adequate margins being the first goal of surgery, 
resection of head and neck osteosarcomas requires a careful balance between effective sur-
gery and function-sparing procedures [25].

Surgical planning and the technical execution should be based on the expectation of perform-
ing a functionally effective reconstructive surgery [12, 25].
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Figure 4. Preoperative MR imaging scan showing the extension of the mandibular neoplasm.

Figure 5. Intraoperative view of the mandibulectomy specimen after resection.
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The management of tissue defects in head and neck oncological surgery relies on loco-regional 
flaps for small deficits or on free microvascular flaps and metal prosthetics plates for large 
resections. When dealing with JOS, it is of the utmost importance that such free flaps allow 
also for transposing bony tissues. These technically refined procedures, which are usually 
performed in tertiary referral centers, enable not only a functional and aesthetic reconstruc-
tion but also a better future prosthetic rehabilitation of the patient’s dentition, which has a 
relevant and natural role not only in food processing but also in social relationships [63].

Different flaps have already been proposed including the iliac crest microvascular free flaps 
[64], radial forearm flap with partial radius inclusion [67] and scapula osteocutaneous flap [68].

Nevertheless, the fibula flap, introduced by Taylor and colleagues [69], has become the most 
utilized in mandibular reconstruction due to its favorable characteristics (co-harvesting with 
multiple skin paddles, harvesting as a neurosensory flap, optimal form restoration and accept-
able functional results), high rate of success and low rate of complications in both recipient 
and donor sites [Figures 6, 7].

Figure 6. Postoperative 3D CT scan showing mandibular reconstruction with fibula free flap.
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These impressive reconstructions have been further enhanced by the progressive implemen-
tation of techniques such as virtual surgical planning using computer-assisted modeling [70].

This technique allows reconstructing defects with astonishing anatomical faithfulness not 
only with free flaps but also with custom-made synthetic plates which are the standard recon-
struction method in elderly or compromised patients. It has to be noted that reconstruction, 
despite being almost unavoidable in order to obtain a good quality of life, makes the radio-
logic follow-up more complex, due to the increased effort required by the specialist in dif-
ferentiating normal, neoplastic and grafted tissues. These features must be taken into account 
when planning the procedure and informing the patient, and radiologic follow-up examina-
tion should be conducted in specialized structures with dedicated personnel.

Large bone and soft tissue free margins are more easily achievable in osteosarcomas involv-
ing the mandible than in sarcoma of the upper jaw, were posterior control of resection and 
may be extremely difficult. This is particularly true when upper jaw malignancies involve the 
skull base, either to its osseous portion or the dura. Due to this peculiar feature, mandibular 
sarcomas are characterized by a better local control and a higher DFS and OS than the facial 
bones and skull base mesenchymal tumors [71].

In particular, when dealing with malignancies of the upper jaw, new technologies allowing care-
ful three-dimensional tumor resection planning are helpful. Specific software that elaborates 

Figure 7. Frontal postoperative picture showing the excellent symmetry of the face.
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radiological Digital Imaging and COmmunications in Medicine (DICOM) images allows tai-
lored surgical cutting guides to help precise excision of the tumor and high-quality simultane-
ous reconstruction, equally computer planned and guide-aided [72, 73].

Similarly, optimal margin control can be achieved also using intraoperative image-guided 
navigation systems that allow the comparison of the anatomical features with the available 
radiographic reconstructions, with a considerable learning curve [74].

On the other hand, while lower jaw resections are considered technically easier than upper 
jaw resection, due to more restricted growing patterns of the tumor and the relative lack of 
other fundamental surrounding structures, mandibular reconstruction is a major challenge 
for the surgeon. When dealing with defects following extensive mandibular resection, it is 
mandatory to evaluate which components of the hard and soft tissue are missing in order to 
select the best reconstruction method (from simple rigid internal fixation to microvascular 
free tissue transfer). It is also crucial to grant an adequate bone vertical height and to contour 
clearly the margins of the alveolar bone, in order to achieve both an aesthetically appealing 
result and to restore mastication to the patient [75, 76].

Furthermore, correctly designing the reconstruction and adequately reproducing the man-
dibular contour and the consequent occlusion allow for safe and correct implant placement, 
which restores the functions under a gnatologic and logopedic point of view [66].

While bony tissue reconstruction may pose the most challenging procedural issues, it has to 
be noted that soft tissue defect repair has a prominent role in preserving the patient’s aesthet-
ics. Healthy transposed soft tissue with an adequate height can adequately restore the facial 
contour, providing correct coverage of the underlying framework reconstruction [64, 76].

On the other hand, inadequately transposed soft tissues may produce poor results, requiring 
further ancillary procedure to replace the defect [77].

The use of neoadjuvant RTx in cervicofacial osteosarcoma, though not advised, has not been 
fully abandoned. Therefore, surgery may also follow RTx, which is a recognized major cause 
of increased surgical complications and free flap reconstruction failure, even with modern 
stereotactic protocols [78].

Such risk tends to increase proportionally to the RTx dose, since RTx induces definite changes 
in tissues (inflammation followed by fibrosis and a prothrombotic state with reduced vascular 
supply) which, in turn, lead to reduced wound healing and increased scar tissue formation [79].

In these patients, surgery can be performed, but both the surgeon and the patient must be 
aware of the higher complication rate and the postoperative management must be extremely 
careful. In these regards, it must be noted that the use of microvascular flap offers the best 
chances of a successful reconstruction, since the harvested tissue bears no microvessel dam-
age due to radiation and is featured by a better overall vitality, given the appropriate blood 
supply through the anastomoses.

When dealing with head and neck malignancies, it comes naturally to evaluate a possible 
prognostic/therapeutic role for functional or selective neck dissection [80].
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Although there is no general consensus, nodal localization should be treated surgically and 
should be considered adverse features when evaluating adjuvant treatments. Conversely 
(this is the major difference when compared to other common malignancies of the head and 
neck), prophylactic neck dissection is not advised also for high grade or large osteosarcomas 
of the head and neck region. Although more research would be advisable in these regards, it 
should be noted that the only, albeit old, data available report that prophylactic nodal dissec-
tion has a detrimental effect on patients’ OS [81].

5.2. Medical treatment

The role of surgery in the treatment of jaw osteosarcoma is unquestioned [10].

The manuscript by Bertoni et al. [15] reported the Istituto Rizzoli-Beretta experience with JOS. 
They treated 26 of 28 patients with surgery and two patients with RTx. Adjuvant treatment 
was offered only to three patients (RTx in two cases and CTx in one): the 5-year OS rate for the 
whole group was disappointing (23%), as was the recurrence rate (85.7%). Such poor results 
are likely due to inadequate surgery (50% positive margins) and to the inefficiency of surgery 
as a single treatment [15].

While the use of preoperative and adjuvant CTx has become the standard of care in long bone 
osteosarcomas, its role in JOS is still controversial [11, 82, 83].

Adding CTx or RTx to surgery has demonstrated improved survival in locoregionally advanced 
head and neck cancer. The aim of chemotherapy is to reduce tumor size ameliorating surgical 
outcome, improve local control and reduce distant metastases. RTx is usually employed in the 
adjuvant setting and has the fundamental role of decreasing locoregional relapse.

The role of RTx in the multimodal treatment has been studied by Guadagnolo et al. [12]., who 
evaluated the role of RTx in 119 patients affected by JOS. While 92 patients underwent sur-
gery alone, in 27 cases, surgery was followed by radiotherapy. Stratified analysis by resection 
margin status demonstrated that the combined use of surgery and radiotherapy was superior 
to surgery alone and could improve OS (80 vs. 31%) and DFS (80 vs. 35%) in patients with 
positive or uncertain margins. This high-risk group is inclined to get the best results, while no 
advantage is expected for patients with negative margins.

Two small retrospective studies on osteosarcoma of the jaws from Link et al. [82] and Doval et 
al. [84] using different CTx protocols in addition to surgery were the first to demonstrate that 
CTx could favorably impact on survival, though at a small rate.

The role of CTx (and RTx) has been further addressed in a systematic review on 201 patients 
from 20 uncontrolled series [14]. Various CTx regimens were given to 60 patients prior to 
(neo-adjuvant, 18 patients) or after surgery (adjuvant, 42 patients), performed in 180 patients. 
Surgical resection was complete in 105 cases (58.3%). RTx was used in 69 patients. The 5-year OS 
and Progression-Free Survival (PFS) in this group of patients undergoing multimodal therapy 
(surgery and neo-adjuvant and/or adjuvant Chemotherapy (CHT)) were 80 and 75%, respec-
tively. The 5-year OS and DFS in those patients subjected to radical surgery alone were 40 and 
33%, respectively. From this review, it was clearly evident that CTx significantly improved 
survival when combined with radical surgery, while the effect of RTx was insignificant [15].
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The analysis of a small series of patients suggested the efficacy of multimodal treatment com-
bining neo-adjuvant CTx, surgery and adjuvant CTx with excellent results in terms of 5-year 
OS and PFS [22].

A subsequent analysis on patients treated before and after 1991 demonstrated that the 5-year 
OS was 52% in the former group and 77% in the latter [85], reflecting earlier diagnosis and 
more aggressive treatment, namely the adoption of neoadjuvant CTx and of better reconstruc-
tive options.

According to Ferrari et al. [60], a multimodal approach consisting of radical surgery and 
CTx, with or without RTx, favorably compares with previous reports, achieving 5-year OS 
and DFS rates of 77 and 73%, respectively. In line with retrospective reviews stressing the 
prognostic importance of CTx-induced necrosis for local control [11, 25] also in this study, 
the rate of necrosis was a statistically significant factor, with poor prognosis correlating with 
≤50% necrosis. These data confirm that JOS treated with perioperative CTx and radical sur-
gery maximizes DFS and OS. CTx-related toxicity remains an issue that both oncologists and 
patients have to deal with. Adjuvant RTx can be useful in selected cases but the most relevant 
results are clearly related to the completeness of surgery.

Although multimodal treatment can improve clinical outcomes, what could be the best treat-
ment for small, easily operable osteosarcomas remains to be assessed. It is likely that small 
low-grade lesions (T1) can be definitely eradicated by adequate surgery with no need for neo-
adjuvant or adjuvant therapy.

We do not think that we ought to discourage research, but it is reasonable to believe that 
controlled prospective and randomized trials on this argument are unlikely to be performed.

6. Conclusion

Through the years, the survival of patients with JOS has greatly improved, due to an aggres-
sive systemic approach and to the refined surgical and reconstructive techniques. Today, we 
can reasonably hope to cure the majority of patients affected by JOS. However, opportunities 
for clinical and biological research remain. Our knowledge of the pathways involved in sarco-
magenesis is lacking, and new insights are eagerly awaited in the perspective of developing 
an effective target therapy to combine with surgery.
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Abstract

Since the great Rudolf Virchow advised, “Between animal and human medicine there is 
no dividing line, nor should there be,” limited attention has been paid to cancer in ani-
mals.  This is finally changing thanks to a renewed focus on studying pet dogs with can-
cer.  Unlike the laboratory mice who have been the mainstay of animal models of disease, 
pet dogs share an environment with their human owners, have an intact immune system, 
and often develop diseases spontaneously in ways that mimic their human counterparts.  
Osteosarcoma (OSA) – while uncommon in humans - is a common malignancy in dogs. 
This comparatively high incidence alone renders pet dogs an ideal “model” to conduct 
translational and clinical research into OSA. Indeed, there are many similarities between 
the two species with respect to this disease. However, owing to the shorter life span and 
accelerated disease progression, treatment effects can be assessed much more rapidly in 
canines than in humans. Overall, dogs represent a unique model to study OSA; this chap-
ter aims to discuss the ways that comparative oncology between dogs and humans are 
being used from basic science research, to genetics and mechanisms of disease, to tumor 
biology and finally to developing novel treatments.

Keywords: canine, osteosarcoma, human, comparative oncology, novel treatments, 
genomic analysis

1. Introduction

Making meaningful advances in osteosarcoma (OSA) therapy has been hindered by the low 
incidence of the disease in humans. In contrast to the low incidence in humans, OSA is a 
common malignancy affecting pet dogs. While there are fewer than 1000 new human OSA 
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diagnoses in the USA each year, there no fewer than 10,000 canine cases of OSA every year, 
by conservative assessments made several decades ago [1, 2]. This relatively high incidence 
in dogs provides an ideal “model” for conducting translational research and clinical research 
and for gaining insight into the biology of OSA. This paradigm depends upon canine OSA 
having specific parallels with human OSA. Indeed, there are many similarities between the 
two species with respect to this disease: from location of the primary tumors and patterns of 
metastasis, to the genetic drivers of disease and response to therapy [1]. Because canine OSA 
is a naturally occurring condition in pets who live alongside us, it arises among the same 
environmental, dietary and immunologic factors as human OSA. In addition to the similari-
ties, there are several key differences that allow canine OSA to elucidate new information 
in shorter periods of time. Canine OSA typically displays a more aggressive biology and a 
much faster rate of metastasis than in humans, with death often occurring within 6 months 
and with 96% of canine OSA patients dying from the disease [3]. Because of these differences, 
treatment effects from novel interventions can be seen much more rapidly, with a fraction 
of the longevity and cost required of human clinical trials. Such comparative, cross-species 
trials conducted in dogs are often met with enthusiasm by owners and with fewer regulatory 
hindrances that would face human patients [4]. This field of cross-species cancer research is 
known as “comparative oncology.” Dogs present to us a unique, powerful and underutilized 
model to study OSA; this chapter aims to demonstrate and discuss the ways that compara-
tive oncology between dogs and humans with OSA can be used to inform genetics and mech-
anisms of disease, tumor biology and behavior and the development of novel treatments.

2. Canine osteosarcoma: overview

Osteosarcoma is the most common primary bone tumor in dogs [5–9]. It is estimated to occur 
in more than 10,000 dogs each year in the USA [1, 10]. This estimate is likely conservative, as 
the number of pet dogs has increased dramatically since these early studies of the incidence 
of canine OSA and there are still many dogs who do not receive medical attention. Canine 
OSA tends to occur in middle-aged to older dogs (median age of 7 years), with a small num-
ber of cases presenting between 18 and 24 months of age [11]. Primary rib OSA occurs in 
younger adult dogs with a mean age of 4.5–5.4 years [12, 13]. Historically, the incidence of 
OSA in dogs has been considered to be higher in males than females [3, 5–7, 11, 14]; how-
ever, more recent data suggest an equal sex distribution [15]. Large and giant breed dogs are 
predominantly affected. The breeds that are most at risk for OSA are Saint Bernard, Great 
Dane, Irish setter, Doberman pinscher, Rottweiler, German shepherd and golden retriever. 
Increased weight and, in particular, height appear to be the most predisposing factors [5–8, 
11, 16–19]. Many domestic breeds have narrow genetic diversity due to selective breeding 
practices, which provides a unique opportunity to more clearly elucidate the hereditary basis 
of OSA in dogs [15, 20].

Approximately 75% of canine OSA occurs in the appendicular skeleton [6, 13]. Commonly 
affected sites, in order of frequency, include the distal radius, proximal humerus, distal ulna, dis-
tal femur, proximal tibia, distal tibia and diaphyseal ulna [21]. Primary OSA in the axial skeleton 
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has also been well characterized, in order of frequency, in the mandible, maxilla, spine, cranium, 
ribs, nasal cavity and paranasal sinuses and pelvis [13]. As in humans, OSA of extraskeletal sites 
is rare but has been reported in the mammary tissue, subcutaneous tissue, spleen, bowel, liver, 
kidney, testicle, vagina, eye, gastric ligament, synovium, meninges and adrenal gland [22–28].

Dogs with appendicular OSA often present with lameness and swelling at the affected site. 
There may be a history of mild trauma prior to the onset of lameness and this may cause an 
acute exacerbation of clinical signs [15, 21]. The signs associated with axial skeletal OSA are 
site dependent and vary from localized swelling, dysphagia (oral sites), exophthalmos and 
pain on opening the mouth (caudal mandibular and ocular sites), facial deformity and nasal 
discharge (sinus and nasal cavity sites) and hyperesthesia with or without neurologic signs 
(spinal sites) [15]. Dogs with rib OSA often present because of a palpable mass [15].

3. Genetic factors

Development of canine OSA is characterized by the involvement of sporadic and heritable 
genetic factors. The most thoroughly described gene mutations in dogs are the p53 and phos-
phatase and tensin homolog (PTEN) tumor suppressor genes and abnormalities in the Rb family 
members, Rb, p107 and p130. Approximately 60% of canine OSA cell lines overexpress mutant 
p53 mRNA and protein, which correlates with the presence of missense point mutations within 
the DNA-binding domain [29]. These findings are corroborated by the identification of muta-
tions in p53 in 41% of spontaneously arisen OSA tumors. The majority of mutations in these 
cases were point mutations (74%), with a lesser percentage of mutations being deletions (26%). 
In the absence of a functional p53 protein, its transcriptional target, mdm2, is not present to 
destabilize the mutant p53 protein and mutant p53 protein accumulates within the cell [30]. 
Studies have suggested that the RB gene signaling pathway is dysregulated in canine OSA. 
Analysis of OSA samples identified copy number loss in 29% of cases, resulting in correlative 
reduction or the absence of RB protein expression in 62% of samples tested [31]. These findings 
suggest that aberrations in the RB gene likely participate in formation and/or progression of 
OSA. In addition to p53 and RB gene abnormalities, genomic loss of the phosphatase and tensin 
homolog (PTEN) tumor suppressor gene is suspected to participate in the genetic pathogenesis 
of canine OSA. In vitro studies with canine OSA cell lines found that 60% of the cell lines had 
mutations in PTEN, resulting in the absence of gene transcription and protein translation [29].

4. Diagnostic work-up: local disease

The diagnostic evaluation for dogs with OSA is similar to that employed in humans. Initial 
evaluation of the primary site involves radiographs. Lesions are typically characterized by a 
mixed pattern of cortical lysis and periosteal proliferation; however, the appearance of OSA 
can be quite variable. Commonly observed features include cortical lysis, soft tissue extension 
with soft tissue swelling and new bone (tumor or reactive) formation. Primary lesions are 
typically monostotic. Based on signalment (patient-specific factors such as breed, sex, age, 
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etc.), history, physical examination and radiographic findings, a presumptive diagnosis of 
OSA may be made. Cytology may support a tentative diagnosis. In most cases, a definitive 
diagnosis is made via histopathology. Bone biopsy is performed prior to pursuing treatment. 
Samples can be obtained via open incisional, closed-needle, or trephine biopsy techniques. In 
some cases, repeated biopsy attempts yield “reactive bone,” making it very difficult to obtain 
the diagnosis preoperatively. Histopathology is performed after tumor removal (amputation 
or limb sparing) to confirm the preoperative diagnosis. Figure 1 summarizes the elements of 
the diagnostic work-up of OSA in canines.

Figure 1. Examples of canine osteosarcoma. (A) and (B) Typical radiographic findings including ill-defined lesions with 
aggressive periosteal reaction and tumor matrix ossification. (C) and (D) High-grade, highly pleomorphic cells with 
surrounding osteoid.
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5. Diagnostic work-up: metastatic disease

Approximately 10% of dogs will have gross evidence of metastatic disease at diagnosis. Fewer 
than 15% of cases have detectable pulmonary metastasis and less than 8% have metastasis to 
other musculoskeletal sites. Three view thoracic radiographs are recommended to evaluate 
for pulmonary metastasis; however, metastases cannot be detected radiographically until the 
nodules are 6–8 mm in diameter. This underscores the belief that in dogs, as with humans, the 
presence of metastatic disease on presentation is likely underappreciated. Advanced imag-
ing (e.g., CT, MRI, PET/CT) may be used for patient staging [32, 33]. A thorough orthopedic 
examination with palpation of long bones and the accessible axial skeleton is necessary to 
evaluate for sites of bony metastasis. Bone survey radiographs, including lateral views of all 
bones in the body and a ventrodorsal projection of the pelvis, have been useful in detecting 
second skeletal sites of OSA [34]. Whereas whole-body bone scans are standard in human 
medicine, there are conflicting reports on the utility of nuclear scintigraphy for clinical staging 
of dogs with OSA [35–39]. It can be useful for detection and localization of bone metastasis 
in dogs presenting for vague lameness or signs of back pain. Although it is a very sensitive 
imaging modality, it is not specific for identifying skeletal tumors.

6. Prognostic factors

Tumor size, determined as an actual tumor volume or the percentage of bone length affected 
by tumor, has been found to be a prognostic indicator in dogs. Large tumors have been 
found to have a poorer prognosis [11, 27, 40, 41]. Tumor location is also a prognostic factor. 
In general, tumors of the mandible and scapula carry the most favorable prognosis. Other 
than the mandible and scapula, tumors of the axial skeleton carry a poor prognosis with 
survival times often less than 6 months. Tumors of the appendicular skeleton are intermedi-
ate in prognosis. Specifically, tumors of the appendicular skeleton (radius, ulna, humerus, 
femur and tibia) are associated with a median survival time of 1 year when treated with 
aggressive surgery and chemotherapy [21]. Median disease-free intervals (DFIs) and dis-
ease- free survival (DFS) times for skull OSA are 191 days and 204 days, respectively. In one 
study, dogs with mandibular OSA treated with mandibulectomy alone had a 1-year sur-
vival rate of 71% [18]. Dogs with maxillary OSA have been found to have a median survival 
time of 5 months following maxillectomy [42, 43]. A study of orbital OSA reported long-
term survival following complete surgical excision [44]. Median survival time for dogs with 
rib OSA is reported to be 3 months for cases treated with rib resection alone and 8 months 
for cases treated with resection and adjuvant chemotherapy [45–48]. DFI and median sur-
vival time in dogs with scapula OSA was 210 days and 246 days, respectively, with the 
use of adjuvant chemotherapy increasing DFI and survival time [49]. Survival time of dogs 
with OSA distal to the antebrachiocarpal (equivalent of human wrist) or tarsocrural joints 
(human ankle) has a median survival time of 466 days, which is longer than the survival 
time of dogs with OSA of more common appendicular sites. However, OSA of these sites 
is aggressive, with a high potential for metastasis [50]. Extraskeletal OSA has an aggressive 
systemic behavior with a high metastatic rate, with short median survival times ranging 
from 1 month to 5 months [27, 28].
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As in humans, elevated alkaline phosphatase (ALP) has been associated with a poorer prog-
nosis for dogs with appendicular OSA [27, 51–54]. A preoperative elevation of either serum 
ALP or the bone isoenzyme of ALP (>110 U/L or 23 U/L, respectively) is associated with a 
shorter disease-free interval and survival. Dogs that have elevated preoperative values that 
do not return to normal within 40 days following surgical removal of the primary tumor also 
develop earlier metastasis. At least one study has suggested that tumor grade, characterized 
by degree of necrosis, mitotic rate and cell differentiation, is also highly prognostic, with 
higher grade tumors having shorter survival times and disease-free intervals [55].

7. Treatment

Cure is achieved in fewer than 15% of dogs diagnosed with OSA. For the most effective 
management, multimodality therapy is required to address both local and systemic disease. 
Amputation, limb-sparing surgeries, as well as nonsurgical techniques, such as stereotactic 
radiation therapy (SRT), are highly effective for management of local disease (contrary to 
management of OSA in humans, in which radiation therapy is rarely used). Amputation is 
the standard local treatment for appendicular OSA and readily allows for adequate surgical 
margins. It is well tolerated in dogs and offers significant improvement in pain relief and 
survival relative to palliative treatment. Pelvic tumors are treated with amputation and hemi-
pelvectomy and these patients generally have good levels of function. Rib tumors are treated 
with thoracic wall resection; mandibular tumors are treated with hemimandibulectomy and 
maxillary tumors are treated with partial maxillectomy and/or orbitectomy. Limb salvage 
surgery, most commonly using bone allografts or metal endoprostheses, can be performed in 
some dogs with appendicular OSA. The most suitable patients for limb salvage are dogs with 
tumors in the distal radius or ulna [15], but tumors of the scapula, diaphyseal radius and ulna, 
metacarpus, metatarsus, diaphyseal humerus, femur and tibia and distal tibia have also been 
treated with limb salvage surgery [21]. Limb function following limb salvage surgery is found 
to be good to excellent in most dogs and survival is not adversely affected by removing the 
primary tumor with marginal resection. Intraoperative radiation therapy and extracorporeal 
intraoperative RT (IORT) have also been utilized in a small number of canine OSA patients. 
Stereotactic radiation therapy (SRT) is a nonsurgical alternative method which is used on an 
increasingly common basis for facilitating canine limb salvage. This technique can provide 
adequate local control of disease in the context of a life expectancy for dogs that is almost 
always shorter than 2 years, even with systemic therapy.

Although amputation and limb-sparing surgeries, as well as nonsurgical techniques such as 
SRT, have proved highly effective for management of local disease, the ability to control the 
progression of OSA metastases remains a clinical challenge. Systemic chemotherapy is the 
essential component for management of OSA metastases. Protocols that have shown signifi-
cant improvement in survival include doxorubicin, cisplatin and carboplatin, with medial 
survival times of approximately 1 year [18, 40, 56, 57]. Lobaplatin has also been used but pro-
vides a median survival time of 7 months [21]. No survival advantage has been found when 
using combination chemotherapy. Despite the aggressive treatment approach, more than 50% 
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of dogs do not live beyond 1 year postamputation and 90% die of disease by 2 years [15]. 
Further research is needed for discovering effective new combination therapies for improving 
the long-term prognosis of canine OSA.

8. The dog as a “model” of osteosarcoma

A number of animal models of OSA exist; however, the reliance upon mouse models of OSA 
has limitations. The canine “model” of spontaneously occurring OSA offers several advan-
tages over non-spontaneous models. It is often described as a “model” (emphasis on quota-
tion marks) because for these patients and their owners; it is not a model at all—they are being 
treated for a pathologic condition. Naturally occurring OSA in dogs better represents the 
biological complexity and heterogeneity of the disease than traditional rodent models and, 
as such, shares a wide variety of epidemiologic and clinical features with human OSA [58]. 
Genetically, there are far more similarities between dogs and humans than between rodents 
and humans [59]. Pet dogs share a living environment with humans and are subsequently 
exposed to many of the same environmental risk factors that contribute to the occurrence of 
solid tumors in humans. Additionally, tumors in canines occur in the context of intact immune 
systems, allowing for a better representation of immunologic influence on cancer progres-
sion and spread [4]. These tumors are further characterized by high levels of heterogeneity 
between individuals and between tumors; this heterogeneity is often lacking in traditional 
models. They also demonstrate the capacity for the development of local recurrence, resis-
tance to treatment and distant metastases, typically to the lungs, just as these tumors do in 
human patients. Table 1 summarizes the key similarities and differences between human and 
canine osteosarcoma. Figure 2 summarizes the diagnostic work-up for human osteosarcoma.

An important power nestled in the study of canine OSA lies in the concept of linkage disequi-
librium and the breed structure of canines [61]. Approximately two centuries ago, the practice 
of selecting canines for certain morphological and behavioral traits grew in popularity, pav-
ing the path for modern dog breeds. An unforeseen side effect of breeding was the selection 
of certain “founder” mutations linked to certain breed-specific traits and diseases. This is 
seen today in the form of certain breed showing a predilection for species-specific diseases, 
with the practical result of this “founder” effect being an overall loss of heterogeneity among 
genes and diseases. Linkage equilibrium is present to a significantly higher degree in canines 
as compared to humans, making individual breed analysis a strong tool for broad-spectrum 
genetic mapping [61, 62]. When comparing similar traits between breeds, fine mapping may 
also be performed, thus making canine models of spontaneously occurring OSA a powerful 
model for identifying the genetic origins of this disease.

Perhaps, the greatest shortcoming from studying human OSA is the relatively low incidence of 
the disease. Therapeutics must be evaluated over the course of several years and studies face 
the challenge of reaching statistically significant power. A solution to this particular challenge is 
available in the form of cross-species analysis of canine OSA. Canine OSA has an incidence on 
the order of at least tenfold greater than human OSA [62]. In addition to this significantly larger 
patient population, dogs also have a shorter life span with faster  progression of disease and a 
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shorter period of survival relative to humans [1]. Thus, the collection of data and the evaluation 
of novel treatments may be carried out more rapidly in dogs than in humans. Although the more 
rapid life course in dogs is not surprising, as life spans generally decrease along with species size, 
the reason for poorer outcomes in dogs with OSA is more puzzling. Whether this represents a 
fundamental difference in treatment (systemic therapy in dogs is relatively less aggressive on a 
dosage basis) or in disease, biology is not known. Whatever the reason for the difference in sur-
vival, the combination of increased patient numbers, time-compressed progression of disease, 
genetic similarities and spontaneous tumor origin within a natural environmental and immuno-
logic background renders canine OSA an ideal model in which to study the disease.

Variable Canine Human

Incidence >10,000 cases per year <1000 cases per year

Median age of onset Middle-aged to older dogs
Peak onset 7–9 years
Second small peak at 18–24 months

Bimodal disease with peak onset 10–14 
years
Second peak at >65 years

Race/breed Large or giant breed
Increased height and weight
Increased risk in Saint Bernard, Great Dane, 
Irish setter, Doberman pinscher, Rottweiler, 
German shepherd, golden retriever

Slightly more common in African 
Americans and Hispanics

Primary site 75% appendicular skeleton
Metaphyseal region of long bones
Distal radius > proximal humerus > distal 
ulna > distal femur > proximal tibia > distal 
tibia > diaphyseal ulna

90% appendicular skeleton
Metaphyseal region of long bones
Distal femur > proximal tibia > proximal 
humerus

Metastatic sites 10% of cases with metastasis at diagnosis
Lung > bone > soft tissues

20% of cases with metastasis at diagnosis
Lung > bone > soft tissues

Molecular and genetic 
players

p53
Rb
PTEN
RTK
MET
STAT3

p53
Rb
PTEN
RTK
MET
STAT3

Treatment Amputation
Limb-sparing techniques
Adjuvant chemotherapy

Neoadjuvant chemotherapy
Limb-sparing techniques
Amputation (rare)

Survival ~50% survival at 1 year with chemotherapy, 
10% at 2 years

60–80% survival at 5 years with 
chemotherapy

Prognostic factors Tumor size
Tumor location (distal more favorable than 
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Proximal humeral location
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than proximal)
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Serum lactate dehydrogenase
Response to chemotherapy

Table 1. Comparison of human and canine osteosarcoma.
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9. Elucidating the genetic origins of osteosarcoma

The genetic and molecular origins of OSA remain poorly understood. Any given tumor 
may demonstrate tremendous genetic variation and complexity, characterized by abnormal 
genetic structural and copy number changes, irregular karyotypes and gross aneuploidy, 

Figure 2. (A) Gross histology demonstrating a destructive osseous lesion with an associated soft tissue mass, (B) 
high-grade cellular lesion with a trabecular pattern and osteoid production, (C) radiographic findings demonstrating 
increased sclerosis, with a large periosteal reaction, and (D) MRI images demonstrating cortical destruction and a large 
soft tissue mass (images collected with permission) [60].
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making elucidation of common pathways more difficult [31, 63, 64]. Dogs with spontane-
ously occurring OSA present a unique alternative to humans for identifying conserved 
genetic drivers of OSA. The dog genome was mapped a decade ago and is publicly accessible 
via the CanFam genome browser, making genetic comparisons with the humans relatively 
simple [59, 65, 66]. Early genetic studies have demonstrated that canine and human OSAs are 
 virtually indistinguishable. A study by Paoloni et al. used parallel oligonucleotide arrays to 
compare OSA expression signatures between human and canine samples; interestingly, hier-
archical clustering could not segregate the samples by species of origin [67]. Studies such as 
this demonstrate the tremendous capacity for genomic analysis using comparative oncology; 
a number of shared molecular targets have been identified using this comparative analysis 
between canines and humans, including RTK MET, STAT3 and others [68–72].

The breeding of dogs has created artificially selected and refined gene pools. Some breeds of 
dog, such as Rottweilers and Irish wolfhounds, have also developed a reduced intra-breed 
genetic diversity and disproportionately higher rates of OSA [17, 73]. This presents an oppor-
tunity to examine genetic risk factors for the development of OSA. One study examining the 
Scottish deerhound used whole-genome mapping to find a linkage for the OSA phenotype. A 
novel locus was identified on chromosome 34 in a region homologous to human chromosome 
3q26, demonstrating a potential genetic basis for the disease in both canines and humans [74]. 
Another study examined the molecular profiles of dogs with OSA in order to identify sub-
types and stratify this disease based on gene expression profiling and its biological behavior. 
This study was able to identify groupings associated with G2/M transitions and DNA dam-
age checkpoints that correlated with biological activity; additionally, these groupings trans-
lated to orthologous human molecular subtypes with similar biological activity [75]. Finally, 
Angstadt et al. used high-resolution oligonucleotide assays to identify common genome-wide 
copy number aberrations in both human and canine samples of OSA [76]. Their study reaf-
firmed a number of known aberrant genes and identified several new genes in regions of 
instability pointing toward possible players in the genetic origin of OSA. Taken as a whole, 
these studies demonstrate the capacity for genome-wide analysis and comparisons between 
dogs and humans to identify possible genetic precursors and drivers of OSA.

Numerous somatic genetic similarities have been identified as a commonality between 
human and canine OSA, which may help identify new and important insights into OSA biol-
ogy. p53 and RB1, tumor suppressor genes, are possibly two of the best-known and well-
described genetic aberrations in both human and canine OSA. With p53, genetic abnormalities 
in canine OSA are typically the result of missense mutations, which result in an overexpres-
sion of this gene and are present in 41–67% of primary OSA tumors [29, 30, 77]. While p53 is 
often mutated in primary cases of human OSA, it is found at a much lower rate, with only 
about 20% of cases showing this abnormality [78]; unlike canine OSA, mutations in the p53 
gene in humans are often point mutations [30]. RB1 is a genetic abnormality that is common 
in human forms of OSA, estimated to be present in 30–75% of cases [79]. While initial studies 
questioned the putative role of RB1, more recent studies indicate that mutations of this gene 
are present in 29% of cases of OSA, typically resulting in a reduction or complete absence of 
the gene product [31, 80]. PTEN is another tumor suppressor gene that has been implicated 
in both human and canine OSA. Early findings in canine OSA cell lines implicated PTEN 
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deletions and a reduction in gene expression in the development of this cancer [29]; this was 
confirmed using a comparative genomic hybridization (CGH) genomic analysis in primary 
canine OSA, which found that PTEN mutations were present in 30–42% of tumors examined 
[31, 76]. Human studies have similarly identified PTEN as a common mutation present in 
primary cases of OSA [81].

10. Advances in surgical technique and adjunct therapy

10.1. Surgical and medical therapy for canine osteosarcoma parallels human therapy

There are a number of similarities in systemic therapy and surgical management between 
human and canine OSA. In both patient populations, en bloc surgical resection, in combination 
with chemotherapy, is the mainstay of treatment; the addition of either neoadjuvant or adjuvant 
chemotherapy has further improved survival rates and is now also considered a part of stan-
dard of care. Most dogs are treated with adjuvant—rather than neoadjuvant—chemotherapy, as 
there is less data in dogs regarding the prognostic value of histopathologic response to therapy.

Pioneering of limb-sparing techniques in the surgical treatment of OSA was initially con-
ducted in dogs. One of the early studies of the potential role of limb salvage in canine patients 
with OSA was conducted by LaRue et al. [82]. This study found that limb salvage in addition 
to multimodality therapy could represent a viable alternative to amputation in the manage-
ment of certain patients. A subsequent study by Withrow et al. [83] similarly studied the 
role of limb salvage surgery as an option in the management of OSA. Forty-nine dogs with 
limb-sparing resection for OSA of the extremity were followed and stratified by the addition 
of chemotherapy or chemotherapy with radiation therapy. As in humans, outcomes were sig-
nificantly linked to percent necrosis, which was improved by a combination of chemotherapy 
with radiation therapy. Higher rates of tumor necrosis resulted in higher overall survival and 
better outcomes. The breadth of this data is not as extensive in dogs as it is in humans and 
the paradigm of chemotherapy/surgery/chemotherapy has not become normative in dogs. 
Despite similarities in overall survival between amputation and limb-sparing surgery, a sig-
nificant issue with limb salvage in both canines and humans has been the inadequacy of func-
tional outcomes and the prevalence of postoperative complications. A study by Kuntz et al. [84] 
examined 17 patients with OSA of the proximal humerus undergoing limb salvage surgery 
using frozen humeral allografts. As expected, completeness of margins significantly impacted 
the overall rates of survival, with incomplete margins resulting in an eightfold higher rate of 
distant metastases. As in humans, when comparing limb salvage with amputation, there was 
no statistically significant difference in overall survival. However, postoperative functional 
outcomes and rates of complications were deemed to be unacceptable. Only 12% of patients 
had good or excellent outcomes with many of the dogs treated with limb salvage suffering 
from biomechanical failure of their mechanical constructs and 41% of patients receiving limb 
salvage surgery required conversion to amputation. A retrospective study of human OSA by 
Rougraff et al. found limb salvage demonstrated similar outcomes with respect to disease-free 
survival and overall survival when local control via limb salvage is compared to local control 
via amputation [85]. This has similarly been borne out in canine OSA [18].
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The addition of chemotherapy to the management of OSA has dramatically improved outcomes 
and become a mainstay of treatment for both dogs and humans with OSA. The overall survival 
of dogs treated with amputation is significantly improved by the addition of chemotherapy. In 
addition to the previously mentioned studies conducted by LaRue et al. and Withrow et al. [82, 
83], 30 dogs with appendicular OSA were evaluated in a study evaluating overall survival rates 
when treated with and without the addition of cisplatin [86]. Mean survival time was 190 days 
for patients treated with amputation alone; mean survival time improved to 315 days with the 
addition of cisplatin. Similar results were found in a study by Berg et al. [56], which examined 
22 dogs with appendicular OSA treated with surgical resection with and without the addition 
of cisplatin. They found a statistically significant increase in survival with the addition cisplatin 
to surgical management. Interestingly, there was no survival difference between chemotherapy 
in addition to amputation and limb-sparing surgery, though the cohort numbers were likely 
too low to draw significant results in this regard. Thesis parallels in the medical and surgical 
management of OSA across species contribute to canine OSA being particularly well suited in 
comparison with humans undergoing similar treatment [87–89].

10.2. Novel therapeutics and immunotherapies

Canine models have been an important avenue by which to examine novel therapeutic strate-
gies for OSA. With the advent of intra-arterial chemotherapy, randomized control trials were 
conducted in dogs with spontaneously occurring OSA to evaluate the safety, efficacy and 
feasibility of this method of delivery in the treatment of OSA [82]. With the advent of intra-
arterial chemotherapy, randomized control trials were conducted in canines with spontane-
ously occurring OSA to evaluate the safety, efficacy and feasibility of this method of delivery 
in the treatment of OSA [83]. Similarly, dose escalation studies conducted in canines with 
OSA have allowed for optimization of chemotherapeutic drug delivery in humans. In a study 
by Paoloni et al., a phase I dose-escalation study was conducted with rapamycin delivery 
in canines with the simultaneous collection of multiple pre- and posttreatment biopsies and 
whole blood sampling to establish efficacy and ideal drug pharmacokinetic time points, data 
that would have been more challenging to collect in human patients [90]. These insights were 
translated into a human clinical trial of rapamycin, allowing for a better understanding of 
dosing and efficacy of the drug [91, 92]. These studies allowed optimization of the dose and 
delivery of chemotherapy in humans with OSA while allowing for earlier screening of treat-
ments that may have a less than favorable therapeutic index before being tested in humans 
[93, 94]. Beyond cytotoxicity and optimization studies, canines with OSA have also served as 
the ideal models for identifying and evaluating novel therapeutics.

Early insights into the role of the immune system in OSA disease progression came about by 
happenstance while studying canine OSA. While studying outcomes in canines undergoing 
the combination of limb salvage and chemotherapy, Lascelles et al. found that postopera-
tive infection significantly improved survival [95]. These findings were also recapitulated in 
humans, as a study by Jeys et al. demonstrated; humans with deep infection following limb 
salvage for OSA experienced a 35% increase in overall survival rate [96, 97]. These survival 
benefits were hypothesized to be related to an upregulation in the natural antitumoral activ-
ity of the host immune system. This has inspired new investigations into the specific role of 
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the immune system in OSA and the ways in which cancer suppresses the natural immune 
response. Analysis of canines with and without OSA has identified myeloid-derived suppres-
sor cells (MDSCs) and regulatory T cells (Tregs) that may play a role in suppression of the 
natural antitumor response of the host [98, 99]. These cells normally function to prevent the 
antitumoral response from overaction and resultant autoimmunity. Suppressing these cells 
has been hypothesized as a means of promoting the antitumoral response to improve out-
comes in OSA. Although some have associated increased ratios of Tregs with poorer outcomes 
in canine OSA [100], there remain questions as to whether Treg levels are actually different 
from healthy controls [99]. MDSCs have also been found to be overrepresented in canine 
OSA, as demonstrated in two studies by Sherger et al. and Goulart et al. [101, 102]. Similar to 
Tregs, the role of MDSCs in OSA remains unclear, though increased monocyte counts have 
been associated with worse outcomes and decreased rates of DFS [103, 104]. Despite the ambi-
guity surrounding their potential role in OSA progression, Tregs and MDSCs highlight the 
potential for immune targets in the treatment of OSA.

Immunotherapy for sarcoma is an exciting new field of cancer treatment currently being 
investigated in both humans and canines. One such agent, liposomal muramyl tripeptide 
phosphatidylethanolamine (L-MTP-PE), had its first success demonstrated in dogs with spon-
taneously occurring OSA. This synthetic molecule is an analog of a bacterial cell wall compo-
nent and a potent activator of monocytes/macrophages. It can be incorporated into liposomes 
and has been shown to selectively induce monocytes to kill tumor cells [105]. In a study of 
40 dogs receiving standard therapy with surgery and cisplatin, canines were randomized to 
receive the addition of either L-MTP-PE or a placebo. Patients receiving L-MTP-PE had signif-
icantly better rates of overall survival as compared to placebo [106]. This study has translated 
to human pediatric patients with OSA as well, with results indicating L-MTP-PE as a possible 
adjunct in the repertoire of treatments available for OSA [107, 108].

While immunotherapy is an exciting realm of novel therapeutics in canines with OSA, the 
canine model is equally beneficial in evaluating the safety and efficacy of a variety of novel 
therapeutics and novel applications of existing therapies [109]. One such application is the 
use of aerosolized delivery of chemotherapeutics for pulmonary metastases, which has made 
significant progress thanks to research conducted in dogs with OSA. A translational study by 
Rodriguez et al. examined the effect of aerosol delivery of gemcitabine to pulmonary metas-
tasis in dogs with OSA [110]. This study demonstrated an increased in Fas expression and 
increased rates of apoptosis in pulmonary metastases. Cross-species drug development using 
canines as a model for human OSA has also been suggested for targets including genetic 
abnormalities (TP53 and murine double minute-2), growth factors (c-MET and mTOR), angio-
genesis (VEGF and HIF-1a) and metastasis (membrane-type-1 matrix metalloproteinase) 
[23, 54, 90, 111–116].

11. Conclusion: challenges and limitations

OSA remains a challenging diagnosis with little change in the prognosis for several decades. 
Recognizing the utility of studying animals with diseases shared by humans, Rudolf Virchow 
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stated in the mid-nineteenth century, “Between animal and human medicine there is no divid-
ing line, nor should there be.” Yet despite a desperate need to investigate OSA in greater num-
bers and scope, dogs with naturally occurring OSA were not seriously studied until the late 
twentieth century. Man’s best friend provides us an opportunity to study one of our most 
dreaded diagnoses in larger numbers than we could ever hope to study in humans alone. With 
similar disease features and treatment algorithms, research may be carried out in dogs in a 
more facile manner than in humans. Continuing to expand our understanding and awareness 
of canine, OSA will be a critical step in developing novel and better therapeutic strategies.

Several challenges do remain [93]. While canine models show an accelerated disease pro-
gression as compared to humans, this timeline is still significantly longer than murine mod-
els. While funding for mouse models of cancer is widespread, funding for the investigation 
of canine cancer remains sparse. Some novel therapies, such as species-specific antibodies 
and proteins, may not translate from canines to humans and vice versa. Finally, regulatory 
oversight and ethical care mandate that some study designs are simply not feasible in pets. 
Despite these limitations, this review demonstrates that canines are an ideal—and underuti-
lized—model to deepen our understanding of osteosarcoma and to translate exciting devel-
opments from the laboratory into the clinic.
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directions of its research and clinical practice. The knowledge presented here will 
lead to further inspiration, ideas, and novel insights into the field of osteosarcoma 

research. Hopefully, this work will foster improvement of the prognosis for patients 
suffering from the disease.
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