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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
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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
http://dx.doi.org/10.5772/67265

5



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.

Acknowledgments

We thank our families, colleagues, patients, and their family members. We also express our

gratitude to all participants in this book, especially Ms. Martina Usljebrka for her tremendous

efforts during book editing process.

Osteosarcoma - Biology, Behavior and Mechanisms6



Author details

Kanya Honoki1* and Kurt Richard Weiss2

*Address all correspondence to: kahonoki@naramed-u.ac.jp

1 Department of Orthopedic Surgery, Nara Medical University, Kashihara, Japan

2 Division of Musculoskeletal Oncology, Department of Orthopedic Surgery, Cancer Stem Cell

Laboratory, School of Medicine, University of Pittsburgh, Pittsburgh, USA

References

[1] Odes EJ, Randolph-Quinney PS, Steyn M, Throckmorton Z, Smilg JS, Zipfel B, Augustine

T, De Beer F, Hoffman JW, Franklin RD, Berger LR. Earliest Hominin Cancer: 1.7-Million-

Year-Old Osteosarcoma from Swartkrans Cave, South Africa. South African Journal of

Science. 2016;1-5, 112. DOI: 17159/sajs.2016/20150471

[2] Egas-Bejar D, Anderson PM, Agarwal R, Corrales-Medina F, Devarajan E, Huh WW,

Brown RE, Subbiah V. Theranostic Profiling for Actionable Aberrations in Advanced

High Risk Osteosarcoma with Aggressive Biology Reveals High Molecular Diversity:

The Human Fingerprint Hypothesis. Oncoscience. 2014;12:167–179. PMID:25126591;

PMCID:PMC4128257. DOI: 10.18632/oncoscience.21

[3] Collins FS, Varmus H. A New Initiative on Precision Medicine. The New England Journal

of Medicine. 2015;372(9):793–795. PMID:25635347. DOI: 10.1056/NEJMp1500523

[4] Miller CW, Aslo A, Won A, Tan M, Lampkin B, Koeffler HP. Alterations of the p53, Rb

and MDM2 Genes in Osteosarcoma. Journal of Cancer Research and Clinical Oncology.

1996;122(9):559–565. PMID:8781571

[5] Miller CW, Aslo A, Campbell MJ, Kawamata N, Lampkin BC, Koeffler HP. Alterations of

the p15, p16, and p18 Genes in Osteosarcoma. Cancer Genetics and Cytogenetics. 1996;86

(2):136–142. PMID:8603340

[6] Chen X, Bahrami A, Pappo A, Easton J, Dalton J, Hedlund E, Ellison D, Shurtleff S, Wu G,

Wei L, Parker M, Rusch M, Nagahawatte P, Wu J, Mao S, Boggs K, Mulder H, Yergeau D,

Lu C, Ding L, Edmonson M, Qu C, Wang J, Li Y, Navid F, Daw NC, Mardis ER, Wilson

RK, Downing JR, Zhang J, Dyer MA. St. Jude Children’s Research Hospital–Washington

University Pediatric Cancer Genome Project. Recurrent Somatic Structural Variations

Contribute to Tumorigenesis in Pediatric Osteosarcoma. Cell Rep. 2014;7(1):104–112.

PMID:24703847; PMCID:PMC4096827. DOI: 10.1016/j.celrep.2014.03.003

[7] Perry JA, Kiezun A, Tonzi P, Van Allen EM, Carter SL, Baca SC, Cowley GS, Bhatt AS,

Rheinbay E, Pedamallu CS, Helman E, Taylor-Weiner A, McKenna A, DeLuca DS,

Introductory Chapter: From Chaos to Cosmos – Toward Precision Medicine in Osteosarcoma
http://dx.doi.org/10.5772/67265

7



Lawrence MS, Ambrogio L, Sougnez C, Sivachenko A, Walensky LD, Wagle N, Mora J,
de Torres C, Lavarino C, Dos Santos Aguiar S, Yunes JA, Brandalise SR, Mercado-Celis
GE, Melendez-Zajgla J, Cárdenas-Cardós R, Velasco-Hidalgo L, Roberts CW, Garraway
LA, Rodriguez-Galindo C, Gabriel SB, Lander ES, Golub TR, Orkin SH, Getz G, Janeway
KA. Complementary Genomic Approaches Highlight the PI3K/mTOR Pathway as a
Common Vulnerability in Osteosarcoma. Proc Natl Acad Sci U S A. 2014;111(51):E5564–
E5573. PMID:25512523; PMCID:PMC4280630. DOI: 10.1073/pnas.1419260111

[8] Gupte A, Baker EK, Wan SS, Stewart E, Loh A, Shelat AA, Gould CM, Chalk AM, Taylor
S, Lackovic K, Karlström Å, Mutsaers AJ, Desai J, Madhamshettiwar PB, Zannettino AC,
Burns C, Huang DC, Dyer MA, Simpson KJ, Walkley CR. Systematic Screening Identifies
Dual PI3K and mTOR Inhibition as a Conserved Therapeutic Vulnerability in Osteosar-
coma. Clin Cancer Res. 2015;21(14):3216–3229. PMID:25862761; PMCID:PMC4506243.
DOI: 10.1158/1078-0432.CCR-14-3026

[9] Moriarity BS, Otto GM, Rahrmann EP, Rathe SK, Wolf NK, Weg MT, Manlove LA, LaRue
RS, Temiz NA, Molyneux SD, Choi K, Holly KJ, Sarver AL, Scott MC, Forster CL,
Modiano JF, Khanna C, Hewitt SM, Khokha R, Yang Y, Gorlick R, Dyer MA, Largaespada
DA. A Sleeping Beauty Forward Genetic Screen Identifies New Genes and Pathways
Driving Osteosarcoma Development and Metastasis. Nat Genet. 2015;47(6):615–624.
PMID:25961939; PMCID:PMC4767150. DOI: 10.1038/ng.3293

[10] Demetri GD, Chawla SP, Ray-Coquard I, Le Cesne A, Staddon AP, Milhem MM, Penel N,
Riedel RF, Bui-Nguyen B, Cranmer LD, Reichardt P, Bompas E, Alcindor T, Rushing D,
Song Y, Lee RM, Ebbinghaus S, Eid JE, Loewy JW, Haluska FG, Dodion PF, Blay JY.
Results of an International Randomized Phase III Trial of the Mammalian Target of
Rapamycin Inhibitor Ridaforolimus Versus Placebo to Control Metastatic Sarcomas in
Patients after Benefit from Prior Chemotherapy. J Clin Oncol. 2013;31(19):2485–2492.
PMID:23715582. DOI: 10.1200/JCO.2012.45.5766

[11] Sampson VP, Yoo S, Kumar A, Vetter NS, Kolb EA. MicroRNAs and Potential Targets in
Osteosarcoma: Review. Front Pediatr. 2015;3:69. PMID:26380245; PMCID:PMC4547013.
DOI: 10.3389/fped.2015.00069

[12] Wan-Ibrahim WI, Singh VA, Hashim OH, Abdul-Rahman PS. Biomarkers for Bone
Tumours: Discovery from Genomics and Proteomics Studies and Their Challenges. Mol
Med. 2015. PMID:26581086; PMCID:PMC4818258. DOI: 10.2119/molmed.2015.00183

[13] Hagleitner MM, CoenenMJ, GelderblomH,Makkinje RR, Vos HI, de Bont ES, van der Graaf
WT, Schreuder HW, Flucke U, van Leeuwen FN, Hoogerbrugge PM, Guchelaar HJ, te Loo
DM. A First Step Toward Personalized Medicine in Osteosarcoma: Pharmacogenetics as
Predictive Marker of Outcome after Chemotherapy-Based Treatment. Clinical Cancer
Research. 2015;21(15):3436–3441. PMID:25829401. DOI: 10.1158/1078-0432.CCR-14-2638

[14] Rodriguez R, Rubio R, Menendez P. Modeling Sarcomagenesis Using Multipotent Mes-
enchymal Stem Cells. Cell Res. 2012;22(1):62–77. PMID: 21931359; PMCID:PMC3351912.
DOI: 10.1038/cr.2011.157

Osteosarcoma - Biology, Behavior and Mechanisms8



[15] Rubio R, Abarrategi A, Garcia-Castro J, Martinez-Cruzado L, Suarez C, Tornin J, Santos L,

Astudillo A, Colmenero I, Mulero F, Rosu-Myles M, Menendez P, Rodriguez R. Bone

Environment is Essential for Osteosarcoma Development from Transformed Mesenchymal

Stem Cells. Stem Cells. 2014;32(5):1136–1148. PMID:24446210. DOI: 10.1002/stem.1647

[16] Bergfeld SA, DeClerck YA. Bone Marrow-DerivedMesenchymal Stem Cells and the Tumor

Microenvironment. Cancer and Metastasis Reviews. 2010;29(2):249–261. PMID:20411303.

DOI: 10.1007/s10555-010-9222-7

[17] Bonuccelli G, Avnet S, Grisendi G, Salerno M, Granchi D, Dominici M, Kusuzaki K, Baldini

N. Role of Mesenchymal Stem Cells in Osteosarcoma and Metabolic Reprogramming of

Tumor Cells. Oncotarget. 2014;5(17):7575–7588. PMID:25277190; PMCID:PMC4202145.

DOI: 10.18632/oncotarget.2243

[18] Anderson PM, Meyers P, Kleinerman E, Venkatakrishnan K, Hughes DP, Herzog C, Huh

W, Sutphin R, Vyas YM, Shen V, Warwick A, Yeager N, Oliva C, Wang B, Liu Y, Chou A.

Mifamurtide in Metastatic and Recurrent Osteosarcoma: A Patient Access Study with

Pharmacokinetic, Pharmacodynamic, and Safety Assessments. Pediatr Blood Cancer.

2014;61(2):238–244. PMID:23997016; PMCID:PMC4533988. DOI: 10.1002/pbc.24686

[19] Guma SR, Lee DA, Yu L, Gordon N, Hughes D, Stewart J, Wang WL, Kleinerman ES.

Natural Killer Cell Therapy and Aerosol Interleukin-2 for the Treatment of Osteosarcoma

Lung Metastasis. Pediatr Blood Cancer. 2014;61(4):618–626. PMID:24136885; PMCID:

PMC4154381. DOI: 10.1002/pbc.24801

[20] DeRenzo C, Gottschalk S. Genetically modified T-cell therapy for osteosarcoma. Adv

ExpMed Biol. 2014;804:323–340. PMID:24924183; PMCID: PMC4617538. DOI: 10.1007/

978-3-319-04843

[21] Ma L, Zhou Y, Zhu Y, Lin Z, Wang Y, Zhang Y, Xia H, Mao C. 3D-Printed Guiding

Templates for Improved Osteosarcoma Resection. Sci Rep. 2016;6:23335. PMID:26997197;

PMCID:PMC4800413. DOI: 10.1038/srep23335

[22] Clark JL, Unni KK, Dahlin DC, Devine KD. Osteosarcoma of the Jaw. Cancer. 1983;51

(12):2311–2316. PMID:6573939.

[23] Chen Y, Geis C, Sommer C. Activation of TRPV1 Contributes to Morphine Tolerance:

Involvement of the Mitogen-Activated Protein Kinase Signaling Pathway. Journal of Neu-

roscience. 2008;28(22):5836–5845. PMID:18509045. DOI: 10.1523/JNEUROSCI.4170-07.2008

[24] Pezet S, Marchand F, D’Mello R, Grist J, Clark AK, Malcangio M, Dickenson AH,

Williams RJ, McMahon SB. Phosphatidylinositol 3-Kinase is a Key Mediator of Cen-

tral Sensitization in Painful Inflammatory Conditions. J Neurosci. 2008;28(16):4261–

4270. PMID:18417706; PMCID:PMC2935680. DOI: 10.1523/JNEUROSCI.5392-07.2

008

[25] Guijarro MV, Ghivizzani SC, Gibbs CP. Animal Models in Osteosarcoma. Front Oncol.

2014;4:189. PMID:25101245; PMCID:PMC4102850. DOI: 10.3389/fonc.2014.00189

Introductory Chapter: From Chaos to Cosmos – Toward Precision Medicine in Osteosarcoma
http://dx.doi.org/10.5772/67265

9



[26] Scott MC, Sarver AL, Gavin KJ, Thayanithy V, Getzy DM, Newman RA, Cutter GR,

Lindblad-Toh K, Kisseberth WC, Hunter LE, Subramanian S, Breen M, Modiano JF. Molec-

ular Subtypes of Osteosarcoma Identified by Reducing Tumor Heterogeneity Through an

Interspecies Comparative Approach. Bone. 2011;49(3):356–367. PMID:21621658; PMCID:

PMC3143255. DOI: 10.1016/j.bone.2011.05.008

Osteosarcoma - Biology, Behavior and Mechanisms10


