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Abstract

Osteosarcoma is a genomically complex dis-
ease characterized by few recurrent single-
nucleotide mutations or in-frame fusions. In 
contrast, structural alterations, including copy 
number changes, chromothripsis, kataegis, 
loss of heterozygosity (LOH), and other large-
scale genomic alterations, are frequent and 
widespread across the osteosarcoma genome. 
These observed structural alterations lead to 
activation of oncogenes and loss of tumor sup-
pressors which together contribute to oncogen-
esis. To date, few targeted therapies for 
osteosarcoma have been identified. It is likely 
that effectiveness of targeted therapies will 
vary greatly in subsets of tumors with distinct 
key driver events. Model systems which can 
recapitulate the genetic heterogeneity of this 
disease are needed to test this hypothesis. One 
possible approach is to use patient-derived 
xenograft (PDX) models characterized with 
regards to their similarity to the human tumor 
samples from which they were derived. Here 
we review evidence pointing to the genomic 

complexity of osteosarcoma and how this is 
reflected in available model systems. We also 
review the current state of preclinical testing 
for targeted therapies using these models.
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�General Introduction

The genome of osteosarcoma is highly complex, 
and tumors are extraordinarily heterogeneous 
between patients. This heterogeneity may be one 
reason why it has been difficult to successfully 
identify targeted therapies for this disease. 
Osteosarcomas are characterized primarily by 
structural rearrangements, aneuploidy, and copy 
number alterations, whereas recurrent point 
mutations are few. Whether the observed struc-
tural alterations are truly targetable vulnerabili-
ties remains to be fully explored, and it is almost 
certain that combination approaches need to be 
developed, since single agents are unlikely to 
lead to significant tumor regression. Given that 
osteosarcoma is a rare disease, the development 
of new therapies will depend heavily on preclini-
cal testing in appropriate models. In this chapter, 
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we review the current understanding of the com-
plex genome of osteosarcoma and discuss how 
this complexity is reflected in available cell lines 
and patient-derived xenografts (PDXs). We also 
review efforts to evaluate possible targeted thera-
pies in these models and briefly discuss the 
impact of this testing on clinical trial develop-
ment. We focus here only on human model sys-
tems and defer discussion of mouse models and 
the canine patient to other chapters.

�Genomics of Human Osteosarcoma

Osteosarcoma has long been known to be charac-
terized by a complex karyotype. An early cytoge-
netic analysis of 73 samples from 53 patients 
identified widespread aneuploidy, recurrent 
numerical abnormalities, and recurrent chromo-
somal breakpoints [1]. The authors concluded 
that the majority of osteosarcomas were charac-
terized by complex chromosomal abnormalities 
with marked cell-to-cell heterogeneity. This 
study was one of the first to determine that chro-
mosomal breakpoints were nonrandom, with 
increased frequency occurring in defined regions 
of chromosomes 1, 2, 3, 4, 11, 12, 14, 16, 17, 19, 
and 22. Loss of whole chromosomes was also 
noted to be more common than whole chromo-
some gains, highlighting the importance of loss 
of heterozygosity (LOH) in this disease. In par-
ticular, frequent LOH of chromosome 17 was 
observed, a region which contains the tumor sup-
pressor TP53. This early pioneering work noted a 
distinct cytogenetic profile in parosteal osteosar-
coma, which they observed to be characterized 
by the presence of ring chromosomes. This pro-
vided an early indication that there may be 
molecular subtypes of osteosarcoma with unique 
features. Applying spectral karyotyping (SKY) to 
refine these prior cytogenetic studies, Bayani and 
colleagues analyzed 14 primary tumors and 4 
established osteosarcoma cell lines [2]. They 
quantified a high rate of structural rearrange-
ments, with an average of 38.5 breakpoints per 
tumor with those involving chromosomes 8 and 
20 being disproportionately prevalent. Gains in 
8q23–24 and 17p11–13 were also frequently 

observed. In addition to these and other studies 
evaluating the landscape of alterations in osteo-
sarcoma [3, 4], a large body of literature has 
highlighted specific alterations in tumor suppres-
sors and oncogenes including CDK4 [5], p53 and 
MDM2 [6], MYC [7, 8], Rb [9], and others. 
Other comprehensive molecular profiling studies 
of osteosarcoma have demonstrated that copy 
number amplification and overexpression of 
genes in chromosome 8 and chromosome 17 
strongly correlate with osteosarcoma progression 
and relapse [10, 11]. Summarizing the work of 
several laboratories, Martin et al. concluded that 
conventional osteosarcoma is characterized by 
losses of portions of chromosomes 3q, 6q, 9, 10, 
13, 17p, and 18q and gains of portions of chro-
mosomes 1p, 1q, 6p, 8q, and 17p [9]. 6p gains 
commonly involve RUNX2, VEGFA, E2F3, 
PIM1, and CCND3, all of which could poten-
tially play oncogenic roles in this disease. 8q 
contains MYC, which has been reported to be 
frequently amplified in osteosarcoma by many 
groups [12, 13]. 8q also contains RECQL4. 
While germ line loss of RECQL4 causes 
Rothmund-Thomson syndrome and predisposes 
patients to osteosarcoma development, in spo-
radic osteosarcoma tumors, RECQL4 has been 
reported to be upregulated at the level of protein 
expression or amplified at the gene level [14].

Cheng et al. evaluated copy number changes 
in a large panel of 117 osteosarcomas using 
Affymetrix SNP arrays [15]. They noted frequent 
gains in chromosomes 8, 12, 21, and X and 
frequent deletions in chromosomes 2, 10, and 13. 
These authors also correlated copy number 
alterations with therapy response in sarcoma cell 
lines. For example, they noted a correlation 
between IGFIR copy number gain and sensitivity 
to clofarabine. Similarly, Smida et al. profiled 45 
osteosarcomas using Affymetrix SNP arrays and 
identified frequent alterations in 6p21 (including 
VEGFA, CCND2, and RUNX2), 8q24 (including 
MYC), and 12q14 (including CDK4) as well as 
loss of 10q21.1. They noted that a high LOH 
score (greater than 1500 loci with LOH) was 
predictive of a poor response to chemotherapy 
and a higher risk of recurrence. This was one of 
the first papers to correlate specific alterations 
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with poor event-free survival [16]. In a more 
recent study, Smida et  al. evaluated a larger 
cohort of 160 pretreatment osteosarcoma samples 
using high-density arrays. They described 
frequent loss of tumor suppressors WWOX 
(31%), DLG2 (27%), and LSAMP (8%), in 
addition to Rb and Trp53. They also described 
the frequency of “chromothripsis-like pattern” 
(CTLP) and noted that the presence of CTLP in 
osteosarcoma was associated with a worse 
outcome [17]. Overall, it should be emphasized 
that loss of the tumor suppressors Trp53 (17p13.1) 
and Rb (13q14.2) is very common in sporadic 
osteosarcoma and germ line deletions are strongly 
associated with increased incidence [18, 19]. In 
addition to loss of function of Rb itself, 
osteosarcomas often exhibit deregulation of this 
pathway through other means, such as loss of the 
tumor suppressor CDKN2A/p16/INK4A or 
amplification of cyclin-dependent kinase 4 
(CDK4).

The widespread availability of next-genera-
tion sequencing (NGS) has allowed further 
refinement of our understanding of the genomics 
of osteosarcoma. Two initial studies using NGS 
confirmed the prediction that these tumors are 
characterized by recurrent structural 
rearrangements. A very interesting observation 
was that Trp53 is more commonly altered by 
structural rearrangements in intron 1, rather than 
by deep deletion or mutation [20]. DLG2, ATRX, 
and RB alterations were also frequently noted. 
Another study identified frequent alterations in 
the PI3K pathway and suggested that this may 
represent a targetable opportunity for a subset of 
patients [21]. More recently, Sayles and Breese 
et  al. also identified a number of subsets of 
osteosarcoma patients with potentially targetable 
alterations using whole-genome sequencing [22]. 
Alterations in MYC, CDK4, VEGFA, AKT or 
PTEN, and CCNE1 were frequently observed 
across a cohort of 63 tumors profiled using 
whole-genome sequencing. These and other 
studies suggest that some subsets of osteosarcoma 
may contain gains or losses in genes that represent 
potential therapeutic vulnerabilities. However, 
further identification and validation of such 

therapy biomarkers will likely require a combina-
tion of preclinical and clinical studies.

A critical issue that remains to be fully 
explored is the prognostic and therapeutic value 
of specific genomic alterations in osteosarcoma. 
To address this, Suehara et  al. evaluated 66 
patients with osteosarcoma using a clinical grade 
panel sequencing assay and found a fraction of 
patients with targetable or potentially targetable 
alterations [23]. Twenty-one percent of patients 
had a genomic alteration suggestive of an 
actionable alteration including CDK3, MDM2, 
BRCA2, PDGFRA, and VEGFR. In another 
study, Kovac et al. sequenced the exomes of 31 
tumors and identified 14 genes as the main drivers 
in osteosarcoma. They also suggested that a large 
percentage of osteosarcomas have genome 
instability signatures characteristic of BRCA1/2-
deficient tumors [24]. Whether this will translate 
into a therapeutic opportunity as it has for 
BRAC1/2-deficient breast and ovarian cancers 
remains to be explored.

To date, relatively few studies have systemati-
cally evaluated the evolution of osteosarcoma 
using matched samples; thus, we know little 
regarding how this disease progresses over time 
in individual patients, which is a significant gap 
in knowledge with regard to the development of 
targeted therapies. Negri and colleagues used 
whole-genome and whole-exome sequencing to 
deeply characterize a set of 13 primary and meta-
static matched pairs [25]. High conservation of 
copy number in the matched pairs was seen, sug-
gesting that perhaps the concept of osteosarcoma 
as a “genomically unstable” cancer needs to be 
further refined. Alternatively, it is possible that 
many of the genomic events seen in osteosar-
coma are early events that remain stable over 
time. These authors also identified a recurrent 
amplification in the gene KDR in metastatic 
osteosarcoma. In another recent study, Brady and 
colleagues performed a deep analysis of tumor 
evolution in four osteosarcoma patients. They 
described a pattern of “branching evolution” 
shaped by treatment with cisplatin [26]. In gen-
eral, these studies point to the need for analysis of 
more longitudinal samples, so we can begin to 
understand the evolutionary dynamics of osteo-
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sarcoma and how they may define therapeutic 
vulnerabilities at relapse.

Overall, a great deal of knowledge has been 
gained regarding the genomic alterations present 
in osteosarcoma. Here we have emphasized 
studies evaluating structural alterations in the 
genome of osteosarcoma. However, many studies 
have also pointed to an important role for 
epigenetic mechanisms including DNA 
methylation. For example, promoter methylation 
may be an important mechanism of silencing the 
p16INK4A locus in osteosarcoma [27]. Studies 
using osteosarcoma models for preclinical thera-
peutic development will need to take the above 
summarized complexity of this disease into 
account. It is our belief that because of this com-
plexity, osteosarcoma should be considered to 
include subsets of tumors with different drivers 
and thus will require an evaluation of specific 
genomic and epigenomic alterations to define 
appropriate subgroups for targeted therapy. 
Below we discuss the current understanding of 
the genomics of available preclinical models 
followed by a summary of some therapeutic stud-
ies with an emphasis on those that have addressed 
genomics while evaluating response.

�Cell Line Genomics

Cell lines are the most widely utilized model sys-
tem to study osteosarcoma due to their ease of 
use and wide availability. Several authors have 
attempted to evaluate the genomic characteristics 
of available cell lines to correlate the observed 
alterations with those found in patient samples. 
Ottaviano et al. used multiplex ligation-dependent 
probe amplification (MLPA) to screen for loss of 
38 tumor suppressors across 19 osteosarcoma 
cell lines, including HOS, Saos2, U2OS, and 
other commonly used cell lines [28]. Loss of 
CDKN2A (42%) and TP53 (47%) was the most 
frequently observed alteration. Notably, these 
percentages are higher than what has been 
reported when evaluating tumors in  vivo [22]. 
Lorenz et al. performed whole-genome sequenc-
ing of osteosarcoma cell lines including IOR/
OS15, IOR/ OS18, MG63, and ZK-58. They 

found that inactivating genomic rearrangements, 
most commonly involving TP53, were frequent 
in both osteosarcoma patient samples (10/25) and 
cell lines (7/11). Interestingly, they also reported 
that osteosarcoma cell lines had numerous dele-
tions, tandem duplications, inversions, and inter-
chromosomal translocations at frequencies 
similar to human tumor samples [29]. They sug-
gest that involvement of nonhomologous end-
joining (NHEJ) and microhomology-mediated 
end-joining (MMEJ) DNA repair contribute to 
the generation of structural alterations in osteo-
sarcoma. Additionally, RB1 rearrangements were 
similarly common between cell lines (3/11) and 
patient samples (5/25). Lastly, the presence of 
multiple fusion transcripts in osteosarcoma was 
also reported, including a previously undescribed 
fusion of PMP22-ELOVL5.

�Cell Line Models of Metastatic 
Disease

Most osteosarcoma patients who do not survive 
die from metastatic disease; therefore, there has 
been a strong emphasis on developing metastatic 
cell line models. Several studies have evaluated 
the tumorigenicity and metastatic capacity of 
established osteosarcoma cell lines [30–33]. 
Some, but not all, commerical cell lines are capa-
ble of forming tumors after subcutaneous implan-
tation [31]. Formation of spontaneous metastasis 
from those subcutaneous xenografts is less com-
mon [31, 34, 35]; however, formation of meta-
static nodules after intravenous injection does 
occur with many cell lines [30, 35–39] (Table 1.1). 
Notably, there is discordance with respect to the 
metastatic capacity of certain cell lines between 
published studies, perhaps reflective of genetic 
drift in sublines expanded in different laborato-
ries (Table 1.1).

To help overcome the variation in metastatic 
capacity observed in commercially available cell 
lines, in  vivo passaging or transformation of 
established cell lines has been used to create 
metastatic derivatives (e.g., MG63.2 [71], 
MG63.3 [30], 143B, SaOS2-LM2 to LM7 [37, 38], 
KRIB [67] etc.). These metastatic derivatives can 
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Table 1.1  Genomic characteristics of cell line models for osteosarcoma

Cell line model (derivation) Genomic characteristics Tumorigenicity
Metastatic 
capacity

MG63 
[40, 
41]

MTAP-BCN2 fusion transcript 
(inversion ch9) [42]; fusion 
transcript with TP53 [42]; P53 
arrangement intron 1 [43]; 
homozygous deletion 
CDKN2A [42, 44]; p53 
wildtype [44]

Yes: SQ [45]; OT 
[46, 47]
No: SQ [48]

No: IV [47, 
49]; SQ/IM 
[48]; OT 
[47, 50];
Yes: OT [46]

MG63.2 [46] Yes: OT [46, 47] Yes: IV [47]; 
OT [46, 47]

MG63.3 [47] Yes: OT [47] Yes: IV [47]; 
OT [47]

U20S 
[51]

PMP22-ELOVL5 fusion [42]; 
P53 [44, 52]; single gene 
deletion P53 [43]; hemizygous 
deletion CDKN2A MLPA 
normal aCGH [44]

Yes: SQ [45, 48, 
53]; OT [47]

Yes: IV [53]
No: IV [49]; 
SQ [48, 
53];IM [48]

Saos2 Fusion transcript involving 
TP53, RB1 transcript truncated 
after exon 20 [42]; P53 
deletion [43, 44, 54–56]; 
normal CDKN2A [44]

Yes: SQ [45, 57]; 
OT [47, 50, 
57–60]
No: SQ [48]

Yes: OT [47, 
58–60]
No: IV [37, 
47, 49]; SQ/
IM [48]; OT 
[50]

SaOS-LM2 
[37]

No: IV [37, 
61]

SaOS-LM3–6 
[37]

Yes: IV [37, 
61]

SaOS-LM7 
[61]

Yes: OT [47, 50] Yes: IV [47, 
61];OT [47, 
50]

TE85 Yes: OT [47]
No: OT [50]

No: IV [47]; 
OT [47]

HOS [62] TP53 mutant, Rb wildtype 
[63]; homozygous CDKN2A 
deletion, TP53 p.Arg156Pro 
(c.467G > C) [44]

Yes: SQ [45]; OT 
[47]
No: SQ [48]

No: IV [47, 
49]; SQ/IM 
[48]; OT 
[47]

MNNG/
HOS 
[64]

KRAS [64] Yes: OT [47, 65]; 
SQ [45, 48]; IM 
[48]

Yes: IV [47]; 
OT [47, 65]
No: SQ/IM 
[48]

KHOS
143B Yes: SQ [45, 48]; 

IM [48]; OT [47, 
50, 65, 66]

Yes: IV [47, 
66]; SQ/IM 
[48]; OT 
[47, 50, 65, 
66]

KRIB 
[67]

Yes: OT [47, 68] Yes: IV [47]; 
OT [47, 68]

G292 Yes: SQ [45]
No: OT [50]

No: IV [49]; 
SQ/IM [48]

SJSA 
(OSA)

MDM2 amplification [42]; 
hemizygous deletion 
CDKN2A, P53 wildtype [44]

Yes: SQ [45, 48] No: SQ/IM 
[48]

OHS 
[69]

Gain CKN2A aCGH, P53 
mutant p.Glu286Lys [44]

Yes: SQ [45, 48, 
70]; OT [70]

No: SQ/IM 
[48]
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then be compared to their cell line of origin to 
investigate possible mechanisms of metastatic 
progression [30, 72, 73]. For example, Muff et al. 
showed that metastatic derivatives of established 
osteosarcoma cell lines have increased Hedgehog 
and WNT signaling pathways compared to their 
cell line of origin [73].

Orthotopic implantation is becoming increas-
ingly common, despite the increased technical 
challenges [30, 33, 39, 71, 72, 74–85]. In general, 
osteosarcoma cell line xenografts more consis-
tently form tumors at orthotopic sites than at sub-
cutaneous or intramuscular sites (Table 1.1). To 
facilitate metastatic progression in orthotopic 
models, limb amputation is frequently performed 
as it allows for more time for metastasis develop-
ment before the mice need to be sacrificed [30, 
33, 39, 76]. Amputations are typically performed 
when the orthotopic tumor reaches 1–2  cm in 
diameter, and the mice are sacrificed 2–8 weeks 
later or when metastasis-associated morbidity is 
observed [30, 33, 39, 76]. A thorough investiga-
tion by Berlin et  al. using KRIB cells demon-
strated that a minimum of 2 weeks post orthotopic 
implantation is required for formation of pulmo-
nary nodules [84]. Amputation models are argu-
ably the ones that most accurately recapitulate 
the natural disease.

The phenotypic and genomic stability of con-
tinuously passaged cells has been evaluated. One 
commercial osteosarcoma cell line, SaOS2, 
exhibited increased proliferation and matrix 
mineralization with passage number, although 
many other phenotypic properties were stable 
over at least 100 passages and no significant 
changes in the expression of various growth 
factors were observed [86]. The use of cell lines 
to model osteosarcoma has certain pitfalls and 
limitations. Cross contamination with other cell 
lines and mycoplasma infection are frequent 
problems and must be considered [87, 88]. 
Additionally, when comparing cell line gene 
expression profiles to primary tumor samples of 
the same cancer type, not all cell lines have gene 
expression profiles that correlate with samples 
from their presumed tumor of origin [89]. Finally, 
cancer cell line xenografts lack complexity in 
both cellular heterogeneity and with regard to 

their tumor microenvironment [90]. The need for 
a more representative and reliable model to study 
osteosarcoma has led to increased utilization of 
the PDXs, which may more faithfully recapitu-
late features of the primary disease, and their 
derivative cell lines.

An increasingly utilized approach to model 
metastasis is the use of the ex  vivo pulmonary 
metastasis assay (PuMA) [91]. Recently, this 
assay was used to carry out a screen for over 100 
potential therapies for metastatic osteosarcoma, 
with CDK12 inhibition emerging as a strong 
candidate [92]. In another powerful approach, 
Morrow et al. recently mapped putative enhancer 
elements in matched human osteosarcoma tumors 
and in metastatic/nonmetastatic cell line pairs 
and identified metastasis-associated variant 
enhancer loci. This led them to identify a potential 
role for individual genes as key metastatic drivers 
[93].

�PDX Models

To produce a PDX model, tumor tissue, as a 
fragment or after digestion into a single-cell sus-
pension, is transplanted directly into an immuno-
deficient mouse [90]. PDX establishment was 
initially made possible by the introduction of 
nude mice and, more recently, the more 
immunodeficient NSG mouse [94]. In 1982, Ishii 
et  al. reported that 24 of 30 patient-derived 
osteosarcoma samples established subcutaneous 
tumors in mice and they were able to continu-
ously passage and maintain 2 of these PDXs in 
nude mice for 3 years [95]. Bauer et al. described 
establishment of six models in nude mice and 
noted that one line became polyploid after 
extended passage [34]. Meyer et  al. described 
establishing eight transplantable osteosarcoma 
lines in mice made immunodeficient by whole-
body irradiation [96].

Reported success rates vary widely for the ini-
tial establishment of osteosarcoma PDXs in mice 
(20–100%) [34, 95, 97–101]. Success rates can 
vary with tumor type, tumor stage (biopsy of a 
primary tumor vs. metastatic tumor), mouse 
strain, and implantation site [90]. PDX 
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maintenance requires continuous passaging 
through immunodeficient mice. Published 
osteosarcoma PDX models report widely vari-
able implantation sites, including bone (femur 
[98], intratibial [102]), lung [103], muscle [104], 
subrenal capsule [22], and subcutis [34, 79, 101, 
105–109]. Overall osteosarcoma PDXs maintain 
similar gross and histologic features to their pri-
mary tumor of origin [22, 96, 97, 102, 109–111], 
with preservation of the patient’s tumor tran-
scriptome [112] and tumor microenvironment 
[113]; however, some reports have described 
divergence [114]. Using microarray-based com-
parative genomic hybridization, Kresse et al. ana-
lyzed nine matched osteosarcoma patient/
xenograft pairs over multiple xenograft passages. 
They concluded that most alterations were main-
tained, although some drift was identified [108]. 
Other authors have also found close similarity of 
their PDX models to the primary tumor and sta-
ble characteristics of PDX models in serial pas-
sage [109].

Several authors have reported the develop-
ment of orthotopic osteosarcoma models 
(PDOX). This model is ideal because the trans-
planted tissue grows at a site that is most similar 
to its natural environment [90]. The orthotopic 
location could, in theory, more closely recapitu-
late the biology of osteosarcoma, including the 
metastatic phenotype [115]. Many researchers 
have developed osteosarcoma PDOX models [98, 
102, 104, 110, 111, 115–120], including some 
with amputation protocols that facilitate the 
development of metastasis [84, 104, 116]. 
Goldstein et  al. showed that metastatic spread 
was not observed after subcutaneous implantation 
of two osteosarcoma PDXs, whereas after 
orthotopic implantation, pulmonary metastases 
developed with both PDXs [104].

Cell lines can also be derived from PDXs, and 
several groups have used this approach [22, 101, 
121, 122]. An important consideration is whether 
the PDX-derived cell lines are obtained from 
pretreatment biopsies, localized recurrence, or 
distant metastasis. For example, some lines 
obtained from pretreated tumor type have been 
reported to be cisplatin-resistant and can therefore 
be useful in the evaluation of combination 

therapies for relapsed disease such as trabectedin 
and temozolomide [115].

In perhaps the most comprehensive analysis to 
date, Stewart et  al. evaluated 31 osteosarcoma 
patient-derived orthotopic models, compared 
them to their tumor of origin, and characterized 
the alterations that occur over time. This work 
also evaluated a large number of models for other 
pediatric solid tumors. Extensive evaluation 
determined there was preservation of clonal com-
plexity between the primary tumors and the cor-
responding PDX. Furthermore, evolution of the 
PDX over subsequent passages was also evalu-
ated. Notably, among all the tumors examined, 
osteosarcomas had the best preservation of the 
primary tumor’s clonal complexity [98]. These 
results suggest that the use of osteosarcoma PDX 
models matched to the primary tumor may be a 
particularly fruitful strategy for identification of 
biomarker-driven therapeutic opportunities.

�Preclinical Models for Drug Testing

Many authors have tested individual targeted 
therapies using cell lines. We will not make a 
comprehensive effort to evaluate all of these due 
to space limitations. Importantly, very few stud-
ies have systematically evaluated a large number 
of drugs in screens using cell lines. A recent nota-
ble effort utilized short-term cultures from PDX 
models, representing one possible approach 
[110]. Perhaps the most comprehensive effort to 
utilize osteosarcoma PDX models for preclinical 
evaluation of targeted agents has been done 
through the Pediatric Preclinical Testing 
Consortium (PPTC), formerly known as the 
Pediatric Preclinical Testing Program (PPTP). 
The PPTC is a National Cancer Institute (NCI)-
sponsored initiative for the investigation, consid-
eration, and prioritization of drugs for early-phase 
pediatric clinical trials. This multi-institutional 
consortium uses cell line and xenograft tumor 
panels to evaluate the antitumor activity of agents 
in osteosarcoma, as well as other sarcomas, renal 
tumors, neuroblastoma, CNS tumors, and hema-
tologic malignancies [123].
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The PPTC has evaluated a significant number 
of potential therapeutics for osteosarcoma. Here 
we highlight a few of these rather than attempting 
a comprehensive review. Glycoprotein NMB 
(GPNMB), also known as osteoactivin, is a 
transmembrane glycoprotein that is expressed in 
many nonmalignant cells, including osteoblasts, 
and is overexpressed in many malignancies, 
including osteosarcoma, making it a good 
candidate for targeting [124]. Glembatumumab 
vedotin is an antibody-drug conjugate that 
combines an anti-GPNMB antibody with the 
antimitotic agent vedotin [125]. Upon binding of 
the antibody to GPNMB, the drug is internalized 
and active glembatumumab vedotin is released, 
causing cell-cycle arrest and death. Because 
transmembrane expression of GPNMB is 
required for binding and downstream cytotoxic-
ity of glembatumumab vedotin, the PPTC tested 
it in a subset of osteosarcoma xenografts that 
were known to express GPNMB. It yielded high 
activity in some xenografts and response seemed 
to be related to GPNMB expression [126].

The insulin-like growth factor-1 receptor 
(IGF1R) is a transmembrane receptor tyrosine 
kinase. Upon binding of insulin-like growth fac-
tor-1 or -2, IGF1R becomes autophosphorylated 
and activates multiple downstream signaling 
pathways that regulate cell growth and 
development, including the PI3K/Akt pathway 
[127]. The IGF1R pathway has been implicated 
in the pathogenesis of both pediatric and adult 
sarcomas [128, 129]. The PPTC evaluated anti-
IGF1R monotherapies, including the monoclonal 
antibodies robatumumab and cixutumumab, and 
the small molecule inhibitor BMS-754807. 
Robatumumab demonstrated in vitro and in vivo 
activity [130]. These results were reproduced by 
other investigators, who also showed that 
combining robatumumab with cisplatin or 
cyclophosphamide further enhanced its activity 
[131]. Cixutumumab only demonstrated in vivo 
activity in osteosarcoma [132]. Furthermore, 
cixutumumab in combination with rapamycin 
resulted in increased antitumor activity, compared 
to either agent alone [133]. BMS-754807 also 
demonstrated in vitro and in vivo activity [134]; 
however, this drug is no longer in development 

for pediatric use. All three anti-IGF1R agents 
demonstrated varying degrees of antitumor 
activity; however, IGF1R copy number (assessed 
by PCR, FISH, and dot blot analysis), IGF1R 
mRNA expression (determined by RT-PCR), and 
IGF1R surface antibody expression (measured 
by flow cytometry) were not correlated with 
response to therapy [135].

The vascular endothelial growth factor 
(VEGF) pathway plays a critical role in 
angiogenesis, and activation of this pathway has 
been described in a variety of inflammatory 
disease as well as cancer [136]. Several tyrosine 
kinase inhibitors with activity against the VEGF 
receptor (VEGFR) family have been investigated 
by the PPTC.  For example, cediranib, a highly 
potent VEGFR inhibitor, demonstrated promising 
antitumor activity [137]. Subsequently, phase I 
clinical studies with this receptor tyrosine kinase 
(RTK) inhibitor have been performed in a variety 
of advanced pediatric solid tumors, including 
osteosarcoma [138]. Sunitinib and sorafenib, 
which are multi-RTK inhibitors with high activ-
ity for VEGFRs, also demonstrated tumor growth 
inhibition [139, 140]. In a phase I trial of suni-
tinib, one osteosarcoma patient demonstrated 
stable disease, but no objective responses were 
observed in any tumor type [141]. Although a 
phase II Children’s Oncology Group (COG) trial 
of sorafenib in refractory pediatric solid tumors 
did not demonstrate objective responses [142], a 
phase II trial by the Italian Sarcoma Group did 
demonstrate activity, when administered as a 
combination therapy, in relapsed and unresectable 
high-grade osteosarcoma [143]. Another multi-
RTK, regorafenib, which targets VEGFR1–3, as 
well as BRAF, FGFR1, KIT, PDGFR-β, RAF-1, 
and RET, demonstrated modest tumor inhibition 
in osteosarcoma xenograft models [144]. The 
SARC024 phase II trial of regorafenib 
demonstrated improved progression-free survival 
in progressive, metastatic osteosarcoma patients 
[145].

SRC is overexpressed in osteosarcoma and 
results in increased cell proliferation and 
decreased apoptosis [146]. Dasatinib, a multi-
RTK inhibitor that also has activity against the 
Src family of kinases, demonstrated intermedi-
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ate tumor growth inhibition in osteosarcoma 
models when tested by the PPTC [147]. 
Interestingly, in another study, dasatinib altered 
metastatic potential of osteosarcoma in vitro, but 
not in  vivo [148]. Phase I testing of dasatinib 
monotherapy in pediatric solid tumor patients 
demonstrated poor activity [149]; however, 
investigations of dasatinib combination thera-
pies in both pediatric and adult advanced solid 
tumors are ongoing (NCT00788125, 
NCT03041701, NCT02389309).

mTOR activation has also been implicated in 
osteosarcoma tumorigenesis. The mTOR inhibi-
tor rapamycin demonstrated intermediate to high 
activity in osteosarcoma xenografts as a single 
agent [150] and in combination with cytotoxic 
chemotherapy [151]. However, a phase I trial of 
temsirolimus, another mTOR inhibitor, did not 
result in significant antitumor activity in osteo-
sarcoma [152]. Furthermore, phase II testing of 
rapamycin in combination with cyclophospha-
mide failed to meet its primary endpoint [153]. In 
contrast, phase II and III studies of ridaforolimus, 
another mTOR inhibitor, have had more promis-
ing results [154, 155]. Treatment with dual 
mTORC1 and mTORC2 inhibitors may help cir-
cumvent some of the resistance that develops 
after mTOR inhibition; however, the dual inhibi-
tor AZD8055 demonstrated poor activity in vivo 
[156].

PI3K and Akt activation are thought to con-
tribute to tumorigenesis in osteosarcoma [157]. 
MK-2206, a highly selective, non-ATP-
competitive, pan-Akt inhibitor, and GSK690693, 
an ATP-competitive, pan-Akt inhibitor, both 
demonstrated prolonged event-free survival, but 
did not result in any objective responses in 
osteosarcoma xenografts [158, 159]. As tumor 
cells often respond to inhibition of this pathway 
by activating feedback loops, a large challenge to 
therapeutic targeting of the PI3K/Akt pathway is 
the development of resistance. Several other 
groups have investigated targeting of the PI3K 
and Akt pathways with other agents, and these 
results will be discussed below.

The MAPK/ERK pathway is activated by 
many different growth factor receptors, including 
IGF1R, VEGFR, and PDGFR, which are often 

overexpressed in osteosarcoma, and thus it has 
been considered a promising candidate for 
inhibition [160]. Unfortunately, selumetinib, a 
potent MEK1/2 (a.k.a MAP2K1/2) inhibitor, had 
poor in vitro and in vivo antitumor activity, as a 
single-agent therapy, despite demonstrating sig-
nificant pathway inhibition [161]. Though MEK 
inhibitors hold much potential, clinical applica-
tion of these inhibitors can prove challenging due 
to the complex signaling cascades and cross talk 
between pathways. To this end, clinical trials 
have investigated combination therapies incorpo-
rating MEK inhibitors for refractory sarcoma 
patients, but did not demonstrate significant anti-
tumor activity [162, 163].

As mentioned above, cell-cycle aberrations 
occur frequently in osteosarcoma, with ampli-
fications in CDK4, CDK6, CCND, and CCNE 
and deletions in CDKN2A/B.  Dinaciclib, a 
potent inhibitor of CDK1, CDK2, CDK5, and 
CDK9, was tested by the PPTC, and stable dis-
ease was the best response that was seen [164]. 
In contrast, when tested in PDXs harboring 
copy number changes in cell-cycle checkpoint 
genes [22], dinaciclib and palbociclib, a 
CDK4/6 inhibitor, demonstrated significant 
inhibition of tumor growth. This suggests that 
CDK inhibition may be efficacious in a subset 
of osteosarcoma patients who harbor genomic 
aberrations in cell-cycle genes. Several cell-
cycle inhibitors are available, and these results 
support further preclinical testing in a genomi-
cally informed manner.

The Aurora kinase family members are key 
regulators of mitosis and cell-cycle progression, 
and amplifications in Aurora kinase A and B have 
been described in osteosarcoma [2]. Testing of 
the Aurora kinase A inhibitor alisertib by the 
PPTC resulted in high antitumor activity in one 
osteosarcoma xenograft and intermediate activity 
in the remaining five xenografts [165]. However, 
phase II testing of alisertib in relapsed and refrac-
tory solid tumors demonstrated very poor 
response rates (<5%) [166]. The serine/threonine 
kinase Chk1 directs the DNA damage response 
(DDR) and cell-cycle checkpoint response. 
Prexasertib, a CHK1 inhibitor, demonstrated 
poor single-agent activity when tested by the 
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PPTC; however, when combined with irinotecan, 
a topoisomerase I inhibitor, it showed prolonged 
event-free survival in osteosarcoma xenograft  
studies [167].

As described above, inactivating structural 
alterations in TP53 occur in the majority of 
osteosarcoma tumors. In a subset of osteosarcoma, 
inactivation can occur through amplification of 
MDM2. Serdemetan is an MDM2 antagonist that 
reactivates p53 and results in apoptosis. It resulted 
in tumor growth inhibition when tested by the 
PPTC.  Unfortunately, a phase I trial in adults 
with advanced solid tumors did not demonstrate 
significant clinical activity [168].

Finally, several other targeted agents have 
been tested by the PPTC that failed to demonstrate 
significant antitumor activity. These include 
navitoclax [169], a potent Bcl-2 inhibitor; 
lapatinib [170], an EGFR inhibitor; RG7112 
[171], an MDM2 inhibitor; pevonedistat [172], a 
NEDD8 inhibitor; RO4929097 [173], a gamma-
secretase inhibitor that targets the NOTCH 
pathway; and seclidemstat, an LSD1 inhibitor 
[174].

�Other PDX Studies

Several other investigators have evaluated tar-
geted agents in in vivo osteosarcoma models. The 
Italian Sarcoma Group investigated inhibition of 
the mTOR pathway and showed that sorafenib 
monotherapy resulted in decreased mTORC1 
signaling but resulted in mTORC2 activation as 
an escape mechanism. However, when sorafenib 
was combined with everolimus, another mTOR 
inhibitor, it caused increased antitumor activity 
and complete inhibition of the mTOR pathway in 
osteosarcoma xenograft models [175]. As men-
tioned above, a nonrandomized phase II trial 
investigating the utility of this combination in 
patients with unresectable, progressive, high-
grade osteosarcoma was subsequently activated 
and showed promise. Although the combination 
therapy demonstrated activity, it failed to achieve 
the prespecified outcome of a 6-month progres-
sion-free survival of >50% [176].

One group investigated PI3K inhibition in 
osteosarcoma using two different agents, NVP-
BEZ235, a dual PI3K/mTOR inhibitor, and 
BYL719, a PI3K inhibitor that specifically tar-
gets the alpha isoform. Both agents slowed osteo-
sarcoma tumor growth in allograft and xenograft 
mouse models; however, neither drug induced 
in vivo tumor shrinkage [177, 178]. Interestingly, 
administration of ifosfamide in combination with 
BYL719 resulted in a synergistic effect [178]. 
Combining NVP-BEZ235 with cisplatin also 
enhances its antitumor effects in osteosarcoma 
xenografts [179]. Furthermore, in other in  vivo 
sarcoma models, vincristine and NVP-BEZ235 
combination therapy decreased metastasis and 
slowed tumor growth [180]. These studies high-
light the importance of considering combination 
therapy to help potentiate an agent’s efficacy. 
There are several ongoing phase I/II clinical trials 
investigating these two agents in adult cancers as 
monotherapies or in combination with other 
agents.

Multi-RTKs have also been an avenue of 
investigation for groups outside of the PPTC. 
Gobin et al. showed that imatinib, which targets 
PDGFRα, PDGFR-β, EGFR, IGF1R, and several 
other receptors, inhibits tumor growth in mouse 
models of osteosarcoma [181]. Sampson et  al. 
demonstrated that crizotinib, which is FDA-
approved for ROS1-positive non-small cell lung 
cancer and ALK-positive solid tumors, had 
significant antitumor effects in vitro and in vivo, 
at least in part, through inhibition of Met [182].

Other investigators have also studied MDM2 
inhibition. Treatment with Nutlin-3 caused 
disruption of p53-MDM2 binding, resulting in 
decreased degradation of p53. Of note, efficacy 
of the agent is dependent on wild-type p53, which 
is seen in only a small subset of osteosarcoma. 
Osteosarcoma xenografts with wild-type p53 
were treated with Nutlin-3 and experienced 
significant tumor growth inhibition [183].

Beyond the therapeutic targets already men-
tioned, several groups have identified targets of 
interest that have not been investigated by the 
PPTC.  One such target is ezrin, a cytoskeletal 
linker protein that connects  actin cytoskeleton to 
plasma membrane proteins [184]. High ezrin 
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expression in an osteosarcoma mouse model 
resulted in pulmonary metastasis and has been 
associated with poor survival in dogs with natu-
rally occurring osteosarcoma, as well as pediatric 
patients [185]. When an ezrin-dependent meta-
static mouse model was treated with NSC305787 
and NSC66839, both small molecule inhibitors 
of ezrin, overall survival was increased with both 
drugs, though it was only statistically significant 
for NSC305787 [186]. Additionally, targeting of 
the ezrin-regulated mTOR/S6K1/4E-BP1 path-
way with rapamycin and CCI-779 resulted in pul-
monary metastasis inhibition and prolonged 
survival in  vivo [187]. Another group demon-
strated that sorafenib treatment in vivo resulted in 
decreased tumor volume and metastasis, in part 
through downregulation of the ezrin pathway 
[188].

Another approach to inhibit osteosarcoma 
metastasis is to target chemokines and their 
receptors. CXCR3 expression has been described 
in a variety of malignancies, including 
osteosarcoma [189], and is thought to play a role 
in metastasis [190, 191]. Treatment with 
AMG487, a small molecule inhibitor of CXCR3, 
resulted in a significant reduction in metastatic 
burden in a metastatic model utilizing the 
SaO2-LM7 cell line [192].

Heat shock protein 90 (HSP90) stabilizes and 
activates a multitude of proteins. Many of these 
proteins are involved in constitutive signaling 
and responses to stress [193, 194]. Cancer cells 
use this complex to protect mutated and 
overexpressed oncoproteins from misfolding and 
degradation. When osteosarcoma xenograft 
models were treated with single-agent 
alvespimycin, an HSP90 inhibitor, or in 
combination with imetelstat, a telomerase 
inhibitor, there was significant reduction in tumor 
volume [195]. Similarly, Ory et al. demonstrated 
that treatment with the HSP90 inhibitor 
PF4942847, alone, or in combination with 
zoledronic acid, resulted in significant tumor 
growth inhibition and decreased metastases 
[196].

Although recurrent Wnt/β-catenin mutations 
have not been described in osteosarcoma, the role 
of this pathway in osteosarcoma biology is an 

area of investigation. Tegavivint, a small molecule 
inhibitor of β-catenin, had strong antitumor 
effects in both primary and metastatic tumors in a 
osteosarcoma xenografts [197]. Interestingly, 
treatment with BHQ880, a monoclonal antibody 
against dickkopf-1 (DKK-1), which is an 
inhibitor of Wnt signaling, resulted in decreased 
tumor growth and metastases [116].

A subset of osteosarcoma is characterized by 
MYC overexpression. Historically, MYC has 
been considered undruggable; however, recent 
studies have demonstrated various strategies for 
indirect inhibition. In osteosarcoma PDXs, 
treatment with AT7519 resulted in significant 
tumor growth inhibition in MYC-amplified 
tumors, likely through inhibition of CDK9 [22]. 
Another strategy is to target the transcriptional 
activity of MYC through bromodomain and 
extra-terminal domain (BET) inhibition; 
however, in osteosarcoma models, Baker et  al. 
showed that treatment with the BET inhibitor 
JQ1 induced apoptosis independent of MYC 
[198].

STAT3 activation is thought to play a role in 
tumor cell survival and proliferation in human 
and canine osteosarcoma [199]. Toosendanin, a 
STAT3 inhibitor, suppressed osteosarcoma cell 
growth, invasion, and angiogenesis in  vitro. 
Furthermore, toosendanin treatment resulted in 
decreased tumor growth, reduction of metastasis, 
and prolonged survival of osteosarcoma 
xenografts [200]. In another study, administration 
of pectolinarigenin to osteosarcoma xenografts 
blocked STAT3 activation and impaired tumor 
growth and metastasis [79].

Wee1 is a mediator of the G2/M cell-cycle 
checkpoint, and inhibition of Wee1 by adavosertib 
has been reported to enhance the effects of 
cytotoxic chemotherapy [201, 202]. Kreahling 
et  al. demonstrated that adavosertib had 
significant antitumor activity in osteosarcoma 
xenografts, both as a single agent and in 
combination with gemcitabine [105]. Most of the 
studies done to date in preclinical models have 
not specifically matched targeted therapies to the 
subsets of osteosarcomas that have specific 
alterations. Given the heterogeneity of osteosar-
coma described previously, it is possible that 
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stratification for targeted therapy based on 
genomic characteristics of a tumor could increase 
the rate of response. Such a “genome-informed” 
approach was tested recently [22]. Whole-
genome sequencing was used to identify recur-
rent copy number alterations in subsets of 
osteosarcoma PDX models. Based on this analy-
sis, six candidate pathways were identified for 
targeting: MYC amplification, with the CDK9 
inhibitor AT7519; CCNE amplification with the 
CDK2 inhibitor dinaciclib; VEGFA amplifica-
tion with the VEGFR inhibitor sorafenib; CDK4 
amplification or FOXM1 amplification with the 
CDK4/6 inhibitor palbociclib; AURKB amplifi-
cation with the AURKB inhibitor AZD1152; and 
AKT gain or PTEN loss with the AKT inhibitor 
MK2206. PDX models treated with the matched 
drug based on copy number analysis demon-
strated significantly higher tumor growth inhibi-
tion compared to a “nonmatched” approach. 
Translation of this approach to clinical trials has 
still not been done but may represent a promising 
new approach to treatment of this disease. 
Another potentially highly effective strategy is to 
leverage the availability of mouse and canine 
models together with human osteosarcoma. Such 
an approach has recently been described [203]. 
Lastly, it should be noted that the high mutational 
burden of osteosarcomas could potentially make 
them susceptible to immunotherapies. To date, 
such approaches have not been successful, but it 
is possible that future studies could find ways to 
reactivate the immune system for therapeutic 
benefit in osteosarcoma.
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