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ABSTRACT

Outcomes have not improved for metastatic osteosarcoma for several decades.
In part, this failure to develop better therapies stems from a lack of understanding
of osteosarcoma biology, given the rarity of the disease and the high genetic
heterogeneity at the time of diagnosis. We report here the successful establishment
of a new human osteosarcoma cell line, COS-33, from a patient-derived xenograft and
demonstrate retention of the biological features of the original tumor. We found high
mTOR signaling activity in the cultured cells, which were sensitive to a small molecule
inhibitor, rapamycin, a suppressor of the mTOR pathway. Suppressed mTOR signaling
after treatment with rapamycin was confirmed by decreased phosphorylation of
the S6 ribosomal protein. Increasing concentrations of rapamycin progressively
inhibited cell proliferation in vitro. We observed significant inhibitory effects of
the drug on cell migration, invasion, and colony formation in the cultured cells.
Furthermore, we found that only a strong osteogenic inducer, bone morphogenetic
protein-2, promoted the cells to differentiate into mature mineralizing osteoblasts,
indicating that the COS-33 cell line may have impaired osteoblast differentiation.
Grafted COS-33 cells exhibited features typical of osteosarcoma, such as production
of osteoid and tumorigenicity in vivo. In addition, we revealed that the COS-33 cell
line retained a complex karyotype, a homozygous deletion of the TP53 gene, and
typical histological features from its original tumor. Our novel cellular model may
provide a valuable platform for studying the etiology and molecular pathogenesis
of osteosarcoma as well as for testing novel drugs for future genome-informed
targeted therapy.
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INTRODUCTION

Osteosarcoma (OS) is the most common primary
bone cancer in adolescents and in the elderly. Each
year, approximately 800 to 900 new cases are diagnosed
in the United States [1]. Current multimodal therapy
consisting of surgery combined with drug treatment using
chemotherapy agents (cisplatin, doxorubicin, ifosfamide,
and high-dose methotrexate) achieves a five-year survival
rate of approximately 60—70% for localized OS, while
the rate for patients with metastases is less than 30% [2].
Recent genomic studies with patient tumor samples and
models of human OS have improved our understanding
of the disease etiology and have also provided a road map
for drug development [3—6]. However, the clinical and
survival outcomes for patients with OS have not improved
over the last four decades. This is in part due to the rarity
of the disease and the high genetic heterogeneity at
diagnosis, which together challenge us to better understand
OS biology in order to make discoveries that can improve
clinical care [7]. One way to overcome the difficulty in
assessing OS patient samples is to establish new cell lines
and to thoroughly characterize the existing models.

OS cell lines, which are excellent experimental
systems, are important for basic and preclinical studies as
they allow the investigation of general cell biology and
drug discovery. Since the establishment of the first human
OS cell line, named U-2 OS (or 2T), in 1967, many human
OS cell lines, such as SJSA-1 (or OSA), MG-63, and Saos-
2, have been successfully established and characterized
[8-14]. Among them, Saos-2 contains homozygous
deletion mutations of 7P53, whereas the others express
the wild-type gene [15]. Nonetheless, it is still unknown
how TP53 mutation status affects therapeutic strategies
and overall patient survival [4, 5]. Due to the rarity
of the disease, establishing novel OS cancer cell lines
representative of the extensive heterogeneity of these
tumors will likely provide additional insights and serve
as valuable platforms for developing effective therapies.

Previous studies have demonstrated that many
features of OS such as cytogenetic abnormalities,
histologic integrity and subtypes, and mRNA expression
profiles are retained in OS cell lines and/or patient-
derived xenografts (PDXs) [12, 16]. This suggests that
they accurately reflect genetic and biologic characteristics
of the primary tumors from which they are derived.
Therefore, they are useful alternatives to experimental
animal tumor models. Over the past 30 years, numerous
groups have used models of PDXs for basic and preclinical
studies, including the Pediatric Preclinical Testing
Consortium (PPTC), previously known as the Pediatric
Preclinical Testing Program [9, 16—-19]. One of the lines
was named OS-33 (or HxOS-33), but it has seldom been
grown and studied in culture [4, 20-24]. In this study, we
report the successful establishment of a novel human OS
cell line derived from OS-33, herein designated COS-33,

and demonstrate retention of the biological features and
drug sensitivity of the original PDX tumors.

RESULTS

A newly established COS-33 cell line shows
high mTOR signaling activity and is sensitive to
rapamycin

Recent next-generation sequencing data analyses of
OS in human and mice from our laboratory and of others’
suggest that mTOR pathway kinases possess mutations
and/or high expression levels and are potential targets
for small molecule inhibitors [3, 6, 25, 26]. We opted
to establish and characterize a cell line derived from a
previous established PDX model in this study because
of its good response (maintained complete regression)
to rapamycin monotherapy in the initial testing (stage 1)
conducted by the PPTC (Figure 1) [19]. Rapamycin (or
Rapa), an antibiotic macrocyclic lactone, is a highly
specific inhibitor of mTOR, a serine/threonine kinase
that leads to phosphorylation of the S6 ribosomal protein
(from S6 to pS6) during its cap-dependent translation.
To examine whether our newly generated COS-33
cell line retains high mTOR signaling activity and is
sensitive to rapamycin, we performed Western blotting
and immunostaining analysis using antibodies against
S6 and pS6, respectively. The pS6 level decreased as
the drug concentrations increased, signifying that the
mTOR pathway inhibition is concentration-dependent,
with a concentration of 1 ng/mL sufficient for significant
inhibition (Figure 2A and 2B). Immunofluorescence
staining with this concentration was also performed to
detect whether this compound inhibited mTOR activity
in the COS-33 cell line. Our immunostaining results
support the Western blotting data, as there appears to be
significantly lower pS6 in the treated cells compared to the
vehicle control (Figure 2C).

Rapamycin treatment inhibits COS-33 cell
proliferation and colony formation

The activated mTOR pathway has key roles in cell
growth and survival in human OS [19]. To gain a better
understanding of whether COS-33 cells in culture retain
their cellular functions in a manner similar to that observed
in vivo, we performed cell proliferation, migration,
invasion, colony formation, and osteoblast differentiation
assays with or without treatment of rapamycin. We first
determined the effective concentration of rapamycin on
the cell line by performing a proliferation assay with five
concentrations (0.1, 1, 10, 20, and 50 ng/mL), which were
similar to those used in in vitro testing of rapamycin for a
panel of 23 cell lines [19]. The 0.1 ng/mL concentration
showed significant inhibition (p < 0.05), although it
was not as effective as the higher concentrations, at 72
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h (Figure 3A). The 1 ng/mL concentration significantly
suppressed cell proliferation, with the three higher
concentrations seemingly varying little at 24, 48, and 72 h
(Figure 3 and data not shown). Thus, 1 ng/mL was used in
our cellular functional experiments thereafter.

To study the role of mTOR signaling in COS-
33 cell development, we performed a colony formation
assay using rapamycin-treated COS-33 cells. Crystal
Violet staining clearly showed that treatment with
rapamycin inhibited clonogenicity of COS-33 cells
in a concentration-dependent manner with increasing
rapamycin concentrations from 0.1 to 10 ng/mL
(Figure 3B). Because clonogenicity is a sensitive indicator
of undifferentiated cancer stem cells (CSCs), this result
implies that mTOR signaling may be required for CSC
self-renewal and anchorage-independent growth in order
to maintain CSC populations in tumor tissues.

mTOR signaling activity is involved in cell
migration and invasion

OS metastasis formation requires a precisely
orchestrated regulation of multiple cellular processes
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that involve cell migration and invasion. To examine the
inhibitory effects of rapamycin on COS-33 cells’ ability to
migrate, we first performed a wound healing assay. After 24
h, the cells treated with rapamycin showed a significantly
decreased ability to close the wound, in comparison to those
treated with vehicle (Figure 4A, 4B). To further examine
this observation, we employed a Boyden chamber-based
cell migration system (or filter membrane migration assay)
to examine cell migration behavior following rapamycin
treatment [27]. Quantification of the cells that migrated
through the insert membrane showed an approximate 40%
reduction after rapamycin treatment as compared to the
control (Figure 5A, 5B). To further investigate the invasion
ability of the cells, we added a thin layer of Matrigel to the
top insert of the chamber, which mimics the extracellular
matrix of the tumor cell environment in vivo [28]. The
number of treated cell significantly decreased compared
to the vehicle control (Figure 5C, 5D), indicating an
inhibitory effect of rapamycin on COS-33 cell invasion.
Our data showing the inhibitory effects of rapamycin on
cell migration in vitro are consistent with the previous
testing of the in vivo antimetastasis efficacy of rapamycin
in OS [23].
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Figure 1: Schematic diagram summarizing how our novel cell line, COS-33, was established. This figure includes an
explanation of our previously described work establishing the patient-derived xenograft (PDX) mouse model [16]. The cartoon on the top
left side, with the black arrow lines, shows that immunodeficient mice were subcutaneously implanted with the primary osteosarcomas
obtained from a seven-year-old girl after definitive surgery, but prior to chemotherapy. Successful grafted human tumors propagated in
mice in passage 1 (P17), passage 2 (P2"), passage 3 (P3"), and later passages (black line). A PDX tumor called OS-33 was chosen to be an
in vivo mouse tumor model in the Pediatric Preclinical Testing Consortium and has been used to test numerous anticancer agents, including
rapamycin [19]. In this study, we established a novel cell line, COS-33, from a P3" tumor of OS-33. The cartoon on the bottom right side
with red arrow lines shows that the primary cells have been propagated in in vitro cell culture more than 50 passages so far. The COS-33
line can be used as a cellular model to study OS cell biology and to screen for cancer drugs.
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BMP2 promotes COS-33 cells to differentiate
into mature mineralizing osteoblasts

To examine the osteogenic differentiation capacity
of COS-33 cancer cells, we performed an osteoblast
(OB) differentiation assay. First, we compared OB
differentiation capability to other human OS cell lines
(i. e. SJSA-1, MG-63, and U-2 OS). OB differentiation
was assessed by the detection of mineralized bone
matrix by Alizarin Red staining. SJISA-1 showed a
robust differentiation capability when treated with the
differentiation medium (Figure 6Aa-b), while MG-63
appeared to have a limited capability (Figure 6Ac-d)
and U-2 OS had none (Figure 6Ae-f). BMP2 is known
to have a strong osteogenic capacity both in vitro and in
vivo, and it promoted osteogenic differentiation of C2C12
cells, a myoblast precursor cell line that has the ability
to differentiate into bone cells in response to BMPs, in
our previous studies [29, 30]. When treated with the OB
differentiation medium alone, or BMP2 only, COS-33 cells
did not differentiate into mature osteoblasts (Figure 6Ag-h
and 6Ba), similar to U-2 OS. With the addition of BMP2
to the OB differentiation medium, COS-33 cells showed
a capability to differentiate into mineralizing osteoblasts,
which produce bone matrix and calcium (Figure 6Bb),
similar to C2Cl12 (Figure 6Bc-d). In addition, we
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performed an adipocyte differentiation assay and found
that COS-33 cells have little adipocyte differentiation
capability (Figure 6Ca-b), which was in contrast to
C3H/10T1/2, a typical pluripotent mesenchymal precursor
cell line that has the ability to differentiate into fat cells
under adipocyte differentiation conditions (Figure
6Bc-d). This suggests that the cultured COS-33 cells may
possess an active osteoblastic cell differentiation program,
although it is impaired.

The COS-33 cell line retains similar karyotype,
TP53 mutation status, and histological features,
including presence of osteoid matrix, to the
parental PDX tumor

To understand the degree of genomic instability of
COS-33 cells, we performed conventional cytogenetic
analysis and 7P53 mutation screening (Figure 7A, 7B).
A representative karyotype is shown in Figure 7C. We
analyzed 20 COS-33 cells, which exhibited hyper-triploid
clones with several rearranged chromosomes. Among the
20 analyzed metaphases, 13 cells showed a range of 71-83
chromosomes, and the remaining 7 cells showed a range
of 143—155 chromosomes. The precise identification of
the structural abnormalities was not possible due to the
complexity of the rearranged chromosomes. Our data are

20X

Figure 2: Expression analysis of mTOR activity in rapamycin-treated human osteosarcoma COS-33 cells. (A) Western
blotting analysis of total S6 and phosphorylated S6 (pS6) protein levels to determine activity of the mTOR pathway in human COS-33
cells treated with varying amounts of rapamycin (0, 0.1, 1, 10 ng/mL). (B) Quantification of (A). (C) Immunofluorescence staining of cells
treated with rapamycin (1 ng/mL) and then probed with both pS6 and total-S6 antibodies, respectively, shows a decrease in mTOR activity.

The images were taken under 20x objective magnification.
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consistent with a previous study that used cells directly
from the parental OS-33 PDX tumor [16]. Moreover, this
complex karyotype was corroborated by gene fusions
identified in the PDX model using deposited whole exome
sequence data (Figure 7D and Supplementary Table 1).
All fusions involved a chromosome with either gain or
loss, suggesting a close association between chromosomal
instability and structural alterations.

To examine the TP53 gene mutation status in COS-
33 cells, we performed Sanger sequencing of genomic
DNA PCR amplicons targeting 7P53 exons 8 to 9, which
code a portion of the DNA-binding and tetramerization
domains of the TP53 protein. A single 457-bp PCR product
was amplified using a forward primer within intron 7 and
a reverse primer within intron 9. This 7P53 amplicon was
not detected in the Saos-2 and COS-33 cell lines or the
parental PDX tumor but was present in the SISA-1 line
(Figure 7E). ANOTCH2 PCR amplicon (587 bp), which
was amplified using a pair of primers within exon 34,
was present in all three cell lines. The results from Saos-2
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and SJSA-1 are consistent with the previous report that
Saos-2 line, but not SJISA-1 (TP53""), harbored a deletion
mutation of exons 4-8 [15]. Our data suggests that the
novel COS-33 line may harbor a homozygous deletion
affecting exons 8-9 of P53 gene.

To understand their tumorigenic potential, COS-33
cells were grafted into immunocompromised mice. The
tumors were harvested and analyzed with H&E staining
alone, as the parental PDX tumor from which the cell
line was derived (Figure 8). The resulting tumors from
COS-33 cells closely resembled the parental PDX OS.
Development of the osteoid matrix was clearly visible in
both types of samples (Figure 8A—8D), as were similarities
in the shape and size of the cells between the parental
tumor (Figure 8A, 8B) and the COS-33 cells-xenograft
tumor (Figure 8C, 8D). However, tumors from both the
COS-33 and the PDX were poorly differentiated, since
only small regions of the tumor produced osteoid (bone
matrix prior to calcification). Together, these data suggest
that the COS-33 cell line maintains genomic, histological,
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Figure 3: Effect of rapamycin on COS-33 cell proliferation and colony formation. (A) Five different concentrations of
rapamycin (0.1, 1, 10, 25, and 50 ng/mL) were used to examine the inhibitory effect on the COS-33 cell line. Unique letters above
bars represent significant differences between the groups, and means with the same letter are not significantly different from each other
(ANOVA with Tuckey HSD test, p < 0.05). 1 ng/mL rapamycin was adequate to significantly inhibit proliferation. (B) A colony formation
assay was performed on COS-33 cells treated with different concentrations (0.1, 1, 10, and 20 ng/mL) for 14 days. Colonies were then fixed
and stained with 0.5% Crystal Violet and images were taken with an inverted microscope under 2x objective magnification.

www.oncotarget.com

Oncotarget



and cytological features, including presence of osteoid
matrix, that are similar to the parental tumor, as well as a
complex karyotype and 7P53 gene mutation.

DISCUSSION
Our present study describes the establishment and
characterization of a novel OS cell line. We showed

that mTOR inhibitor rapamycin inhibits COS-33 cell
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proliferation, migration, invasion, and clonogenicity. We
also demonstrated that the cell line retains its osteoblastic
cells of origin, karyotype, 7P53 mutation status, and
histological features in comparison to the parental PDX
tumor from which it originates. Our novel cellular
model may provide a valuable platform for studying OS
malignancies, general cell biology, and drug discovery.

In the past 30 years, PDXs of human OS have
served as a valuable tool for basic and clinically applied
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Figure 4: Effect of rapamycin on the in vitro wound healing ability of COS-33 cells. (A) Representative pictures of wound
repair 24 h after the mechanical scratch (under 10x objective magnification; left: vehicle, right: treated with 1 ng/mL). The white lines
indicate the edges of the wounded area. (B) Quantitative analysis of the wound repair 24 h after the scratch. Wound healing area of vehicle-
treated cells is defined as 100% versus areas of drug-treated cells ("p < 0.05).
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Figure 5: Rapamycin was able to significantly inhibit cell migration and invasion in a Boyden chamber-based system.
(A) Cell migration and (C) cell invasion were detected using a Boyden chamber-based system following treatments with either vehicle or
1 ng/mL rapamycin. (B) Quantification of (A). (D) Quantification of (C). Data are expressed as the means + standard deviation; n=3. "'p

<0.01 compared with control vehicle group.
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research, especially when one ponders the difficulty
of establishing OS cell lines in vitro. However, in vitro
permanent cell lines provide an unlimited, self-replicating
source of cells that can be widely distributed to facilitate
comparative studies, especially considering the rarity of
OS. Most human OS cell lines were derived from fresh
tumors from patients, including SJSA-1, MG-63, U-2 OS
and Saos-2 [8—14]. In the present study, we successfully
established the COS-33 cell line, which was derived
from an osteoblastic PDX tumor line in its third passage
(Figure 1). The COS-33 cells can be used to test new drugs
with a combination of chemotherapeutic drugs. Because
the original tumor tissues came from an untreated female
patient [16], the COS-33 cell model may represent naive
disease and may enable the identification of novel and
effective agents for front-line therapy. The COS-33 cell
line was subcultured for more than 50 passages without
obvious changes in morphology or proliferative potential
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after cryopreservation and resuscitation. The cytological
features of COS-33 cells in the grafted tumor are similar to
those in the parental PDX tumor (Figure 8), and previous
studies demonstrated that the PDX tumors accurately
reflect the genetic and biologic characteristics of the tumor
of origin [4, 16]. Thus, COS-33 cells may constitute an
excellent in vitro and in vivo model representative of the
original tumor.

A major challenge in treating OS is that there are
no secondary lines of agents available for patients who
are unsuitable for intensive chemotherapy and surgical
regimens. Treatment modalities such as blockade of
signaling pathways, including mTOR, are arising as a
promising approach in the treatment of OS [3, 19]. mTOR
is an intracellular serine/threonine kinase involved in the
PI3K/AKT pathway, that indirectly regulates ribosomal
translation of mRNA into proteins necessary for cell
growth, cell cycle progression, and cell metabolism,
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Figure 6: Functional characterization of the cells by osteogenic and adipocyte differentiation assays. (A) Osteogenic
differentiation (OB diff) assay shows similarities and differences between COS-33 cells and other established cell lines. Representative
pictures of cell cultures under normal conditions (a, c, e, g) & osteoblastic differentiation conditions (b, d, f, h) show the morphology of
cells after Alizarin Red S staining for osteoblastic mineralization in SJISA-1 (a-b), MG-63 (c-d), and U-2 OS (e-f), and COS-33 (g-h). (B)
addition of BMP2 promotes osteogenic differentiation of COS-33 and C2C12 cells. Cells were cultured for 14 days with or without a strong
osteogenic inducer (BMP2) and stained with Alizarin Red and photographed. (a) COS-33 treated with 100 ng/mL BMP2 only; (b) COS-33
under osteoblastic conditions with 100 ng/mL BMP2; (c) C2C12 under normal conditions; and (d) C2C12 under osteoblastic conditions
with 100 ng/mL BMP2. (C) The adipocyte differentiation (Adi diff) assay shows differences between COS-33 cells and an established cell
line, C3H/10T1/2. Representative pictures of cell cultures under normal conditions (a, ¢c) & adipocyte differentiation conditions (b, d) show
the morphology of cells after Oil Red O staining for lipid droplets in COS-33 (a-b) and C3H/10T1/2 (c-d). All images were taken under

20x objective magnification.
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making it an excellent target for cancer cells to hijack.
Because of its demonstrable response to mTOR-targeted
rapamycin monotherapy, the PDX OS-33 model has
been frequently used in many studies to test new
mTOR inhibitors (e. g. temsirolimus), and the activity
of combinations of rapamycin with other anticancer
agents such as cisplatin, bevacizumab, eribulin (against
the tubulin binding agent), and R1507 (a fully human
monoclonal antibody targeting IGF-1R) [4, 20-24]. In
addition, it was used to test new drugs inhibiting other
signaling pathways such as STAT3 [17, 22].

Our newly established COS-33 line can provide
a complementary or new tool to screen new drugs and
to perform a relatively rapid in vitro test on efficacy of
combination therapy with rapamycin and other therapeutic
agents. For example, we and others have shown that Wnt-
targeted monotherapies (PRI-724 or tegavivint) can reduce
OS growth in vitro or in vivo [31, 32]. A combination
therapy with inhibitors of both mTOR and Wnt pathways

warrants further study, as together they play a key role in
cancer metastasis formation and chemoresistance.

Based on cytological and bone matrix features,
human OS can be classified into at least three subtypes:
osteoblastic (50%), chondroblastic, and fibroblastic
[2, 3]. The original tumor that generated the COS-33
cells belongs to the osteoblastic subtype [16]. However,
it is difficult to determine from which stage the tumor-
initiating cell of COS-33 arose, because any cell present
during mesenchymal stem cell/osteoblast differentiation
can serve as a candidate for the cell of origin. On the other
hand, we found that the cultured cells can only undergo
osteogenic differentiation after the addition of a stronger
inducer of osteogenesis, BMP2 (Figure 6), suggesting
that the program of osteoblast differentiation has been
at least partially blocked by gene mutations accumulated
in OS-33 cells. Interestingly, the impaired in vitro cell
differentiation capacity of OS-33 may resemble the low
differentiation status of the original bone tumor, which
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Figure 7: Conventional cytogenetics analysis and genomic analysis. (A, B) Images taken from representative Giemsa-stained
metaphase spreads used for karyotyping at 10x (A) and 40x (B); (C) A representative G-banded karyotype of a COS-33 cell. COS-33
cells showed extreme abnormalities typically found in OS samples. (D) Circos plot for PDX OS-33 tumor. The red lines are +/+ strand
fusion, whereas blue ones are +/— strand fusions. Genes highlighted in blue color are located in the minus strand, whereas the ones
highlighted in red are in the plus strand. Four pairs of genes with intrachromosomal translocations are not listed here but can be found in the
Supplementary Table 1. (E) Images of agarose gel electrophoresis of PCR fragments for amplification of 7P53 exon 8 & 9 and NOTCH2
exon 34 in the parental PDX and COS-33 cell line, using a P53 wild-type control (SJSA-1) and 7P53 deletion mutation control (Saos-2).
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was manifested as a highly cellular tumor with rare areas
of calcified osteoid [16]. Mechanistically, the blockade
of osteogenic differentiation is likely caused by loss of
tumor suppressors 7P53 and RB1, which have an ability
to strongly influence osteoblastic differentiation in normal
bone cells and OS cells [33-36].

TP53 and RBI mutations serving as initiating
cancer drivers have been identified in inherited familial
Li-Fraumeni syndrome and hereditary retinoblastoma with
a predisposition to OS [3]. Next-generation sequencing
studies have found that recurrent somatic alterations of
these two genes are present in more than half of the bone
tumors [25, 37]. The presence of pS3 mutations in human
OS correlates with high levels of genomic instability
[38]. Consistent with this, our COS-33 cell line showed
abnormal complex karyotypes, including increases in
chromosome number as well as chromosomal breaks and
translocations (Figure 7C). Overholtzer et al. originally
reported a mutation in exon § of 7P53 in the parental
tumor of COS-33 cells [38]. To verify whether our cell line
retains this mutation, we examined this region but found
that the complete or part of the region was not detected,
suggesting that there is a homozygous deletion mutation
of TP53 in COS-33 cell line (Figure 7E). A more recent
study using the whole exome sequence approach described
by Rokita ef al. supports our conclusion [4]. Moreover,
an RB1 gene mutation has been found in the OS-33 PDX
tumor in this study. However, according to the “three
drivers” model we recently proposed, an additional cancer
driver, in addition to TP53 and RB1, may be required
for full-blown OS at the time of diagnosis; one or more

COS-33
Cell Line
Xenograft @&
Tumor i

oncogenic drivers within the cohort of recurrent somatic
copy-number alterations or fusion gene products may
fulfill this role [3, 39]. For example, a fusion transcript and
protein product from the PTEN-DGKB gene fusion may
be a causative driver and warrants further investigation.
Targeting those oncogenic drivers using a genome-
matched approach proved in a recent study by the Sweet-
Cordero’s group may provide a road map for treatment of
OS [5]. Future identification of the oncogenic drivers in
our COS-33 cell line, and testing combination therapy of
rapamycin together with agents inhibiting the identified
drivers, should facilitate further understanding of the
principle of genome-informed targeted therapy for OS.

In summary, we established a novel permanent
human cancer cell line, COS-33, originating from a
female patient who was diagnosed with osteoblastic OS.
The cell line retains the characteristics of the original
tumor, including histopathology, cytogenetic complexity,
osteoblastic activity, and drug sensitivity. The COS-33
cell line can serve as a new model for investigating the
etiology and molecular pathogenesis of OS and for testing
novel drugs for treatment.

MATERIALS AND METHODS

Source of tumors, establishment of the tumor cell
line, and transplant assays

In the present study, we have established the new
COS-33 cell line. It originates from a third-passage tumor
tissue of a PDX model line, which was maintained by

Figure 8: Photographs of histological sections of COS-33 tumors and the xenograft mouse. (A-B) Representative images of
hematoxylin-and-eosin (H&E) stained section of the parental PDX tumor from which the COS-33 cells were derived. (C—E) Representative
images of H&E stained section of the COS-33 cell-line-grafted tumor and a tumor-bearing nude mouse (E). The objective magnification

10x (A and C) and 20% (B and D).
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the PPTC (San Antonio TX). The parental PDX model
(called OS-33) was created by direct transplantation of
a fraction of a patient primary tumor (untreated) into an
immunodeficient mouse, without any previous in vitro
culture or clonal selection, at St. Jude Children’s Research
Hospital, where it was first reported in 1989 [9, 16]. The
patient was a seven-year old female of European descent.
The tumor originated in her humerus and presented with
an osteoblastic histopathological appearance.

To establish the COS-33 cell line, the parental
xenograft tumor pieces were digested using a mix of
serum-free oMEM medium (Hyclone, SH30265FS),
Collagenase P (Sigma, 11213857001), Trypsin-EDTA
(Gibco, 25-200-056), and Penicillin-streptomycin
(Hyclone, SV30010) (Figure 1). The digested tumor
cells were then seeded into a 100-mm tissue culture dish
(Fisher Scientific, 430167). Cells were initially cultured in
the growth medium containing 20% Fetal Bovine Serum
(FBS) (Fisher Scientific, ES009B) and 1% Penicillin-
streptomycin at 37°C in a humidified atmosphere
containing 5% CO,. After 48 h, the cells were switched
to a growth medium containing 10%FBS. The cells were
grown to confluence and then subsequently passaged
using Trypsin-EDTA. All assays were performed using
cells after 30 passages, unless otherwise stated.

For transplant assays, COS-33 cells were grown
to confluence in 150-mm plates (Corning, 430599) and
then rinsed with phosphate buffered saline (PBS) (Fisher
Scientific, MT21040CV). A volume of 5 mL of serum-
free medium was added to the plate, and the cells were
scraped off using a cell scraper (Fisher Scientific, 02-683-
197). The cells were then pelleted in a 15-mL centrifuge
tube (Fisher Scientific, 14-959-70C) at 1000xg for 2 min,
and the supernatant was removed before resuspension
of the pellet in 300 puL of serum-free medium per plate
scraped. The cells were then subcutaneously (s. c.)
injected on the flank, near the hind limb of nude mice.
Tumors were then allowed to grow over the next few
months and were harvested when their size reached 2 cm
in diameter. Samples were collected from the tumors for
hematoxylin and eosin staining (H&E), and other samples
were harvested for future transplant assays and for the
derivation of a cell line. These studies were conducted in
accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and approved
by the Sanford Research Institutional Animal Care and
Use Committee.

Cell culture and treatment with mTOR inhibitor

Cell lines Saos-2 (HTB-85), SISA-1 (CRL-2098),
U-2 OS (HTB-96), MG-63 (CRL-1427), C3H/10T1/2
Clone 8 (CCL-226), and C2C12 (CRL-1772) were all
purchased from the American Type Culture Collection
and maintained in growth medium containing 10%
FBS (Fisher Scientific, ES009B) and 1% Penicillin-

streptomycin (Hyclone, SV30010) at 37°C under a
humidified atmosphere containing 5% CO,. Unless stated
otherwise, cells in 100-mm tissue culture dishes (Fisher
Scientific, 430167) were treated with 1 ng/mL rapamycin
(AdooQ Bioscience, A10782) for 24 h. The corresponding
amount of dimethyl sulfoxide (DMSO) or ethanol was
used as a vehicle control.

Western blot and immunostaining analysis

Cells were seeded into a 100-mm dish and treated
with 0, 0.1, 1, and 10 ng/mL rapamycin or vehicle,
respectively, for 24 h. Western blotting was performed
according to the modified procedure previously described
[31]. Cells were briefly lysed with a 1x Laemmli Sample
Buffer solution (Biorad, 1610737). Lysates were separated
with 4-20% Mini-PROTEAN® TGX™ Precast Protein
Gels (Biorad, 4561094) and transferred onto a PVDF
membrane (BioRad, 1704272) using a semi-dry Bio-Rad
Trans-blot Turbo apparatus. The membranes were first
probed with rabbit anti-pS6 antibody (Cell Signaling
Technology, 5364S), rabbit anti-S6 antibody (Cell
Signaling Technology, 2217S), and anti-B-actin (Santa
Cruz Biotechnology, sc-47778) primary antibodies.
After incubating the membranes with goat anti-mouse
and goat anti-rabbit Li-Cor IRDye 800 (green) and 680
(red) secondary antibodies (1:10,000; Li-Cor, Lincoln,
NE, USA) in blocking buffer for 1 h at room temperature,
protein bands were visualized on an Odyssey imaging
system (Li-Cor, Lincoln, NE, USA) and quantified with
the optical density (OD) function of Image J software
(NIH, Bethesda, MD, USA). Immunostaining analyses
were performed as described before [6]. Cells were seeded
into a 4-well chamber slide with removable wells (Fisher
Scientific, 12-565-7) at a density of 3.0 x 10° cells, with
some of the wells receiving 1 ng/mL rapamycin for 24 h.
The following day the cells were rinsed and fixed with
formalin (Cardinal Health, C4320-101). The wells were
then probed with the rabbit anti-S6 and rabbit anti-pS6
used in Western blotting. The wells were rinsed again and
blocked with normal goat serum (ThermoFisher, 31872).
The secondary antibody was then added, and the slides
were put into a light-blocking box, with some water added
to prevent evaporation, at 4°C overnight. The following
day, anti-fade mounting medium with DAPI (Vector Labs,
H-1200) was applied after rinsing the secondary antibody
off, and the slide was imaged using a Nikon A1 Confocal
microscope.

CCK-8 cell proliferation assay and colony
formation assay

The cell proliferation CCK-8 assays (Dojindo
Molecular Technologies, CK04-11, Kumamoto, Japan)
were performed according to the manufacturer’s
instructions. Cells were seeded into a 96-well plate (Fisher
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Scientific, N8010560) at a density of 6,250 cells per
well as five replicates, with medium containing no cells
serving as a control. Cells were treated with rapamycin
(or vehicle) at 0, 0.1, 1, 10, 25, 50 ng/mL for 72 h, with
media changes at 24 and 48 h. Then, 10 pL of the CCK-
8 reagent was added to each well, including wells with
just medium as negative controls, once the cells reached
72 h. The plates were put back into the incubator for 1
h. The plates were then read for OD using the Cytation3
at 450 nm. All experiments were performed with at least
three independent replicates. For colony formation assay,
cells were seeded into a 6-well plate at a density of 1,000
cells/mL. The cells were treated with rapamycin (10, 1,
0.1 ng/mL) or vehicle and put back into the incubator and
cultured for two weeks, or until visible clonal colonies
formed. The colonies were washed with PBS, fixed with
10% formalin, and stained with 0.5% Crystal Violet
solution. Images were captured with an Olympus 1X70
microscope. Assays were performed at least three times.

Wound healing assay

To investigate rapamycin-induced inhibition of
cell migration, a wound healing assay (or in vitro scratch
assay) was performed as previously reported [40]. The
wound healing assay is an easy, low-cost and well-
developed method to measure cell migration in vitro. Cells
were seeded into 6-well plates (Fisher Scientific, 353046)
and grown to confluence. The vertical and horizontal
cross-shaped scratch was made using a 1000-pL pipette
tip on the monolayer of cells. The cells were washed three
times with PBS, and the center of the cross, where the two
scratch lines meet, was used to position the center of the
wound gap. Fresh medium containing 1 ng/mL rapamycin
or vehicle was added, and images of three fields, with a
centrally located intersection of scratched lines, were
taken using an upright microscope (Olympus IX71). After
incubating for 24 h (or at the indicated time), the same
fields were photographed again. The relative migration at
an indicated time point was calculated by comparing the
areas of the wounds at the initial time points. Scratched
areas were quantified using the NIH ImageJ software
(Bethesda, MD). The percentage of wound healing was
expressed according to the following formula: [(initial
scratched area, rapamycin added) — (resulting scratched
area, rapamycin added)]/[(initial scratched area, vehicle
added) — (resulting scratched area, vehicle added)] x 100.

Boyden chamber-based cell migration and
invasion assays

The in vitro migration and invasion assays were
performed and modified using 8-pm pore-sized cell culture
inserts (Falcon, 08-771-21) as previously reported [27].
The wells of a 24-well plate (Falcon, 353047) were filled
with medium containing 10% FBS, with either rapamycin

or vehicle, prior to loading the cells into the cell culture
insert. Cells were starved overnight and added to serum-
free medium, containing either rapamycin or vehicle, and
loaded into the cell culture insert at a concentration of 2
x 10* cells/well. For the invasion assay, the membrane at
the bottom of the insert was coated with a layer of 0.2 mg/
mL Matrigel (Fisher Scientific, CB354248). Cells were
added to the upper compartment of the chamber, while the
lower compartment was filled with culture medium. After
24 h, the cells were fixed in 10% formalin and stained
with Crystal Violet (Fisher Scientific, C581-25). The cells
remaining on the upper surface of the insert were removed
with a Q-tip, and the plate with inserts was then imaged.
The relative number of cells that invaded the gel barrier
and passed through the insert’s pores were quantified by
measuring the OD of the stain after removing the dye from
the cells with 33% acetic acid (Fisher Scientific, A38S-
212). The plate was read on a Cytation3 at a wavelength
of 570 nm.

Osteoblast and adipocyte differentiation assays

Cells were seeded into a 12-well plate (Fisher
Scientific, 353043), cultured to 90-95% confluence, and
treated with either osteogenic or adipogenic media. The
osteoblast differentiation (OB diff) medium contained 50
uM ascorbic acid (Cayman Chemical, 16457), 100 nM
Dexamethasone (Cayman Chemical, 11015), and 10 mM
B-glycerophosphate (BGP) (Cayman Chemical, 14405).
SJSA-1 and MG-63 were used as positive controls,
and U-2 OS as a negative control. The medium was
changed every three days, and the cells were stained on
day 14. Cells were washed, fixed in 10% formalin, and
then stained with Alizarin Red S (Sigma, A5533-25Q).
Images were taken with an Olympus IX70 microscope.
Bone morphogenetic protein-2 (BMP2) (R&D Systems,
355-BM-010), a strong osteogenic inducer, was added
to later assays at 100 ng/mL. The C2C12 cell line was
used as the positive control. The adipocyte differentiation
(Adi diff) medium contained 1 pl/mL of 125x 3-isobutyl-
I-methylxanthine (Sigma, 15879-100MG), 1 mM
dexamethasone, 10 mg/mL insulin (Cayman Chemical,
11015), and 1 mM rosiglitazone (Cayman Chemical,
11884). At day 0, the adipogenic medium contained all
four reagents, and at day 4 it contained only insulin and
rosiglitazone. After 7 days the cells were washed with
PBS and fixed with 10% formalin, the lipid droplets
were stained with 0.5% Oil Red O (Sigma, 00625-25G),
and the cells were counterstained with Hematoxylin as
needed. Images were then taken using an Olympus 1X70
microscope. Differentiation was quantified by extracting
Oil Red O with 50% of the well volume, i. e. 1 mL for a
6-well plate. The OD was measured with the Cytation3,
using 200 pL of the extraction buffer, and absorbance was
read at 492 nm. The C3H/10T1/2 cell line was used as a
positive control.
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Cryosectioning and H&E staining

Collected fresh tumors from this study, or the
original PDX tumors of OS-33, were embedded in O. C. T.
compound (Tissue-Tek®). O. C. T. blocks were preserved
at —80°C and sectioned with a LEICA CM 30508 cryostat
into 8-um thickness slices. The slides were fixed for 5
min using 10% formalin, and then washed for 1 min using
tap water. Samples were stained with Hematoxylin for
1.5 min, and then washed again. Slides were immersed
in bluing solution for 30 sec before rinsing three times in
distilled water. Next, the slides were stained with Eosin Y
solution for 20 sec and dehydrated with two changes of
95% ethanol solution, followed by two changes of 100%
ethanol solution. Slides were then cleared in xylene, and
a cover slip was applied. Slides were finally imaged using
an Olympus IX70 microscope.

Cytogenetics analysis, 7P53 mutation screening,
gene fusion and circos plot analysis

The karyotypes for both P5 and P30 passage
cells were produced according to a standard protocol,
and the cytogenetic characterization was conducted
by the Cytogenetics Laboratory of Sanford Medical
Genetics (Sioux Falls, SD). Cells were exposed to 0.05
mg/mL colcemid for 6 h, incubated in 0.075 M KCl
solution at 37°C for 40 min, and fixed with a mixture
of methanol and glacial acetic acid (3:1, v/v). Drops of
cell suspension were placed on cold slides and stained
with the Remel Giemesa Plus Stain kit (Thermo Fisher
Scientific) for 10 min. Samples were analyzed by
trypsin Giemsa-banding, and results were expressed
according to the recommendations of the International
System for Human Cytogenetic Nomenclature (ISCN,
2016). To screen for TP53 mutations, genomic DNA
was extracted from ~2 million cells using the DNeasy
Blood and Tissue kit (Qiagen, Valencia, CA, USA),
according to the manufacturer’s instructions. PCR
was performed using AccuStart™ II GelTrack PCR
SuperMix (QuantaBio), and the primers used were:
TP53E8&9For, TTAAATGGGACAGGTAGGAC (2888-
2907, NCBI Accession: AH007667.2); TPS3E8&9Rev

(3324-3344, NCBI  Accession: AHO007667.2),
TTGCAGGTAAAACAGTCAAGA; NOTCH2E34For,
GCCTCACCCAACCCTATGTT (158464-158483,

NCBI Accession: NG_008163.1); NOTCH2 E34Rev
TAGGCTGGGAGAATGGTCTGA  (159030-159050,
NCBI Accession: NG _008163.1). Sanger sequencing
of the PCR products obtained from genomic DNAs was
performed by Eurofins Genomics. Fusion events of the
0S-33 PDX model were previously identified using
multiple fusion-calling tools (STAR-Fusion vI1.1.0,
FusionCatcher v0.99.7b, deFuse and SOAPFuse) [4].
Additional details about the filtering and annotation of
the fusions can be found elsewhere [4]. The Circos plot

was generated with circus [41]. The Y chromosome was
dropped from the plot; fusions with partners from two
distinct strands were labeled as blue, otherwise as red.

Statistical analysis

Reported values are expressed as means =+ standard
deviation. Data were analyzed, where appropriate, using
the Student’s #-test (comparing two groups only), or
analysis of variance (ANOVA) with the Tuckey HSD test
for multiple comparisons. p-values < 0.05 were considered
statistically significant.

Abbreviations

OS: Osteosarcoma; PDX: patient-derived xenografts;
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differentiation.

ACKNOWLEDGMENTS

We thank members of the Tao lab for technical
assistance and/or discussions. We thank P. Fonseca for
editorial assistance.

CONFLICTS OF INTEREST
The authors have no conflicts of interest to report.

GRANT SUPPORT

This work was supported by the National Institutes
of Health (P20 GM103620, P30 CA042014 and P20
GM103548), and the Sanford Research (startup funding
to J.T.).

REFERENCES
1. Mirabello L, Troisi RJ, Savage SA. International
osteosarcoma incidence patterns in children and

adolescents, middle ages and elderly persons. Int J Cancer.
2009; 125:229-34. https://doi.org/10.1002/ijc.24320.
[PubMed]

2. Tao J, Bae Y, Wang LL, Lee B. Osteogenic Osteosarcoma.
Primer on the Metabolic Bone Diseases and Disorders
of Mineral Metabolism. John Wiley & Sons, Inc.
2013:702-10. https://doi.org/10.1002/9781118453926.ch85.

3. Rickel K, Fang F, Tao J. Molecular genetics of
osteosarcoma. Bone. 2017; 102:69-79. https://doi.
org/10.1016/j.bone.2016.10.017. [PubMed]

www.oncotarget.com

2608

Oncotarget


https://doi.org/10.1002/ijc.24320
https://www.ncbi.nlm.nih.gov/pubmed/19330840
https://doi.org/10.1002/9781118453926.ch85
https://doi.org/10.1016/j.bone.2016.10.017
https://doi.org/10.1016/j.bone.2016.10.017
https://www.ncbi.nlm.nih.gov/pubmed/27760307

10.

11.

12.

13.

Rokita JL, Rathi KS, Cardenas MF, Upton KA, Jayaseelan J,
Cross KL, Pfeil J, Egolf LE, Way GP, Farrel A, Kendsersky
NM, Patel K, Gaonkar KS, et al. Genomic Profiling of
Childhood Tumor Patient-Derived Xenograft Models to
Enable Rational Clinical Trial Design. Cell Rep. 2019;
29:1675-89.€9. https://doi.org/10.1016/j.celrep.2019.09.071.
[PubMed]

Sayles LC, Breese MR, Koehne AL, Leung SG, Lee AG,
Liu HY, Spillinger A, Shah AT, Tanasa B, Straessler K,
Hazard FK, Spunt SL, Marina N, et al. Genome-Informed
Targeted Therapy for Osteosarcoma. Cancer Discov. 2019;
9:46-63. https://doi.org/10.1158/2159-8290.¢d-17-1152.
[PubMed]

Tao J, Jiang MM, Jiang L, Salvo JS, Zeng HC, Dawson B,
Bertin TK, Rao PH, Chen R, Donehower LA, Gannon F,
Lee BH. Notch activation as a driver of osteogenic sarcoma.
Cancer Cell. 2014; 26:390-401. https://doi.org/10.1016/].
ccr.2014.07.023. [PubMed]

Roberts RD, Lizardo MM, Reed DR, Hingorani P, Glover
J, Allen-Rhoades W, Fan T, Khanna C, Sweet-Cordero EA,
Cash T, Bishop MW, Hegde M, Sertil AR, et al. Provocative
questions in osteosarcoma basic and translational biology:

A report from the Children’s Oncology Group. Cancer.
2019; 125:3514-25. https://doi.org/10.1002/cncr.32351.
[PubMed]

Ponten J, Saksela E. Two established in vitro cell lines from
human mesenchymal tumours. Int J Cancer. 1967; 2:434—
47. https://doi.org/10.1002/ij¢.2910020505. [PubMed]
Roberts WM, Douglass EC, Peiper SC, Houghton PJ, Look
AT. Amplification of the gli gene in childhood sarcomas.
Cancer Res. 1989; 49:5407-13. [PubMed]

Billiau A, Edy VG, Heremans H, Van Damme J, Desmyter
J, Georgiades JA, De Somer P. Human interferon: mass

production in a newly established cell line, MG-63.
Antimicrob Agents Chemother. 1977; 12:11-5. https://doi.
org/10.1128/AAC.12.1.11. [PubMed]

Lauvrak SU, Munthe E, Kresse SH, Stratford EW,
Namlos HM, Meza-Zepeda LA, Myklebost O. Functional
characterisation of osteosarcoma cell lines and identification
of mRNAs and miRNAs associated with aggressive cancer
phenotypes. Br J Cancer. 2013; 109:2228-36. https://doi.
org/10.1038/bjc.2013.549. [PubMed]

Kuijjer ML, Namlos HM, Hauben EI, Machado I, Kresse SH,
Serra M, Llombart-Bosch A, Hogendoorn PC, Meza-Zepeda
LA, Myklebost O, Cleton-Jansen AM. mRNA expression
profiles of primary high-grade central osteosarcoma are

preserved in cell lines and xenografts. BMC Med Genomics.
2011; 4:66. https://doi.org/10.1186/1755-8794-4-66.
[PubMed]

Mohseny AB, Machado I, Cai Y, Schaefer KL, Serra M,
Hogendoorn PC, Llombart-Bosch A, Cleton-Jansen AM.
Functional characterization of osteosarcoma cell lines

provides representative models to study the human disease.
Lab Invest. 2011; 91:1195-205. https://doi.org/10.1038/
labinvest.2011.72. [PubMed]

14.

15.

16.

17.

18.

19.

20.

21.

22.

Kresse SH, Rydbeck H, Skarn M, Namlos HM, Barragan-
Polania AH, Cleton-Jansen AM, Serra M, Liestol K,
Hogendoorn PC, Hovig E, Myklebost O, Meza-Zepeda
LA. Integrative analysis reveals relationships of genetic and
epigenetic alterations in osteosarcoma. PLoS One. 2012;
7:¢48262. https://doi.org/10.1371/journal.pone.0048262.
[PubMed]

Ottaviano L, Schaefer KL, Gajewski M, Huckenbeck W,
Baldus S, Rogel U, Mackintosh C, de Alava E, Myklebost
O, Kresse SH, Meza-Zepeda LA, Serra M, Cleton-Jansen
AM, et al. Molecular characterization of commonly used

cell lines for bone tumor research: a trans-European
EuroBoNet effort. Genes Chromosomes Cancer. 2010;
49:40-51. https://doi.org/10.1002/gcc.20717. [PubMed]

Meyer WH, Houghton JA, Houghton PJ, Webber BL,
Douglass EC, Look AT. Development and characterization
of pediatric osteosarcoma xenografts. Cancer Res. 1990;
50:2781-5. [PubMed]

Houghton PJ, Cheshire PJ, Myers L, Stewart CF, Synold
TW, Houghton JA. Evaluation of 9-dimethylaminomethyl-
10-hydroxycamptothecin against xenografts derived from
adult and childhood solid tumors. Cancer Chemother
Pharmacol. 1992; 31:229-39. https://doi.org/10.1007/
BF00685553. [PubMed]

Houghton PJ, Morton CL, Tucker C, Payne D, Favours E,
Cole C, Gorlick R, Kolb EA, Zhang W, Lock R, Carol H,
Tajbakhsh M, Reynolds CP, et al. The pediatric preclinical
testing program: description of models and early testing
results. Pediatr Blood Cancer. 2007; 49:928—40. https://doi.
0rg/10.1002/pbc.21078. [PubMed]

Houghton PJ, Morton CL, Kolb EA, Gorlick R, Lock R,
Carol H, Reynolds CP, Maris JM, Keir ST, Billups CA,
Smith MA. Initial testing (stage 1) of the mTOR inhibitor
rapamycin by the pediatric preclinical testing program.
Pediatr Blood Cancer. 2008; 50:799-805. https://doi.
org/10.1002/pbc.21296. [PubMed]

Hingorani P, Zhang W, Piperdi S, Pressman L, Lin J,
Gorlick R, Kolb EA. Preclinical activity of palifosfamide
(Z10-201) including
oxazaphosphorine-resistant osteosarcoma. Cancer
Chemother Pharmacol. 2009; 64:733-40. https://doi.
org/10.1007/s00280-008-0922-4. [PubMed]

Kolb EA, Kamara D, Zhang W, Lin J, Hingorani P,
Baker L, Houghton P, Gorlick R. R1507, a fully human
monoclonal antibody targeting IGF-1R, is effective alone

lysine in pediatric sarcomas

and in combination with rapamycin in inhibiting growth
of osteosarcoma xenografts. Pediatr Blood Cancer. 2010;
55:67-75. https://doi.org/10.1002/pbc.22479. [PubMed]

Onimoe GI, Liu A, Lin L, Wei CC, Schwartz EB, Bhasin
D, Li C, Fuchs JR, Li PK, Houghton P, Termuhlen A, Gross
T, Lin J. Small molecules, LLL12 and FLLL32, inhibit
STAT3 and exhibit potent growth suppressive activity in
osteosarcoma cells and tumor growth in mice. Invest New
Drugs. 2012; 30:916-26. https://doi.org/10.1007/s10637-
011-9645-1. [PubMed]

www.oncotarget.com

2609

Oncotarget


https://doi.org/10.1016/j.celrep.2019.09.071
https://www.ncbi.nlm.nih.gov/pubmed/31693904
https://doi.org/10.1158/2159-8290.cd-17-1152
https://www.ncbi.nlm.nih.gov/pubmed/30266815
https://doi.org/10.1016/j.ccr.2014.07.023
https://doi.org/10.1016/j.ccr.2014.07.023
https://www.ncbi.nlm.nih.gov/pubmed/25203324
https://doi.org/10.1002/cncr.32351
https://www.ncbi.nlm.nih.gov/pubmed/31355930
https://doi.org/10.1002/ijc.2910020505
https://www.ncbi.nlm.nih.gov/pubmed/6081590
https://www.ncbi.nlm.nih.gov/pubmed/2766305
https://doi.org/10.1128/AAC.12.1.11
https://doi.org/10.1128/AAC.12.1.11
https://www.ncbi.nlm.nih.gov/pubmed/883813
https://doi.org/10.1038/bjc.2013.549
https://doi.org/10.1038/bjc.2013.549
https://www.ncbi.nlm.nih.gov/pubmed/24064976
https://doi.org/10.1186/1755-8794-4-66
https://www.ncbi.nlm.nih.gov/pubmed/21933437
https://doi.org/10.1038/labinvest.2011.72
https://doi.org/10.1038/labinvest.2011.72
https://www.ncbi.nlm.nih.gov/pubmed/21519327
https://doi.org/10.1371/journal.pone.0048262
https://www.ncbi.nlm.nih.gov/pubmed/23144859
https://doi.org/10.1002/gcc.20717
https://www.ncbi.nlm.nih.gov/pubmed/19787792
https://www.ncbi.nlm.nih.gov/pubmed/2328504
https://doi.org/10.1007/BF00685553
https://doi.org/10.1007/BF00685553
https://www.ncbi.nlm.nih.gov/pubmed/1464161
https://doi.org/10.1002/pbc.21078
https://doi.org/10.1002/pbc.21078
https://www.ncbi.nlm.nih.gov/pubmed/17066459
https://doi.org/10.1002/pbc.21296
https://doi.org/10.1002/pbc.21296
https://www.ncbi.nlm.nih.gov/pubmed/17635004
https://doi.org/10.1007/s00280-008-0922-4
https://doi.org/10.1007/s00280-008-0922-4
https://www.ncbi.nlm.nih.gov/pubmed/19224214
https://doi.org/10.1002/pbc.22479
https://www.ncbi.nlm.nih.gov/pubmed/20486173
https://doi.org/10.1007/s10637-011-9645-1
https://doi.org/10.1007/s10637-011-9645-1
https://www.ncbi.nlm.nih.gov/pubmed/21340507

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Fleuren ED, Versleijen-Jonkers YM, Roeffen MH, Franssen
GM, Flucke UE, Houghton PJ, Oyen WJ, Boerman OC, van
der Graaf WT. Temsirolimus combined with cisplatin or
bevacizumab is active in osteosarcoma models. Int J Cancer.
2014; 135:2770-82. https://doi.org/10.1002/ijc.28933.
[PubMed]

Sampson VB, Vetter NS, Zhang W, Patil PU, Mason RW,
George E, Gorlick R, Kolb EA. Integrating mechanisms
of response and resistance against the tubulin binding
agent Eribulin in preclinical models of osteosarcoma.
Oncotarget. 2016; 7:86594—607. https://doi.org/10.18632/
oncotarget.13358. [PubMed]

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, et al.
Complementary genomic approaches highlight the PI3K/

mTOR pathway as a common vulnerability in osteosarcoma.
Proc Natl Acad Sci U S A. 2014; 111:E5564-73. https://doi.
org/10.1073/pnas.1419260111. [PubMed]

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, et al. A Sleeping Beauty
forward genetic screen identifies new genes and pathways

driving osteosarcoma development and metastasis. Nat
Genet. 2015; 47:615-24. https://doi.org/10.1038/ng.3293.
[PubMed]

Chen HC. Boyden chamber assay. Methods Mol Biol. 2005;
294:15-22. https://doi.org/10.1385/1-59259-860-9:015.
[PubMed]

Friedl P, Alexander
microenvironment: plasticity and reciprocity. Cell. 2011;
147:992—-1009. https://doi.org/10.1016/j.cell.2011.11.016.
[PubMed]

Yao Q, Liu Y, Tao J, Baumgarten KM, Sun H. Hypoxia-
Mimicking Nanofibrous Scaffolds Promote Endogenous
Bone Regeneration. ACS Appl Mater Interfaces. 2016;
8:32450-9. https://doi.org/10.1021/acsami.6b10538.
[PubMed]

Miszuk JM, Xu T, Yao Q, Fang F, Childs JD, Hong Z, Tao J,
Fong H, Sun H. Functionalization of PCL-3D Electrospun
Nanofibrous Scaffolds for Improved BMP2-Induced Bone
Formation. Appl Mater Today. 2018; 10:194-202. https://
doi.org/10.1016/j.apmt.2017.12.004. [PubMed]

Fang F, VanCleave A, Helmuth R, Torres H, Rickel K,
Wollenzien H, Sun H, Zeng E, Zhao J, Tao J. Targeting the
Wht/beta-catenin pathway in human osteosarcoma cells.
Oncotarget. 2018; 9:36780-92. https://doi.org/10.18632/
oncotarget.26377. [PubMed]

Nomura M, Rainusso N, Lee YC, Dawson B, Coarfa
C, Han R, Larson JL, Shuck R, Kurenbekova L, Yustein
JT. Tegavivint and the beta-Catenin/ALDH Axis in
Chemotherapy-Resistant and Metastatic Osteosarcoma.
J Natl Cancer Inst. 2019; 111:1216-27. https://doi.
org/10.1093/jnci/djz026. [PubMed]

S. Cancer invasion and the

33.

34.

35.

36.

37.

38.

39.

40.

41.

Quist T, Jin H, Zhu JF, Smith-Fry K, Capecchi MR,
Jones KB. The impact of osteoblastic differentiation on
osteosarcomagenesis in the mouse. Oncogene. 2015;
34:4278-84. https://doi.org/10.1038/onc.2014.354.
[PubMed]

Lengner CJ, Steinman HA, Gagnon J, Smith TW, Henderson
JE, Kream BE, Stein GS, Lian JB, Jones SN. Osteoblast
differentiation and skeletal development are regulated
by Mdm2-p53 signaling. J Cell Biol. 2006; 172:909-21.
https://doi.org/10.1083/jcb.200508130. [PubMed]

Calo E, Quintero-Estades JA, Daniclian PS, Nedelcu S,
Berman SD, Lees JA. Rb regulates fate choice and lineage

commitment in vivo. Nature. 2010; 466:1110—4. https://doi.
org/10.1038/nature09264. [PubMed]

Walkley CR, Qudsi R, Sankaran VG, Perry JA, Gostissa M,
Roth SI, Rodda SJ, Snay E, Dunning P, Fahey FH, Alt FW,
McMahon AP, Orkin SH. Conditional mouse osteosarcoma,
dependent on p53 loss and potentiated by loss of Rb,
mimics the human disease. Genes Dev. 2008; 22:1662-76.
https://doi.org/10.1101/gad.1656808. [PubMed]

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, et al. Recurrent somatic structural variations
contribute to tumorigenesis in pediatric osteosarcoma.
Cell Rep. 2014; 7:104-12. https://doi.org/10.1016/].
celrep.2014.03.003. [PubMed]

Overholtzer M, Rao PH, Favis R, Lu XY, Elowitz MB,
Barany F, Ladanyi M, Gorlick R, Levine AJ. The presence

of p53 mutations in human osteosarcomas correlates with
high levels of genomic instability. Proc Natl Acad Sci
U S A. 2003; 100:11547-11552. https://doi.org/10.1073/
pnas.1934852100. [PubMed]

Temiz NA, Moriarity BS, Wolf NK, Riordan JD, Dupuy AJ,
Largaespada DA, Sarver AL. RNA sequencing of Sleeping
Beauty transposon-induced tumors detects transposon-RNA
fusions in forward genetic cancer screens. Genome Res.
2016; 26:119-129. https://doi.org/10.1101/gr.188649.114.
[PubMed]

Liang CC, Park AY, Guan JL. In vitro scratch assay: a
convenient and inexpensive method for analysis of cell
migration in vitro. Nat Protoc. 2007; 2:329-333. https://doi.
org/10.1038/nprot.2007.30. [PubMed]

Krzywinski M, Schein J, Birol I, Connors J, Gascoyne R,

Horsman D, Jones SJ, Marra MA. Circos: an information
aesthetic for comparative genomics. Genome Res. 2009;
19:1639-45. https://doi.org/10.1101/gr.092759.109.
[PubMed]

www.oncotarget.com

2610

Oncotarget


https://doi.org/10.1002/ijc.28933
https://www.ncbi.nlm.nih.gov/pubmed/24771207
https://doi.org/10.18632/oncotarget.13358
https://doi.org/10.18632/oncotarget.13358
https://www.ncbi.nlm.nih.gov/pubmed/27863409
https://doi.org/10.1073/pnas.1419260111
https://doi.org/10.1073/pnas.1419260111
https://www.ncbi.nlm.nih.gov/pubmed/25512523
https://doi.org/10.1038/ng.3293
https://www.ncbi.nlm.nih.gov/pubmed/25961939
https://doi.org/10.1385/1-59259-860-9:015
https://www.ncbi.nlm.nih.gov/pubmed/15576901
https://doi.org/10.1016/j.cell.2011.11.016
https://www.ncbi.nlm.nih.gov/pubmed/22118458
https://doi.org/10.1021/acsami.6b10538
https://www.ncbi.nlm.nih.gov/pubmed/27809470
https://doi.org/10.1016/j.apmt.2017.12.004
https://doi.org/10.1016/j.apmt.2017.12.004
https://www.ncbi.nlm.nih.gov/pubmed/29577064
https://doi.org/10.18632/oncotarget.26377
https://doi.org/10.18632/oncotarget.26377
https://www.ncbi.nlm.nih.gov/pubmed/30613366
https://doi.org/10.1093/jnci/djz026
https://doi.org/10.1093/jnci/djz026
https://www.ncbi.nlm.nih.gov/pubmed/30793158
https://doi.org/10.1038/onc.2014.354
https://www.ncbi.nlm.nih.gov/pubmed/25347737
https://doi.org/10.1083/jcb.200508130
https://www.ncbi.nlm.nih.gov/pubmed/16533949
https://doi.org/10.1038/nature09264
https://doi.org/10.1038/nature09264
https://www.ncbi.nlm.nih.gov/pubmed/20686481
https://doi.org/10.1101/gad.1656808
https://www.ncbi.nlm.nih.gov/pubmed/18559481
https://doi.org/10.1016/j.celrep.2014.03.003
https://doi.org/10.1016/j.celrep.2014.03.003
https://www.ncbi.nlm.nih.gov/pubmed/24703847
https://doi.org/10.1073/pnas.1934852100
https://doi.org/10.1073/pnas.1934852100
https://www.ncbi.nlm.nih.gov/pubmed/12972634
https://doi.org/10.1101/gr.188649.114
https://www.ncbi.nlm.nih.gov/pubmed/26553456
https://doi.org/10.1038/nprot.2007.30
https://doi.org/10.1038/nprot.2007.30
https://www.ncbi.nlm.nih.gov/pubmed/17406593
https://doi.org/10.1101/gr.092759.109
https://www.ncbi.nlm.nih.gov/pubmed/19541911

