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SUMMARY

Bone marrow-derived mesenchymal stem cells (BMSCs) are proposed as the cells of origin of several subtypes of osteosarcoma (OS). How-
ever, signals that direct BMSCs to form different subtypes of OS are unclear. Here we show that the default tumor type from spontaneously
transformed p53 knockout (pS3_KO) BMSC:s is osteoblastic OS. The development of this default tumor type caused by p53 loss can be
overridden by various oncogenic signals: RAS reprograms p53_KO BMSCs into undifferentiated sarcoma, AKT enhances osteoblastic
OS, while cFOS promotes chondroblastic OS formation. We focus on studying the mechanism of cFOS-induced chondroblastic OS for-
mation. Integrated genome-wide studies reveal a regulatory mechanism whereby cFOS binds to the promoter of a key chondroblastic
transcription factor, Sox9, and induces its transcription in BMSCs. Importantly, SOX9 mediates cFOS-induced cartilage formation in
chondroblastic OS. In summary, oncogenes determine tumor types derived from BMSCs, and the cFOS-SOX9 axis is critical for chondro-

blastic OS formation.
INTRODUCTION

Bone marrow-derived mesenchymal stem cells (BMSCs) are
multipotent fibroblast-like cells that have the capacity
to differentiate into adipocytes, osteocytes, chondrocytes,
and fibroblasts. They also maintain bone marrow homeo-
stasis by generating osteocytes and providing a niche for
hematopoietic stem cells (Bianco et al., 2008; Kfoury and
Scadden, 2015). The true in vivo identity of BMSCs has
not been firmly established (Bianco et al., 2008; Sacchetti
et al., 2016; Worthley et al.,, 2015; Zhou et al., 2014).
BMSCs, in vitro, are loosely defined as a group of cells
that have the ability of differentiating into adipocytes,
osteoblasts, and chondrocytes. Because of their multipo-
tency, BMSCs attract a lot of attention in the tissue regener-
ation field. Several key transcription factors govern the
development of BMSCs into different cell types. RUNX2
is critical for osteogenic differentiation, SOX9 for chondro-
genic differentiation, and peroxisome proliferator acti-
vated receptor y (PPARy) for adipogenic differentiation
(Bi et al., 1999). In tumor biology, BMSCs are closely rele-
vant to sarcomagenesis since they are proposed as the cells
of origin of several types of sarcomas, such as osteosarcoma
(OS), chondrosarcoma, liposarcoma, and Ewing’s sarcoma
(Tirode et al., 2007). For example, both mouse and human
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BMSCs can give rise to OS through spontaneous transfor-
mation or genetic modifications (Calo et al., 2010; Lin
et al., 2009; Xiao et al., 2013).

OS is the most common cancer arising from bone and
mainly affects children and adolescents. The knowledge
of the genetic and epigenetic causes of OS remains incom-
plete, although TP53 and RBI1 losses are commonly
involved (Velletri et al., 2016). Around 25% of mice with
heterozygous deletion of trp53 (also called p53) develop
OS after a long latency, suggesting that a second genetic
or epigenetic event is required for the full development of
OS (Donehower et al., 1992; Lang et al., 2004; Olive et al.,
2004). A recent genome-wide sequencing study of human
OS showed that almost all the human OS have point muta-
tions, deletions, amplifications, and/or translocations in
the TP53 gene or the genes encoding other components
(e.g., HDM?2) in the p53 signaling pathway, demonstrating
the importance of p53 loss in osteosarcomagenesis (Chen
et al,, 2014). In human OS and patient-derived OS cell
lines, TP53 deletions and point mutations are common
(Chen et al., 2014; He et al., 2015). Recent whole-genome
sequencing studies revealed that the PI3K (phosphoinosi-
tide 3-kinase)-AKT (v-akt murine thymoma viral onco-
gene)-mTOR (mammalian target of rapamycin) pathway
is also involved in osteosarcomagenesis (Chen et al,
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2014; Perry et al., 2014). However, the dysregulation of this
pathway explains only a small portion of OS, suggesting
that other oncogenic pathways are involved. Another
possible oncogene in OS is the cFos (FB] osteosarcoma
oncogene) gene, which was identified in mouse OS (Van
Beveren et al., 1983). In human OS, the genetic alterations
of cFOS were rare although cFOS upregulation was found
(Chen etal., 2014; Perry et al., 2014), raising the possibility
that epigenetic or transcriptional upregulation of cFOS is
involved.

OS is divided into several subtypes: osteoblastic (about
70%), chondroblastic (about 10%), fibroblastic (about
10%), and others (10%) (Fletcher et al., 2013; Mirabello
et al., 2009). Although the prognoses of these subtypes
are clinically similar, it is largely unknown how they are
generated. Since BMSCs are multipotent and may be the
cells of origin of OS, an attractive hypothesis is that
oncogenes and/or tumor suppressors regulate the lineage
choices of BMSCs and, thus, the subtypes of OS.

We have previously isolated and characterized BMSCs
from the bone marrow of p53 knockout (p53_KO) mice
(He et al., 2015). In this study, we aim to use these
p53_KO BMSCs as a model to study the contribution of
oncogenic signals in osteosarcomagenesis. We find that
the default tumor type arising from p53_KO BMSC:s is oste-
oblastic OS, and that oncogenic signals can override this
default lineage choice. We concentrate on studying the
signaling that induces chondroblastic OS and identify an
axis of cFOS-SOX9, which enhances cartilage formation
during osteosarcomagenesis. Results from human OS tissue
microarray support that the cFOS-SOX9 connection is
conserved in human chondroblastic OS.

RESULTS

BMSCs Carrying p53 Deletion Spontaneously Form
Osteoblastic OS

In mouse models, p53 loss has been shown to be a domi-
nant factor for osteosarcomagenesis (Lin et al., 2009; Walk-
ley et al., 2008). To test whether this can be recapitulated in
a cellular model, we assessed the tumorigenicity of pS3_KO
BMSCs, which were isolated from the bone marrow of 6- to
10-week-old adult p53_KO mice. These p53_KO BMSCs are
immortalized and multipotent with the ability of differen-
tiating into three lineages: osteocytes, chondrocytes,
and adipocytes (He et al., 2015). We transplanted these
cells into immunocompromised NOD, scid, gamma (NSG)
mice. Five out of nine mice transplanted with p53_KO
BMSCs generated tumors with an average latency (time be-
tween transplantation and tumor harvesting) of 44 days;
the other four mice did not develop tumors within a
4-month period (Table S1). Pathological analyses revealed

that 100% of generated tumors were osteoblastic OS
containing woven bones and osteoid (Figure 1). This
finding is consistent with our previous in vitro obser-
vation showing that p53_KO BMSCs are predisposed to
osteoblastic differentiation (He et al., 2015). Thus, the
default subtype of OS formed from p53_KO BMSCs is oste-
oblastic OS.

Different Oncogenes Induce Different Types of
Sarcoma from BMSCs

Because not all the transplants of p53_KO BMSCs gener-
ated tumors, we tested whether oncogenes can increase
the tumor incidence. We examined the effect of three on-
cogenes, Akt, cFos, and Ras (rat sarcoma viral oncogene),
on promoting the tumor formation in p53_KO BMSCs.
These oncogenes were chosen because Akt and cFos have
been linked to OS and Ras to sarcoma in general (Chen
etal., 2014; Perry et al., 2014; Shih et al., 1980; Van Beveren
etal., 1983).

We transduced p53_KO BMSCs using murine retrovi-
ruses expressing Akt2, cFos, k-Ras (Kirsten Ras) (V12), or
h-Ras (Harvey Ras) (V12). Anchorage-independent growth
assays were performed to determine the in vitro transfor-
mation ability of these cells (Figures S1A and S1B). About
20% of p53_KO BMSCs generated colonies (Figure S1A).
cFOS, k-RAS (V12), and AKT2 further increased both colony
number (Figure S1A) and size (Figure S1B). These results
suggest that p53_KO BMSCs contain some spontaneous
transformed cells but the majority of the cells are not trans-
formed. Since these cells are primary cells with less than
eight passages, it is likely that the small portion of trans-
formed cells pre-existed before the isolation from bone
marrow. However, our results cannot completely rule out
the possibility that short-term in vitro culturing enables
some cells to be spontaneously transformed. Nonetheless,
oncogenes, such as cFos, k-Ras (V12), and Akt2, can greatly
enhance the transformation of p53_KO BMSCs.

After determining the anchorage-independent growth
capacity of these cells, we transplanted them into NSG
mice to test their ability to form tumor. Tumor formation
frequency was 100% for p53_KO BMSCs transduced with
each of the oncogenes, and tumor formation latency was
decreased by oncogenes (Table S1). One prominent obser-
vation was that tumor types were drastically different
between cells transduced with the different oncogenes.
cFOS induced chondroblastic OS, which contained mixed
osteoid (stained by Masson’s trichrome) and cartilage
(stained by Alcian blue) (Figures 2A-2D), while both
k-RAS and h-RAS induced undifferentiated sarcomas,
which were negative for Masson’s trichrome and Alcian
blue staining (Figures 2E-2H). Tumors from k-RAS (V12)-
or h-RAS (V12)-transformed p53_KO BMSCs had telangiec-
tatic change as displayed by abundant blood cells within
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Figure 1. p53_KO BMSCs Generate Osteo-
blastic 0S

(A) H&E staining of two representative
tumors formed from p53_KO BMSCs trans-
planted into NSG mice. Woven bone and
osteoid structures are shown.

(B) Masson’s trichrome staining of two
representative tumors formed from p53_KO
BMSCs transplanted into NSG mice. Blue
color indicates osteoid. Blue indicates
collagen in bone.

(C) Alcian blue staining of two representa-
tive tumors formed from p53_KO BMSCs
transplanted into NSG mice. Blue indicates
glycosaminoglycans in cartilages.

Scale bars represent 2 mm for inlets and
200 um for large microscopic views. See also
Table S1.
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the tumors (Figures 2 and S1C-S1E). AKT2 induced osteo-
blastic OS with the characteristic osteoid and woven bone
and the absence of cartilage (Figures 2I-2L). Real-time
PCR analyses and immunohistochemistry showed that
cFOS-driven tumors expressed high levels of Acan (also
called Aggrecan), a marker for chondrocytes, while AKT-
driven tumors expressed high levels of Bglap (also called
Osteocalcin), a marker for osteocytes (Figures 2M and S1F).
Ras-driven tumors expressed low levels of these two
markers (Figures 2M and S1F).

To test whether the transplantation sites affect the tu-
mor types, we performed intrabone marrow injection of
p53_KO BMSCs transformed with different oncogenes
(Figure S2 and Table S2). Similar to the results from intra-
muscular injection, k-RAS (V12) induced undifferentiated
sarcoma while cFOS transformed these cells into chondro-
blastic OS. However, we did not observe tumor formation
from p53_KO BMSCs transformed by AKT2 in the intra-
bone marrow injection up to 5 months, presumably due
to fewer cells injected (1 million cells) and the potential
long latency of tumor formation in the bone marrow envi-
ronment. Therefore, the injection sites do not appear to
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affect the tumor types, at least for k-RAS (V12)- and cFOS-
driven tumors originating from p53_KO BMSCs.

In summary, different oncogenes transform p53_KO
BMSC:s into different types of sarcomas.

cFOS-Transformed p53_KO BMSCs Are Multipotent

Because the etiology of chondroblastic OS is unknown and
this subtype of OS is refractory to chemotherapy, we
decided to further study cFOS-induced chondroblastic OS
generated from BMSCs. We set out to test whether the
enhanced chondrogenesis in tumor can be recapitulated
in vitro. To this end, we picked single clones from cFOS-
transduced p53_KO BMSCs and performed in vitro chon-
drogenesis, osteogenesis, and adipogenesis assays. Single
clones of BMSCs transformed with cFOS had an enhanced
chondrogenesis and decreased osteogenesis compared with
control BMSCs (Figures 34, 3B, S3A, and S3B), while adipo-
genesis was not affected (Figures 3C and S3C). Similar to
polyclonal cFOS-transduced p53_KO BMSCs, these single
clones formed chondroblastic OS with spicules of woven
bone, osteoid, and chondrocyte-like cells within a cartilag-
inous matrix (Figures 3D-3F and S3D-S3F). These results
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Figure 2. Different Oncogenes Direct p53_KO0 BMSCs to Form Different Types of Sarcomas

(A) Western blot analyses (left) of overexpressing cfos in p53_K0 BMSCs with cFOS and B-ACTIN antibodies. Macroscopic view (right) of a
representative tumor generated from p53_K0 BMSCs with cfos overexpression.

(B) H&E staining.

(legend continued on next page)
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indicate that a single cFOS-transformed p53_KO BMSC is
multipotent and has the capacity to generate tumors with
features of chondroblastic OS. In addition, cFOS-induced
chondrogenesis of p53_KO BMSCs does not require host
cells and is mainly cell autonomous.

Pathways Regulated by cFOS in BMSCs

To identify pathways that are regulated by cFOS in
p53_KO BMSCs, we performed RNA sequencing (RNA-
seq) using p5S3_KO BMSCs transduced with retroviruses
expressing luciferase (Luc) or cFos. In total, 449 transcripts
were determined to be cFos-regulated transcripts (a
p value less than 0.01 and fold change larger than 1.5)
(Table S3 and Figure 4A). To investigate whether cFOS
directly regulates these transcripts, we also performed
chromatin immunoprecipitation sequencing (ChIP-seq)
and assigned cFos ChIP-seq peaks to a transcript if the
peak located within 25 kb away from a transcript (He
et al.,, 2015; Li et al., 2012; Shin et al., 2016). Among
the 31,099 annotated transcripts in the mouse genome
(build mm9), 8,635 transcripts had at least one associated
cFOS peak, and these transcripts were defined as cFOS
bound. After overlapping cFos-regulated transcripts (449)
and cFOS-bound transcripts (8,635), we found that 275
transcripts were directly regulated by cFOS (Table S3 and
Figure 4B). We then focused on these 275 cFOS direct tar-
gets and subjected them to pathway analysis, which iden-
tified several cancer-related pathways, such as the focal
adhesion pathway and the MAPK signaling pathway
(Figure 4C).

cFOS Induces the Expression of Sox9

These identified cFOS-regulated pathways explained the
tumorigenic ability of cFOS. However, they did not
shed light on the chondrogenic induction by cFOS.
This role of cFOS in chondrogenesis does not appear to
be associated with cell proliferation because cFOS does

not affect the cell proliferation of p53_KO BMSCs (Fig-
ure S4A). To gain insight into cFOS-regulated lineage
choice, we inspected the 275 direct targets of cFOS and
found that Sox9 was within the list (Table S3 and Fig-
ure 5A). Sox9 is a master regulator of cartilage formation
(Bi et al., 1999). The Sox9 mRNA was induced 2- to 3-
fold by cFOS based on RNA-seq and real-time PCR,
respectively (Figures 5B and 5C). The SOX9 protein was
also induced (Figure 5D). To further validate that Sox9 is
a cFOS target, we examined the promoter of Sox9 and de-
tected two putative consensus binding motifs of cFOS
(Figure SE; Fleming et al., 2013). We cloned this promoter
and performed luciferase assay. cFOS induced the lucif-
erase activity driven by this promoter, further demon-
strating that Sox9 is a direct target of cFOS (Figure 5F).
Using site-directed mutagenesis, we modified these two
putative motifs of cFOS binding (Figure SE). Both sites
were involved in the regulation of Sox9 by cFOS, since
mutation of either or both sites decreased the induction
of luciferase activity (Figure 5G), although disruption
of both sites had a more profound effect than either
single site.

Sox9 Mediates cFOS-Driven Chondrogenesis in
Chondroblastic OS

To test whether Sox9 mediates cFOS-driven chondrogen-
esis, we used two lentiviral short hairpin RNAs (shRNAs)
to reduce the levels of Sox9 in cFOS-transduced p53_KO
BMSCs (Figure 6A). In vitro chondrogenesis assay
showed that these two shRNAs decreased the chondro-
genesis of cFOS-transduced p53_KO BMSCs (Figure 6B).
We then transplanted control cells (shRNA against lucif-
erase) and knockdown cells into NSG mice to form tu-
mors. Knockdown of Sox9 in cFOS-transduced p53_KO
BMSCs decreased the percentage of cartilage in tumors
(Figures 6C and 6D). All the control cells (p53_KO
BMSCs + cFos + shLuc) formed chondroblastic OS while

(C) Masson'’s trichrome staining. Blue indicates collagen in bone.

(D) Alcian blue staining. Blue indicates glycosaminoglycans in cartilages.
(E) Western blot analyses (left) of overexpressing k-RAS (V12) in p53_K0 BMSCs with k-RAS (V12) and B-ACTIN antibodies. Macroscopic
view (right) of a representative tumor generated from p53_KO0 BMSCs with k-RAS (V12) overexpression.

(F) H&E staining.
(G) Masson'’s trichrome staining.
(H) Alcian blue staining.

(I) Western blot analyses (left) of overexpressing Akt2 in p53_K0 BMSCs with AKT2 and B-ACTIN antibodies. Macroscopic view (right) of a
representative tumor generated from p53_K0 BMSCs with Akt2 overexpression.

(J) H&E staining.
(K) Masson's trichrome staining.
(L) Alcian blue staining.

(M) Real-time PCR to measure the relative normalized RNA levels of Bglap (an osteogenic marker) and Acan (a chondrogenic marker) in
cFOS, k-RAS (V12), or AKT2 driven tumors. n = 3 independent experiments; error bar denotes SEM.
Scale bars represent 2 mm for inlets and 200 pum for large microscopic views. See also Figures S1 and S2; Table S2.
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(legend on next page)
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Sox9 knockdown cells (pS3_KO BMSCs + cFos + shSox9)
had decreased cartilage formation (Figures 6C and 6D).
Thus, these results showed that Sox9 is one of the
downstream mediators of cFOS in the induction of

Prkca, Cav2, Cavl, Pdgfa, Hgf, Col5a3, Pdgfrb,
Lamc2, Pdgfc, Zyx, Lamc1, Pik3r3, Thbs1
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Prkca, Pdgfa, Camk2d, Pdgfrb, Pik3r3

Enah, Fgf7, Pdgfa, Gsn, Pdgfrb, Cyfip1, Pdgfc,
Pik3r3

Prkca, Fgf7, Pdgfa, Pdgfrb, Lamc2, Hgf, Lamc1,
Pik3r3, Traf5, Sufu

Pdgfa, Pdgfrb, Creb3l1, Pdgfc, Pik3r3

Prkca, Gsn, Asap1, Pik3r3, Dnm1

Dusp5, Prkca, Il1r1, Fgf7, Pdgfa, Jund, Dusp16,
Pdgfrb

Figure 4. Direct Targets of cFOS

(A) Hierarchy clustering of differentially
expressed transcripts (by RNA-seq, fold
change >1.5, p < 0.01) in p53_KO0 BMSCs
transduced with retroviruses expressing
luciferase (LUC) or cFOS.

(B) Venn diagram of cFOS-regulated tran-
scripts and cFOS-bound transcripts to show
direct targets of cFOS.

(C) Pathways enriched in the 275 tran-
scripts that are directly regulated by cFOS in
p53_K0 BMSCs.

chondroblastic OS. Of note, Sox9 knockdown did not
change the incidence of tumor formation and tumor
growth of cFOS-transduced pS3_KO BMSCs, suggesting
that cFOS has two roles in osteosarcomagenesis: a

Figure 3. cFOS Enhances Chondrogenic Differentiation of p53_KO0 BMSCs In Vitro and In Vivo
(A) Alcian blue staining of in vitro chondroblastic differentiation of p53_K0 BMSCs single clone #1 with or without cFos overexpression.

Scale bars, 200 pm.

(B) Alizarin red staining of in vitro osteogenic differentiation of p53_K0 BMSCs single clone #1 with or without cFos overexpression. Scale

bars, 1 mm.

(C) Oil red 0O staining of in vitro adipogenic differentiation of p53_KO BMSCs single clone #1 with or without cfos overexpression. Scale

bars, 100 pum.

(D) H&E section staining of a tumor generated from p53_KO BMSCs single cell-derived clone #1 with cFos overexpression.
(E) Masson'’s trichrome staining of the sections of tumor generated from p53_KO BMSCs single cell-derived clone #1 with cFos over-

expression.

(F) Alcian blue staining of the sections of tumor generated from p53_KO BMSCs single cell-derived clone #1 with cFos overexpression.
Scale bars in (D) to (F) represent 2 mm for inlets and 200 pum for large microscopic views. See also Figure S3.
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Figure 5. Sox9 Is a Direct Target of cFOS
(A) ChIP-seq (upper) shows the binding
of cFOS in the promoter of the Sox9 locus.
The black box shows the identified binding
site for cFOS. RNA-seq shows the induction
of Sox9 by cFOS. Gene structure of Sox9
is shown. Arrow indicates the direction of
transcription. RNA-seq (lower) shows the
expression of Sox9.

(B) RNA-seq showing the expression of
Sox9. Fragments per kilobase per million
reads (FPKM) of Sox9 in p53_KO BMSCs
transduced with retroviruses expressing
luciferase and cFOS. Error bars denote SEM,
n = 3 independent experiments. **p < 0.01.
(C) Real-time PCR to measure mRNA levels
of Sox9, Runx2, and Pparg in p53_K0 BMSCs
with or without cFOS overexpression. Error
bars denote SEM, n = 3 independent ex-
periments. *0.01 < p < 0.05, **p < 0.01.
(D) Western blot analyses using cFOS, SOX9,
RUNX2, PPARY, and B-ACTIN antibodies.
(E) Schematics of the wild-type and mutated
Sox9 promoter. Putative cFOS binding sites
are shown in bold. Red color shows the
mutated nucleotides of the promoter of Sox9
using the QuikChange (QC) method. The
numbers after “QC" indicate the mutated
position of putative cFos targeting sites.
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cartilage induction role mediated by Sox9 and a tumor-
promoting role.

To test whether Sox9 is an oncogene, we overexpressed
Sox9 in p53_KO BMSCs (Figure S4B). The levels of Sox9
were higher than cFOS-induced Sox9 (Figure S4B). How-
ever, anchorage-independent growth assay showed that
Sox9 did not transform p53_KO BMSCs in vitro (Figures
S4C and $4D). These results together demonstrate that
Sox9, by itself, has no capacity to transform p53_KO
BMSCs. Thus, Sox9 is unlikely a bona fide oncogene.

cFOS and SOX9 Are Co-expressed in Human
Chondroblastic OS Cells

To explore the relevance of the cFOS-SOX9 connection in
human OS tumor samples, we performed Alcian blue stain-
ing, and cFOS and SOX9 immunohistochemistry (IHC) us-
ing a human OS tumor microarray (TMA). We found that
cFOS and SOX9 were both located in the nuclei of human
chondroblastic OS (Figures 7A, S5A, and S5B). We also de-
tected signal of cFOS and SOX9 in normal human chondro-
cytes, but the signals of both proteins were much lower
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Figure 6. SOX9 Mediates cFOS-Driven Chondrogenesis In Vitro and In Vivo

(A) Western blot analyses of Sox9 knockdown in p53_KO BMSCs with cFOS overexpression.

(B) In vitro chondrogenic differentiation of p53_KO BMSCs expressing cFOS transduced with lentiviruses expressing shRNA against
luciferase (shLuc) or Sox9 (shSox9_#1 and shSox9_#3). Scale bars represent 300 um for inlets and 200 pum for large microscopic views.
(C) H&E staining and Alcian blue staining showing the reduction of cartilage in tumors generated from p53_KO BMSCs + cFos transduced with
shSox9_#1 or shSox9_#3 in comparison with shLuc control. Scale bars represent 2 mm for inlets and 50 pm for large microscopic views.
(D) Quantitative analyses of the percentage of cartilage area of tumors. Upper panel: a representative of pseudo-color mark-up of cartilage
area within a tumor, as acquired using quantitative pattern recognition image analysis. Cart, cartilage. Lower panel: statistical analyses of
percentage of cartilage area. n = 8 mice; **p < 0.01. Scale bars, 50 pum.
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Figure 7. cFOS and SOX9 Are Co-expressed in Human Chondroblastic Osteosarcomas

(A) Alcian blue staining of two representative tumors (tumor 1 and tumor 2) from human 0S TMA and normal human chondrocytes.
(B) cFOS IHC staining of two representative chondroblastic 0OS from human 0S TMA and normal human chondrocytes.

(C) SOX9 IHC staining of two representative chondroblastic 0S from human 0S TMA and normal human chondrocytes.

(D) A model of oncogene-driven lineage determination of p53_KO BMSCs.

Scale bars represent 200 pum for both the insets and larger microscopic views. See also Figure S5.
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than those in chondroblastic OS. Although we detected
SOX9 signal in other subtypes of OS, cFOS staining was
either negative or cytoplasmic (Figure S5C). These results
suggest that the regulation of SOX9 by cFOS may be
conserved in human chondroblastic OS. Of note, our result
does not exclude the possibility that other factors also regu-
late the expression of SOX9 in human OS.

DISCUSSION

The Roles of p53 in BMSCs and Osteosarcomagenesis
The effect of p53 loss in MSCs on osteosarcomagenesis has
been reported (Berman et al., 2008; Lin et al., 2009; Rodri-
guez et al., 2009; Rubio et al., 2010; Tataria et al., 2006;
Walkley et al., 2008). In the ex vivo studies, the tissues
from which MSCs are derived affect the tumor types. For
example, p53 loss in MSCs derived from adipose tissue
generated fibrosarcoma or leiomyosarcoma in immuno-
compromised mice (Rodriguez et al., 2009; Rubio et al.,
2010). This is probably due to the epigenetic “memory”
of MSCs. In the in vivo studies, the p53 gene was condition-
ally deleted using PrxI-driven Cre recombinase. Mice
developed osteosarcoma and fibrosarcoma, as well as other
types of sarcomas (Berman et al., 2008; Lin et al., 2009;
Walkley et al., 2008). Because Prx1 is expressed in the
mesenchymal tissue during embryonic stage, the cell of
origin of these sarcomas is still unknown.

Within these previously reported models, the latency of
osteosarcoma formation ranges from 4 to 12 months. Our
sarcoma models are based on exogenously expressed onco-
genes in isolated BMSCs, which give rise to tumors within
1-2 months, depending on site of injection and the num-
ber of transplanted cells (Tables S1 and S2). In addition,
our models use p53_KO MSCs derived from mouse bone
marrow, and therefore are more relevant to osteosarcoma-
genesis than MSCs isolated from other tissues. Overall,
our models serve as useful complementary approaches to
previously reported models.

The Role of cFOS in Chondrocyte Development and
Chondroblastic Osteosarcomagenesis

cFOS was discovered at an insertion site for a murine retro-
virus that promotes OS formation (Van Beveren et al.,
1983). In transgenic and knockout mouse models, cFOS
has been shown to play an important role in cartilage
formation (Wangetal., 1991, 1992). In human OS, upregu-
lation of cFOS has been documented (Wu et al., 1990).
However, it is not due to cFOS mutation or amplification,
suggesting that transcriptional or epigenetic upregulation
may be involved (Chen et al., 2014; Perry et al., 2014).
Thus, the role of cFOS in OS is conserved between human
and mouse, although the mechanisms may differ. Similar
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to the observations in mouse models, we observed a role
of cFOS in inducing chondrogenesis using BMSCs as a
cellular model. Furthermore, we demonstrated that the
cFos proto-oncogene connects to the chondrogenic differ-
entiation program of BMSCs by inducing the transcription
of Sox9 and that the cFOS-SOX9 axis is critical for the role of
cFOS in the induction of chondroblastic OS (Figure 7D). Of
note, it is very likely that cFOS is not the only transcription
factor inducing the expression of Sox9, and other factors
may also play a role in Sox9 expression.

Because Sox9 knockdown changes only the subtype
but not the tumorigenicity of cFOS-transduced p53_KO
BMSCs, our results reveal that cFOS has at least two roles
in osteosarcomagenesis: an oncogenic role in promoting
tumor formation and a role in the induction of cartilagi-
nous tumor mediated by SOX9. The dual roles of cFOS in
OS are reminiscent of the dual roles of p53 in BMSCs, in
which p53 not only prevents tumorigenesis but also affects
the lineage choice of these cells (He et al., 2015). What,
then, is the relationship between the roles of cFOS in devel-
opment and cancer? During normal chondrocyte develop-
ment the action of cFOS may be transient, which may
avoid the tumorigenic potential of cFOS. However, when
cFOS is consistently upregulated, as in our models and
some tumors, cartilaginous tumors form because of the
consistent upregulation of cancer-related signaling regu-
lated by cFOS (Figure 4C).

It is worth noting that osteoblastic OS, chondroblastic
0§, and fibroblastic OS have a similar prognosis. Although
chondroblastic OS is resistant to chemotherapy, this nega-
tive effect is offset by its good outcome. Nonetheless, our
study provides an explanation to BMSCs’ capacity of being
the cells of origin of many subtypes of OS and undifferen-
tiated sarcoma, and merits future studies to improve the
clinical outcomes of OS.

In our chondroblastic OS model, p53 was deleted in
BMSC:s prior to the introduction of exogenous cFos. How-
ever, in the human setting it is still elusive whether these
p53/cFOS/SOX9 sequential events are conserved.

The Oncogenic Signal Determines the Subtypes of OS

One of the long-standing questions is how BMSCs can
be the cells of origin of different types of sarcomas. One
possibility is that BMSCs are a mixture of committed cell
types and that each of these cell types can develop into
different subtypes of sarcoma. Using single clones of
p53_KO BMSCs, our study supports an alternative explana-
tion: p53_KO BMSCs are multipotent in the generation of
different types of sarcomas and oncogenic signals dictate
the tumor types. Although the default tumor type gener-
ated from p53_KO BMSCs is osteoblastic OS, oncogenic sig-
nals can override this default program and direct these cells
to develop into various lineage tumors. The plasticity of



generating different tumor types of BMSCs probably is
tightly associated with the multipotency of these cells dur-
ing normal development. Therefore, these results provide
an explanation for how BMSCs can serve as the cells of
origin for many different types of sarcomas.

The PI3K-AKT and RAS signaling pathways are two of the
most common oncogenic signals in human cancers (Shaw
and Cantley, 2006). In particular, the AKT pathway was
aberrantly upregulated in OS through PTEN (Phosphatase
and tensin homolog) deletions or PI3K mutations (Chen
et al., 2014; Perry et al.,, 2014). Interestingly, the RAS
signaling pathway regulates the PI3K pathway as well
as the RALGDS pathway, RAF pathway, and PLC-PKC
pathway (Downward, 2003). Thus, it is intriguing to spec-
ulate that the RALGDS pathway, RAF pathway, and PLC-
PKC pathway mediate the role of RAS in the induction of
undifferentiated sarcomas.

RAS is an oncogene in sarcomas but its point mutations
or amplifications in OS are rare (Chen et al., 2014; Perry
et al., 2014). Since both k-RAS and h-RAS reprogram
p53_KO BMSCs into undifferentiated sarcomas, our results
are consistent with the relative infrequency of Ras muta-
tions in human osteoblastic OS.

Cells of Origin of OS

Understanding the cell of origin could facilitate the devel-
opment of novel therapeutic strategies for OS. In various
mouse models, it has been shown that committed pre-oste-
oblasts, osteoblasts, and uncommitted embryonic mesen-
chymal progenitors are the cells of origin of OS (Calo
et al.,, 2010; Lin et al., 2009; Walkley et al., 2008). All of
these mouse models use a tissue- or cell-type-specific Cre re-
combinase to conditionally delete p53 and/or RB1. Because
of the intrinsic heterogeneous expression of the Cre trans-
gene, the “true” cell of origin of OS is still elusive. Using
previously characterized BMSCs isolated from the bone
marrow from adult mice (He et al., 2015), our results
demonstrate that adult BMSCs indeed have the ability of
developing into OS in the transplantation assay. Of note,
our results do not exclude the possibility that other cell
types, such as osteoblasts, can also serve as cells of origin
of OS. Since oncogenes can determine the tumor types, it
is likely that OS may have several cells of origin depending
on the oncogenic signals. Nonetheless, in the presence of
persistent cFos upregulation, BMSCs become the origin of
chondroblastic OS.

EXPERIMENTAL PROCEDURES

Mouse Strains

p53** and p53~'~ mice were described previously (Donehower
et al., 1992) and housed in the mouse facility of the National
Cancer Institute. The immunocompromised NSG (also known as

NOD-scid-gamma, strain #005557) mice were purchased from
the Jackson Laboratory. Mice were maintained under the guide-
lines of the Institutional Animal Care and Use Committee-
approved protocols of the National Cancer Institute and National
Heart, Lung, and Blood Institute.

Intramuscular Injection and Intrabone Marrow
Injection for Tumorigenesis

Ten million p53_KO, p53_KO" cFos BMSCs or 1 million hu-
man OS cells were resuspended in medium + 25 mM HEPES,
mixed with same volume of Matrigel (BD Biosciences, catalog
#356231), and injected into hindlimb muscle of immuno-
compromised NSG mice. Tumors were harvested when they
reached about 1.5 cm in diameter or the mice started to show
signs of pain. The tumors were dissected, cut into 5-mm
thick portions, fixed in 10% formalin overnight, and paraffin
embedded, and 5-pm sections were placed onto positively
charged slides.

For intrabone marrow injection, the right tibia was gently drilled
with a 26-gauge needle through the patellar tendon. One million
p53_KO BMSCs transduced with an oncogene was injected into
the drilled tibia through the patellar hole using a Hamilton
microsyringe.

Isolating and Culturing of Mouse BMSCs

The procedures of isolating and characterizing mouse BMSCs were
mostly described previously (Anjos-Afonso and Bonnet, 2008;
He et al., 2015). In brief, mouse BMSCs were isolated from 6- to
10-week-old adult mice using the attachment approach followed
by double-negative cell sorting of CD11b and CD45. Sorted mouse
BMSCs were cultured in a proprietary BMSC medium (STEMCELL
Technologies, #05512). Because BMSCs are prone to spontaneous
transformation, we only used BMSCs with passages less than or
equal to 8 at a split ratio of 1:10.

In Vitro Osteogenic Differentiation and Adipogenic
Differentiation

Osteogenic differentiation and adipogenic differentiation of
mouse BMSCs were performed as we previously described (He
etal., 2015).

Chondrogenic Differentiation and Alcian Blue
Staining

Alginate solution (1.5% [w/v]) in 150 mM NaCl was made 2 hr
before cells were ready. Ten million BMSCs were resuspended in
900 pL of alginate solution and the alginate/cell suspension was
rapidly dispensed into a 100-mM CacCl, solution while stirring
with a 3-mL syringe fitted with a 27-gauge needle to form chondro-
genic microbeads. The chondrogenic microbeads were washed
with PBS and grown in four wells of a 24-well plate under hypoxia
condition (5% oxygen) in chondrogenic induction medium,
which contains DMEM high glucose plus 6.25 pg/mL insulin,
6.25 pg/mL transferrin, 6.25 ng/mL sodium selenite, 5.33 pug/mL
linoleic acid, 1.25 mg/mL BSA, 100 nM dexamethasone,
10 ng/mL transforming growth factor B3, and 50 uM ascorbic
acid. The medium was changed every 3 days for up to 4 weeks.
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After differentiation, the beads were fixed for 24 hr in 4% parafor-
maldehyde, 100 mM sodium cacodylate, and 50 mM BaCl,. The
fixed alginate beads were further processed for paraffin embedding
and sectioning using standard methods (HistoServ). The deparaffi-
nized and hydrated slides were stained with 0.5% Alcian blue in
0.1 N HCI for 30 min, washed with water, stained with nuclear
fast red for 10 min, and rinsed with water. After staining, these
slides were dehydrated through graded alcohols and coverslipped
with resinous mounting medium.

Human OS Cell Lines

SAOS2 cells were originally purchased from ATCC. These cells
were grown in DMEM with 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin (100 units/mL). Hu09-M112 was
generously provided by Dr. Jun Yokota (Biology Division, Na-
tional Cancer Center Research Institute, Japan) and grown in
RPMI-1640 with 10% FBS and 1% penicillin-streptomycin (100
units/mL). Puromycin (2 pg/mL) was added to the medium
24 hr after virus infection for selecting positive clones. The
derived cells were maintained in medium with 1 pg/mL puromy-
cin after selection.

cFos Overexpression in BMSCs

Mouse cFos cDNA was cloned into the pENTR/D-TOPO vector us-
ing sense primer 5'-CAC CAA GCT TAT GAT GTT CTC GGG TTT
CAA CGC-3' and antisense primer 5'-CCT TGC GGC CGC TCA
CAG GGC CAG CAG CGT GGG-3/, and confirmed by sequencing.
The cDNA was then subcloned into retrovirus expressing vector
pMXs_puro using gateway recombination. Two micrograms of
pMXs_puro_cFos(m) plasmid was transfected into Plat-E cells
for making retrovirus. The medium containing retrovirus was
collected 48 hr and 72 hr after transfection. One milliliter of
supernatant containing virus from each collection was used to
infect 0.1 million BMSCs in each well of a 6-well plate at same
time of virus collection. Puromycin (4 pg/mL) was added into
the medium 24 hr after second infection for selection. After
selection, the cells were maintained in medium with 2 pg/mL
puromycin.

Western Blot

Procedures of western blotting were described previously (He et al.,
2015; Lietal., 2012, 2015; Shin et al., 2016; Zhanget al., 2013). An-
tibodies were 1:1,000 cFOS (Santa Cruz Biotechnology, #sc-7202),
1:1,000 AKT (Cell Signaling Technology, #4691P), 1:1,000 RAS
(Cell Signaling, #3339S), 1:1,000 SOX9 (Millipore, #AB5535),
1:1,000 RUNX2 (Cell Signaling, #8486), 1:500 PPARy (Cell
Signaling, #2443), 1:2,000 a-tubulin (Sigma, #T9026).

Reporter Assay

The putative promoter region was amplified (see Table S4 file for
details) and cloned into pGL4.20-luc2-MCS2, which expressed
Firefly luciferase (Promega). The reporter containing Sox9 pro-
moter was co-expressed together with a reporter expressing Renilla
luciferase (internal control) plus an empty vector or a vector ex-
pressing cFos in p53_KO BMSCs using Turbo DNAfectin 3000
(EGFIE). Cells were lysed and luciferase activity was measured as
previously described (He et al., 2015; Li et al., 2012).
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RNA-Seq, ChIP-Seq, and Pathway Analyses

For RNA-seq, 1 pg of total RNA for each sample was sent to the Next
Generation Sequencing Facility at the Center for Cancer Research
at the National Cancer Institute followed by rRNA removal, size
selection, reverse transcription, cluster generation, and high-
throughput sequencing on the HiSeq 2500 or NextSeq 500 plat-
forms. For ChIP-seq, we followed our previous procedures without
major modifications (He et al., 2015; Li et al., 2012; Shin et al.,
2016). Pathway analyses using DAVID Bioinformatics Resources
were previously described (Huang da et al., 2009; Lee et al., 2010).

shRNA Knockdown of Sox9

The sequences of shRNAs for knocking down mouse Sox9
were: shSox9(m)_#1: 5'-CCG GGC GAC GTC ATC TCC AAC ATT
GCT CGA GCA ATG TTG GAG ATG ACG TCG CTT TTT-3;
shSox9(m)_#3: 5'-CCG GAG ACT CAC ATC TCT CCT AAT GCT
CGA GCA TTA GGA GAG ATG TGA GTC TTT TTT-3'. shSox9(h)
were cloned into pLKO.1_puro and shSox9(m) were cloned
into pLKO.1_hygro lentivirus expressing vectors. Puromycin
(2 ng/mL) and hygromycin B (300 pg/mL) were added into me-
dium for selection of the positive clones after virus infection. Puro-
mycin (1 pg/mL) and hygromycin B (100 pg/mL) were used in
medium for maintaining the knockdown cells.

Quantitative Analysis of Cartilaginous Differentiation
in Paraffin-Embedded, Sectioned Xenografted Tumors
Digital image data files were created for each tumor specimen by
optically scanning individual H&E-stained tissue section slides us-
ing the Aperio AT2 digital slide scanner (Leica Biosystems) at a res-
olution of 0.49 um/pixel. The whole slide images were imported
into HALO imaging software (Indica Labs) where tumor areas
were manually segmented using SnapTo and flood tools. In addi-
tion, non-tumor tissue features were excluded from regions of in-
terest (ROI) on a case-by-case basis from each tissue section to
avoid analysis of non-tumor tissue. To identify tumor regions hav-
ing cartilaginous differentiation, we created a pattern-recognition
feature classification image analysis algorithm using the HALO
pattern classifier tool to delineate cartilage, in contrast to osteoid
and other soft tissue within H&E-stained tissue sections. This
algorithm was applied to all segmented ROI within all the H&E-
stained specimens to quantify evidence of cartilaginous differenti-
ation. Acceptance of algorithm parameters, post image-processing
output, and quality assurance steps conformed to that described
previously (Webster et al., 2012).

Masson’s Trichrome Staining

NovaUltra Masson’s trichrome stain kit from IHC World was used
to stain the collagen in OS sections. In brief, after deparaffinizing
and hydrating, the tumor sections were stained in Weigert’s iron
hematoxylin solution for 10 min, rinsed in tap water for 10 min,
and washed in distilled water. The sections were then stained in
Biebrich Scarlet-Acid Fuchsin Solution for 10 min, washed in
distilled water, differentiated in phosphotungstic-phosphomolyb-
dic acid solution for 10 min, and directly stained in aniline blue so-
lution for 5 min. Afterward, the sections were briefly washed in
distilled water, differentiated in acetic acid solution for 5 min,
washed again in distilled water, dehydrated very quickly through



95% alcohol and two changes of 100% alcohol for 1 min each,
cleared in two changes of xylene for 5 min, and coverslipped
with resinous mounting medium.

Tumor Microarray of OS

The TMA, as described previously (Shin et al., 2016), was generated
using 88 tumors collected from 88 patients with OS under an Insti-
tutional Review Board (IRB)-approved protocol of the Montefiore
Medical Center. For Immunohistochemistry (IHC), formalin-fixed
paraffin-embedded slides were deparaffinized in xylene, 100%
ethanol, and 95% ethanol. Antigens were retrieved by boiling slides
in 10 mM sodium citrate for 10 min. After cooling, slides were
treated with 3% H,O; for 10 min followed by washing with PBS +
0.1% Tween 20 and blocked with serum. Slides were then incubated
with 1:200 cFOS (Santa Cruz) or 1:200 SOX9 antibody (Millipore)
overnight at 4°, washed three times with PBS, and incubated with
biotinylated goat anti-rabbit immunoglobulin G secondary anti-
body (Vectastain ABC Kit) for 1 hr at room temperature. After
washing with biotin-avidin solution for 30 min at room tempera-
ture, slides were rinsed with PBS three times, and DAB solution
was added to allow color development for 2-5 min. The procedures
of using this TMA for IHC were approved under an exemption of IRB
(#12806) by the Office of Human Subjects of Research at the NIH.
Normal human chondrocyte tissue was purchased from US Biomax.

Oligo Sequences
Oligo sequences are shown in Table S4.
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