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Abstract

Osteosarcoma (0S) is characterized by TP53 mutations in humans. In mice, loss of p53 triggers 0S
development, and osteoprogenitor-specific p53-deleted mice are widely used to study the process of
osteosarcomagenesis. However, the molecular mechanisms underlying the initiation or progression of OS
following or parallel to p53 inactivation remain largely unknown. Here, we examined the role of
transcription factors involved in adipogenesis (adipo-TFs) in p53-deficient OS and identified a novel
tumor suppressive molecular mechanism mediated by C/ebpa. C/ebpa specifically interacts with Runx3,
a p53 deficiency-dependent oncogene, and, in the same manner as p53, decreases the activity of the
oncogenic axis of 0S, Runx3-Myc, by inhibiting Runx3 DNA binding. The identification of a novel
molecular role for C/ebpa in p53-deficient osteosarcomagenesis underscores the importance of the Runx-
Myc oncogenic axis as a therapeutic target for 0S.

Introduction

Osteosarcoma (0S) is a malignant bone tumor of mesenchymal cell origin, and there are few effective
targeted therapies for the treatment of this malignancy. In humans, the frequent inactivation of TP53in
sporadic 0S"2 and its germline mutation in Li-Fraumeni syndrome, which shows a high incidence of 0S?,
support the role of p53 as the critical tumor suppressor in osteosarcomagenesis. In mice, loss of p53 in
osteoprogenitor or mesenchymal stromal cells (MSCs) is sufficient for OS development, which has been
well-documented using the Osterix (0sx)/ Sp7-Cre; p53%"1 mouse line*®. However, the molecular
mechanisms underlying the initiation or progression of OS following or parallel to p53 inactivation
remain largely unknown.

In a previous study, we identified the p53 deficiency-dependent oncogenic role of Runx3, a member of
Runx family of transcription factors (TFs), in OS development. In p53-deficient human and mouse OS,
Runx3 is markedly upregulated and aberrantly upregulates Myc, the crucial oncogenic TF in 0S®, via the
Runx consensus genomic element mR1 in the Myc promoter’. Because the DNA-binding ability of Runx3
is inhibited by p53 through a specific protein-protein interaction, Runx3 is considered a p53 deficiency-
dependent oncogenic TF in 0S’. Concurrent loss of p53 and dysregulation of Myc, a pivotal tumor-
promoting force in humans and mice?, is mediated by the oncogenic Runx3. A better understanding of
this fundamental mechanism could be achieved by identifying the tumor suppressive factors that inhibit

the oncogenic mediator, Runx3.

In the present study, we examined the expression of TFs involved in adipogenesis (adipo-TFs) in p53-null
OS cells. The differentiation of MSCs into adipocytes or osteocytes is thought to be mutually exclusive
and tightly regulated by TFs®~1. Analysis of Osx-Cre; p53"f mice (herein OS mice) and the TARGET
(Therapeutically Applicable Research to Generate Effective Treatments) cohort, which possesses
genomic alterations in the TP53 gene, showed that adipo-TFs are not uniformly downregulated during
osteosarcomagenesis. Some adipo-TFs serve as prognostic factors in human OS patients and their
expression correlates with OS tumorigenicity, suggesting that they play tumor suppressive roles in OS.
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Among them, a CCAAT/enhancer-binding protein, C/ebpa, was identified as the most favorable
prognostic factor in human p53-deficient OS. Similar to Ppary, C/ebpa is a master regulator of
adipogenesis'%12, and its function as a tumor suppressor gene has been reported in human cancers’3.

Repression of C/ebpa reduces the tumorigenic potential of OS cells in humans and mice.

Here, we provide a novel molecular mechanism in which C/ebpa acts as a tumor suppressor in p53-
deficient osteosarcomagenesis. C/ebpa specifically interacts with Runx3, a p53 deficiency-dependent
oncogene, and decreases the activity of the oncogenic axis of 0OS, Runx3-Myc, by inhibiting Runx3 DNA
binding. The anti-OS effects of C/ebpa examined all targeted Runx3, and inhibiting Runx3 reversed the
functional defects of C/ebpa.

Results

C/ebpa is a favorable prognostic factor and is downregulated in p53-deficient osteosarcomagenesis

p53 inactivation is critical for the development and progression of OS in both humans and mice. The
TARGET cohort possessing TP53 alterations’ and the transcriptome of bone marrow-MSCs (BM-MSCs,
simply MSCs herein) and OS tissues obtained from OS mice were used for assessment. We compared the
transcriptome of OS tissues to that of BM-MSCs (Fig. 1A) and analyzed changes in the expression of 45
adipo-TFs (Fig. 1B and Supplementary Fig. 1A). Of five adipo-TFs with significantly favorable or poor
prognostic value in the human OS cohort (Fig. 1C and Supplementary Fig. 1B), C/ebpa, a favorable
prognostic factor, was markedly downregulated in OS tissues that developed from OS mice, whereas the
expression of the other four factors showed a moderate increase or decrease (Fig. 1B, D and
Supplementary Fig. 1A). C/EBPa was different from other family members, including C/EBP, C/EBP
C/EBPS, C/EBPg, and C/EBP{, which showed no prognostic value in the p53-deficient human OS cohort
(Fig. 1E). Based on these findings, the present study focused on the tumor suppressive function of
C/ebpa.

C/ebpa is a tumor suppressor in p53-deficient osteosarcomagenesis in humans and mice

The tumor suppressive potential of C/ebpa in vivo was assessed by homozygous deletion of C/ebpain
OS mice, which shortened the lifespan and accelerated OS formation in OSmice (Fig. 2A, B). C/ ebpa
depletion accelerated the onset of OS (Fig. 2B) and shortened the time from onset to death (Fig. 2C).
Comparison of gene expression between BM-MSCs and OS cells isolated from OS tissues (mOS cells)
showed differences in C/ebpa expression that were distinct from those of the other four prognostic
factors (Fig. 2D). In OS mice, the tumorigenic potential of clonal mOS cells was inversely proportional to
the expression level of C/ebpa (Fig. 2E). Exogenous expression of C/ebpa reduced the tumorigenicity of
the mOS-1 cells listed in Fig. 2D (Fig. 2F). The p53-deficient human OS cell lines MG-63 and HS-Os-1,
which endogenously express C/EBPa and have no tumorigenic potential in immunodeficient mice,
became tumorigenic upon deletion of C/EBPa (Fig. 2G, H). These results indicate that C/ebpa is a tumor
suppressor in osteosarcomagenesis in humans and mice.
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C/ebpa depletion upregulates Myc and increases the tumorigenicity of p53-deficient MSCs

Cells of origin of OS are present in BM-MSCs carrying oncogenic gene alterations such as an inactive
p53'4716_To evaluate the tumor suppressive role of C/ebpa in the development of p53-deficient OS, we
isolated MSCs from 0Smice and 0S, C/ebpa™f mice, and compared their tumorigenic potential. Deletion
of C/ebpa strongly increased the tumorigenic potential of MSCs from OS mice (0S,C/ebpa™f MSCs vs.
OSMSCs) (Fig. 3A). The tumorigenicity of 0SMSCs was dependent on Myc (Fig. 3A, B). This was
confirmed by the finding that both 0S, Mycd/* MSCs and 0S, Runx3" MSCs lacking Runx3, which
upregulates Myc in the absence of p53/, showed little tumorigenic potential (Fig. 3A, B). 0SMSCs formed
small tumors, some of which contained an osteoid matrix, whereas 0S, C/ebpa™f MSCs formed bigger
and malignant tumors with higher levels of Myc expression in immunodeficient mice (Fig. 3C).
Reintroduction of C/ebpa into 0S, C/ebpa™™ MSCs decreased their tumorigenicity and downregulated
Myc (Fig. 3D, E). C/EBPa deletion in MG-63 and HS-0s-1 cells upregulated MYC (Fig. 3F), and C/EBP and
MYC expression was inversely correlated in the human OS cohort (TARGET) (Fig. 3G). These findings
suggest that C/ebpa acts as a tumor suppressor by downregulating Myc in p53-null OS development.

Myc is suppressed by C/ebpa in various cell types, and different underlying mechanisms have been
proposed'3. C/ebpa represses E2Fs, which positively regulate Myc'’~19. In addition, C/ebpa inhibits Rb-
phosphorylation through an inhibitory protein-protein interaction with CDK2 and CDK4, thereby indirectly
inhibiting E2Fs2%27_ |n the present study, we evaluated the contribution of E2Fs and Rb-phosphorylation
to the Myc upregulation caused by loss of C/ebpa in the p53-deficient setting. Treatment with
HLMO006474, an E2F inhibitor??, downregulated Myc as well as E2F4, a positive control for HLM006474
treatment in the presence of C/ebpa, but not Myc, which was upregulated in the absence of C/ebpa
(Supplementary Fig. 2A). This suggests that although E2Fs upregulate Myc, the upregulation of Myc in
the absence of C/ebpa in p53-deficient MSCs is independent from E2Fs. There is no significant
correlation between inactivation of Rb and tumorigenicity of mOS cells in the development of p53-
deficient 0S’; consistently, we did not find an inverse association between Rb phosphorylation and
Cebpa/CEBPa expression in mOS cells (Supplementary Fig. 2B, C), HS-0s-1 cells (Supplementary

Fig. 2D), and MSCs (Supplementary Fig. 2E, F). Even in the presence of p53, C/ebpa deletion did not
promote Rb phosphorylation in MSCs (Supplementary Fig. 2F). These results suggest that C/ebpa targets
other factors essential for Myc regulation in the p53-null setting that are not E2Fs or Rb.

C/ebpa attenuates DNA binding of oncogenic Runx3 to
mR1 in the absence of p53

C/ebpa physically interacts with Runx3, as it does with Runx12324. Similar to Runx1, Runx3 exhibited a
stronger interaction with C/ebpa than Runx2 (Fig. 4A). In OSMSCs, the endogenous interaction of C/ebpa
with Runx3 is stronger than that with Runx2 (Fig. 4B). Consistent with these results, in mOS cells,
exogenously expressed C/ebpa inhibited the binding of Runx3 to mR1, an essential Runx consensus site

in the Myc promoter for aberrant upregulation of Myc in the absence of p53’, more significantly than the
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binding of Runx2, as revealed by EMSA (Fig. 4C-E) and ChIP (Fig. 4F). A similar trend was observed when
p53 was deleted from ST2, a mouse BM-MSC line, and C/ebpa was induced (Fig. 4G). In the absence of
Runx3 or mR1, disruption of C/ebpa did not increase Myc and the tumorigenicity of OSMSCs, whereas in
the presence of both, loss of C/ebpa increased Myc and tumorigenicity (Fig. 4H, I). These results indicate
that C/ebpa attenuates Myc upregulation by blocking Runx3 DNA binding to mR1, thereby suppressing
the tumorigenicity of OSMSCs.

The Runt domain, which is the DNA binding domain, was suggested as the interaction domain of Runx1
with C/ebpa?423, although this has not been clearly demonstrated. The interaction domain of Runx2 with
C/ebppB is a C-terminal domain but not the Runt domain2®. A Runx3 polypeptide containing the Runt
domain was confirmed to interact with C/ebpa (data not shown), as suggested by the inhibition of DNA
binding by C/ebpa; however, the specific domain in Runx3 was not identified.

Loss of C/ebpa does not affect Myc regulation and
osteosarcomagenesis in the presence of p53

C/ebpa suppresses oncogenic Runx3, which upregulates Myc via mR1 only in the absence of p53”.
Consistent with this finding, in the presence of p53, loss of C/ebpa did not upregulate Myc in ST2 cells
and MSCs (Fig. 5A, B), and inducible C/ebpa did not affect Myc expression levels in ST2 cells
(Supplementary Fig. 3). As shown in Fig. 2A, osteoprogenitor-specific deletion of C/ebpa promoted p53-
deficient OS development in vivo, whereas deletion of C/ebpa alone resulted in no tumor formation in
mice and no difference in lifespan from control mice (Fig. 5C). In addition, MSCs isolated from Osx-Cre;
C/ebpa™™ mice had no tumorigenicity t in immunodeficient mice (data not shown). All these findings
suggest that C/ebpa functions as a tumor suppressor in OS development only in the absence of p53. As
revealed by micro-CT (uCT) analysis, on the other hand, deletion of C/ebpa by Osx-Cre significantly
increased trabecular and cortical bone formation in the adult femur, a common site of 0S, although the
trend was not observed for all parameters examined (Fig. 5D, E).

The Runx inhibitor Al-10-104 effectively cured p53- and C/ebpa-deficient 0S

The tumor suppressor C/ebpa targets Runx3 in the development of p53-deficient OS. Treatment with the
Runx inhibitor Al-10-10427 downregulated Myc in both p53- and C/ebpa-negative MSCs (0S, C/ebpa™
MSCs) (Fig. 6A) in a dose-dependent manner (Fig. 6B); however, its effect on Myc downregulation was
smaller in p53-negative but C/ebpa-positive MSCs (OSMSCs) (Fig. 6A). These results demonstrate that
induction of Myc by Runx3 is dependent on both p53 and C/ebpa deficiency. Correspondingly,
administration of Al-10-104 had an obvious therapeutic effect on 0S, C/ebpa™f mice that developed
lower extremity OS (Fig. 6C).

Taken together, the present results indicate that the oncogenic potential of Runx3, which aberrantly
upregulates Myc, is suppressed by both tumor suppressors, p53 and C/ebpa, in normal MSCs. The p53-
negative MSCs (OSMSCs) in which only C/ebpa attenuates Runx3 are considered to be in a pre-0S state.
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Once C/ebpa is downregulated, unleashed Runx3 abnormally upregulates Myc and promotes
osteosarcomagenesis (Fig. 6D).

Discussion

In mice, C/ebpa deletion promoted p53-deficient osteosarcomagenesis and conferred tumorigenicity on
p53-deficient MSCs. In humans, C/EBPa was defined as a favorable prognostic factor for OS. The present
data indicate that C/ebpa plays a tumor suppressor role in the development of OS. To the best of our
knowledge, this study is the first to report Osx-positive MSC/osteoprogenitor-specific KO of C/ebpaq, an
adipo-TF, in mice. In the presence of p53, loss of C/ebpa modestly enhanced bone formation in adult
mice without an oncogenic phenotype, suggesting that inhibition of adipogenesis by its deficiency
resulted in a relative enhancement of osteogenesis, in line with the phenotype of systemic C/ebpa-
deficient mice?®. Although the tumor suppressive function of C/ebpa is not obvious in response to its
mere deletion, it appears to function as an attenuator against a powerful oncogenic force, i.e., Myc
dysregulation by Runx3 in the absence of p53, as if it were a substitute for p53.

Along with TP53 mutations, genetic inactivation of RB-7 plays a key role in human OS development’. In
mice in which p53 and/or Rb are deleted by Osx-Cre, OS development is dependent on loss of p53 but not
Rb, whereas it is potentiated by loss of Rb°>2°30, suggesting that E2Fs can promote p53-deficient
osteosarcomagenesis. C/ebpa decreases the activity of E2Fs'331. Moreover, C/ebpa inhibits Rb
phosphorylation through direct interaction with Cdk2 and Cdk4, leading to Cdk/cyclin kinase
inactivation?%21. Thus, the possible impact of loss of C/ebpa on Rb inactivation and/or E2F activation
leading to progressive tumorigenicity in OS mice and OSMSCs needs to be examined in more detail.
However, in this study, Myc upregulation caused by C/ebpa deficiency was not primarily dependent on Rb
phosphorylation or E2F activity.

During normal differentiation, TFs of one lineage (osteogenesis) repress TFs of the other lineage
(adipogenesis), thereby completing and maintaining the differentiation state''. During osteogenesis,
adipo-TFs are generally downregulated; however, in abnormal osteogenesis, namely,
osteosarcomagenesis, the tight regulation is disturbed. Among adipo-TFs, the downregulation of C/ebpa
suggests that other oncogenic factors involved in OS development repress C/ebpa. Downregulation of
C/ebpa by multiple mechanisms has been recognized in a variety of tumors: by microRNA (miR)-182 in
acute myeloid leukemia development®2, by miR-101 in tumor-associated macrophages®?, epigenetically
by hyper-methylation of the C/ebpa promoter in head and neck squamous cell carcinoma3?, by HIF-1 in
breast cancer hypoxia®®, and by TGFB in epithelial-to-mesenchymal transition mediating breast cancer
metastasis®®. Myc and C/ebpa may also form a negative regulatory loop, as suggested by a previous
report that Myc represses C/ebpa expression in hibernoma cells®”. In any case, oncogenic signaling
pathways in the microenvironment of p53-deficient OS undoubtedly play an important role in C/ebpa
downregulation.
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In addition to C/EBPa, PPARYy, a master regulator of adipogenesis, was identified as the most favorable
prognostic adipo-TF in the TARGET cohort analysis (Fig. 1C and Supplementary Fig. 1B), and its tumor
suppressive roles in OS have been suggested’®38. The inhibitory regulation of Runx2, a master regulator
of osteogenesis, by PPARy has been documented in the context of adipogenic/osteogenic regulation3.
Furthermore, the oncogenic role of Runx2 in the genesis of p53-deficient OS was previously
suggested’#%41. Therefore, although not examined in this study, PPARYy likely functions in a repressive
manner against Runx2 and possibly Runx3 in the p53-deficient OS development.

23 26

The cooperative actions of C/ebps with Runx1 or Runx2 in hematopoiesis=° or osteogenesis-®,
respectively, have been reported. RUNX1 and C/EBPa act synergistically to increase M-CSF receptor
expression via their respective binding sites, which are located adjacent to each other in the promoter of
the M-CSF receptor?3. Runx2 and C/ebpp directly interact and synergistically increase osteocalcin
expression via a C/ebp consensus site in the osteocalcin promoter?®. In addition, Runxs and C/ebpa
compete with each other for binding to an overlapping regulatory element in the promoter region of
CD177a integrin in myeloid cells*2. In contrast to these reports, this study demonstrated the inhibition of
Runx3 DNA binding to mR1, an indispensable element (a Runx consensus site) in the Myc promoter for
aberrant upregulation of Myc, by C/ebpa through direct protein-protein interaction. This is a previously
unreported inhibitory interaction mode between Runxs and C/ebps as oncogenes and anti-oncogenes,
similar to the aforementioned inhibitory interaction of E2Fs and C/ebpq, in undifferentiated proliferating
cells such as MSCs or in tumorigenic cells lacking p53. In p53-deficient thymic lymphomagenesis, we
recently reported that Runx1 shows oncogenic transactivation to upregulate Myc via mR14%. In p53
deficient T-cell ymphomas, the presence or absence of inhibition of Runx1 DNA binding by C/ebpa is also
an interesting issue.

This manuscript emphasizes the essentiality of the oncogenic Runx3-Myc axis in p53-deficient
osteosarcomagenesis by identifying a novel tumor suppressive role for C/ebpa. C/ebpa functions as an
auxiliary brake against oncogenic Runx3 in case p53 inhibition is no longer effective as shown in Fig. 6D.
The loss of C/ebpa causes the pre-0OS to develop into OS. A Runx inhibitor was effective even in the
absence of both tumor suppressors, p53 and C/ebpa. Runx is a very effective therapeutic target for OS.

Materials And Methods
Mouse lines

Floxed mouse lines of p53*4, Runx3*°, and Myc*® and an mR1-mutated mouse line (mR7™™)” were
described previously. Sp7/0sx-Cre (n0.006361) and a floxed mouse line of C/ebpa (n0.006230) lines were
purchased from Jackson Laboratory. The line no. 006230, which originally possessed the Mx7-Cre gene,
was backcrossed to remove it before crossing with the Sp7/0sx-Cre lines. All mouse studies were
performed in the C57BL/6 background using approximately equal numbers of males and females. The
details of all animal experiments, including the number of mice (sample size) to be used, were reviewed
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and approved by the Animal Care and Use Committee of Nagasaki University Graduate School of
Biomedical Sciences (no. 2104011709-2). Four mice were housed in each cage. Mice were reared in a
pathogen-free environment on a 12 h light cycle at 22 + 2°C.

BM-MSCs and mOS and human OS cells

All cells used in this study were confirmed to be free of mycoplasma infection and maintained in
F12/DMEM supplemented with 10% fetal bovine serum. For the generation of BM-MSCs, BM cells were
flushed from the femur of mice with F12/DMEM. Cd11b- and Cd45-negative adherent BM cells, which
were negatively selected using a magnetic cell sorting system (MACS; Miltenyi Biotec) consisting of
CD11b (no. 130-049-601) and CD45 (no. 130-052-301) MicroBeads and MS Columns (no. 130-042-201),
were used as BM-MSCs. Similarly, for the generation of mOS cells, adherent cells obtained from mouse
OS tissues that were minced and collagenase I-digested were negatively selected using a MACS. Cd11b-
and Cd45-negative OS cells were used as mOS cells. ST2/HS-0s-1 and MG-63 were purchased from
RIKEN and JCRB, respectively.

Al-10-104 (AOB17076; AOBIOUS) and HLM006474 (SML1260; Sigma-Aldrich) were used for inhibition of
Runxs and E2Fs, respectively.

Genome editing for deletion of CEBPa/Cebpa and p53

For CEBPa/Cebpa deletion, HEK293T cells were cotransfected with a lentiCRISPRv2 plasmid (Addgene
#52961) containing each sgRNA sequence (see below), the second-generation packaging plasmid
psPAX2 (Addgene #12260), and the envelope plasmid pMD2.G (Addgene #12259) using the X-
tremeGENE HP DNA Transfection Reagent (Roche). After filtration through a 0.45 pm filter, conditioned
medium containing each lentivirus was used for infection. Infected cells were selected with puromycin.
For p53 deletion, lentiCRISPRv2 was replaced by lentiCRISPRv2-blast (Addgene #98293) and puromycin
by blasticidin. Resistant cells were used without cloning. sgRNA sequences except the Scrambled control
were extracted from the genome-scale GeCKO V2 libraries?’. The sgRNA sequences used were as follows:
Scrambled, 5-TGGTTTACATGTCGACTAAC-3'; CEBPa/Cebpah5, 5-CAGTTCCAGATCGCGCACTG-3;;
CEBPa/Cebpah6, 5-GAGCCCCTGTACGAGCGCGT-3'; p53m1, 5-~AGTGAAGCCCTCCGAGTGTC-3;and p53
m6, 5-GTGCTGTGACTTCTTGTAGA-3'. For Cebpa deletion in MSCs, both sgRNA (h5 and h6) were used,
but only Cebpa-deleted MSCs using h6, which showed a clearer depletion of the C/ebpa protein, were
used. For p53 deletion in ST2 cells, both sgRNA (m1 and m6) were used, but only p53-deleted ST2 cells
using m1, which showed a stronger reduction of the p53 protein, were used.

Stable and inducible expression of exogenous genes

MSCs and mOS cells were retrovirally transfected with pMSCV-vector (Clontech/Takara) or pMSCV-
mouse-C/ebpa, and selected using puromycin. Resistant cells were used without cloning. Expression of
C/ebpa was induced in ST2 cells or p53-deleted (Ap53) ST2 cells using the Retro-X Tet-One Inducible
Expression System (Clontech/Takara). Cells were retrovirally transfected with pRetroX-teton-mouse
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C/ebpa and selected with puromycin. Resistant cells were treated with 100 ng/ml doxycycline (dox) for
the indicated times.

RNA-seq

RNA was extracted from MSCs and mOS cells isolated from three individual OS mice using the
NucleoSpin RNA kit. RNA quality was assessed on a Bioanalyzer (Agilent). Libraries were prepared using
the TruSeq stranded mRNA Library Prep Kit (lllumina). Next-generation sequencing (NGS) libraries were
sequenced as 100 bp paired end reads using MGI's DNBSEQ-G400RS, with an average of 40 million reads
and an average mapping rate of 83%. RNA counts were quantified using Kallisto3 by pseudo-aligning
FASTQ reads to the mouse genome (mm10). RNA-seq data generated and submitted to DDJB sequence
read archive with the accession number DRA011168 in the last study’ were used for OS tissues of 0S
mice.

In each of the three groups (MSCs, mOS cells, and OS tissues), genes were excluded from subsequent
analyses if their average expression counts were zero. Principal component analysis was performed
using the prcomp function of R. Differential expression analysis of OS tissues vs. MSCs was performed
using DEseq2, and the results were used to draw both MA plots and heatmaps. Of 48 genes with
overlapping Gene Ontology terms GO:0003700 (DNA binding TFs) and GO:0045444 (Fat Cell
Differentiation), 45 orthologs between humans and mice were considered adipo-TFs in this study.

Gene expression microarray data and the corresponding clinical information from 89 primary OS patients
were obtained from the TARGET project (https://ocg.cancer.gov/programs/target) under accession
number phs000468 on NCBI dbGaP. Correlation analysis was performed using Spearman’s correlation.
For survival analysis, 86 datasets possessing both sequencing and clinical information were used.
Hazard ratios were calculated with the Cox proportional hazard model after the patients were stratified
into low- and high-expressing groups based on the median value for each gene.

Administration of Runx inhibitors

OS mice that developed OS in the lower limbs, the most frequent site, were selected blindly, and
administration of the inhibitors via intraperitoneal injection was initiated when the onset of OS was
visually confirmed (i.e., when the tumor was approximately 3 mm in diameter). Al-10-104 (AOB17076;
AOBIOUS) was administered at 1 mg/kg in 100 pl of 10% DMSO in PBS, once every 3 or 4 days (twice a
week) for 13 weeks (90 days) after OS onset.

Immunoblotting and immunoprecipitation

Lysates of OS cells and MSCs for immunoblotting were prepared using a lysis buffer containing 9 M
Urea, 2% Triton X-100, 2-mercaptoethanol, and protease/phosphatase inhibitors. Immunoblotting was
performed using the following antibodies: anti-Runx2 (D1H7; Cell Signaling Technology or R2-8G5; MBL),

anti-Runx3 (D6E2; Cell Signaling Technology or R3-8C9; an in-house mouse monoclonal antibody*®), anti-
VWRPY (anti-pan-Runx) (Rp-6C2; an in-house mouse monoclonal antibody’), anti-c-Myc (ab32072;
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Abcam), anti-C/ebpa (D56F10; Cell Signaling Technology), anti-p53 (DO-1; MBL, 1C12; Cell Signaling
Technology), anti-Rb (sc-74562; Santa Cruz Biotechnology), anti-phospho-Rb (D59B7; Cell Signaling
Technology), anti-E2F4 (sc-866; Santa Cruz Biotechnology), anti-histone H3 (ab1791; Abcam), and anti-B-
actin (AC-15; Sigma-Aldrich). Whole-cell extracts of HEK293T cells transiently expressing human C/EBPa
(pcDNA3.1- C/EBPa) and RUNX1, RUNX2, or RUNX3 (pcDNA3.1-RUNX1, -RUNX2, or -RUNX3) were
immunoprecipitated with an anti-C/ebpa antibody (D56F10). The immunoprecipitates were subjected to
immunoblotting using anti-VWRPY (Rp-6C2)/anti-C/ebpa (D56F10) antibodies. To detect endogenous
protein interactions, immunoprecipitates of nuclear extracts (NEs) of OSMSCs generated using anti-
Runx2 (D1H7), anti-Runx3 (D6E2) antibodies, or normal rabbit IgG were subjected to immunoblotting
using anti-Runx2 (R2-8G5), anti-Runx3 (R3-8C9), or anti-C/ebpa (D56F10) antibodies.

Emsa

EMSA was performed using the LightShift Chemiluminescent EMSA Kit and Chemiluminescent Nucleic
Acid Detection Module (Thermo Fisher Scientific). Each binding reaction (10 pl) contained 50 ng/pl poly
(dI-dC), 75 fmol labeled probes, and NE in the buffer supplied in the kit. NE was prepared from m0S-1
cells, mOS-1 cells stably expressing C/ebpa (pMSCV-mouse c/ebpa) or harboring the pMSCV-vector, and
293T cells transiently expressing C/ebpa (pcDNA3.1-mouse C/ebpa) or harboring the pcDNA3.1-vector
using the NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific). The NEs of
mOS-1 cells and labeled DNA probes with or without unlabeled probes were incubated at room
temperature for 20 min and resolved on 5% polyacrylamide gels in 0.5x TBE buffer. For super-shift
analysis, anti-Runx1 (an in-house polyclonal antibody?), anti-Runx2 (D1H7), anti-Runx3 (D6E2)
antibodies, or rabbit normal IgG were added after the binding reaction and incubated at room temperature
for an additional 10 min. The NE of C/ebpa- or mock-293T cells was incubated on ice for 10 min with the
NE of mOS-1 cells, and then for 20 min at room temperature with labeled DNA probes. 5-biotinylated
labeled or unlabeled mR1, 5-TTCCACCTGCGGTGACTGAT-3', or unlabeled mutated (mt) mR1, 5-
TTCCACCTGCCGTGACTGAT-3', were used as oligonucleotide probes.

ChiP

ChIP experiments were performed using the SimpleChlP Enzymatic Chromatin IP kit with magnetic beads
(Cell Signaling Technology). Briefly, 6 million cells were cross-linked with 1% formaldehyde for 10 min at
room temperature. After permeabilization, cross-linked cells were digested with micrococcal nuclease and
immunoprecipitated with anti-Runx2 (D1H7; Cell Signaling Technology) or anti-Runx3 (D6E2; Cell
Signaling Technology) antibody. Immunoprecipitated products were isolated with Protein G Magnetic
Beads (Cell Signaling Technology) and subjected to reverse cross-linking. The DNA was subjected to
quantitative PCR using the following primer pairs:

Mouse gene desert: 5~ ACCAAGCACAGAAAAGGTTCAAAC-3' and

5'-TCCAGATGCTGAGAGAAAAACAAC-3;
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mR1: 5-GCCTTAGAGAGACGCCTGGC-3' and 5-CCGCAGGTGGAACAGCTGC-3".

Real-time quantitative PCR reactions were performed on a 7300 Real-time PCR system (ABI) using
THUNDERBIRD SYBR gPCR Mix (Toyobo).

Tumorigenicity of cells and histological analysis

Transplantation (xenografts and allografts) was performed by subcutaneous injection of MSCs, mOS, or
human 0S (5 x 10°) cells into 6—-8-week-old female BALB/c-nu/nu mice (nude mice). The tumorigenicity
of cells was assessed according to tumor weight at 1 month (mOS cells) or 2 months (MSCs and human
OS cells) after inoculation. Tissues were fixed with 4% paraformaldehyde in PBS, decalcified in Osteosoft
(Merck Millipore) at room temperature for 10 days, embedded in paraffin, and cut into 4 pm sections. An
anti-c-Myc antibody (sc-764; Santa Cruz Biotechnology) was used for immunodetection on rehydrated
sections pretreated with Target Retrieval Solution (S1699; DAKO). The Envision™+ system (HRP/DAB)
(K4011; DAKO) was used for visualization.

Micro-CT analysis

UCT analysis was performed using a uCT system (R_mCT; Rigaku Corporation, Tokyo). Data from the
scanned slices were used for three-dimensional analysis to calculate femoral morphometric parameters.
Trabecular bone parameters were measured on a distal femoral metaphysis. Craniocaudal scans of
approximately 2.4 mm (0.5 mm from the growth plate) for 200 slices in 12 pm increments were
performed. The cortical bone parameters were measured in the mid-diaphysis of the femur. The threshold

of the mineral density was 500 mg/cm?®.

Statistics

All quantitative data are expressed as the mean + SD. Differences between groups were calculated by
unpaired two-tailed Student'’s t-test for two groups or by one-way analysis of variance for more than two
groups. All analyses were performed using Prism 8 (GraphPad software). Survival was analyzed by the
Kaplan—Meier method and compared by the log-rank test using the same software. P<0.05 denoted
significance. No samples from in vivo and in vitro experiments were excluded from the analysis.
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Figure 1

Figure 1

C/ebpa is downregulated in p53-deficient osteosarcomagenesis and is a favorable prognostic factor in
0S.

(A) Principal component analysis of RNA-seq data comparing OS tissues (0S) and BM-MSCs (MSC) of
OSmice. (B) MA plot presentation of RNA-seq data comparing OS and MSC. The 45 adipo-TFs are
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indicated by dots; five TFs identified as prognostic factors as shown in (C) are indicated by red. (C)
Volcano plot of the hazard ratio values for the 45 adipo-TFs calculated based on the TARGET data.
Details of (B) and (C) are shown in Supplementary Fig. 1. (D) Heatmap showing color-coded expression
levels of adipo-TFs in three MSCs (MSC) and seven 0S tissues (0S) from OSmice. The hazard ratio
values (C) and the gene expression ratio of OS to MSC (B) are shown as log2HR and log2FC, respectively.

(E) Prognostic value of C/EBPfamily genes as determined by Kaplan—Meier analysis of survival in OS
patients from the TARGET cohort. *p = 0.013.
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Figure 2
C/ebpais a tumor suppressor in p53-deficient OS.

(A) Survival of C/ebpa*’*, C/ebpa™*, and C/ebpa™™ mice in the 0S (0sx-Cre; p53"/M) background,
alongside Cre-free controls. (B) Incidence of OS in the indicated genotypes at 8 months and 1 year and
throughout the lifespan. (C) Survival of 0Sand 0S, C/ebpa™M mice after the onset of 0S. (D) Heatmap
showing color-coded expression levels of five prognostic adipo-TFs in three sets of MSCs and mOS cells
isolated from three individual OS mice. (E) Western blot analysis of the indicated proteins in clonal mOS
cells isolated from OS formed in two individual OS mice (upper and lower) and MSC from a 1-year-old
wild-type mouse (WT MSC). The tumorigenicity of each clone was evaluated by allograft using nude mice
(n = 3). (F) Effect of exogenous C/ebpa expression on the tumorigenicity of m0S-1 cells in (D). (G and H)
Effect of C/EBPa deletion on the tumorigenicity of MG-63 (G) and HS-0s-1 (H) cells. Two types of
sgRNAs (h5 and h6; see MATERIALS AND METHODS) were used to deplete C/EBPq, and cells established
from each were mixed and evaluated (G, H).
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Figure 3

C/ebpa deletion upregulates Myc and enhances the tumorigenicity of p53-deficient MSCs (OS MSCs).

(A) Tumorigenicity of BM-MSCs (MSCs) from two individuals of each mouse line, 0S,C/ebpa™™ (n = 5),
0S(n = 5), 0SRunx3"" (n = 4), and 0SMyc* (n = 4), as evaluated by allograft using nude mice. A photo
shows tumors formed by MSCs from 0S,C/ebpa™f and 0OSmice. (B) Western blot analysis of the
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indicated proteins in MSCs used in (A). (C) Representative histology of tumors formed from MSCs of 0S
and 0S,C/ebpa™™ mice (HE; upper) and immunodetection of Myc (lower). Boxed regions are enlarged
below (upper). Counter-staining was performed with hematoxylin (lower). (D) Effect of exogenous C/ebpa
re-expression on the tumorigenicity of MSCs from 0S,C/ebpa™™ mice. The tumorigenicity was evaluated
by allograft using nude mice (n = 5). A photo shows tumors formed. (E) Western blot analysis of the
indicated proteins in MSCs used in (D). (F) Western blot analysis of Myc expression in MG-63 (left) and
HS-0s-1 (right) cells used in Fig. 2G, H. Blots for C/EBPa and B-Actin are identical to those in Fig. 2G. (G)
MYC expression levels plotted against C/EBPa expression levels in human OS (TARGET; n = 89).
Spearman rank correlation coefficient: -0.1801. p = 0.0456. Scale bars =1 cm (A, D) and 100 um (C).
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Figure 4

C/ebpa decreases the DNA binding of Runx3 to mR1 in the absence of p53.

(A) Immunoprecipitates of whole-cell extracts of 293T cells expressing exogenous C/ebpa and Runx1,
Runx2, or Runx3 with anti-C/ebpa antibody were subjected to western blotting. (B) Immunoprecipitates of
NE of OSMSCs generated with anti-Runx2 (left) or anti-Runx3 (right) antibody or normal rabbit IgG were
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subjected to western blotting. (C) Amounts of the indicated proteins in nuclear extracts (NEs) of mOS-1
cells shown in Fig. 2D expressing mock or exogenous C/ebpa. Runx1, Runx2, and Runx3 proteins were
detected using an anti-pan-Runx antibody. (D) EMSA using NEs shown in (C) and a labeled DNA probe
with an intact mR1 (wt) sequence (left). EMSA using NEs of mOS-1 cells and a labeled wt probe,
unlabeled wt or mutated mR1 (mt) probe, and normal IgG, anti-Runx1, anti-Runx2, or anti-Runx3 antibody
(right). The positions of probe-Runx2 and -Runx3 complexes are indicated. (E) The NE of mOS-1 cells was
mixed with the NE of 293T cells expressing mock or exogenous C/ebpa, and then subjected to EMSA
using a labeled wt probe (right). Western blot analysis of exogenous C/ebpa and undetectable levels of
endogenous RUNXT, RUNX2, and RUNX3 in NEs of 293T cells added to the EMSA (left). Asterisks (*)
show the position of non-specific shift bands (D, E). # shows non-specific bands (E). (F) Western blot
analysis of the indicated proteins in m0OS-2 cells (Fig. 2D) expressing mock or exogenous C/ebpa (left).
Occupancy of Runx2 and Runx3 on mR1 in those cells as assessed by ChIP (right). (G) Western blot
analysis of the indicated proteins in p53-deleted ST2 cells with or without induction of C/ebpa by
doxycycline (dox) (left). Occupancy of Runx2 and Runx3 on mR1 in those cells, as assessed by ChIP
(right). A gene-desert region of the mouse genome (desert) was used as a negative control for all ChIP
assays (n=3). *p< 0.05 (F, G). (H) Western blot analysis of the indicated proteins in OSMSCs and
0S,Runx3"1 MSCs with or without endogenous C/ebpa (left) and their tumorigenicity evaluated by
allograft using nude mice (n = 5) (right). () Western blot analysis of the indicated proteins in 0SmR7™/™
MSCs generated from 0S, mR7™™ mice’ with or without endogenous C/ebpa (left) and their
tumorigenicity evaluated by allograft using nude mice (n = 4) (right).
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Figure 5

C/ebpa deletion does not affect Myc expression and osteosarcomagenesis in the presence of p53.

(A) Western blot analysis of the indicated proteins in control or p53-deleted ST2 cells with or without
endogenous C/ebpa. (B) Western blot analysis of the indicated proteins in MSCs generated from a wild-

type (WT) mouse and Osx-Cre;C/ebpa™™ mice. (C) Survival of C/ebpa™™ and Osx-Cre;C/ebpa™™ mice. (D)
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Representative PCT three- or two-dimensional images of the bone architecture of male Osx-Cre;C/ebpa’/f
and Osx-Cre (Cre control) mice at 10 weeks of age. Images of trabecular bone in the distal femoral
metaphysis (upper and middle) and cortical bone at mid-diaphysis in femurs (lower) are shown. (E)
Quantification of the trabecular bone volume (bone volume/tissue volume, BV/TV), trabecular bone
mineral density (Tb.BMD), trabecular thickness (Tb.Th), trabecular number (Tb.N), trabecular separation
(Th.Sp), cortical area (Ct.Ar/Tt.Ar), and cortical thickness (Ct.Th) in Osx-Cre;C/ebpa™™ and Cre control
mice (n = 3). Scale bars = 500 um (D).
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Figure 6

Figure 6

Runx inhibitors have therapeutic effects on p53- and C/ebpa-deficient OS.

(A) Western blot analysis of the indicated proteins in 0Sand 0S, C/ebpa™™ MSCs treated with or without
Al-10-104 (10 uM for 24 h). (B) Western blot analysis of the effect of Al-10-104 (0, 2, 6, or 10 uM for 24 h)

on Myc expression in 0S, C/ebpa™f MSC-3 used in (A). (C) Survival of 0S, C/ebpa™M mice treated with or
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without (w/0) Al-10-104 for 90 days after the onset of OS. The survival curve for w/o mice is identical to
that in Fig. 2C. (D) C/ebpa as well as p53 attenuate Runx3 DNA binding, thereby suppressing aberrant
Myc upregulation (upper). The p53-negative MSCs, in which only C/ebpa attenuates Runx3, are
considered to be ‘Pre-0S’ (middle). In OS, Runx3 unleashed from both p53 and C/ebpa strongly
upregulates Myc (lower).
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