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Mesenchymal chondrosarcoma affects adolescents and young adults, and most cases usually have
the HEY1::NCOA2 fusion gene. However, the functional role of HEY1-NCOAZ2 in the development
and progression of mesenchymal chondrosarcoma remains largely unknown. This study aimed

to clarify the functional role of HEY1-NCOA2 in transformation of the cell of origin and induction

of typical biphasic morphology of mesenchymal chondrosarcoma. We generated a mouse model
for mesenchymal chondrosarcoma by introducing HEY7-NCOAZ into mouse embryonic superficial
zone (eSZ) followed by subcutaneous transplantation into nude mice. HEY1-NCOA2 expression

in eSZ cells successfully induced subcutaneous tumors in 68.9% of recipients, showing biphasic
morphologies and expression of Sox9, a master regulator of chondrogenic differentiation. ChIP
sequencing analyses indicated frequent interaction between HEY1-NCOA2 binding peaks and active
enhancers. Runx2, which is important for differentiation and proliferation of the chondrocytic
lineage, is invariably expressed in mouse mesenchymal chondrosarcoma, and interaction between
HEY1-NCOA2 and Runx2 is observed using NCOA2 C-terminal domains. Although Runx2 knockout
resulted in significant delay in tumor onset, it also induced aggressive growth of immature small
round cells. Runx3, which is also expressed in mesenchymal chondrosarcoma and interacts with
HEY1-NCOAZ2, replaced the DNA-binding property of Runx2 only in part. Treatment with the HDAC
inhibitor panobinostat suppressed tumor growth both in vitro and in vivo, abrogating expression
of genes downstream of HEY1-NCOA2 and Runx2. In conclusion, HEY1::NCOA2 expression
modulates the transcriptional program in chondrogenic differentiation, affecting cartilage-specific
transcription factor functions.

Introduction

Mesenchymal chondrosarcoma is a rare malignant chondrogenic neoplasm with typical morphological fea-
tures consisting of primitive mesenchymal cell-like small round to spindle cells and differentiated cartilage (1).
The histological and growth characteristics of mesenchymal chondrosarcoma resemble the centripetal growth
pattern of embryonic cartilage (2), and the tumor is also characterized by positive expression of Sox9, a master
regulator of chondrogenesis (3). The tumors predominantly develop in young adults and adolescents with
rather broad range of age distribution (1, 4). The disease involves the bones predominantly, but cases with
extraskeletal tissue as a primary site are not rare (5-7). Surgical wide resection of the lesion is recommended
as a primary therapy for the localized disease, and systemic cytotoxic chemotherapy is applied for metastatic
tumors; however, the overall survival rate remains to be improved (3).

Most cases of mesenchymal chondrosarcoma are associated with a recurrent fusion between HEY/
and NCOA?2 resulting from intrachromosomal deletion of 8q (4, 8). HEY1::NCOAZ2 encodes a chimeric
transcription factor composed of a basic helix-loop-helix-type (bHLH-type) DNA-binding domain of
HEY1 and 2 transactivation domains derived from NCOA2 (8). The wild-type HEY1 protein functions
as a transcriptional repressor bound to E-box located in the promoter or enhancer and a downstream
effector of the Notch signaling pathway (9—11). The transcriptional regulation by HEY1 is important for
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musculoskeletal development, with HEY'1 interacting with multiple transcription factors/cofactors such
as MyoD and RUNX2 (9, 10). NCOA2 encodes a transcriptional coactivator consisting of the N-terminal
bHLH and C-terminal transactivation domains, the former of which is deleted in the fusion protein (8,
12, 13). NCOA2 interacts with nuclear receptors, recruiting histone methyltransferases (e.g., CARM1
and PRMT1) and major coactivators (e.g., CBP and p300) and resulting in enhanced expression of target
genes of nuclear receptors (14-16).

NCOA? is involved recurrently in gene fusions associated with soft tissue tumors that include angio-
fibroma of soft tissue (AHRR::NCOA2) and spindle cell/sclerosing rhabdomyosarcoma (TEADI::NCOA2
and VGLL2::NCOA2) (17-19). It is also found fused to MYST3 or ETV6 in acute myeloid leukemia (20-22).
Acquisition of the transcriptional activation domains from NCOA2 suggests that HEY 1-NCOA2 may act
as a transcriptional activator and may upregulate target genes of wild-type HEY1; however, its effect may
not be straightforward. MYST3-NCOA2 fusion disrupts the functions of coactivators and transcription
factors or modulates chromatin structure, resulting in repression of target genes (23, 24). In contrast, the
functional role of HEY1-NCOA?Z2 in the development and progression of mesenchymal chondrosarcoma
remains largely unknown (4). An appropriate animal model is therefore needed to clarify the function of
HEY1-NCOA2 and the developmental process of the sarcoma.

This study aimed to clarify the functional role of HEY1-NCOAZ2 in transformation of the cell of origin
and induction of typical biphasic morphology of mesenchymal chondrosarcoma. Toward this goal, we gen-
erated a mouse model of mesenchymal chondrosarcoma using the same method as that used to generate the
Ewing sarcoma mouse model (25).

Results

Generation of the mouse model for mesenchymal chondrosarcoma. The method to generate the mouse model
for mesenchymal chondrosarcoma is outlined in Figure 1A. The FLAG-tagged cDNA encoding a full
coding region of human HEYI::NCOA2 was cloned into a pMYs-IRES-GFP retrovirus vector (Supple-
mental Figure 1A; supplemental material available online with this article; https://doi.org/10.1172/jci.
insight.160279DS1). Embryonic osteochondrogenic progenitor cells purified from the embryonic superfi-
cial zone (eSZ) (25) were transduced with the HEYI-NCOA2 retrovirus. The cells were transplanted subcu-
taneously into BALB/c nude mice 48 hours after transduction. Subcutaneous mass started to develop 30
weeks after transplantation. In total, 13 of the 19 (68.4%) recipients developed tumors within a 42-week
median latency time (Figure 1, B and C). These tumors were serially transplantable to nude mice and did
not show distant metastasis spontaneously.

Histological analysis revealed that the tumor consisted of both a mature cartilage-like component
and foci of small round to spindle cell proliferation with transient areas between 2 components (Figure
1D), a hallmark of human mesenchymal chondrosarcoma (1). HEY1-NCOA2 expression was confirmed
by immunohistochemistry (Figure 1E) and immunoblotting (Figure 1F) using an anti-FLAG antibody.
HEYI1::NCOAZ2 expression was driven by the retroviral promoter/enhancer in our model, whereas it is
driven by native regulatory elements of HEYI. HEY1-NCOA2 expression was predominantly detected
in the immature component of human mesenchymal chondrosarcoma using the antibody recognizing
the NCOA2 C-terminal region (Supplemental Figure 1B). The result indicates that expression of HEY'1-
NCOAZ2 is different in part between humans and the mouse model. More than 90% of tumor cells showed
nuclear expression of Sox9, which is a master regulator of chondrogenic differentiation (3, 26-29) (Figure
1G). This suggested that the mouse mesenchymal chondrosarcoma recapitulates the differentiation process
of the chondrogenic lineage and that HEY1::NCOAZ2 expression does not significantly inhibit chondrogenic
differentiation. HEY1::NCOA2 expression in eSZ cells did not affect the expression of Pthlh; its expression
was enriched in the cell of origin of Ewing sarcoma in our previous model (Supplemental Figure 1C) (25).

Mesenchymal chondrosarcoma consists of hyaline cartilage and immature small tumor cell components.
To clarify the single-cell origin of both components, we cloned a series of single cells from mouse tumors and
transplanted 12 clones. Biphasic tumors were generated from all clones expressing HEY1-NCOA2 (Figure 1, H
and I), indicating that the HEY 1-NCOA2—expressing cell possessed the bidirectional differentiation potential.

When mouse embryonic mesenchymal cells purified from limb or trunk soft tissue (n = 3 each) were
transduced with the HEY1::NCOA2 retrovirus followed by subcutaneous transplantation into nude mice,
mature cartilage tissues developed instead of neoplastic lesions within 40 weeks (Supplemental Figure 1D).
This suggested that HEY1::NCOA expression may induce chondrogenic differentiation in mesenchymal cells.
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Figure 1. Mouse model for human mesenchymal chondrosarcoma. (A) The experimental outline. Embryonic superficial
zone (eSZ) is purified by microdissection from femoral and humeral bones. The cells are dissociated and transduced with
the HEYT1-NCOAZ retrovirus. After the retroviral infection is completed, the cells are transplanted subcutaneously into nude
mice. (B) Cumulative incidence (percentage) of mesenchymal chondrosarcoma induced by eSZ cells expressing HEY1-NCOA2
or with empty vector. (€) Tumors (arrow) are observed as subcutaneous masses in recipient nude mice. (D) Histology of
murine mesenchymal chondrosarcoma. HEE staining shows the biphasic pattern consisting of small round cell proliferation
(inset, top right) and mature cartilage (inset, bottom left), which is typical for human mesenchymal chondrosarcoma. Scale
bars: 100 pm; 50 um (insets). (E) Immunostaining for anti-FLAG. Scale bar: 50 um. (F) Immunoblotting shows the FLAG-
tagged HEY1-NCOA?2 protein in tumor tissues. HEK293T cells transfected with HEY1-NCOA2 (HN2) or empty vectors (vec) are
used as positive or negative control, respectively (left). (G) Immunostaining for anti-Sox9. Scale bar: 50 um. (H) Histology

of the single cell-derived tumor. Mature cartilage and immature components are preserved. Scale bars: 100 um; 50 um
(insets). (1) Immunoblotting shows the FLAG-tagged HEY1-NCOA2 protein in 12 single cell-derived clones.

HEY1-NCOA2 modulates expression of cartilage-associated genes. Gene expression profiles were compared
between eSZ cells with and without introduction of HEY1::NCOAZ2 48 hours after transduction. A total of
167 and 48 genes were upregulated or downregulated by more than 1.5-fold in eSZ cells with HEY1::N-
COA2 expression, respectively (Supplemental Table 1). Gene set enrichment analysis (GSEA) revealed
that the expression of genes associated with Notch signaling and metabolism related to chondrogene-
sis was positively correlated with HEY1::NCOAZ2 expression (Figure 2A and Supplemental Figure 2A).
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The cartilage development pathway was also positively correlated with eSZ cells expressing HEY1-
NCOA2 compared with embryonic limb mesenchymal cells (Supplemental Figure 2A). Ingenuity Path-
way Analysis (IPA) revealed gene pathways involved in connective tissue disorders or skeletal and mus-
cular disorders as highly relevant pathways (Figure 2B). When HEY1::NCOA2 was knocked down using
human HEYI-specific ShRNA sequences, genetic pathways associated with pediatric cancer and proteo-
glycan synthesis were affected (Figure 2C, Supplemental Figure 2B, and Supplemental Table 2).

In contrast, when gene expression profiles were compared between sarcoma cells and eSZ cells, expres-
sion of chondrocyte differentiation and cartilage-associated metabolic pathway genes was inversely cor-
related with sarcoma cells (Supplemental Figure 2C). Quantitative reverse transcription PCR (qRT-PCR)
confirmed downregulated expression of Comp and Matn3, genes expressed in differentiated chondrocytes
(30, 31) (Supplemental Figure 2D). Collectively, these data indicate that HEY1::NCOAZ2 expression in chon-
drogenic progenitors ameliorates the chondrogenic differentiation program and that the effect of HEY1-
NCOA?2 is cellular-context dependent. The gene expression profile of mouse mesenchymal chondrosar-
coma was then compared with that of other murine sarcomas (Ewing sarcoma, synovial sarcoma, and
alveolar soft part sarcoma) (25, 32, 33).

Principal component analysis (PCA) exhibited that mesenchymal chondrosarcoma possessed a distinct
feature from other sarcomas (Figure 2D). Moreover, HEY1-NCOA2 expression was associated with pathways
involved in Notch, osteoblast differentiation by Runx2, chondroitin sulfate/dermatan sulfate metabolism,
and the BMP pathway (Figure 2E and Supplemental Figure 2E). These data indicate that HEY1-NCOA2
could act as an oncogene when it is properly expressed in the cell of origin and that HEY1-NCOA2 does
not simply function as suppressor of chondrogenic differentiation. Comparison of gene expression profiles
between tumor cells and chondrogenic progenitors introduced with HEY1::NCOAZ2 identified 23 common
upregulated genes (Figure 2F). qRT-PCR analysis confirmed upregulation of Heyl, Hesl, and Bcll1b (Fig-
ure 2G), suggesting that HEY1::NCOAZ2 positively regulates endogenous Hey! expression and modulates the
Notch/Heyl axis. Expression of HEY1, HESI, and BCL11B was also increased in human mesenchymal
chondrosarcoma compared with other sarcomas such as myxoid liposarcoma, Ewing sarcoma, osteosarco-
ma, and synovial sarcoma (Figure 2H). In addition, gene expression profiles of eSZ cells expressing HEY 1-
NCOA2 or mouse mesenchymal chondrosarcoma cells were compared with that of mature chondrocyte
(34). The analysis identified 2,182 common upregulated genes, and GSEA identified enrichment of gene
pathways of mesenchymal cell proliferation, cell cycle, and stem cell development (Supplemental Figure
2, F and G, and Supplemental Table 3), suggesting dynamic modulation of cell proliferation—associated
genes by HEY1-NCOAZ2 expression. Finally, ssiRNA-mediated gene silencing of HEY1::NCOAZ2 abrogated
growth of mesenchymal chondrosarcoma cells in vitro (Figure 2I), indicating that the survival and prolifer-
ation of mesenchymal chondrosarcoma are dependent on HEY1::NCOAZ2 expression.

Single-cell analysis of mouse mesenchymal chondrosarcoma demonstrates incomplete chondrogenic differentia-
tion. To analyze the differentiation steps in mesenchymal chondrosarcoma, single-cell RNA sequencing
(scRNA-Seq) was performed on a single case of mouse mesenchymal chondrosarcoma. In total, 3,489
cells were identified and used for subsequent analysis. Using PCA-guided uniform manifold and pro-
jection (UMAP), 10 transcriptionally distinct cell populations consisting of both neoplastic and non-
neoplastic components were identified (Figure 3A). Among these 10 populations, 6 clusters containing
2,930 cells were determined as neoplastic cells that express multiple cartilage-related genes (Figure 3B).
Dot plot, ridge plot, and pseudotime trajectory analyses demonstrated differentiation stage-specific gene
expression and incomplete chondrogenic differentiation process from progenitors (cluster 4, character-
ized by Mki67, UbeZc, and TopZa) to prehypertrophic cartilage-like component (cluster 2, Ptn, Colllal,
Vean, and Coll8al) (Figure 3, C-E). Distribution of the fibrocartilage component between progenitors
and prehypertrophic cartilage is consistent with previous studies using scRNA-Seq on human cartilage
(35, 36). Expression of Krt8, Krt18, and Lgals3, which are notochord markers (37), was observed in clus-
ter 6, suggesting that dysregulated differentiation might also occur in mesenchymal chondrosarcoma,
unlike normal chondrocytic differentiation. Distribution of other important gene expressions such as
Runx2, Heyl, Pthih, Sox9, Col2al, or Ihh failed to show very informative data, partly due to relative low
expression levels of these genes (Supplemental Figure 3A). Immunohistochemical analysis of human
mesenchymal chondrosarcoma cases also showed positive expressions of CK18 and GAL3, gene prod-
ucts of KRT18 and LGALS3, respectively (Supplemental Figure 3A). Immunohistochemistry for Ki67
both in mouse and human mesenchymal chondrosarcoma showed that progenitor/proliferation cluster
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Figure 2. Gene expression profile of murine mesenchymal chondrosarcoma. (A) Gene set enrichment analysis (GSEA) shows correlation of Notch signaling
and hyaluronic acid binding pathways with genes involved in eSZ cells expressing HEY1::NCOAZ2. (B) Systematical analysis of the signaling pathways for 167
upregulated and 48 downregulated genes in mesenchymal chondrosarcoma by the IPA software. The diseases and disorders are listed according to their
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ranking scores. Blue rectangles indicate each P value. P values were calculated using Fischer’s exact test. (C) GSEA showing inverse and forward correla-
tions between HEY1-NCOAZ2 knockdown in mouse mesenchymal chondrosarcoma and pediatric cancer markers and proteoglycans pathways, respectively.
The P value was computed through the 2-sided permutation test (n = 1,000 randomizations) adjusted by the Benjamini-Hochberg procedure. (D) Princi-

pal component analysis for gene expression profiles of murine mesenchymal chondrosarcoma, Ewing sarcoma, alveolar soft part sarcoma, and synovial
sarcoma. (E) GSEA shows enrichment of the Notch pathway and the signature for the regulation of osteoblast differentiation by Runx2 in mesenchymal
chondrosarcoma. (F) Venn diagram showing upregulated genes in HEY1-NCOAZ2-expressing eSZ cells versus eSZ cells containing an empty vector or mesen-
chymal chondrosarcoma versus eSZ cells containing an empty vector. (G) gRT-PCR shows upregulated expression of Hey1, Hes1, and Bcl11b in mesenchymal
chondrosarcoma cells. (H) Growth suppression of mesenchymal chondrosarcoma cells C24 by shRNA-mediated gene silencing of HEY1-NCOA2 in vitro. (1)
gRT-PCR shows increased expression of HEY1, HES1, and BCL11B in human mesenchymal chondrosarcoma tissues. ASPS, alveolar soft part sarcoma; MCS,
mesenchymal chondrosarcoma (n = 5); MLS, myxoid liposarcoma (n = 6); EWS, Ewing sarcoma (n = 6); 0S, osteosarcoma (n = 5); SS, synovial sarcoma (n = 5).
Statistical analyses in G and H were performed by 1-way ANOVA and in I were performed by 2-sided Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001.

4 was mainly composed of small round cell fractions (Figure 3F and Supplemental Figure 3B). Chon-
drocyte-associated transcription factors Sox9 and Runx2 were positive for both mature and immature
components, whereas endogenous Heyl was predominantly expressed in immature round cell fraction
(Figure 3F and Supplemental Figure 3B).

HEYI-NCOA?2 is frequently associated with active enhancers including super enhancers. To further clarify the
role of HEY 1-NCOA2 in gene expression, ChIP assay with sequencing (ChIP-Seq) was performed to inves-
tigate HEY1-NCOA2 binding and histone modifications in mouse mesenchymal chondrosarcoma cells.
The HEY 1-NCOAZ2 binding peaks were mainly distributed in intronic areas (43.9%) and intergenic regions
(41.9%) (Figure 4A, Supplemental Figure 4A, and Supplemental Table 4). The Genomic Regions Enrich-
ment of Annotations Tool (GREAT) gene ontology analysis (http://great.stanford.edu/public/html/) for
HEY1-NCOAZ2 binding peaks identified osteogenic pathways and mesenchymal cell proliferation (Figure
4B). Moreover, 75% of HEY1-NCOA2 binding peaks overlapped with histone H3K27ac peaks, suggesting
that gene regulation on osteogenic pathways and mesenchymal cell proliferation by HEY1-NCOA2 were
achieved via the enhancer function (Figure 4, C-E, and Supplemental Figure 4B).

DNA binding of HEY1-NCOA2 was observed at the promoter region of endogenous Hey!, and its
expression was positively regulated by HEY1-NCOAZ2, as was confirmed by knockdown of HEY1::NCOA2
(Figure 4, E and F). As previously described, nuclear expression of wild-type Hey1 was confirmed in mouse
mesenchymal chondrosarcoma (Figure 3F). These data suggest that HEY 1-NCOA2 may upregulate wild-
type Heyl in a limited fraction of sarcoma cells. HEY 1-NCOAZ2 binding accompanied by H3K27ac accu-
mulation was also observed at Sox9, Runx2, Runx3, and Hesl loci, suggesting the possible regulatory role
of HEY1-NCOA2 in expression of these genes. Super enhancers (SEs) in tumor cells were then examined
because they define cell identity and are often associated with genes involved in cancer development (38, 39).
The ROSE analysis (http://younglab.wi.mit.edu/super_enhancer_code.html) identified 619 SEs, including
Hesl, Runx2, and Runx3, and pathway analysis for SE-identified ossification and skeletal system development
pathways (Figure 4, G and H, and Supplemental Table 5). Collectively, these findings support that HEY1-
NCOA?2 upregulates osteochondrogenic differentiation via active enhancers and, at least in part, SEs.

HEYI1-NCOA?2 is associated with RUNX2 in mesenchymal chondrosarcoma. The HOMER motif analysis
of HEY1-NCOA2 binding peaks identified a RUNX consensus sequence as the most frequent binding
peak (Figure 5A and Supplemental Figure 5A). Meanwhile, E-box (CATGTG), a putative HEY 1-bind-
ing motif, had lower significance in the HEY1-NCOA2 binding peaks (Figure 5A and Supplemental
Figure 5A). The considerable expression of 3 Runx genes (Supplemental Table 1) and the presence of the
SE at the Runx2 and Runx3 genomic loci (Figure 4G) suggest that HEY1-NCOA2 might interact with a
RUNX family protein, especially RUNX2. RUNX2 plays a key role in osteochondrogenic differentiation
(40-43), and it is commonly expressed in mouse mesenchymal chondrosarcoma. In the current study, the
level of RUNX2 expression varied among the individual tumors (Figure 5B).

Immunofluorescence of mouse mesenchymal chondrosarcoma cells showed nuclear colocalization
between HEY1-NCOA2 and endogenous Runx2 (Figure 5C). This nuclear colocalization was also con-
firmed by transient expression of HEY1-NCOA2 and Runx2 in HEK293T cells (Supplemental Figure
5B). Coimmunoprecipitation experiments revealed the interaction between HEY1-NCOA2 and Runx2
(Figure 5, D and E). A previous study showed that wild-type Heyl interacts with RUNX2 using both
bHLH and orange domains in chondrocytes (44). In the current study, despite the lack of the orange
domain of HEY1, HEY1-NCOAZ2 interacted with RUNX2 using the C-terminal transactivation domain
(AD2) with minor contributions of AD1 (Figure 5E).

JCl Insight 2023;8(10):e160279 https://doi.org/10.1172/jci.insight.160279 6


https://doi.org/10.1172/jci.insight.160279
https://insight.jci.org/articles/view/160279#sd
https://insight.jci.org/articles/view/160279#sd
https://insight.jci.org/articles/view/160279#sd
https://insight.jci.org/articles/view/160279#sd
http://great.stanford.edu/public/html/
https://insight.jci.org/articles/view/160279#sd
http://younglab.wi.mit.edu/super_enhancer_code.html
https://insight.jci.org/articles/view/160279#sd
https://insight.jci.org/articles/view/160279#sd
https://insight.jci.org/articles/view/160279#sd
https://insight.jci.org/articles/view/160279#sd
https://insight.jci.org/articles/view/160279#sd
https://insight.jci.org/articles/view/160279#sd
https://insight.jci.org/articles/view/160279#sd

. RESEARCH ARTICLE

A
15 & ® 0. Tumor
® 1. Tumor
9 7 ®2. Tumor
10 g .* ® 3. Immune
g ® 4. Tumor
@ 5. Tumor
N & ® 6. Tumor
P 3 ¥ @7. Fibroblast
s . 8. Endothelial |
3 ® 9. Pericyte 2
10.Fibroblast N3
a
L4 x
i}
10 15
Tumor cells
(o] D
[k R R ..OOOO Percent Cyt” Igfbp5
Expressed
2]+ +:0-0:0@0000000000 -
— L]
211 - - @°-Q00Q000°0°@0¢ - 4 5
535 @-0000e0® -@-00 - - @75 S s
0{: - c0c@O00@00@ -@c @0 - - 8|1 1
Average 2|5 5
4{000@c000@@@@ @ @®®©® © Lxpression alo 0
’l\‘:‘t;x‘l":l‘l\lééé‘l‘l:““{l;r‘l‘w‘ru‘o‘;é 2 4 4
E§%§§§§§&§S§§’é“§%§%t 1 o1 2 3 0 2 4 6
SSP30< S>SELogacux 0 -
S 8 2 1 Expression level
E Vcan S100a6 Sdc4 Anxat

Fibrocartilage

Cluster
OO
AhOOT=DMNDO
A OO =2 NDO

01234 02 4 6 01234 01234

T T Expression level

F ) Sox9 _ Runx2 endogenot_Js Hey1 v Ki67
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tions. Clusters are divided into 0-10 as indicated on the right. (B) Heatmap revealing 120 differentially expressed genes for each cluster defined in A. (C) Dot
plot analysis using 19 chondrogenesis-related genes that represent each tumor cluster. (D) Differential expression of Cytl1, Igfbp5, Vcan, S100a6, Sdc4, and
Anxalwas further demonstrated by ridge plot. (E) Pseudotime trajectory analysis showing a differentiation pathway from progenitor/proliferation cluster
(see 4) to more differentiation stages via fibrocartilage (see 5) and prehypertrophic cartilage (see 2). (F) Immunohistochemical analysis demonstrates dis-
tinct expression patterns with partial overlapping of Sox9, Runx2, endogenous Hey1, and Ki67 in mouse mesenchymal chondrosarcoma. Scale bar: 100 pm.

ChIP-Seq showed frequent association of HEY 1-NCOA?2 and Runx2 binding signals both in histone
H3K27ac-rich active enhancer and nonenhancer regions, with 82% of HEY 1-NCOA2 peaks associated
with Runx2 peaks (Figure 5, F and G). Genes involved in osteoblast differentiation and mesenchymal
cell proliferation were enriched in the overlapping peaks. Furthermore, peaks were observed near genes
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Figure 4. HEY1-NCOA2 binding sites in mesenchymal chondrosarcoma. (A) Global distribution of HEY1-NCOAZ2 binding
peaks in the mouse mesenchymal chondrosarcoma cell C24. (B) The GREAT gene ontology analysis identifies important
genetic pathways. Blue rectangles indicate each P value. (C) Composite plots (left) and heatmap (right) of HEY1-NCOAZ2,
H3K27ac, H3K4me3, and H3K27me3 signals centered on HEY1-NCOA2 binding peaks in mouse MCS. (D) Venn diagram
showing overlapping between HEY1-NCOA2 (HN2) and H3K27ac binding peaks. Enrichment of gene ontology biological
process for overlapping peaks is indicated in right. (E) ChIP-Seq occupancy profiles for Sox9, endogenous Hey1, and
Runx2 loci. Arrows indicate transcriptional orientation and the transcriptional start site for Runx2. (F) Quantitative
RT-PCR showing downregulation of Hey? by HEY1::NCOAZ silencing. The statistical analysis was performed by Student’s
t test. *P < 0.05. (G) Enhancers are ranked by increasing H3K27ac ChIP-Seq signals in mesenchymal chondrosarcoma
cells. Using the ROSE algorithm, 619 enhancers are defined as super enhancers (SEs). (H) Gene ontology analysis of 619
SEs. Pvalues in B, D, and H were calculated using a binominal test.

important for chondrocyte functions and proliferation, including Acta2, Cytll, Ube2c, and Ptn (Figure
5H and Supplemental Figure 5C), suggesting the importance of HEY1-NCOA2 and Runx2 associa-
tion in these functional pathways. Moreover, 481 of 619 SEs (78%) included both HEY1-NCOA2 and
Runx2 peaks (Supplemental Figure 5D). The association of DNA binding peaks and protein interaction
between HEY 1-NCOA2 and Runx2 suggests the presence of downstream target genes co-regulated by
both transcription factors.
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Figure 5. Association between HEY1-NCOA2 and Runx2 in DNA binding. (A) HOMER motif analysis showing enrichment
of the RUNX2 motif in HEY1-NCOA2 binding peaks detected in mouse mesenchymal chondrosarcoma cell C24. P values
were calculated using Fischer's exact test. (B) Expression of the Runx2 protein in mesenchymal chondrosarcoma cells
(C5, €15, C20, and C24). Ewing sarcoma cells (EWS) are used as a negative control. (C) Immunofluorescent assessment

of the expression of FLAG-tagged HEY1-NCOA2 and endogenous Runx2 in 24 cells. Scale bar: 10 um. (D) HEK293T cells
are transiently transfected with FLAG-tagged HEY1-NCOA2, FLAG-tagged wild-type Hey1 and Runx2. The cell lysates are
immunoprecipitated with anti-FLAG or anti-Runx2 antibodies and immunoblotted with anti-FLAG or anti-Runx2 anti-
bodies. (E) The schematic diagram of HEY1-NCOA?2 deletion mutants (top). bHLH, basic helix-loop-helix domain; AD1 and
AD2, activation domain 1and 2. Coimmunoprecipitation assays using the above constructs and the full-length Runx2 are
performed similarly to D. (F) Composite plots (left) and heatmap (right) of HEY1-NCOA2, Runx2, and H3K27ac ChIP-Seq
data sets centered on HEY1-NCOA2 binding peaks. (G) Venn diagram showing overlapping between HEY1-NCOA2 (HN2)
and Runx2 binding peaks. (H) ChIP-Seq occupancy profiles for Acta2, Cytl1, Ube2c, and Ptn loci. Arrows indicate transcrip-
tional orientation. (I) GSEA showing correlation in gene expression profiles between silencing of HEY1-NCOAZ2 and Runx2.

high low

This was supported by GSEA showing that the sets of downregulated genes upon silencing of Runx2
were significantly enriched in those also downregulated upon silencing of HEY1::NCOAZ2 (Figure 51 and
Supplemental Figure 5E). Retrovirus integration sites in 12 tumors were investigated to identify possible
cooperating genes with HEY1::NCOA2 in tumorigenesis, and 3 common integration sites, namely, Runx2,
Palld, and Wwc2, were identified (Supplemental Figure 5F). No significant up- or downregulation in Runx2
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expression by retroviral integrations was observed (Supplemental Figure 5G). Analysis using a larger cohort
may clarify the role of the integration at the Runx2 locus. Collectively, these results underscore the role of
Runx2 and its interaction with HEY 1-NCOAZ2 in disease phenotypes of mesenchymal chondrosarcoma.

Runx2 modifies gene regulation and differentiation programs in mesenchymal chondrosarcoma. Despite the sig-
nificant interaction between HEY1-NCOA2 and Runx2, CRISPR/Cas9-mediated homozygous deletion
of Runx2 failed to show growth suppression of tumor cells in vitro (Figure 6A and Supplemental Figure
6, A and B). In contrast, Runx2 knockout induced delay in tumor onset but more rapid growth after onset
in vivo (Figure 6B). Interestingly, the mature cartilage component disappeared in Runx2-deleted tumors
and monotonous proliferation of the immature round cell fraction became predominant (Figure 6C). To
confirm whether DNA binding of HEY 1-NCOA2 was modified by Runx2 knockout, distribution of the
binding peaks was investigated by ChIP-Seq.

The DNA-binding profile of HEY1-NCOAZ2 was substantially modified by Runx2 knockout, with loss
in 51% of original peaks and occurrence of 16,400 unique peaks (Figure 6D and Supplemental Figure 6C).
The pathway analysis revealed that the 11,347 peaks lost in Runx2 knockout were associated with osteo-
blast differentiation and mesenchymal cell proliferation programs. They were also associated with acqui-
sition of peaks associated with insulin response and extracellular matrix functions. Although motif anal-
ysis of HEY 1-NCOA2 binding peaks demonstrated decreased frequency of the RUNX motif, it remained
significantly more frequent than the bHLH motif (Figure 6E). The result suggests that other Runx family
proteins may replace, in part, Runx2 DNA binding.

Therefore, we next examined DNA binding of Runx3, which is another Runx member associated
with cartilage and bone development (45). The majority of Runx3 binding sites were associated with
those of Runx2 and HEY1-NCOA2, and 38% of these Runx3 peaks disappeared by Runx2 knockout
(Figure 6, F and G). Conversely, unique peaks or peaks with increased signals of Runx3 were observed,
and these peaks were frequently associated with those of HEY1-NCOA2 original and new peaks (Fig-
ure 6F). The SE signature was significantly modified by Runx2 knockout (Supplemental Figure 6, E and
F). Collal is a target gene of HEY1-NCOA2 and Runx2, and HEY1-NCOA2 binding and SE activity
were lost by Runx2 deletion (Figure 6H). Id] is a target gene involved in cell cycle progression (46)
that became what we believe to be a novel target for both HEY1-NCOA2 and Runx3 by Runx2 loss. A
potentially novel SE also emerged (Figure 6H).

Runx3 interacts with HEY1-NCOA2, and Runx3 knockout does not affect sarcoma phenotypes in vivo. Frequent
association in DNA binding between HEY 1-NCOA2 and Runx3 suggests the possible interaction of both
proteins. Coimmunoprecipitation experiments revealed the interaction between HEY1-NCOA2 and Runx3
using C-terminal activation domains derived from NCOA2 (Figure 7A). Homozygous deletion of Runx3
exhibited growth suppression of wild-type mesenchymal chondrosarcoma cells but not Runx2-knockout
cells in vitro (Figure 7B and Supplemental Figure 7), whereas growth property of sarcoma in vivo was
not affected significantly by Runx3 knockout both in wild-type and Runx2-knockout sarcoma cells (Figure
7C). Moreover, biphasic morphology consisting of differentiated cartilage and immature cell components
were well preserved by Runx3 knockout (Figure 7D). Although expression of Collal was not altered by
Runx3 knockout, expression of Id! was upregulated by Runx2/Runx3 double knockout (Figure 7E), sug-
gesting that HEY 1-NCOA2 might modulate Id! transcription in the absence of Runx family proteins. Tak-
en together, the role of Runx3 in the differentiation of mesenchymal sarcoma was limited compared with
that of Runx2, although Runx3 knockout affected cell growth in vitro.

HDAC inhibitor suppresses mesenchymal chondrosarcoma growth. To explore therapeutic approaches for
mesenchymal chondrosarcoma, our model was used as a preclinical platform to evaluate drug effects for
mesenchymal chondrosarcoma. Although drug-sensitivity screening using a library of 334 compounds
(Screening Committee of Anticancer Drugs [SCADS]) (47) failed to identify highly effective chemicals
(Supplemental Table 6), modulations of histone deacetylase functions have been emphasized in fusion
gene-positive sarcomas as well as the Runx2 pathway in chondrosarcoma (48, 49). We therefore tested
HDAC inhibitors and identified panobinostat (Selleckchem) as an effective growth inhibitor. When mes-
enchymal chondrosarcoma was treated with panobinostat, significant growth suppression was observed in
vitro with rather small deviation of half-maximal concentration (IC,,) (Figure 8A). Panobinostat treatment
also induced suppression of DNA synthesis and promotion of apoptosis (Figure 8, B and C).

The expression of apoptosis-related genes and genes associated with extracellular matrix/proteogly-
cans was significantly enriched (Figure 8D), indicating that panobinostat treatment affects cell survival and
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Figure 6. Transcriptional regulation by HEY1-NCOA2 and Runx2 collaboration. (A) CRISPR/Cas3-mediated knockout of Runx2 does not suppress cell
growth of mouse mesenchymal chondrosarcoma cells C24. The statistical analysis was performed by Student’s t test. (B) In vivo tumor growth of mouse
mesenchymal chondrosarcoma C24 cells by Runx2 knockout. Volumes of each tumor are indicated. (C) Histology of representative tumors with control
(sgNTC) and Runx2 knockout (sgRunx2) in B. Scale bar: 50 um. (D) Venn diagram showing the overlapped distribution of HEY1-NCOA2 (FLAG) with or
without Runx2 knockout (top). Enrichment of gene pathways for 11,347 peaks specific to Runx2-positive and 16,400 peaks specific to Runx2-negative con-
ditions is indicated (bottom). (E) HOMER motif analysis showing partial reduction of RUNX motif enrichment in HEY1-NCOA2 binding peaks upon Runx2
knockout. P values were calculated using Fischer’s exact test. (F) Composite plots (top) and heatmap (bottom) of HEY1-NCOA2 (HN2) Runx2, Runx3, and
H3K27ac signals centered on HEY1-NCOA2 binding peaks with or without Runx2 knockout. Plots are centered on HEY1-NCOA2 peaks with Runx2 expres-
sion (top) or knockout (bottom). (G) Venn diagram showing the overlapped distribution of Runx3 peaks with or without Runx2 knockout (left). Enrichment
of gene pathways for 21,320 Runx3 peaks appeared by Runx2 knockout (right). (H) Modification of ChIP-Seq occupancy profiles for HEY1-NCOA2, Runx2,
Runx3, and H3K27ac at the Col7aT and /d7 loci by Runx2 knockout. The arrows indicate transcriptional orientation. SE, super enhancers. P values in D and G
were calculated using a binominal test.

differentiation. In this context, Fas upregulation was induced by silencing of HEY1-NCOA2 and Runx2
with DNA binding of both transcription factors (Figure 8E). In addition, there was significant correlation
between panobinostat-induced modification of gene expression and gene silencing of HEYI-NCOA2 (Fig-
ure 8F). The significant growth suppression by panobinostat was also confirmed in vivo and the tumor
inhibitory effect of panobinostat was greater than that of adriamycin (Figure 8G). Collectively, these results
indicate that HDAC inhibitors are promising therapeutic reagents for mesenchymal chondrosarcoma.

Discussion

This study demonstrated that human HEY1::NCOA2 expression in embryonic chondrogenic progenitors
successfully developed mesenchymal chondrosarcoma. The tumor showed typical biphasic pattern consist-
ing of small round cells and mature cartilage. These results indicate that the embryonic chondrogenic pro-
genitor is, at least in part, the cell of origin of mesenchymal chondrosarcoma. The long latency period and
incomplete penetrance of tumor induction, however, suggest that cooperative factors and additional enrich-
ment of the cell-of-origin fraction might be required. Interestingly, HEY1::NCOAZ2 expression could induce
metaplastic cartilage but not neoplastic transformation when it is expressed in embryonic mesenchymal
cells of soft tissue, suggesting that HEY1-NCOA2 might activate the differentiation of chondrocytes in
mesenchymal progenitors. In support of this idea, Sox9 expression was maintained upon HEY1::NCOA2
introduction throughout the carcinogenic process of mesenchymal chondrosarcoma, as Sox9is expressed at
high level in eSZ cells. In addition, Sox9 transcription might be regulated by HEY 1-NCOA2 maintenance
of its SE. These findings provide what we believe to be a novel insight into the biology of mesenchymal
chondrosarcoma and the function of HEY1-NCOAZ2.

Our previous study identified eSZ cells as the cell of origin of Ewing sarcoma (25), and the present
study indicates overlapping of the cell of origin between Ewing sarcoma and mesenchymal chondrosarcoma.
Moreover, wild-type Hey! upregulation was regulated by HEY1-NCOAZ2, which is important for Notch-in-
duced oncogenic processes (50). Unlike Sox9 expression, endogenous Hey1 is mainly present in the small
round cell component, suggesting the different role in chondrogenesis between 2 transcription factors. Sin-
gle-cell RNA-Seq analysis identified the differential expression of key gene sets associated with chondrogenic
differentiation that recapitulates embryonic chondrogenic development in the model.

Several studies have emphasized the important role of Runx2 in chondrogenic development (40-43). A
previous study reported that Runx2 interacts with wild-type Hey1 using its orange domain and that Hey1
represses Runx2-regulated transcription of target genes (44). The present study found that the C-terminal
region of NCOAZ2, including activation domains, compensates for the lack of the orange domain, affecting
the Runx2 function in the chondrogenic differentiation program. Frequent overlapping of DNA-binding
and physical interaction between HEY1-NCOA2 and Runx?2 indicates that there is a co-regulatory mecha-
nism of their target genes.

Homozygous deletion of Runx2 induced dynamic alteration of tumor component and modification in
the distribution of HEY1-NCOA2 DNA-binding peaks. This suggests that Runx2 is at least required for
chondrogenic differentiation at later stages, which may be responsible for the characteristic biphasic pat-
tern of mesenchymal chondrosarcoma. ChIP-Seq analysis revealed that Runx3, another member of Runx
family transcription factors, also participated in the majority of HEY1-NCOA2 and Runx2 binding sites;
however, Runx3 did not completely compensate Runx2 function in chondrogenic differentiation. Instead,
Runx2 deletion induced SE remodeling and drastic changes in target gene expression.
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Figure 7. The role of Runx3 in growth and differentiation of mesenchymal chondrosarcoma. (A) Coimmunoprecipi-
tation assays for HEY1-NCOA2 and Runx3. HEK293T cells are transiently transfected with FLAG-tagged HEY1-NCOA2,
its deletion mutants used in Figure 5E, and Runx3. The schematic diagram of HEY1-NCOA2 deletion mutants (top).

The cell lysates were immunoprecipitated with an anti-FLAG antibody and immunoblotted with anti-FLAG or anti-
Runx3 antibodies. (B) Runx3 knockout suppresses cell growth of mouse MCS cells C24 but not Runx2-knockout cells.
(€) In vivo tumor growth of mouse MCS (24 cells by Runx3 knockout (sgRunx3) and Runx2/Runx3 double knockout
(sgRunx2/sgRunx3). Volumes of each tumor are indicated. (D) Histology of representative tumors with Runx3 knockout
and Runx2/Runx3 double knockout in C. Scale bar: 50 um. (E) Expression of Col1a7 and Id1in Runx2, Runx3 knockout
and double knockout examined by gRT-PCR. Statistical analysis in B was performed by 2-sided Student’s t test and in E
was performed by 1-way ANOVA. *P < 0.05, ***P < 0.001.

Treatment of mesenchymal chondrosarcoma with the HDAC inhibitor panobinostat led to growth sup-
pression both in vitro and in vivo. The result is consistent with the previous results on the effective growth

inhibition in fusion gene-positive sarcomas such as Ewing sarcoma, alveolar rhabdomyosarcoma, and

synovial sarcoma (51-53). Correlated modulation of gene expression between panobinostat treatment and
silencing of HEY1-NCOA2 or Runx2 indicated that downregulation of target genes by HEY1-NCOA2
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Figure 8. Panobinostat treatment inhibits the
growth of mesenchymal chondrosarcoma.

(A) Half-maximal inhibitory concentration
(IC50) of panobinostat for 6 different mouse
mesenchymal chondrosarcoma cell lines.

(B) Suppression of EdU incorporation in C24
cells by panobinostat treatment (10 nM). The
representative example is shown on the left,
and the average EdU incorporation with SEM is
shown on the right. (C) Detection of apoptosis
induced by panobinostat treatment for 24
hours. Annexin V staining shows a significant
increase in both early and late apoptotic cells,
as evidenced by flow cytometry (left) and
quantified by bar graphs (right). (D) GSEA
shows enrichment of the apoptosis and extra-
cellular matrix/proteoglycans genetic pathways
by panobinostat treatment. (E) Upregulation
of Fas expression by silencing of HEY1::NCOA2
and Runx2 in C5 and C24 cells (left). (F) GSEA
shows correlation in gene expression profiles
between panobinostat treatment and silencing
of HEY1::NCOAZ. (G) Growth suppression of
mesenchymal chondrosarcoma by panobinos-
tat in vivo. The recipient animals (n = 5 in each
group) are treated with adriamycin (ADM) or
panobinostat, and the tumor sizes are mea-
sured. Statistical analyses in B, C, and G were
performed by 2-sided Student’s t test and in E
was performed by 1-way ANOVA. *P < 0.05.
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Figure 9. Model of HEY1-NCOA2 in mesenchymal chondrosarcoma development. HEY1-NCOA2 upregulates endog-
enous Hey1to promote proliferation of progenitor cells and supports Sox9 to maintain the differentiation program.
Concurrently, HEY1-NCOA2 interacts with Runx2 to induce prehypertrophic chondrocytes, but this interaction also
suppresses terminal differentiation.

and Runx2 cooperation, at least in part, is important for tumor cell maintenance. Given that wild-type
Hey1 functions as a transcriptional repressor recruiting HDAC (50) and is upregulated as a target of HEY 1-
NCOA2, panobinostat may target Heyl-regulated histone deacetylation.

Panobinostat treatment induced apoptosis with upregulation of Fas in mouse mesenchymal chondro-
sarcoma, highlighting the importance of the Fas-mediated cell death pathway, which was reported in the
treatment of osteosarcoma by the HDAC inhibitor, SNDX-275 (54). The MOZ-TIF2 (MYST3-NCOA2)
fusion protein induces impairment of the coactivator CBP and represses the expression of multiple down-
stream genes in a promoter context-dependent manner (23, 24), suggesting that HEY1-NCOAZ2 is involved
in chromatin remodeling and explaining panobinostat rescue of the expression of the differentiation-asso-
ciated genes. In agreement with this, a series of Hey1 target genes such as Col2al, which is downstream of
the Notch signaling pathway (55), were activated by HEY1-NCOA2.

HEY1-NCOA2 disrupts fine tuning of differentiation-related genes by Sox9, Runx2, and Heyl via
DNA binding and interaction with Runx2. Runx2 is required for chondrogenic differentiation at later
stages, maintaining the characteristic morphologies of mesenchymal chondrosarcoma. Loss of Runx2
results in immature round cell proliferation that might be promoted by Heyl (Figure 9). In addition,
terminal differentiation cartilage is abrogated, as was suggested by abnormal expression of notochord
markers at the end of fate in pseudotime trajectory analysis, which might be caused by HEY1-NCOA2—
regulated abnormal gene expression.

This study has some limitations on the functional relationship between HEY1-NCOA2 and Runx2.
Although Runx2 knockout induced more aggressive phenotypes, the function of Runx2 is not a simple
suppressor in tumorigenesis, given that Runx2 knockout did not alter cell proliferation in vitro. Interaction
between Runx2 and HEY 1-NCOA2 suggests that cooperative and/or competitive regulation of their target
genes may be responsible for incomplete chondrogenic differentiation. Further studies are required to clar-
ify the role of the HEY1-NCOA2 and Runx2 interaction.

In conclusion, the present study clarified that HEY 1-NCOAZ2 expression in chondrogenic progenitors
interferes with the differentiation program and induces tumorigenesis, mimicking human mesenchymal
chondrosarcoma.

Methods
Generation of the mesenchymal chondrosarcoma model mouse. Femoral and humeral bones of BALB/c mouse
embryos (Clea Japan) were removed aseptically on 18.5 dpc, and eSZ cells were obtained by dissection using
2 mg/mL collagenase (Wako) at 37°C for 2 hours. They were cultured in growth medium composed of
IMDM (Wako) supplemented with 10% FBS and subjected immediately to retroviral infection without fur-
ther purification. Retroviral stock was added into the medium containing osteochondrogenic progenitors with
10 pg/mL of polybrene (Nakalai Tesque), which was then spun at 700g for 1 hour. The spin infection was
repeated after 24 hours. Transduced mesenchymal osteochondrogenic progenitors were mixed with Matrigel
(Becton Dickinson), and 1 x 10° cells were transplanted into the subcutaneous regions of BALB/c nude mice.
Cell culture, plasmids, and human sarcoma specimens. Mouse mesenchymal chondrosarcoma cell lines derived
from the mouse mesenchymal chondrosarcoma model were cultured in IMDM supplemented with 10% FBS.
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N-terminal FLAG-tagged HEY1-NCOA2 was introduced into the pMYs-IRES-GFP vector. Full-
length HEY1-NCOA2 was cloned from a human mesenchymal chondrosarcoma case. pEF-Bos-Runx2
and pEF-Bos-Runx3 (wild-type, mouse) are previously described (56). pMYs-5xmyc-Neo-Runx2 was gen-
erated by ligating the PCR-amplified Runx2 sequence to the pMYs-5xmyc-Neo vector. HEY1-NCOA2
deletion mutants were produced by a KOD+ mutagenesis kit (Toyobo) with specific primers. The sequence
of the mutant products was verified by Sanger sequencing.

Mesenchymal chondrosarcoma surgical specimens were obtained from adult patients at the Cancer
Institute Hospital.

Histopathology, immunohistochemistry, and immunoblotting. Formaldehyde- or paraformaldehyde-fixed
tumor tissues were embedded in paraffin, and sections were stained with H&E using standard techniques.
The following primary antibodies were used: anti-FLAG M2 (Sigma-Aldrich), anti-Sox9 (Sigma-Aldrich),
anti-Hey1 (Abcam), anti-Runx2 (MBL), anti-CK 18 (Proteintech), anti-Galectin 3 (Proteintech), anti-Ki-67
(Abcam), and anti-NCOA2/SRC2 (Cell Signaling).

Immunoblotting was performed using whole-cell lysates. The following primary antibodies were used:
Anti-FLAG M2 (Sigma-Aldrich), anti-Runx2 (MBL), anti-Runx3 (Abcam), anti—o-tubulin (Sigma-Al-
drich), and anti-Cas9 (Novus, Centennial, CO).

Coimmunoprecipitation assays. 293T cells were cotransfected with FLAG-tagged full-length or dele-
tion mutants of HEY1-NCOAZ2 and with 5xmyc-tagged Runx2. Cells were lysed 48 hours after trans-
fection in RIPA buffer or TNE buffer with protease inhibitor cocktail (Nakalai Tesque) and incubated
with rabbit polyclonal anti-FLAG (Sigma-Aldrich) and anti-Runx2 (Cell Signaling) overnight at 4°C
and immunoprecipitated with Dynabeads Protein G beads (Invitrogen) for 2 hours at 4°C. After wash-
ing 3 times, the precipitated proteins were eluted by boiling in Laemmli sample buffer. Proteins were
separated by sodium dodecyl SDS-PAGE, blotted onto nitrocellulose membranes, and incubated with
the indicated primary antibodies.

Real-time quantitative PCR. Total RNA was extracted using the FastGene RNA Basic Kit/Premium
Kit (NIPPON Genetics) according to the manufacturer’s protocol. cDNA was synthesized from 1 pg total
RNA using a reverse transcription system (Promega). Real-time qRT-PCR was performed using a 7500
Fast Real-Time PCR System (Applied Biosystems). The primers used are listed in Supplemental Table 7.

Microarray analysis. GeneChip analysis was conducted to determine gene expression profiles. The
murine HT MG-430 PM array (Affymetrix) was hybridized with aRNA probes generated from eSZs
48 hours after transduction with pMYs-HEY1-NCOAZ2 or empty vector, 11 mesenchymal chondro-
sarcoma, 3 Ewing sarcoma, 6 synovial sarcoma, and 8 alveolar soft part sarcoma cell lines according
to methods described previously (33). A total of 11 mesenchymal chondrosarcoma samples, osteo-
chondrogenic progenitor cells, and other sarcomas were compared. Expression data were analyzed
using GeneSpring (Agilent Technologies), and GSEA was performed using GSEA software (57). Gene
ontology analysis was performed using IPA.

RNA interference assays and pharmacological experiments. ShARNAs against human HEY1 and mouse Runx2
were lentivirally introduced into mouse mesenchymal chondrosarcoma cell lines. Knockdown efficiencies of
each gene were confirmed by immunoblotting using the primary antibodies. The list of sShRNAs is shown in
Supplemental Table 8.

Mouse mesenchymal chondrosarcoma cells were treated with panobinostat in vitro. Cells were seeded
into 96-well plates at a concentration of 5 x 10 cells and were treated with drugs for 48 hours. Cell prolifer-
ation analysis was then performed using a XTT kit (Roche), and IC, was calculated. DNA synthesis anal-
ysis was performed using the Click-it EQU cell proliferation kit (Thermo Fisher Scientific). FACS analysis
using the BD FACSLyric system (BD Bioscience) was performed for 48 hours after treatment with 10 nM
drugs to detect EQU-positive fractions. For in vivo experiments, 5 X 5 mm tumor masses were transplanted
subcutaneously into BALB/c nude mice, and the mice were treated with panobinostat or adriamycin (Sell-
eckchem). Panobinostat was intraperitoneally administered at 10 mg/kg 5 times continuously per week for
2 weeks, and adriamycin was intraperitoneally 3 mg/kg once a week for 2 weeks.

ChIP and sequencing. ChIP-Seq was carried out using the method previously described using a biological
duplicate (58). Briefly, 5 X 10° mesenchymal chondrosarcoma cells per immunoprecipitation were cross-
linked with 1% formaldehyde for 10 minutes at room temperature. Chromatin was sheared in SDS lysis
buffer containing 1% SDS, 10 mM EDTA, and 50 mM Tris, pH 8.0, to an average size of 400-500 bp using
a Covaris S220 sonicator for 15 minutes. ChIP was carried out with 5 pg anti-FLAG (Sigma-Aldrich),
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anti-histone H3K27ac (Active Motif), anti-histone H3K27Me3 (Abcam), anti-histone H3K4Me3 (Abcam),
anti-Runx?2 (Cell Signaling), or anti-Runx3 (Cell Signaling) antibodies. The antibody-bound protein/DNA
complexes were immunoprecipitated using ChIP grade protein G magnetic beads (Cell Signaling).

Immunoprecipitated DNA was then purified and subjected to secondary sonication to an average size
of 150-350 bp. Libraries were prepared according to instructions accompanying the ThruPLEX DNA-Seq
kit (Rubicon Genomics). The ChIP DNA was end modified and adapters were ligated. DNA was PCR
amplified with Illumina primers, and Illumina-compatible indexes were added. The library fragments of
approximately 300-500 bp were band-isolated from an agarose gel. The purified DNA was sequenced on an
Illumina MiSeq next-generation sequencer following the manufacturer protocols.

ChIP-Seq data analysis. Base calls were carried out using Bowtie2-2.2.5 (http://bowtie-bio.sourceforge.
net/bowtie2/index.shtml). ChIP-Seq reads were aligned to the mm9 (https://www.ncbi.nlm.nih.gov/
assembly/GCF_000001635.18) or hgl9 (https://www.ncbi.nlm.nih.gov/assembly/ GCF_000001405.13/)
genome assembly using samtools 1.2 (http://www.htslib.org). Peak calling was carried out using MACS1.4
(https://github.com/macs3-project/ MACS). Peak distribution was calculated by Cistrome (http://cis-
trome.org/ap/root). Neighbor genes on enriched genomic regions were determined using by Nucleus
(https://rias.rhelixa.com).

The genomic distributions of DNA binding peaks were visualized by NGSplot (https://anaconda.org/
bioconda/r-ngsplot). DNA binding of ChIP-Seq data was visualized using IGV_2.3.80 (http://software.
broadinstitute.org/software/igv). The de novo motif enrichment was performed using HOMER v 4.11.1
(http://homer.ucsd.edu/homer/motif). SEs were identified using the method previously described with the
ROSE program (http://younglab.wi.mit.edu/super_enhancer_code.html). Gene ontology analysis for near-
by genes was performed using the GREAT software version 4.0.4 (http://great.standford.edu/public/html).

CRISPR/ Cas9-mediated gene editing. sgRNA sequence was designed using the Mouse CRISPR Knock-
out Pooled Library (GeCKO v2) (https://www.addgene.org/pooled-library/zhang-mouse-gecko-v2/) and
cloned into the Bsmbl restriction sites of lentiCRISPR v2. gRNA target sequences are listed in Supplemen-
tal Table 7. Lentiviral supernatants were generated using 293FT transfected with Virapower Packaging Mix
(Thermo Fisher) and lipofectamine (Thermo Fisher). Mesenchymal chondrosarcoma C24 cells were trans-
duced with lentiviral supernatant supplemented with polybrene. At 24 hours after transduction, transduced
cells were selected with 5 ug/mL puromycin. A single clone was isolated, and sequence was confirmed by
Sanger sequencing. Runx2 and Runx3 expression was also confirmed by Western blotting.

ScRNA-Seq. A total of 200 mg tumor tissue was dissected into small pieces and digested using a Tumor
Dissociation Kit and GentleMACS Dissociator (Miltenyi Biotec). The digested tumor tissue was filtered
through a 70 um MACS SmartStrainer (Miltenyi Biotec), and the mass remaining on the filter was dis-
sociated using Accutase (Nacalai Tesque) to obtain a single-cell suspension. The scRNA-Seq library was
prepared using a BD Rhapsody Single-Cell Analysis system (BD) following the manufacturer’s instruction.
Briefly, 20,000 cells were loaded onto the BD Rhapsody microwell cartridge, and cDNAs were synthesized
using a BD Rhapsody Whole Transcriptome Analysis Amplification Kit. Gene expression libraries were
sequenced on the Illumina NextSeq 550 platform (Illumina) with paired-end reads (read 1, 75 bp; index 1,
8 bp; read 2, 75 bp). Sequencing data were processed using BD Rhapsody Analysis pipelines on the Seven
Bridges Genomics platform and converted to the gene expression count matrix.

Single-cell data analysis. Cell quality control and unsupervised clustering was performed using the R package
Seurat (59). The data were filtered to remove cells with fewer than 400 and over 4,000 unique genes per cell and
over 15% of mitochondrial expression. The filtered data were processed with Seurat’s standard pipeline using
the following steps. (a) Normalized data were run using “Log Normalize” method with scale.factor of 10,000;
(b) highly variable features were identified by Find Variable Features using “vst” method and 2,000 features;
(c) data scaling and principal components computing were performed by Scale Data and Run PCA; (d) cell
clustering was conducted by Find Neighbors function with 1-20 dimensions and Find Clusters function with a
resolution of 0.5; and (e) the cells were projected onto the UMAP embedding space by Run UMAP with 1-20
dimensions. Clusters expressing immune, blood cell, vascular, and fibroblast markers were determined to dis-
tinguish nonneoplastic stromal cells from tumor clusters. To identify chondrocyte subtypes, clusters expressing
stage-specific chondrocyte markers were extracted and further analyzed. For trajectory analysis, the R package
Slingshot v1.8.0 was applied. The chondrocyte clusters were subsetted and the analysis was performed by sling-
shot (60) with the dimensionality reduction produced by UMAP and Seurat cluster assignments. Pseudotime
for each cell was obtained by slingshot pseudotime.
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Identification of retroviral integration sites. To identify integration sites of the HEYI-NCOA2-expressing
retrovirus, inverse PCR was performed according to the method previously described (32).

Material availability. Plasmids generated in this study are available upon reasonable request (TN).

Data availability. Microarray, ChIP-Seq, and scRNA-Seq data are accessible through the NCBI Gene
Expression Omnibus (GEO) database (accession GSE163291, GSE163585, and GSE198662, respectively).

Statistics. All data are representative of results from at least 3 independent experiments unless otherwise
specified in the figure legends. The mean + SD of individual experiments is shown. Student’s 2-tailed ¢ test
and 1-way ANOVA were used. P values of less than 0.05 were considered significant.

Study approval. All animal experiments described in this study were performed in strict accordance with
standard ethical guidelines and were approved by the animal care committee at the Japanese Foundation
for Cancer Research (approvals 10-05-9 and 0604-3-13). Mesenchymal chondrosarcoma surgical specimens
were obtained from adult patients at the Cancer Institute Hospital. This study was approved by Institution-
al Review Board of the Japanese Foundation for Cancer Research (approval 2013-1155) and was conducted
according to the tenets of the Helsinki Declaration. Informed consent was obtained from all donors.

Author contributions

MT provided investigation, formal analysis, data curation, visualization, and validation; acquired funding;
and wrote the original draft. MH provided investigation and validation. YT provided investigation and
formal analysis. KK provided formal analysis and data curation. YY provided investigation. KY provided
resources. MO provided resources and supervision. RM provided data curation and formal analysis and
wrote the original draft. TN conceptualized the study; provided investigation, project administration, and
supervision; acquired funding; and wrote the original draft and edited the manuscript.

Acknowledgments

‘We thank Tomoko Takahara, Takashi Iwamoto, and Mayu Maruyama for excellent technical assistance.
This study was supported by Grants-in-Aid for Scientific Research from the Japan Society for the Promo-
tion of Science (16K07131 and 19K07702 to MT, and 26250029 to TN) and by a Grant-in-Aid Project for
Cancer Research and Therapeutic Evolution from the Japan Agency for Medical Research and Develop-
ment (18cm0106609, 21cm0106277, and 21ak0101170 to TN; and 23ama221206 to MT). This work was
also supported by JSPS KAKENHI grant JP 16H06276 (AdAMS).

Address correspondence to: Takuro Nakamura or Miwa Tanaka, Department of Experimental Pathology,
Institute of Medical Science, Tokyo Medical University, 6-1-1 Shinjuku, Shinjuku-ku, Tokyo 160-8402, Japan.
Phone: 81.3.3351.6141; Email: takuron@tokyo-med.ac.jp (TN); Email: miwa.tanaka@jfcr.or.jp (MT).

—_

. Fanburg-Smith JC, et al. Mesenchymal chondrosarcoma. In: Fletcher CDM, et al, eds. Soft Tissue and Bone Tumours. 5th Edition.

World Health Organization; 2020:385-387.

Arora K, Riddle ND. Extraskeletal mesenchymal chondrosarcoma. Arch Pathol Lab Med. 2018;142(11):1421-1424.

‘Wehrli BM, et al. Sox9, a master regulator of chondrogenesis, distinguishes mesenchymal chondrosarcoma from other small

blue round cell tumors. Hum Pathol. 2003;34(3):263-269.

4. El Beaino M, et al. Mesenchymal chondrosarcoma: a review with emphasis on its fusion-driven biology. Curr Oncol Rep.

2018;20(5):37.

Shakked RJ, et al. Mesenchymal chondrosarcoma: clinicopathologic study of 20 cases. Arch Pathol Lab Med. 2012;136(1):61-75.

Frezza AM, et al. Mesenchymal chondrosarcoma: prognostic factors and outcome in 113 patients. A European Musculoskeletal

Oncology Society study. Eur J Cancer. 2015;51(3):374-381.

. Tsuda Y, et al. Mesenchymal chondrosarcoma: a Japanese musculoskeletal oncology group (JMOG) study on 57 patients. J Surg
Oncol. 2017;115(1):760-767.

8. Wang L, et al. Identification of a novel, recurrent HEY 1-NCOA2 fusion in mesenchymal chondrosarcoma based on a genome-
wide screen of exon-level expression data. Genes Chromosomes Cancer. 2012;51(2):127-139.

. Fischer A, et al. The Notch target genes Heyl and Hey?2 are required for embryonic vascular development. Genes Dev.
2004;18(8):901-911.

10. Buas MF, et al. The Notch effector Hey1 associates with myogenic target genes to repress myogenesis. J Biol Chem.
2010;285(2):1249-1258.

. Heisig J, et al. Target gene analysis by microarrays and chromatin immunoprecipitation identifies HEY proteins as highly
redundant bHLH repressors. PLoS Genet. 2012;8(5):e1002728.

12. Koh S, et al. Synergistic enhancement of nuclear receptor function by p160 coactivators and two coactivators with protein

methyltransferase activities. J Biol Chem. 2001;276(2):1089-1098.
13. Xu J, et al. Normal and cancer-related functions of the p160 steroid receptor co-activator (SRC) family. Nar Rev Cancer.

w N

o w

~

o

1

—

JCl Insight 2023;8(10):e160279 https://doi.org/10.1172/jci.insight.160279 18


https://doi.org/10.1172/jci.insight.160279
mailto://takuron@tokyo-med.ac.jp
mailto://miwa.tanaka@jfcr.or.jp
https://doi.org/10.5858/arpa.2017-0109-RS
https://doi.org/10.1053/hupa.2003.41
https://doi.org/10.1053/hupa.2003.41
https://doi.org/10.1007/s11912-018-0668-z
https://doi.org/10.1007/s11912-018-0668-z
https://doi.org/10.5858/arpa.2010-0362-OA
https://doi.org/10.1016/j.ejca.2014.11.007
https://doi.org/10.1016/j.ejca.2014.11.007
https://doi.org/10.1002/gcc.20937
https://doi.org/10.1002/gcc.20937
https://doi.org/10.1101/gad.291004
https://doi.org/10.1101/gad.291004
https://doi.org/10.1074/jbc.M109.046441
https://doi.org/10.1074/jbc.M109.046441
https://doi.org/10.1371/journal.pgen.1002728
https://doi.org/10.1371/journal.pgen.1002728
https://doi.org/10.1074/jbc.M004228200
https://doi.org/10.1074/jbc.M004228200
https://doi.org/10.1038/nrc2695

14.
. Klinge CM, et al. Estrogen response element-dependent regulation of transcriptional activation of estrogen receptor alpha and

16.

17.

19.

2

(=1

2

—_

22.

23.

24.

25.

26.
27.

28.

29.

30.

3

—

33.
34

3

w

36.

3

~

3

oo

39.

40.

4

—_

4

w

44.

4

W

46.

47.

48.

49.

RESEARCH ARTICLE

2009;9(9):615-630.
Chen D, et al. Regulation of transcription by a protein methyltransferase. Science. 1999;284(5423):2174-2177.

beta by coactivators and corepressors. J Mol Endocrinol. 2004;33(2):387-410.

Heery DM, et al. A signature motif in transcriptional co-activators mediates binding to nuclear receptors. Nature.
1997;387(6634):733-736.

Jin Y, et al. Fusion of the AHRR and NCOA2 genes through a recurrent translocation t(5;8) (p15;q13) in soft tissue angiofibro-
ma results in upregulation of aryl hydrocarbon receptor target genes. Genes Chromosomes Caner. 2012;51(5):510-520.

. Mosquera JM, et al. Recurrent NCOAZ2 gene rearrangements in congenital/infantile spindle cell rhabdomyosarcoma. Genes

Chromosomes Cancer. 2013;52(6):538-550.
Alaggio R, et al. A molecular study of pediatric spindle and sclerosing rhabdomyosarcoma: identification of novel and recurrent
VGLL2-related fusions in infantile cases. Am J Surg Pathol. 2016;40(2):224-235.

. Carapeti M, et al. A novel fusion between MOZ and the nuclear receptor coactivator TIF2 in acute myeloid leukemia. Blood.

1998;91(9):3127-3133.

. Liang J, et al. Acute mixed lineage leukemia with an inv(8) (p11q13) resulting in fusion of the genes for MOZ and TIF2. Blood.

1998;92(6):2118-2122.

Strehl S, et al. ETV6-NCOAZ2: a novel fusion gene in acute leukemia associated with coexpression of T-lymphoid and myeloid
markers and frequent NOTCH1 mutations. Clin Cancer Res. 2008;14(4):977-983.

Kindle KB, et al. MOZ-TIF2 inhibits transcription by nuclear receptors and p53 by impairment of CBP function. Mol Cell Biol.
2005;25(3):988-1002.

Katsumoto T, et al. Roles of the histone acetyltransferase monocytic leukemia zinc finger protein in normal and malignant
hematopoiesis. Cancer Sci. 2008;99(9):1523-1527.

Tanaka M, et al. Ewing’s sarcoma precursors are highly enriched in embryonic osteochondrogenic progenitors. J Clin Invest.
2014;124(7):3061-3074.

Bi W, et al. Sox9 is required for cartilage formation. Nat Genet. 1999;22(1):85-89.

Akiyama H, et al. The transcription factor Sox9 has essential roles in successive steps of the chondrocyte differentiation path-
way and is required for expression of Sox5 and Sox6. Genes Dev. 2002;16(21):2813-2828.

Leung VY, et al. SOX9 governs differentiation stage-specific gene expression in growth plate chondrocytes via direct concomi-
tant transactivation and repression. PLoS Genet. 2011;7(11):e1002356.

Dy P, et al. Sox9 directs hypertrophic maturation and blocks osteoblast differentiation of growth plate chondrocytes. Dev Cell.
2012;22(3):597-609.

Hecht JT, et al. Characterization of cartilage oligomeric matrix protein (COMP) in human normal and pseudoachondroplasia
musculoskeletal tissues. Matrix Biol. 1998;17(4):269-278.

. Belluoccio D, et al. Characterization of human matrilin-3 (MATN3). Genomics. 1998;53(3):391-394.
32.

Tanaka M, et al. Cooperation between SS18-SSX1 and miR-214 in Synovial Sarcoma Development and Progression. Cancers
(Basel). 2020;12(2):324.

Tanaka M, et al. Modeling alveolar soft part sarcoma unveils novel mechanisms of metastasis. Cancer Res. 2017;77(4):897-907.
Nakamura Y, et al. Chondrocyte-specific microRNA-140 regulates endochondral bone development and targets Dnpep to mod-
ulate bone morphogenic protein signaling. Mol Cell Biol. 2011;31(14):3019-3028.

. Sun H, et al. Single-cell RNA-seq analysis identifies meniscus progenitors and reveals the progression of meniscus degeneration.

Ann Rheum Dis. 2020;79(3):408-417.
Sun H, et al. Single-cell RNA sequencing reveals the cell types heterogenicity of human discoid lateral meniscus cells. J Cell
Physiol. 2022;237(5):2469-2477.

. Rodrigues-Pinto R, et al. Spatiotemporal analysis of putative notochordal cell markers reveals CD24 and keratins 8, 18, and 19

as notochord-specific markers during early human intervertebral disc development. J Orthop Res. 2016;34(8):1327-1340.

. Whyte WA, et al. Master transcription factors and mediator establish super-enhancers at key cell identity genes. Cell.

2013;153(2):307-319.

Chapuy B, et al. Discovery and characterization of super-enhancer-associated dependencies in diffuse large B cell lymphoma.
Cancer Cell. 2013;24(6):777-790.

Komori T, et al. Targeted disruption of Cbfal results in a complete lack of bone formation owing to maturational arrest of
osteoblasts. Cell. 1997;89(5):755-764.

.Inada M, et al. Maturational disturbance of chondrocytes in Cbfal-deficient mice. Dev Dyn. 1999;214(4):279-290.
42.

Takeda S, et al. Continuous expression of Cbfal in nonhypertrophic chondrocytes uncovers its ability to induce hypertrophic
chondrocyte differentiation and partially rescues Cbfal-deficient mice. Genes Dev. 2001;15(4):467-481.

. Takarada T, et al. An analysis of skeletal development in osteoblast-specific and chondrocyte-specific runt-related transcription

factor-2 (Runx2) knockout mice. J Bone Miner Res. 2013;28(10):2064-2069.
Hilton MJ, et al. Notch signaling maintains bone marrow mesenchymal progenitors by suppressing osteoblast differentiation.
Nat Med. 2008;14(3):306-314.

. Yoshida CA, et al. Runx2 and Runx3 are essential for chondrocyte maturation, and Runx2 regulates limb growth through

induction of Indian hedgehog. Genes Dev. 2004;18(8):952-963.

Prabhu S, et al. Regulation of the expression of cyclin-dependent kinase inhibitor p21 by E2A and Id proteins. Mol Cell Biol.
1997;17(10):5888-5896.

Kong D, et al. Discovery of phosphatidylinositol 3-kinase inhibitory compounds from the Screening Committee of Anticancer
Drugs (SCADS) library. Biol Pharm Bull. 2010;33(9):1600-1604.

Lanzi C, Cassinelli G. Combinatorial strategies to potentiate the efficacy of HDAC inhibitors in fusion-positive sarcomas. Bio-
chem Pharmacol. 2022;198:114944.

Sun X, et al. HDAC4 represses vascular endothelial growth factor expression in chondrosarcoma by modulating RUNX2 activi-
ty. J Biol Chem. 2009;284(33):21881-21890.

JCl Insight 2023;8(10):e160279 https://doi.org/10.1172/jci.insight.160279 19


https://doi.org/10.1172/jci.insight.160279
https://doi.org/10.1038/nrc2695
https://doi.org/10.1126/science.284.5423.2174
https://doi.org/10.1677/jme.1.01541
https://doi.org/10.1677/jme.1.01541
https://doi.org/10.1038/42750
https://doi.org/10.1038/42750
https://doi.org/10.1002/gcc.21939
https://doi.org/10.1002/gcc.21939
https://doi.org/10.1002/gcc.22050
https://doi.org/10.1002/gcc.22050
https://doi.org/10.1097/PAS.0000000000000538
https://doi.org/10.1097/PAS.0000000000000538
https://doi.org/10.1182/blood.V91.9.3127
https://doi.org/10.1182/blood.V91.9.3127
https://doi.org/10.1182/blood.V92.6.2118
https://doi.org/10.1182/blood.V92.6.2118
https://doi.org/10.1158/1078-0432.CCR-07-4022
https://doi.org/10.1158/1078-0432.CCR-07-4022
https://doi.org/10.1128/MCB.25.3.988-1002.2005
https://doi.org/10.1128/MCB.25.3.988-1002.2005
https://doi.org/10.1172/JCI72399
https://doi.org/10.1172/JCI72399
https://doi.org/10.1038/8792
https://doi.org/10.1101/gad.1017802
https://doi.org/10.1101/gad.1017802
https://doi.org/10.1371/journal.pgen.1002356
https://doi.org/10.1371/journal.pgen.1002356
https://doi.org/10.1016/j.devcel.2011.12.024
https://doi.org/10.1016/j.devcel.2011.12.024
https://doi.org/10.1016/S0945-053X(98)90080-4
https://doi.org/10.1016/S0945-053X(98)90080-4
https://doi.org/10.1006/geno.1998.5519
https://doi.org/10.3390/cancers12020324
https://doi.org/10.3390/cancers12020324
https://doi.org/10.1158/0008-5472.CAN-16-2486
https://doi.org/10.1128/MCB.05178-11
https://doi.org/10.1128/MCB.05178-11
https://doi.org/10.1136/annrheumdis-2019-215926
https://doi.org/10.1136/annrheumdis-2019-215926
https://doi.org/10.1002/jcp.30704
https://doi.org/10.1002/jcp.30704
https://doi.org/10.1002/jor.23205
https://doi.org/10.1002/jor.23205
https://doi.org/10.1016/j.cell.2013.03.035
https://doi.org/10.1016/j.cell.2013.03.035
https://doi.org/10.1016/j.ccr.2013.11.003
https://doi.org/10.1016/j.ccr.2013.11.003
https://doi.org/10.1016/S0092-8674(00)80258-5
https://doi.org/10.1016/S0092-8674(00)80258-5
https://doi.org/10.1002/(SICI)1097-0177(199904)214:4<279::AID-AJA1>3.0.CO;2-W
https://doi.org/10.1101/gad.845101
https://doi.org/10.1101/gad.845101
https://doi.org/10.1002/jbmr.1945
https://doi.org/10.1002/jbmr.1945
https://doi.org/10.1038/nm1716
https://doi.org/10.1038/nm1716
https://doi.org/10.1101/gad.1174704
https://doi.org/10.1101/gad.1174704
https://doi.org/10.1128/MCB.17.10.5888
https://doi.org/10.1128/MCB.17.10.5888
https://doi.org/10.1248/bpb.33.1600
https://doi.org/10.1248/bpb.33.1600
https://doi.org/10.1016/j.bcp.2022.114944
https://doi.org/10.1016/j.bcp.2022.114944
https://doi.org/10.1074/jbc.M109.019091
https://doi.org/10.1074/jbc.M109.019091

50.

5

—

52.

53.

54.

55.

56.

57.
58.

59.
60.

RESEARCH ARTICLE

Liu Z, et al. Hey factors at the crossroad of tumorigenesis and clinical therapeutic modulation of hey for anticancer treatment.
Mol Cancer Ther. 2017;16(5):775-786.

. Jaboin J, et al. MS-27-275, an inhibitor of histone deacetylase, has marked in vitro and in vivo antitumor activity against pediat-

ric solid tumors. Cancer Res. 2002;62(21):6108-6115.

Kutko MC, et al. Histone deacetylase inhibitors induce growth suppression and cell death in human rhabdomyosarcoma in
vitro. Clin Cancer Res. 2003;9(15):5749-5755.

Sul, et al. EGRI reactivation by histone deacetylase inhibitors promotes synovial sarcoma cell death through the PTEN tumor
suppressor. Oncogene. 2010;29(30):4352-4361.

Koshkina NV, et al. Effect of the histone deacetylase inhibitor SNDX-275 on Fas signaling in osteosarcoma cells and the feasi-
bility of its topical application for the treatment of osteosarcoma lung metastases. Cancer. 2011;117(15):3457-3467.

Grogan SP, et al. Repression of chondrogenesis through binding of notch signaling proteins HES-1 and HEY-1 to N-box
domains in the COL2A1 enhancer site. Arthritis Rheum. 2008;58(9):2754-2763.

Yoshida T, et al. Functional analysis of RUNX2 mutations in Japanese patients with cleidocranial dysplasia demonstrates novel
genotype-phenotype correlations. Am J Hum Genet. 2002;71(4):724-738.

Subramanian A, et al. GSEA-P: a desktop application for gene set enrichment analysis. Bioinformatics. 2007;23(23):3251-3253.
Shimizu R, et al. EWS-FLI1 regulates a transcriptional program in cooperation with Foxql in mouse Ewing sarcoma. Cancer
Sci. 2018;109(9):2907-2918.

Satija R, et al. Spatial reconstruction of single-cell gene expression data. Nar Biotechnol. 2015;33(5):495-502.

Street K, et al. Slingshot: cell lineage and pseudotime inference for single-cell transcriptomics. BMC Genomics. 2018;19(1):477.

JCl Insight 2023;8(10):e160279 https://doi.org/10.1172/jci.insight.160279 20


https://doi.org/10.1172/jci.insight.160279
https://doi.org/10.1158/1535-7163.MCT-16-0576
https://doi.org/10.1158/1535-7163.MCT-16-0576
https://doi.org/10.1038/onc.2010.204
https://doi.org/10.1038/onc.2010.204
https://doi.org/10.1002/cncr.25884
https://doi.org/10.1002/cncr.25884
https://doi.org/10.1002/art.23730
https://doi.org/10.1002/art.23730
https://doi.org/10.1086/342717
https://doi.org/10.1086/342717
https://doi.org/10.1093/bioinformatics/btm369
https://doi.org/10.1111/cas.13710
https://doi.org/10.1111/cas.13710
https://doi.org/10.1038/nbt.3192
https://doi.org/10.1186/s12864-018-4772-0

