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TWIST2-mediated chromatin remodeling promotes
fusion-negative rhabdomyosarcoma
Akansha M. Shah1,2, Lei Guo3, Maria Gabriela Morales1,2, Priscilla Jaichander1,2, Kenian Chen3,
Huocong Huang4,5, Karla Cano Hernandez1,2, Lin Xu3, Rhonda Bassel-Duby1,2, Eric N. Olson1,2*,
Ning Liu1,2*

Rhabdomyosarcoma (RMS) is a common soft tissue sarcoma in children that resembles developing skeletal
muscle. Unlike normal muscle cells, RMS cells fail to differentiate despite expression of the myogenic determi-
nation protein MYOD. The TWIST2 transcription factor is frequently overexpressed in fusion-negative RMS (FN-
RMS). TWIST2 blocks differentiation by inhibiting MYOD activity in myoblasts, but its role in FN-RMS pathogen-
esis is incompletely understood. Here, we show that knockdown of TWIST2 enables FN-RMS cells to exit the cell
cycle and undergo terminal myogenesis. TWIST2 knockdown also substantially reduces tumor growth in a
mouse xenograft model of FN-RMS. Mechanistically, TWIST2 controls H3K27 acetylation at distal enhancers
by interacting with the chromatin remodelers SMARCA4 and CHD3 to activate growth-related target genes
and repress myogenesis-related target genes. These findings provide insights into the role of TWIST2 in main-
taining an undifferentiated and tumorigenic state of FN-RMS and highlight the potential of suppressing TWIST2-
regulated pathways to treat FN-RMS.
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INTRODUCTION
Cancer often arises because of the disruption of normal develop-
mental programs and resulting unrestrained cell proliferation.
Rhabdomyosarcoma (RMS), which accounts for approximately
half of the soft tissue sarcomas in children, represents a classic
example of the antagonism between oncogenesis and cell differen-
tiation. Expression of the master muscle regulators myogenic differ-
entiation 1 (MYOD) andmyogenic factor 5 (MYF5) drives cell cycle
exit and terminal differentiation of normal muscle lineage cells (1,
2). RMS cells, in contrast, express these transcription factors but fail
to fully differentiate, resulting in continued cell divisions and tumor
growth (3–5). There are two major RMS subtypes, fusion-positive
RMS (FP-RMS) and the more prevalent fusion-negative RMS
(FN-RMS) (6). While FP-RMS is mainly driven by a balanced chro-
mosomal translocation generating oncogenic PAX3-FOXO1 or
PAX7-FOXO1 fusion proteins, the molecular basis of FN-RMS is
not understood (4, 7).

FN-RMS exhibits greater genomic instabilities than FP-RMS,
however, mutations in oncogenes such as RAS or the TP53 tumor
suppressor do not occur at a high incidence in FN-RMS tumors (8,
9). Analysis of genomic data from patient RMS revealed that fre-
quent copy number alterations of oncogenes and tumor suppressors
can drive FN-RMS pathogenesis (10). Strikingly, we showed that
72% (114 of 158 cases) of FN-RMS patient tumors contain copy
number amplification events on the TWIST1 locus, TWIST2
locus, or both loci (11). These amplifications are consistent with

increased expression of the TWIST genes in FN-RMS. In contrast,
the amplification and expression of TWIST1 and TWIST2 are not
substantially associated with FP-RMS cases (11). Therefore, the
overrepresentation of TWIST amplification and expression in FN-
RMSwarrants characterizing its pathological role in this understud-
ied pediatric sarcoma subtype.

The mammalian basic helix-loop-helix (bHLH) transcription
factor Twist2 and its paralog Twist1 are important regulators of me-
sodermal cell identity and often antagonize the functions of lineage-
determining transcription factors such as MyoD, Hand2, and
Runx2 to spatiotemporally restrict cell fates (11–14). We and
others have shown that prolonged expression of Twist1 and
Twist2 in primary myoblasts, embryonic stem cells, or MyoD-ex-
pressing fibroblasts represses myogenic differentiation (11, 15,
16). Moreover, re-expression of Twist2 in differentiated primary
myotubes reverted them to mononucleated myoblasts (11), and
overexpression of Twist1 in uncommitted mesenchymal stem cells
or muscle satellite cells in mice caused a marked reduction in
muscle weight and myofiber diameter (17). These studies attest to
the ability of the Twist proteins to inhibit muscle differentiation.
Restoration of myogenic differentiation in tumor cells represents
a potential therapeutic approach for FN-RMS cancers, but the im-
plications of targeting TWIST in vivo have not been explored. Fur-
thermore, the transcriptional and epigenetic regulation by TWIST
in FN-RMS has not been systematically studied.

In this study, we explored the functions of TWIST2 in FN-RMS
pathogenesis in vitro and in vivo.We show that knockdown (KD) of
TWIST2 causes cell cycle arrest and promotes myogenic differenti-
ation in FN-RMS cell lines and mouse tumor xenografts. By inter-
rogating the TWIST2 interactome, we identified a druggable
mechanism of TWIST2 function where TWIST2 associates with
the SMARCA4 and CHD3 chromatin remodelers, leading to the
blockade of muscle gene expression and persistent activation of
growth-associated genes in FN-RMS. This bipotential role of
TWIST2 is reflected in the deposition of H3 lysine 27 acetylation
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(H3K27ac) at enhancers of growth genes but not of myogenic genes
in FN-RMS cells, and this is reversed upon TWIST2 KD. Together,
these findings provide intriguing insights into the mechanistic basis
of tumorigenesis in FN-RMS and a strong rationale for targeting of
TWIST2-regulated pathways as a therapeutic option for FN-RMS.

RESULTS
TWIST2 KD inhibits growth and promotes myogenic
differentiation of FN-RMS cells
To explore the functions of TWIST in FN-RMS pathogenesis, we
used an in vitro loss-of-function system to knockdown TWIST2
in FN-RMS cell lines. We generated stable FN-RMS cell lines ex-
pressing a doxycycline (Dox)–inducible lentiviral vector that
harbors a short hairpin RNA (shRNA) targeting TWIST2. Treat-
ment with Dox (10 μg/ml) for 4 days reduced the levels of
TWIST2 protein (TWIST2 KD) compared to the untreated
(Control) cells (fig. S1A). To survey the effect of TWIST2 KD, we
first measured 5-ethynyl-20-deoxyuridine (EdU) incorporation as
an indicator of proliferation of Control and TWIST2 KD rhabdo-
myosarcoma (RD) cells. RD is a commonly used patient tumor–
derived FN-RMS cell line. Loss of TWIST2 resulted in a reduced
number of EdU+ cells (Fig. 1A). A stable RD cell line expressing a
Dox-inducible scrambled shRNA did not show changes in EdU in-
corporation upon treatment with Dox for 4 days, validating that
Dox alone does not inhibit cell growth (fig. S1B).

In a complementary approach, we performed cell cycle analysis
on Control and TWIST2 KD RD cells. While more than 40% of the
Control RD cells transitioned into the S and G2-M phases, only
about 8% of the TWIST2 KD cells progressed past the G1-S
phase, indicating cell cycle arrest (Fig. 1B). Using a colony forma-
tion assay to assess clonogenic capacity, we showed that TWIST2
KD caused a substantial reduction in colony coverage, calculated
by the percent intensity of weighted colony area, compared to the
Control experimental group (Fig. 1C). We performed EdU labeling
in other human FN-RMS cell lines, including SMS-CTR, JR-1,
RH18, and 381.T cell lines, all of which showed a decrease in
EdU incorporation upon TWIST2 KD (fig. S1C). Moreover, fewer
colonies were formed with TWIST2 KD in SMS-CTR and JR-1 cells
(fig. S1D). Collectively, these results demonstrate that TWIST2 pro-
motes oncogenic growth of multiple FN-RMS cell lines.

Consistent with a loss of proliferative and clonogenic potential,
TWIST2 KD in RD cells resulted in the up-regulation of CDKN1A
protein expression, a marker of cell cycle arrest that coincides with
muscle-specific gene expression during myoblast differentiation
(Fig. 1D) (18). Moreover, phase contrast images showed that FN-
RMS cells became elongated upon TWIST2 KD (Fig. 1E and fig.
S1E). This was accompanied by expression of myosin heavy chain
1 (MyHC), a marker of terminal muscle differentiation, in a subset
of TWIST2 KD RD cells when cultured in differentiation media for
5 days (Fig. 1F), and increased protein expression of the myogenic
regulatory transcription factors myogenin (MYOG) and myocyte
enhancer factor 2C (MEF2C) (Fig. 1G and fig. S1A). These results
show that TWIST2 actively maintains FN-RMS cells in an undiffer-
entiated and tumorigenic state.

TWIST2 KD reduces FN-RMS tumor xenograft growth and
induces terminal differentiation in vivo
We assessed the effect of TWIST2 KD on tumor growth by injecting
RD cells that stably expressed a Dox-inducible shTWIST2 into the
flank of nonobese diabetic (NOD)–severe combined immunodefi-
cient mice. Once the tumor xenografts grew to 100 to 200 mm3, we
supplemented the drinking water of half the mice with Dox [2 mg/
ml in 5% (w/v) sucrose] to initiate TWIST2 KD, while the remain-
ingmice were left untreated as Control [5% (w/v) sucrose]. TWIST2
KD substantially reduced the size and weight of tumors at end point
(52 days after treatment) (Fig. 2, A to C). Fewer cells were detected
in TWIST2 KD tumors compared to Control tumors by hematox-
ylin and eosin (H&E) staining (Fig. 2D). Delayed growth in
TWIST2 KD tumors was corroborated by a marked decrease in
Ki67+ cycling nuclei (Fig. 2E). We also observed increased myogen-
ic differentiation in TWIST2 KD tumors, shown by anti-MyHC
staining (Fig. 2F). Together, these results imply that TWIST2 sus-
tains FN-RMS tumor growth and prevents the tumor cells from ter-
minally differentiating.

To reveal the transcriptional basis of TWIST2 function in FN-
RMS, we profiled differences in gene expression between Control
and TWIST2 KD tumor xenografts by RNA sequencing (RNA-
seq). Differential enrichment gene analysis identified 1399 up-reg-
ulated genes and 411 down-regulated genes in TWIST2 KD tumors
compared to Control (Fig. 2G). The up-regulated genes were en-
riched in Gene Ontology (GO) terms related to muscle contraction,
muscle fiber development, and actin filament–based pathways
(Fig. 2G). In contrast, genes that function in cell cycle processes
were down-regulated in TWIST2 KD tumors. More specifically,
gene set enrichment analysis revealed up-regulation of knownmyo-
genic targets of MYOD (Fig. 2H) (19) and down-regulation of cell
cycle targets of E2 factor (E2F) transcription factors (Fig. 2I) (20).
This global shift in the transcriptome away from proliferation and
toward myogenesis upon TWIST2 KD explains the phenotypic
changes in FN-RMS tumors lacking TWIST2.

We also performed RNA-seq on Control and TWIST2 KD
samples in RD and SMS-CTR cells and evaluated the gene signa-
tures that were shared by both cell lines. Myogenic differentiation
was up-regulated, and a growth gene signature was down-regulated
in both RD and SMS-CTR cell lines upon TWIST2 KD (fig. S2).
These findings validate the phenotypic effects of TWIST2 described
in tumor xenografts and in FN-RMS cells.

TWIST2 is a direct transcriptional activator of growth and
inhibitor of myogenesis in FN-RMS
To examine the molecular function of TWIST2, we profiled
genome-wide TWIST2 binding by infecting RD cells with lentivi-
ruses expressing Ty1 epitope-tagged TWIST2 (3xTy1TWIST2) and
performing chromatin immunoprecipitation and sequencing
(ChIP-seq) for Ty1. A tagged version of TWIST2 was used
because the available antibodies for TWIST2 are inadequate for
ChIP. We confirmed that 3xTy1TWIST2 appropriately localized to
the nucleus by immunostaining and did not affect RD cell prolifer-
ation (fig. S3A). ChIP-seq analysis identified TWIST2 binding sites
(table S2) that were enriched mainly in intronic and intergenic
regions, while only about 9% of the total peaks were located at pro-
moters or transcription start sites (TSSs) (fig. S3B). These results are
consistent with TWIST2 binding distribution in murine primary
myoblasts (11). Furthermore, known motifs recovered from the
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TWIST2 peaks matched the consensus E-box motif, 5′-CANNTG-
3′, with a preference for GC or TA at the third and fourth nucleo-
tides (fig. S3C). E-box motifs with GC in their center dinucleotides
can also be bound by myogenic bHLH transcription factors such as
MYOD, MYF5, and MYOG and serve as sites of coregulation with
TWIST2. Moreover, TWIST2 occupied a 5–base pair separated
double E-box motif that has been described in TWIST target
genes in Drosophila, murine myogenic cells, and human cell lines
(11, 21). TWIST2-responsive elements were also enriched for the
activator protein 1 (AP-1) motif, 5′-TGANTCA-3′, of basic
leucine zipper (bZIP) transcription factors from the c-FOS, JUN,
and ATF families, suggesting potential cooperation of these tran-
scription factors with TWIST2.

To identify direct transcriptional targets of TWIST2 in FN-RMS,
we annotated each TWIST2 peak to its nearest gene and integrated

these data with RNA-seq data from Control and TWIST2 KD RD
cells. We found 1145 genes that were up-regulated upon TWIST2
KD and harbor one or more TWIST2 peaks in their regulatory el-
ements, indicating that TWIST2 directly represses these genes in
RD cells (Fig. 3A and fig. S3E). The TWIST2-repressed direct
target genes function in pathways regulating muscle formation
and maturation (Fig. 3A). Moreover, a subset of these genes,
whose expression in Control and TWIST2 KD RD cells is plotted
in fig. S3D, was activated during the differentiation of human skel-
etal muscle myoblasts to myotubes in vitro (22), a process that re-
quires down-regulation of TWIST2 expression. In contrast, 1100
genes were down-regulated upon TWIST2 KD and were bound
by TWIST2 in their regulatory regions, suggesting that TWIST2 di-
rectly activates these genes in RD cells (Fig. 3A and fig. S3F). The
TWIST2-activated genes function in pathways that maintain FN-

Fig. 1. TWIST2 KD inhibits growth and promotes myogenic differentiation of FN-RMS cells. (A) Left: EdU (magenta) immunocytochemistry of Control (untreated)
and TWIST2 KD (treated with Dox) RD cells 4 days after ± Dox treatment. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) (blue). Right: Quantification of the
percentage of EdU+ nuclei. Scale bar, 50 μm. n = 10 biologically independent samples. (B) Quantification of the percentage of Control and TWIST2 KD RD cells in the G1, S,
or G2 stages. n = 3 biologically independent samples. (C) Left: Single-cell colony formation assay for Control and TWIST2 KD RD cells 15 days after ± Dox treatment. Right:
Quantification of the percent intensity of weighted colony area. n = 3 biologically independent samples. (D) Western blot showing an increase of CDKN1A protein level in
TWIST2 KD RD cells compared to Control cells 4 days after ± Dox treatment. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the loading control. (E)
Phase contrast images of Control and TWIST2 KD RD cells 4 days after ± Dox treatment. Scale bar, 50 μm. (F) Left: Anti–myosin heavy chain (MyHC) (green) immunocy-
tochemistry of Control and TWIST2 KD RD cells cultured for 5 days in differentiation media ± Dox. Nuclei were stained with DAPI (blue). Right: Quantification of percent of
MyHC+ nuclei. Scale bar, 50 μm. n = 6 biologically independent samples. (G) Western blot showing increased protein levels of myogenin (MYOG) and myocyte enhancer
factor 2C (MEF2C) in TWIST2 KD RD cells compared to Control cells 4 days after ± Dox treatment. GAPDH was used as the loading control. All statistical comparisons
between groups were evaluated by unpaired Student’s t test, ****P < 0.0001, ***P < 0.001, **P < 0.01, and *P < 0.05. Data are presented as the mean ± SEM.
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Fig. 2. TWIST2 KD reduces FN-RMS tumor xenograft growth and induces terminal differentiation in vivo. (A) Growth curve of RD mouse tumor xenograft volume
(mm3) plotted following the initiation of Dox treatment (Day 0) to TWIST2 KD. Control tumors were not treated with Dox. n = 8mice for Control, 8 mice for TWIST2 KD. (B)
Images of Control and TWIST2 KD tumors harvested 52 days after initiation of Dox treatment (the end point). Scale bar, 1 cm. (C) Weights (mg) of Control and TWIST2 KD
tumors harvested at end point. n = 4 mice for Control, 4 mice for TWIST2 KD. (D) H&E of Control and TWIST2 KD tumors harvested at end point. Scale bar, 50 μm. (E)
Immunohistochemistry for Ki67 on Control and TWIST2 KD tumors harvested at end point. Scale bar, 50 μm. (F) Immunohistochemistry of anti-MyHC (using the MF20
antibody) on Control and TWIST2 KD tumors harvested at end point. Scale bar, 50 μm. (G) Top: Volcano plot of the up-regulated genes (red) and down-regulated genes
(blue) in TWIST2 KD RD tumor xenografts relative to the Control tumors identified by RNA-seq. A cutoff of fold change (FC) > 2 and Padj < 0.05 was used to identify
differentially expressed genes (DEGs) by RNA-seq. Bottom: Top enriched GeneOntology (GO) terms are shown. (H) Left: Gene set enrichment analysis (GSEA) plot showing
positive enrichment for genes that are myogenic targets of MYOD in TWIST2 KD relative to Control tumors. Right: Heatmap plotting the gene expression of top 20 mRNA
targets of MYOD. (I) Left: GSEA plot showing negative enrichment for genes that are cell cycle targets of E2 factor (E2F) in TWIST2 KD relative to Control tumors. Right:
Heatmap plotting the gene expression of top 20 mRNA targets of E2F. All statistical comparisons between groups were evaluated by unpaired Student’s t test, ****P <
0.0001 and **P < 0.01. Data are presented as the mean ± SEM.
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RMS proliferation and tumorigenesis (Fig. 3A). Using quantitative
reverse transcription polymerase chain reaction (qRT-PCR), we
confirmed that these myogenic genes were up-regulated, and
growth genes were down-regulated in SMS-CTR and 381.T cells
upon TWIST2 KD (fig. S3, G to J). These direct target genes of
TWIST2 are similarly regulated in human FN-RMS tumors, indic-
ative of their relevance to FN-RMS pathophysiology. While the ex-
pression of TWIST2-activated target genes is increased in human
FN-RMS tumors over control skeletal muscle, that of TWIST2-re-
pressed target genes is decreased in patient FN-RMS over control
skeletal muscle (fig. S3, K and L). Overall, these findings indicate

that TWIST2 functions as a direct repressor of a myogenic gene
program and as an activator of a growth gene program in FN-
RMS cells.

TWIST2 regulates MYOD binding activity at a subset of
gene loci in FN-RMS
We previously showed that Twist2 directly competes with MyoD
binding at myogenic enhancers and redirects MyoD to growth
and oncogenic enhancers in mouse primary myoblasts (11). To
gain insights into the molecular interplay of MYOD and TWIST2
in RD cells, we examined MYOD binding profiles by performing

Fig. 3. TWIST2 is a direct transcriptional activator of growth and inhibitor of myogenesis in FN-RMS. (A) Left: Volcano plot of direct transcriptional TWIST2 target
genes as identified by 3xTy1TWIST2 ChIP-seq and RNA-seq intersection in TWIST2 KD relative to Control RD cells. TWIST2 peaks whose nearest gene is up-regulated are
shown in red, and TWIST2 peaks whose nearest gene is down-regulated are shown in blue. A cutoff of FC > 2 and false discovery rate (FDR) P value < 0.05 was used to
identify DEGs by RNA-seq. Right: Top enriched GO terms are shown. (B to E) Left: ChIP-seq tracks where MYOD peaks in Control and TWIST2 KD RD cells are shown in blue,
and 3xTy1TWIST2 peaks in RD cells are shown in orange. Right: Bar graph plotting FPKM (fragments per kilobase of exon per million mapped fragments) expression values
from RNA-seq in Control and TWIST2 KD RD cells. (B) Left: Both TWIST2 and MYOD bound to the WIPF3 locus. In TWIST2 KD cells, MYOD binding was increased. Right:
WIPF3mRNA expression is increased in TWIST2 KD cells. (C) Left: Both TWIST2 and MYOD bound to the HMGB2 locus. In TWIST2 KD cells, MYOD binding was decreased.
Right: HMGB2 mRNA expression is decreased in TWIST2 KD cells. (D) Left: Both TWIST2 and MYOD bound the MYOM3 locus. In TWIST2 KD cells, MYOD binding was not
changed. Right:MYOM3mRNA expression is increased in TWIST2 KD cells. (E) Left: Both TWIST2 andMYOD bound to the SERTAD4 locus. In TWIST2 KD cells, MYOD binding
was not changed. Right: SERTAD4mRNA expression is decreased in TWIST2 KD cells. All statistical comparisons between groups were evaluated by unpaired Student’s t
test, ****P < 0.0001, ***P < 0.001, **P < 0.01, and *P < 0.05. Data are presented as the mean ± SEM.
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ChIP-seq with an antibody for MYOD in Control and TWIST2 KD
RD cells. We recovered a similar number of MYOD binding sites in
both conditions (table S2). To interrogate changes in MYOD
binding in response to TWIST2 KD, we annotated each MYOD
peak to its nearest gene and clustered the differentially enriched
MYOD peaks according to their neighboring gene expression.
Then, by overlapping 3xTy1TWIST2 binding sites with the differen-
tial MYOD peaks, we showed that a change in MYOD binding oc-
curred at very few direct targets of TWIST2, whereas at most loci,
MYOD binding was maintained between Control and TWIST2 KD
conditions (fig. S3, M and N). Among the 18,723 TWIST2 peaks
mapped to TWIST2-repressed genes, only a small fraction (1193
peaks) overlapped with MYOD-gained peaks in TWIST2 KD cells
(fig. S3M). These overlapping peaks represent myogenic loci at
which TWIST2 directly competes with MYOD for binding. For
example, expression of WIPF3 is inhibited by TWIST2 in Control
RD cells (Fig. 3B). In TWIST2 KD cells, loss of TWIST2 binding
enabled MYOD to bind to the WIPF3 locus, thus turning on
WIPF3 gene expression. Similarly, Of 16,778 TWIST2 peaks
mapped to TWIST2-activated genes, only 1164 peaks overlapped
with MYOD lost peaks in TWIST2 KD cells (fig. S3N). These rep-
resent growth loci coactivated by TWIST2 and MYOD. For
example, TWIST2 and MYOD both bound to the HMGB2 locus
in Control cells, leading to activation of HMGB2 expression
(Fig. 3C). TWIST2 KD led to decreased MYOD binding, resulting
in decreased HMGB2 expression. Thus, in both these scenarios,
TWIST2 alters the binding of MYOD to regulate gene expression.

In contrast, an overwhelming majority of the TWIST2-bound
peaks were either not bound by MYOD or showed no change in
MYOD binding between Control and TWIST2 KD RD cells (fig.
S3, M and N). For example, in TWIST2 KD RD cells, expression
of MYOM3 was activated, while SERTAD4 was inhibited, yet
there was no change in MYOD binding at these loci (Fig. 3, D
and E). These examples demonstrate that in contrast to myoblasts,
TWIST2 does not modify MYOD binding activity to regulate global
gene expression in FN-RMS cells.

TWIST2 controls enhancer activity and chromatin state in
FN-RMS
Twist2 has been shown to mediate changes in chromatin accessibil-
ity, driving gene regulation in multiple tissues (11, 23). To deter-
mine its roles in FN-RMS, we compared the enhancer landscape
in Control and TWIST2 KD RD cells by performing ChIP-seq for
the active histone modification, H3K27ac (table S2), which is en-
riched in open accessible chromatin regions (24). We next annotat-
ed the differential H3K27ac peaks to their nearest genes and
evaluated changes in gene expression. We found 3681 peaks with
increased H3K27ac deposition in genes that were activated in
TWIST2 KD cells, and 50,423 peaks with decreased H3K27ac in
genes that were repressed upon TWIST2 KD (fig. S4A). Overall,
the occurrence of H3K27ac deposition strongly correlated with
gene expression.

The majority of the gained (98%) and lost (75%) H3K27ac peaks
were in introns or intergenic regions, which highlights the role of
distal enhancers in maintaining RD cell identity (fig. S4, B and
C). Next, to identify enhancer regions that were directly regulated
by TWIST2 binding, we intersected the above H3K27ac ChIP
dataset with 3xTy1TWIST2 peaks in RD cells. We found 2321
TWIST2-bound peaks that gained the H3K27ac modification

upon TWIST2 KD (Fig. 4A and fig. S4D). In contrast, 1845
TWIST2 peaks showed decreases in H3K27ac deposition upon
TWIST2 KD (Fig. 4A and fig. S4E). The TWIST2-bound
H3K27ac-gained peaks function in actin filament–based processes
and platelet-derived growth factor receptor and Rho signaling path-
ways that regulate cell shape and cytoskeletal changes ahead of myo-
genic differentiation, while the TWIST2-bound HK27Ac lost peaks
are involved in the cell cycle and the extracellular signal–regulated
kinase and mitogen-activated protein kinase signaling pathways,
consistent with the ability of TWIST2 tomaintain FN-RMS cell pro-
liferation (Fig. 4B). These results indicate that TWIST2 directly con-
trols the activity of enhancers that dictate myogenic or growth gene
expression.

Together, we found that TWIST2 maintains H3K27ac marks at
enhancers that control growth gene expression while preventing
H3K27ac deposition at enhancers that control muscle differentia-
tion genes in RD cells. Loss of TWIST2, however, resulted in
global shifts in enhancer activity.

TWIST2 and E2F transcription factors together activate a
growth gene signature
Dysregulated gene expression in cancer depends on a circuitry of
transcription factors that maintain cancer cell identity (25). It has
been shown that bHLH transcription factors such as N-myc
require the co-occupancy of other transcription factors to activate
a cell type–specific gene program (26). To identify transcription
factors that cooperate with TWIST2 to regulate enhancer activity,
we searched for known transcription factor binding motifs that
are differentially enriched at enhancers that are activated or re-
pressed with TWIST2 KD. The gained H3K27ac peaks in
TWIST2 KD were uniquely enriched in the cAMP responsive
element (CRE) bound by certain bZIP transcription factors, e.g.,
ATF2, ATF4, ATF7, c-JUN, and CREB5, as well as the transcription-
al enhanced associate (TEA) domain bound by TEAD transcription
factors (Fig. 4C), suggesting that these transcription factors gain
access to myogenic enhancers upon TWIST2 KD. Moreover,
these transcription factors have been previously reported to facili-
tate terminal myogenesis (27, 28). DNA binding motifs of the E2F
family of transcription factors were enriched in lost H3K27ac peaks
in TWIST2 KD (Fig. 4D), which may contribute to maintaining RD
cells in their proliferative state. We found that cell cycle target genes
of E2F are down-regulated in TWIST2 KD tumor xenografts
(Fig. 2I) and in RD, SMS-CTR, and 381.T cells (fig. S4, F to H),
highlighting the importance of E2F function in FN-RMS.

E2F functions together with their dimerization partners, tran-
scription factor Dp-1 (TFDP) proteins, to promote cell division
(29). E2F1, E2F2, and their cofactor, TFDP1, were down-regulated
in TWIST2 KD RD cells (Fig. 4E). To test whether the growth defect
upon TWIST2 KD is due to down-regulation of these transcription
factors, we overexpressed E2F1, E2F2, and TFDP1 together in
TWIST2 KD RD cells (fig. S4I) and examined the expression of
known E2F target genes that regulate cell cycle progression. qRT-
PCR analysis revealed that the expression of these E2F target
genes was decreased in TWIST2 KD cells, and overexpression of
E2F1, E2F2, and TFDP1 partially rescued their expression
(Fig. 4F). The E2F target genes analyzed are also direct transcrip-
tional targets of TWIST2 (Fig. 3C). In addition, we observed a
partial rescue of the proliferation defect in TWIST2 KD RD cells
when E2F1, E2F2, and TFDP1 were overexpressed (fig. S4J).
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These results indicate that TWIST2 activates growth-related genes
in FN-RMS in part via controlling E2F transcriptional activity.

BioID and mass spectrometry reveal that TWIST2 interacts
with chromatin remodeling enzymes in FN-RMS cells
To explore the mechanism underlying TWIST2-mediated chroma-
tin remodeling, we surveyed the TWIST2 interactome using prox-
imity-dependent biotin identification (BioID) and mass
spectrometry in RD and SMS-CTR cells (Fig. 5A). We first con-
firmed that the transiently expressed TWIST2miniTurbo construct
used for BioID specifically localized to the nucleus (fig. S5A). We
identified 137 putative TWIST2 interactors (fold change > 3;

peptide-spectrum match > 2) that were enriched in the biotin-
treated samples over the untreated samples in both cell lines (fig.
S5B). GO analysis characterized these interactors as chromatin
modifying enzymes, components of the switch/sucrose non-fer-
mentable (SWI/SNF) complex, transcriptional and posttranscrip-
tional regulators, and proteins in the DNA repair pathway
(Fig. 5B). We investigated hits that regulate chromatin accessibility
and are also expressed in FN-RMS patient tumors (30). Among
these, SWI/SNF related, matrix associated, actin dependent regula-
tor of chromatin, subfamily A, member 4 (SMARCA4), an essential
subunit of the SWI/SNF complex, and chromodomain helicase
DNA binding protein 3 (CHD3), a core component of the

Fig. 4. TWIST2 controls enhancer activity and chromatin state in FN-RMS. (A) Heatmap of differentially enriched (DE) H3K27ac peaks in TWIST2 KD relative to Control
RD cells and 3xTy1TWIST2 peaks at the same genomic loci. Only H3K27ac peaks whose nearest gene is similarly regulated by RNA-seq were plotted. Genomic regions ±10
kb from the peak center were plotted. A significance of FDR P value < 0.05 was used to identify DEGs and DE H3K27ac peaks, only DE peaks with a FC > 2 were plotted. IP,
immunoprecipitation. (B) Top enriched Genomic Regions Enrichment of Annotations Tool (GREAT) terms are shown for the (top) 2321 TWIST2-bound H3K27ac-gained
peaks in TWIST2 KD cells and the (bottom) 1845 TWIST2-bound H3K27ac lost peaks in TWIST2 KD cells. MAPK, mitogen-activated protein kinase; ERK, extracellular signal–
regulated kinase. (C and D) Heatmaps showing transcription factor binding motifs uniquely enriched in enhancers that are (C) gained and (D) lost in TWIST2 KD RD cells.
(E) Bar graph plotting FPKM expression values of E2F1, E2F2, and TFDP1 transcripts from RNA-seq in Control and TWIST2 KD RD cells. E2F1, E2F2, and TFDP1 mRNA
expression is decreased in TWIST2 KD cells. n = 3 biologically independent samples. (F) qRT-PCR analysis of indicated genes in Control and TWIST2 KD RD cells infected
with Empty3xFlag or a combination of E2F13xFlag, E2F23xFlag, and TFDP13xFlag for 3 days (relative to Empty3xFlag-infected Control cells, normalized to 18S rRNA). n = 3 bio-
logically independent samples. All statistical comparisons between groups were evaluated by unpaired Student’s t test, ****P < 0.0001, ***P < 0.001, **P < 0.01, and *P <
0.05. Data are presented as the mean ± SEM.
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nucleosome remodeling and deacetylase (NuRD) complex, were
highly enriched in human FN-RMS tumors over control skeletal
muscle (fig. S5, C and D).

We first confirmed the interactions of TWIST2 with SMARCA4
and SMARCB1 in RD cells by immunoprecipitating endogenous
SMARCA4 and SMARCB1, respectively, with Flag-tagged
TWIST2 protein (Fig. 5C).We also verified the observed interaction
between SMARCA4 and TWIST2 in 381.T cells by using a
SMARCA4 antibody to immunoprecipitate endogenous TWIST2
(fig. S5E). Moreover, we showed that TWIST2 interfaces with mul-
tiple SWI/SNF components, including the SMARCC1 and
SMARCC2 core subunits and the SMARCD1 and SMARCD3 reg-
ulatory subunits (fig. S5F). The SWI/SNF complex recruits the p300
acetyl transferase to enable H3K27ac deposition and establish en-
hancer activity (31), raising the possibility that TWIST2 associates
with SWI/SNF to similarly regulate enhancer function and gene ex-
pression in FN-RMS.

Next, we validated the interaction of TWIST2 with the endoge-
nous CHD3 protein in RD cells (Fig. 5D). Reciprocally, we showed
that endogenous CHD3 immunoprecipitated with TWIST23xFlag
protein (fig. S5G). We also confirmed that TWIST2 interacts with
additional components of the NurRD complex, such as methyl-
CpG binding domain protein 3 (MBD3), GATA zinc finger
domain containing 2A (GATAD2A), metastasis associated

1(MTA1), RB binding protein 4 (RBBP4), and histone deacetylase
1 (HDAC1), by overexpression of tagged constructs and co-immu-
noprecipitation (fig. S5H). In contrast to SWI/SNF, the NuRD
complex plays an opposing role by removing H3K27ac from en-
hancers (32). This prompted us to ask whether TWIST2 acts as
an activator and repressor of gene expression by interacting with
functionally distinct chromatin remodeling complexes in FN-
RMS. Toward this end, we interrogated the functions of
SMARCA4 and CHD3 in FN-RMS cells.

Inhibition of SMARCA4 activity in FN-RMS cells represses
TWIST2-activated growth genes
To test whether inhibiting SMARCA4 phenocopies TWIST2 KD in
RD cells, we treated RD cells with two small-molecule inhibitors
that target the adenosine triphosphatase (ATPase) subunit of
SWI/SNF (33): an allosteric ATPase inhibitor (ATPi) (34) and a
proteolysis targeting chimera (PROTAC) compound (ACBI1)
(35). Increasing concentrations of both inhibitors led to reduced
EdU incorporation in RD cells (Fig. 6A and fig. S6A). Therefore,
we hypothesized that SMARCA4 cooperates with TWIST2 to acti-
vate growth gene expression by increasing their enhancer accessibil-
ity. To test this hypothesis, we analyzed the expression of TWIST2-
activated genes in the presence of SMARCA4 inhibitors. Consistent
with TWIST2 KD, ATPi and ACBI1 repressed the expression of

Fig. 5. BioID andmass spectrometry reveal that TWIST2 interacts with chromatin remodeling enzymes in FN-RMS cells. (A) Schematic of BioID performed in both
RD and SMS-CTR cells independently to identify TWIST2-interacting proteins. A BirA* biotin ligase fused to TWIST2 (TWIST2-BirA*) labeled any proteins within 10 nm. After
cell lysis and sonication, the biotin-labeled proteins were captured using streptavidin beads and identified by mass spectrometry.m/z, mass/charge ratio. (B) GO analysis
of 137 high confidence TWIST2-interacting proteins that are common in RD and SMS-CTR cells. (C andD) Endogenous (C) SMARCA4 and SMARCB1 proteins and (D) CHD3
were pulled down after immunoprecipitation of Flag from lysates of RD cells infected with a lentivirus for Empty3xFlag or TWIST23xFlag. GAPDH was used as the loading
control. IP, immunoprecipitate; IB, immunoblot.
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these genes in RD cells (Fig. 6B and fig. S6B). In addition, shRNA-
mediated KD of SMARCA4 (fig. S6C) recapitulated these results,
demonstrating that SMARCA4 and TWIST2 regulate a similar
growth gene signature in RD cells (fig. S6, D and F). We also
showed that the inhibition of SMARCA4 with ATPi and
SMARCA4 KD using shRNA led to decreased proliferation (fig.
S6, E and F) and down-regulation of growth genes (fig. S6, G to J)
in SMS-CTR and 381.T cells. These results extended the function of
SMARCA4 to multiple FN-RMS cell lines. SMARCA4 inhibitors
did not up-regulate the expression of myogenic genes (fig. S6K).
Consistent with this finding, we did not observe morphological
signs of myogenic differentiation in ATPi and ACBI1-treated cells

(Fig. 6A), suggesting that the SWI/SNF complex is dispensable for
inhibiting myogenesis in RD cells. Together, these findings con-
firmed that SWI/SNF chromatin remodelers activate the expression
of growth-related target genes of TWIST2 in FN-RMS cells.

To investigate SMARCA4 binding activity at TWIST2-regulated
loci, we performed ChIP-seq for SMARCA4 in Control and
TWIST2 KD RD cells. At TWIST2-activated loci such as HMGB2
(Fig. 6C) and SERTAD4 (Fig. 6D), SMARCA4 binding was de-
creased in TWIST2 KD cells, consistent with the decreased
H3K27ac peaks at these loci. We previously showed that HMGB2
activation is dependent on MYOD binding (Fig. 3C), while activa-
tion of SERTAD4 is independent of MYOD in TWIST2 KD cells

Fig. 6. Inhibition of SMARCA4 activity in FN-RMS cells represses TWIST2-activated growth genes. (A) Left: EdU (magenta) immunocytochemistry of RD cells treated
with DMSO, 3 μM ATPi, or 250 nM ACBI1 for 2 days followed by EdU incorporation for 4 hours. Nuclei were stained with DAPI (blue). Phase contrast images are shown
below. Right: Quantification of the percentage of EdU+ nuclei using data from (A) and fig. S6A. Scale bar, 50 μm. n = 3 biologically independent samples. (B) qRT-PCR
analysis of indicated genes in RD cells treated with DMSO, 3 μM ATPi, or 250 nM ACBI1 for 2 days (relative to DMSO, normalized to 18S rRNA). n = 3 biologically inde-
pendent samples. (C and D) ChIP-seq tracks where H3K27ac peaks are shown in green, and SMARCA4 peaks are shown in purple. (C) ChIP-seq tracks of the MYOD-
dependent HMGB2 locus in Control and TWIST2 KD RD cells. HMGB2 is a direct TWIST2-activated gene that showed decreases in SMARCA4 binding and H3K27ac dep-
osition at its locus in TWIST2 KD cells. (D) ChIP-seq tracks of the MYOD-independent SERTAD4 locus in Control and TWIST2 KD RD cells. SERTAD4 is a direct TWIST2-
activated gene that showed decreases in SMARCA4 binding and H3K27ac deposition at its locus in TWIST2 KD cells. All statistical comparisons between groups were
evaluated by unpaired Student’s t test, ****P < 0.0001, ***P < 0.001, **P < 0.01, and *P < 0.05. Data are presented as the mean ± SEM.
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(Fig. 3E). This highlights that TWIST2 cooperates with SMARCA4
activity at loci of TWIST2-activated genes to promote gene expres-
sion, regardless of MYOD binding activity. Because these genes are
involved in tumor-promoting pathways, the loss of SMARCA4
binding upon TWIST2 KD may explain the decrease in FN-RMS
growth. At TWIST2-repressed loci such as WIPF3 (fig. S6L) and
MYOM3 (fig. S6M), SMARCA4 binding was not changed upon
TWIST2 KD, while H3K27ac peaks were increased. These results
suggest that at TWIST2-repressed gene loci, SMARCA4 does not
contribute to gene repression. Collectively, these data indicate that
SMARCA4 activity determines the accessibility of TWIST2-activat-
ed growth loci.

CHD3 KD activates TWIST2-repressed myogenic genes in
FN-RMS cells
Last, to determine the functional consequences of the interaction
between TWIST2 and CHD3, we performed shRNA-mediated
CHD3 KD in RD cells (fig. S7A). Loss of CHD3 protein resulted
in decreased proliferation and an elongated cell morphology, reflec-
tive of myogenic differentiation (Fig. 7A). Accordingly, qRT-PCR
revealed that KD of CHD3 in RD cells resulted in the reactivation
of TWIST2-repressed myogenic genes (Fig. 7B). We verified that
CHD3 KD also decreases proliferation, leads to an elongated cell
morphology, and up-regulates myogenic gene expression in SMS-
CTR (fig. S7, B and D) and 381.T (fig. S7, C and E) cells. This sug-
gests that TWIST2 recruits the deacetylase activity of the NuRD
complex to suppress a myogenic gene program, which is activated
similarly upon loss of TWIST2 or CHD3 in FN-RMS cells. Treating
RD cells with entinostat, a class I–specific HDAC inhibitor, up-reg-
ulated the TWIST2-repressed gene signature (fig. S7F).

In summary, analysis of the TWIST2 interactome revealed an
elaborate mechanism for TWIST2-mediated activation or repres-
sion of gene expression.While the inhibition of SMARCA4 decreas-
es expression of growth targets of TWIST2, inhibiting CHD3
increases the expression of myogenic targets of TWIST2
(Fig. 7C). We found that disrupting the activity of SMARCA4 or
CHD3 chromatin remodelers reduced the oncogenic potential of
FN-RMS cells by causing cell cycle arrest or pushing the tumor
cells toward myogenic differentiation, together recapitulating the
TWIST2 KD phenotype.

DISCUSSION
A major conclusion from this work is that the bHLH transcription
factor, TWIST2, maintains FN-RMS cells in an undifferentiated,
self-renewing, and tumorigenic state. We show that KD of
TWIST2 in FN-RMS cells and tumor xenograft models causes cell
cycle arrest and increases myogenic differentiation. Our study used
ChIP-seq, RNA-seq, and proximal labeling proteomics to show that
expression of TWIST2 in FN-RMS blocks the differentiation of pro-
liferating tumor cells through its interaction with chromatin remod-
elers SMARCA4 and CHD3. We propose a model where TWIST2
binds to cis-regulatory loci of myogenic genes in FN-RMS cells to
repress gene expression. CHD3 functions with TWIST2 to keep
these loci repressed in FN-RMS cells. TWIST2 also binds to cis-reg-
ulatory loci of growth genes in FN-RMS to activate gene expression.
SMARCA4 as well as E2F1 and E2F2 function with TWIST2 to keep
these loci activated in FN-RMS cells.

Twist genes influence the differentiation status of sarcomas
To date, up-regulation of the TWIST protein has been reported in
epithelial cancers, in which TWIST mediates cytoskeletal and cell
shape changes that enable metastasis (36). TWIST proteins also
promote the survival of oncogene-transformed cells by antagoniz-
ing p53 function (37, 38). In addition to FN-RMS, TWIST1 and
TWIST2 are overexpressed in other mesenchymal tumors including
osteosarcoma (39), synovial sarcoma (40), and leiomyosarcoma
(41), yet their function in the pathogenesis of these sarcomas is
not well understood. Our findings suggest that TWIST may func-
tion to maintain mesenchymal tumors in a lineage-restricted state
by halting cellular differentiation. This phenomenon is akin to its
role during normal development, where Twist expression is restrict-
ed to embryonic days 8.5 to 11.5 in mice, and failure to down-reg-
ulate Twist thereafter causes abnormal tissue patterning and cell fate
misspecification (42).

Single-cell RNA-seq revealed a major population of undifferen-
tiated cells that resemble the paraxial mesoderm in FN-RMS tumors
but not in FP-RMS tumors (43). TWIST is responsible for specify-
ing the paraxial mesoderm during embryogenesis (44). This may
explain its abundance in FN-RMS and its underrepresentation in
the more differentiated FP-RMS tumors. While this study focused
on the role of TWIST2 in FN-RMS, its paralog, TWIST1, is also
overexpressed specifically in FN-RMS tumors (11, 45). Because
TWIST1 and TWIST2 exhibit a high degree of sequence similarity
(14), it will be interesting to determinewhether the two TWIST pro-
teins act via similar or unique transcriptional mechanisms in
FN-RMS.

The function of TWIST2 in FN-RMS extends beyond changes
in MYOD binding at growth and myogenic loci
Prior studies in proliferating myoblasts have explored mechanisms
that antagonize the induction of differentiation-specific gene pro-
grams in the presence of MyoD. A major conclusion from these
studies is that Snai1, Snai2, and Twist2 bHLH transcription
factors bind the canonical E-box binding motif (5′-CAGCTG-3′)
in differentiation-associated genes, depriving MyoD access to
these sites (46). While SNAI2 has been studied in FN-RMS, the
authors did not comment on why MYOD binding activity
changes at very few SNAI2-bound loci upon SNAI2 KD (46). Build-
ing on this observation, our work systematically shows that MYOD
binding activity changes at a very small subset of all TWIST2-bound
loci upon TWIST2 KD in FN-RMS cells. At most TWIST2-bound
sites, MYOD does not bind or MYOD binding does not change
between Control and TWIST2 KD conditions. This observation
suggests that while MYOD binding is a prerequisite for myogenesis
in normal muscle, it is not sufficient in FN-RMS, and changes in
chromatin organization or DNA binding and transactivation by ad-
ditional factors may be needed. These results support a previous
studies’ conclusion that the overall pattern of MYOD binding and
peak heights remains unchanged between RD cells and primary
human myotubes (47, 48), strengthening our hypothesis that
TWIST2 uses alternate mechanisms to activate or repress genes in
the presence of MYOD.

To rationalize this, we analyzed TWIST2- and MYOD-bound
loci in RD cells and revealed certain TWIST2-occupied motifs
that are not highly enriched in MYOD peaks. TWIST2 binds to a
double E-box motif and co-occupies AP-1 motifs that are typically
bound by bZIP transcription factors. Prior ChIP-seq of an epethial

Shah et al., Sci. Adv. 9, eade8184 (2023) 28 April 2023 10 of 15

SC I ENCE ADVANCES | R E S EARCH ART I C L E



to mesenchymal transition (EMT)-inducing bHLH transcription
factor zinc finger E-box binding homeobox (ZEB1) also identified
the AP-1 site among the most enrichedmotifs within ZEB1 peaks in
a triple-negative breast cancer cell line (49). AP-1 proteins bind to
their consensus motifs, allowing for ZEB1 recruitment and activa-
tion of the corresponding genes, demonstrating a context-specific
function of bHLH transcription factors. This interdependence of
the TWIST1 and AP-1 transcription factors has been investigated
as a mechanism of EMT and tumor invasiveness (50), but a detailed
understanding of their cooperation remains to be elucidated. To-
gether, this suggests that TWIST2 regulates gene expression inde-
pendent of MYOD activity, expanding the repertoire of TWIST2
function.

TWIST2-regulated pathways represent a therapeutic
vulnerability in FN-RMS
Our study showed that TWIST2 acts closely with chromatin remod-
elers SMARCA4 and CHD3 to tightly control global gene expres-
sion. Inhibition of the ATPase subunits of the SWI/SNF complex
has been described as a vulnerability in various cancers, including
FP-RMS (33, 51). Small molecules directed against SMARCA4 en-
hancedmyogenic differentiation in FP-RMS cells. However, up-reg-
ulation of differentiation genes is not observed upon inhibition of
SWI/SNF activity in FN-RMS cells, suggesting that SMARCA4
mainly regulates growth in this RMS subtype. A study ofDrosophila
embryonic development demonstrated that Akirin, a transcription
coregulator, activates Twist-regulated enhancers via the recruitment

Fig. 7. CHD3 KD activates TWIST2-repressed myogenic genes in FN-RMS cells. (A) Left: EdU (magenta) immunocytochemistry of RD cells infected with a shScramble
control or shRNAs to knockdown CHD3 (shCHD3#1 or shCHD3#2) for 3 days followed by EdU incorporation for 4 hours. Nuclei were stained with DAPI (blue). Phase
contrast images are shown below. Right: Quantification of the percentage of EdU+ nuclei. Scale bar, 50 μm. n= 3 biologically independent samples. (B) qRT-PCR analysis of
indicated genes in RD cells infected with shScramble, shCHD3#1, or shCHD3#2 for 3 days (relative to shScramble, normalized to 18S rRNA). n = 3 biologically independent
samples. (C) Model describing the mechanism of TWIST2 function in FN-RMS cells. In cycling cells, TWIST2 interacts with CHD3 at loci in myogenic genes to restrict
H3K27ac deposition and turn off gene expression. TWIST2 also interacts with SMARCA4, and at growth gene loci, these proteins together enable H3K27ac deposition
and activate gene expression. This is reversed in TWIST2 KD FN-RMS cells, where myogenic genes are activated fand growth genes are repressed, leading to cell cycle exit
and terminal myogenic differentiation. All statistical comparisons between groups were evaluated by unpaired Student’s t test, ****P < 0.0001, ***P < 0.001, and **P <
0.01. Data are presented as the mean ± SEM.
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of the Bhrama-containing complex (the Drosophila SWI/SNF
complex) to establish the somatic musculature (52). This supports
our findings that SWI/SNF maintains the expression of a TWIST-
dependent gene signature. Furthermore, TWIST1 has previously
been shown to interact with components of the CHD4-containing
NuRD complex to repress an epithelial gene signature, thus pro-
moting lung metastasis of four T1 breast cancer cells (53). This bol-
sters our finding that TWIST2 cooperates with a CHD3-containing
NuRD complex in FN-RMS to repress TWIST2-regulated enhanc-
ers and myogenic gene expression. It is likely that TWIST2- and
NuRD-mediated gene repression occurs through HDACs, and pre-
viously, a class I–specific HDAC inhibitor, entinostat, was shown to
have synergistic antitumor activity with vincristine in orthotopic al-
lografts of FN-RMS (54). Overall, our results highlight that a tight
control of epigenetic remodeling via TWIST2 is vital for the forma-
tion of FN-RMS, providing further rationale for targeting specific
chromatin remodelers and TWIST2-regulated pathways for thera-
peutic benefit in this pediatric cancer.

MATERIALS AND METHODS
Experimental animals
Animal work described in this manuscript has been approved and
conducted under the oversight of the UT Southwestern Institutional
Animal Care and Use Committee (IACUC). Six- to 8-week-old
female NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (IMSR_JAX:00557) mice
were used for the xenograft experiments. They were maintained at
sterile conditions with five mice per cage. Animals were housed in a
12-hour light and 12-hour dark cycle in a temperature-controlled
room in the Animal Research Center of UT Southwestern, with
ad libitum access to water and food.

Cell lines and cell culture
RD, SMS-CTR, JR-1, RH18, 381.T, and Lenti-X 293 T cell lines,
either provided by P. Houghton (St. Jude Children’s Research Hos-
pital, Memphis, TN) or obtained from American Type Culture Col-
lection (ATCC), were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma-Aldrich), supplemented with penicil-
lin/streptomycin (100 U/ml), 2 mM L-glutamine, and 10% fetal
bovine serum (FBS) (Gemini Bio Products) in 5% CO2 at 37°C.
Cell lines were controlled for mycoplasma contamination using
the Universal Mycoplasma Detection Kit (ATCC) and tested nega-
tive. All RMS cell lines were authenticated by short tandem repeat
(STR) analysis profiling and positively matched.

Generation of stable and Dox-inducible shTWIST2 FN-
RMS cells
To generate an inducible shTWIST2 (i-shTWIST2)–expressing
plasmid, the stuffer DNA was removed from the pLKO-tet-On-
puro backbone (Addgene #21915) (55, 56) by Age I/Eco RI digest
and replaced with double-stranded oligos encoding shTWIST2 and
Age I/ Eco RI sites (CCGGCGACGAGATGGACAATAAGATCTC
GAGATCTTATTGTCCATCTCGTCGTTTTT, Sigma-Aldrich,
TRCN0000020869).

Lentivirus was produced as mentioned in Supplementary Text.
Forty-eight hours after lentivirus infection into FN-RMS cells of
choice, they were replated. The next day, cells were selected with pu-
romycin (1 μg/ml) added to DMEM with 10% tet system-approved
FBS (Takara) and antibiotics (tet system growth medium) until the

uninfected control cells detached. This technique established
pooled puromycin-resistant stable cells, and cells are always main-
tained in puromycin-supplemented cell culture media. i-shTWIST2
cells (TWIST2-KD cells) were plated at a density of 6 × 104 cells per
well of 12-well plates and were maintained in the tet system growth
medium. The cells were treated with Dox (10 ng/ml; Sigma-
Aldrich) for 4 days (TWIST2 KD) before analysis. Control cells
were left untreated.

EdU labeling assay
Cells were treated with 10 μM EdU (Lumiprobe, 10540) for 4 hours.
After that, cells were fixed with 4% paraformaldehyde (PFA)/phos-
phate-buffered saline (PBS) at room temperature for 10 min, per-
meabilized with 0.3% Triton X-100 in PBS, followed by EdU
staining by click chemistry (a label mix containing 8 μM sulfo-
Cy5-azide, 2 mM CuSO4·5H2O, and 100 mM sodium ascorbate
was applied to cells for 30 min). Next, nuclei were counter-
stained with 4′,6-diamidino-2-phenylindole (DAPI) (1:2000; Invi-
trogen, D1306). Imaging was performed on a Keyence BZ-X700mi-
croscope. Six fields at ×10 magnification were captured for each
well. Quantification was carried out by counting the proportion
of EdU+ nuclei/total DAPI-stained nuclei on the immunofluores-
cent staining images.

Inhibitor treatment and shRNA KD in RD cells
RD cells were plated at a density of 6 × 104 cells per well of 12-well
plates and were maintained in DMEM with 10% FBS and antibiot-
ics. Cells were treated with 0.3 or 3 μM BRM (Brahma)/BRG1
(Brahma-related gene-1) ATP inhibitor-1 (ATPi) (MedChemEx-
press, HY-119374), 250 or 500 nM PROTAC Baf degrader
(ACBI1) (MedChemExpress, HY-128359), or 4 μM of entinostat
(APExBIO, A8171) for 2 days before EdU incorporation and stain-
ing. For shRNA KD, cells were treated with shRNAs (predesigned
pLKO.1-puro, Sigma-Aldrich) targeting CHD3 (shCHD3#1:
CGCAAGCAAGTTAACTACAAT, Sigma-Aldrich,
TRCN0000107974 and shCHD3#2: CCTCCCACACTGCCAAGTA
TA, Sigma-Aldrich, TRCN0000107970) or SMARCA4 (shSMAR
CA4#1: CGGCAGACACTGTGATCATT, Sigma-Aldrich,
TRCN0000015552 and shSMARCA4#2: TGGAGCACAAACGCAT
CATG, Sigma-Aldrich, TRCN0000379829) for 3 days before EdU
incorporation and staining.

Colony formation assay
i-shTWIST2 FN-RMS cells were plated at a density of 1 × 103 in six-
well plates with 2 ml of tet system growth media. After 3 days, trip-
licate wells were treated with or without Dox (10 ng/ml). Medium
(± Dox) was refreshed every 3 days. Then, 15 days later, cells were
fixed in 4% PFA/PBS and stained with 0.5% crystal violet staining
solution (0.125 g of crystal violet powder dissolved in 50 ml of 20%
MeOH; Sigma-Aldrich) for 10 min at room temperature. Plates
were rinsed six times with H2O and air-dried before scanning and
quantification. Quantification was performed using the ColonyArea
ImageJ plugin (57).

Immunofluorescence in cells
i-shTWIST2 RD cells were plated at a density of 1.3 × 105 cells per
well of a six-well dish and treated with or without Dox (10 ng/ml) in
tet approved growth media for 3 days. Cells were grown for 5 days in
differentiation medium [DMEM with 2% horse serum, penicillin/
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streptomycin (100 U/ml), and 2 mM L-glutamine]. Cells were then
fixed in 4% PFA/PBS for 10 min, permeabilized in 0.5% Triton X-
100/PBS for 10 min, and incubated with monoclonal anti-MyHC
(skeletal, Fast) antibody (clone MY-32) (1:400; Sigma-Aldrich,
M4276) in 2% goat serum/PBS overnight at 4°C. Cells were next in-
cubated with Alexa Fluor 488 goat anti-mouse (Invitrogen, 1:400)
for 1 hour at room temperature. Cells were counterstained with
DAPI and imaged using the Keyence BZ-X700 microscope.
Images were processed in ImageJ, and quantification was carried
out by counting the proportion of MyHC nuclei/total DAPI-
stained nuclei.

Mouse RMS xenograft generation
Six- to 8-week-old female NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ
(IMSR_JAX:00557) mice were used for the xenograft experiments.
Experimental groups were randomly assigned. i-shTWIST2 stable
RD cells were suspended in a 1:1 solution of PBS/Matrigel (Matrigel
Matrix Phenol Red Free, LDEV-free; Corning, 356237). Then, 5 ×
106 cells were injected subcutaneously. Water containing Dox (2
mg/ml) plus 5% (w/v) sucrose (TWIST2 KD) or 5% (w/v) sucrose
(Control) was delivered immediately after tumors reach 100 to 200
mm3. Water with Dox was changed every 2 to 3 days. We used an
electronic caliper to measure the length (the greatest longitudinal
diameter) and width (the greatest transverse diameter) of tumors.
We calculated tumor volume as tumor volume length * (width)2 *
0.52. The investigators were not blinded to the group allocation
during the experiment or when assessing the outcome.

Histology and immunochemistry
Dissected tumors were fixed in 10% neutral-buffered formalin over-
night, embedded in paraffin, and sectioned at 5-μm intervals. He-
matoxylin counterstain was performed using standard procedures.
All paraffin-embedded sections for immunohistochemistry were
deparaffinized, heated in a microwave in 0.01 M sodium citrate
buffer for antigen retrieval, treated with 3% H2O2 for 10 min, and
rinsed in H2O and PBS. For the anti-Ki67 antibody (1:1000; Cell
Signaling Technology, #9027) immunohistochemistry, sections
were blocked in 10% goat serum in PBS followed by primary anti-
body incubation overnight at 4°C. For mouse monoclonal MF20
(1:10; Developmental Studies Hybridoma Bank (DSHB), superna-
tant), the M.O.M Immunodetection Kit (Vector Laboratories,
BMK-2202) was used followed by primary antibody incubation
overnight at 4°C. Detection of the primary antibody was performed
by using the appropriate secondary biotinylated antibody (Vector
laboratories, BA-1000), streptavidin peroxidase (SA-5004), and
3,3′-diaminobenzidine substrate (Vector Laboratories, SK-4100),
with or without counterstaining with Gill’s hematoxylin (Dako,
Carpinteria, USA). Negative controls were stained in parallel with
either isotype nonspecific immunoglobulin G or only the primary
antibody. Slides were imaged using the Keyence BZ-X700 micro-
scope, 10× or 20× objective.

RNA extraction and qRT-PCR
To assess gene expression by qRT-PCR, total RNA was extracted
from ventricles using TRIzol (Invitrogen, 15596018) according to
the manufacturer’s protocol. cDNA was synthesize using iScript
Reverse Transcription Supermix (Bio-Rad, 1708840). Gene expres-
sion was assessed using KAPA SYBR FAST kit (KAPA, KK4605)

and quantified using the delta-delta Ct (ddCt) method. Primers
are indicated in table S1.

Co-immunoprecipitation
Co-immunoprecipitation (CoIP) was performed as previously de-
scribed (58), with modifications. Three days after infection, cells
were scraped in ice-cold PBS and lysed in 800 μl of lysis buffer
[50 mM tris-HCl at pH 7.5, 150 mM NaCl, 1% NP-40, 0.1%
sodium deoxycholate, and 2× protease inhibitor tablet (Roche)]
for 30 min on ice and cleared by centrifugation at 14,000g for 10
min at 4°C. Lysates (50 μl) were saved for “Input”. For each pull-
down, 2 μg of Flag M2 antibody (Sigma-Aldrich) was bound to
20 μl of washed Dynabeads Protein G (Invitrogen). Lysates were
then added to antibody-coupled beads. Reactions were incubated
on a rotating platform for 3 hour at 4°C, and then beads were
washed five times with 1 ml of wash buffer [50 mM tris-HCl at
pH 7.5, 150 mM NaCl, 0.05% NP-40, and 2× protease inhibitor
tablet (Roche)]. Immunoprecipitated proteins were eluted with 40
μl of elution buffer [36 μl of lysis buffer supplemented with 4 μl of
3× Flag peptide at 10 mg/ml (Sigma-Aldrich)] with shaking at 1000
rpm for 30 min at room temperature. Immunoblotting for Input
and CoIP samples was performed as described earlier.

Statistics
Statistical analyses were performed using GraphPad Prism 8
(GraphPad Software Inc.) using a two-tailed unpaired t test, with
P < 0.05 considered significant unless otherwise indicated. All
data are displayed as means ± SEM unless otherwise indicated.
False discovery rate correction for multiple comparisons followed
the Benjamini-Hochberg procedure.
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This PDF file includes:
Supplementary Text
Figs. S1 to S7
Tables S1 and S2
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