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Rhabdomyosarcoma (RMS) is an aggressive pediatric cancer composed of myoblast-like cells. Recently, we dis-
covered a unique muscle progenitor marked by the expression of the Twist2 transcription factor. Genomic analyses
of 258 RMS patient tumors uncovered prevalent copy number amplification events and increased expression of
TWIST2 in fusion-negative RMS. Knockdown ofTWIST2 in RMS cells results in up-regulation ofMYOGENIN and a
decrease in proliferation, implicating TWIST2 as an oncogene in RMS. Through an inducible Twist2 expression
system, we identified Twist2 as a reversible inhibitor of myogenic differentiation with the remarkable ability to
promote myotube dedifferentiation in vitro. Integrated analysis of genome-wide ChIP-seq and RNA-seq data re-
vealed the first dynamic chromatin and transcriptional landscape of Twist2 binding duringmyogenic differentiation.
During differentiation, Twist2 competes with MyoD at shared DNA motifs to direct global gene transcription and
repression of the myogenic program. Additionally, Twist2 shapes the epigenetic landscape to drive chromatin
opening at oncogenic loci and chromatin closing atmyogenic loci. These epigenetic changes redirect MyoD binding
from myogenic genes toward oncogenic, metabolic, and growth genes. Our study reveals the dynamic interplay
between two opposing transcriptional regulators that control the fate of RMS and provides insight into themolecular
etiology of this aggressive form of cancer.
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Rhabdomyosarcoma (RMS) is an aggressive pediatric soft
tissue tumor expressing hallmarks of the skeletal muscle
lineage such as MyoD and Myf5 (Hettmer and Wagers
2010; Saab et al. 2011; Skapek et al. 2019). A key charac-
teristic of RMS is the inability of the tumor cells to under-
go myogenic differentiation even in the presence of
elevated levels of muscle master regulators such as
MyoD and Myf5 (Tapscott and Weintraub 1991; Tapscott
et al. 1993; Saab et al. 2011; MacQuarrie et al. 2013; Ska-
pek et al. 2019). Traditionally, RMS was classified into
two main histological subtypes: alveolar and embryonal
(Skapek et al. 2019). However, recent advances in molec-

ular diagnostics have enabled amore refined classification
of RMS into fusion-positive RMS (FPRMS) and fusion-
negative RMS (FNRMS), based on the presence or absence
of key chromosomal translocations (Tsokos 1994; Skapek
et al. 2019). FPRMS is commonly driven by the balanced
translocation of chromosomes 2 and 13 to generate an on-
cogenic PAX3-FOXO1 fusion protein (Saab et al. 2011;
Skapek et al. 2019). This fusion protein acts as an overac-
tive transcription factor at PAX3-binding sites colocalized
with E-box motifs to organize superenhancers and drive
RMS pathogenesis (Cao et al. 2010; Gryder et al. 2017).
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The mechanism of pathogenesis for FNRMS is less un-
derstood. Compared with FPRMS, FNRMS exhibits sig-
nificantly greater genomic instability (Xu et al. 2018).
Traditional oncogenic regulators such as KRAS, NRAS,
and TP53 are mutated in only <10% of RMS patient co-
horts, respectively, suggesting that other mechanisms
are at play (Shern et al. 2014). Bioinformatic analyses of
RMS genomic data have revealed copy number alterations
of oncogenes and tumor suppressors that play a key role in
driving RMS development (Preussner et al. 2018; Xu et al.
2018). While targeting growth is a common strategy for
many cancers, targeting myogenic differentiation may
represent a unique and exploitable vulnerability in RMS,
given that terminally differentiated myofibers are perma-
nently postmitotic (Saab et al. 2011; Tremblay et al. 2014;
Xu et al. 2018; Skapek et al. 2019).
Skeletal muscle is a highly regenerative tissue required

for animal life. Muscle regeneration occurs through a pop-
ulation of resident stem cells called satellite cells, which
are marked by expression of the transcription factor
Pax7 (Shi and Garry 2006; Chang and Rudnicki 2014).
Uponmuscle injury, satellite cells up-regulate the muscle
master regulator MyoD to proliferate and repair injured
muscle (Shi and Garry 2006; Chang and Rudnicki 2014).
Our laboratory recently discovered a unique muscle pro-
genitor through fate mapping of the transcription factor
Twist2 (Tw2+ cells) (Liu et al. 2017). These Tw2+ cells
are distinct from satellite cells and do not express Pax7
in vivo (Liu et al. 2017). In culture, Tw2+ cells down-regu-
late Twist2 expression and up-regulate MyoD expression,
allowing them to form terminally differentiated myo-
tubes (Liu et al. 2017). We found that overexpression of
Twist2 in vitro was sufficient to drive transcriptional
and phenotypic repression of the myogenic program (Liu
et al. 2017).
Mammalian Twist2 and its paralog, Twist1, differ in

their temporal and spatial expression patterns and are im-
portant regulators of mesoderm development, epithelial–
mesenchymal transition (EMT), and cellular differentia-
tion (Li et al. 1995; Gong and Li 2002; Zhang et al. 2008;
Franco et al. 2011; Merindol et al. 2014). Additionally, in
vitro studies have also shown that both Twist proteins
can inhibit MyoD-induced transdifferentiation of fibro-
blasts into myoblasts (Spicer et al. 1996; Gong and Li
2002). The functional roles of Twist1 and Twist2 are like-
ly imparted by their DNA-binding activity, which is me-
diated by the basic helix–loop–helix (bHLH) domain.
Like other bHLH transcription factors, both Twist1 and
Twist2 are capable of binding canonical CANNTG
E-boxmotifs (Jones 2004; Chang et al. 2015).While Twist2
de novo motif analysis has not been reported previously,
de novo motif analysis of Twist1 reveals a preference for
CAGATG E-boxes as well as a secondary preference for
double E-box motifs (Chang et al. 2015). Other bHLH pro-
teins, such as MyoD and NeuroD, prefer different varia-
tions of the middle two nucleotides (Fong et al. 2012,
2015). Along with tissue expression pattern, the exact
binding sequence likely defines the target genes and func-
tions of different bHLH transcription factors (Fong et al.
2012, 2015). Indeed, swapping of the bHLH domains be-

tweenMyoD andNeuroD converts NeuroD into amuscle
master regulator and MyoD into a master neurogenic reg-
ulator (Fong et al. 2015).
bHLH transcription factors act as direct transcriptional

activators of gene expression. The advent of ChIP-seq has
revealed that bHLH factors such as N-myc and MyoD are
capable of invading enhancer regions throughout the ge-
nome to regulate the global chromatin architecture (la
Serna et al. 2005; Zeid et al. 2018). These chromatin mod-
ifications are often associated with histone acetylation,
enabling the activation of tightly regulated transcriptional
networks (la Serna et al. 2005; Zeid et al. 2018). In the case
ofN-myc, epigenetic alterations of occupied enhancers in-
volve coordination and co-occupancy of additional bHLH
transcription factors such as TWIST1 to drive activation
of the neuroblastoma gene program (Zeid et al. 2018). In
the case of muscle differentiation, binding of MyoD to
DNA is associated with histone acetylation around myo-
genic loci to promote muscle gene expression (la Serna
et al. 2005; Blum et al. 2012). Recent advances in ge-
nome-wide analysis of transcription factor binding and
epigenetic remodeling provide a powerful tool for refining
existing knowledge of bHLH transcription factor function
in a global context. In particular, TWIST2 epigenetic and
transcriptional regulation during myogenic differentia-
tion is multifaceted and unexplored.
In this study, we analyzed genomic and transcriptomic

sequencing data from RMS tumors of 258 patients and
identified frequent copy number amplification of the
TWIST2 loci that in turn drives overexpression ofTWIST2
in RMS.We show that knockdown ofTWIST2 in RMS cell
lines results in up-regulation of MYOGENIN, the essen-
tial transcriptional switch for myogenic differentiation.
Using ChIP-seq and RNA-seq, we uncovered the previous-
ly unknown interplay between Twist2 and MyoD during
myogenic differentiation and its effect on transcriptional
output and the chromatin landscape. Our findings indi-
cate that during differentiation, Twist2 globally shifts
MyoD activity from myogenic loci to EMT and tumor
growth loci through competition and epigeneticmodifica-
tions at promoters and enhancers, highlighting the central
role of TWIST2 in RMS pathogenesis.

Results

TWIST2 and TWIST1 genes are highly amplified
in fusion-negative RMS

Previously, our laboratory identified a previously unrecog-
nized progenitor through lineage tracing of the transcrip-
tion factor Twist2 (Liu et al. 2017). We showed that
Tw2+ cells down-regulate Twist2 expression in culture
and that overexpression of Twist2 was capable of repress-
ing myogenesis (Liu et al. 2017), providing evidence for a
physiological role of Twist2 in regulating myoblast dif-
ferentiation. To explore the potential role of Twist2 in
myogenic regulation within pathological contexts, we an-
alyzed SNP array data from 258 RMS patients (Xu et al.
2018) for copy number gain of both TWIST2 and TWIST1
loci (Fig. 1A). TWIST amplification was not significantly
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associated with FPRMS cases; however, both TWIST2 and
TWIST1 were significantly amplified in FNRMS cases.
Coordinately, we observed increased expression of
TWIST2 and TWIST1 in FNRMS patients but not FPRMS
patients, implicating TWIST genes as previously un-
known oncogenes for FNRMS patients (Fig. 1B). Striking-
ly, 72% (114 out of 158 cases) of FNRMS patients
contain copy number amplification events on loci of ei-
ther TWIST2, TWIST1, or both (Fig. 1C). In contrast,
somatic mutations in known cancer driver genes such as
KRAS,NRAS, and TP53 occur in <10%of FNRMS patient
cohorts. We also found that TWIST expression levels de-
creased during differentiation of human myoblasts (Fig.
1D), suggesting that decreased TWIST2 gene expression
may play a role during normal muscle differentiation.

In order to validate the pathological role of TWIST2
amplification in blocking myogenic differentiation of
RMS, we performed siRNA knockdown of TWIST2 and
TWIST1. We first screened various RMS cell lines to iden-
tify which ones exhibited the highest level of TWIST2
expression. We found that RD and RH18 cells showed
higher levels of TWIST2 expression (Supplemental Fig.
S1A). We then performed siRNA knockdown of TWIST2
and TWIST1 and validated knockdown by real-time
PCR (Supplemental Fig. S1B,C). Loss of either TWIST2
expression or TWIST1 expression resulted in a significant
increase in the expression of MYOG, with protein being
detectable in RD cells treated with siTWIST1 (Fig. 1E;
Supplemental Fig. S1D). Loss of either TWIST2 or
TWIST1 also resulted in up-regulation of fastmyosin light
chain (MYL1) in RD but not RH18 cells, likely due to dif-
fering genetic backgrounds (Supplemental Fig. S1E,F). We
also found that knockdown of TWIST2 and TWIST1 re-
duced RD and RH18 cell accumulation (Fig. 1F). In accor-
dance, knockdown of TWIST2 and TWIST1 in RD cells
resulted in decreased EdU labeling (Supplemental Fig.
S1G). These results suggest that amplification of TWIST
in primary RMS tumors may impair differentiation and
drive oncogenesis.

Twist2 is a reversible inhibitor of myogenic
differentiation

Ahallmark of RMS is the inability of tumor cells to under-
go normal myogenic differentiation even in the presence
ofMyoD andMyf5 (Saab et al. 2011). To explore themech-
anism by which Twist2 represses myogenic differentia-
tion, we first generated a doxycycline (Dox)-inducible
Twist2-IRES-GFP (iTwist2) stable Tw2+ cell line (Fig.
2A) and tested whether Twist2-mediated myogenic re-
pression was a permanent or reversible event. iTwist2
cells were provided 10 µg/mL Dox in growth medium
(GM) on day 1 to induce expression of Twist2 and a GFP
reporter (Fig. 2B). On the subsequent day, iTwist2 cells
were switched to differentiation medium (DM) supple-
mented with Dox (Fig. 2B). After 3 d in DM, iTwist2
cells were either maintained on Dox or switched to vehi-
cle (Fig. 2B). iTwist2 cells receiving continuous Dox
treatment were unable to differentiate, as shown by a
lack of myosin heavy chain (Myosin) costaining with
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Figure 1. Integrative genomic analysis identifies TWIST genes
as potential oncogenes for FNRMS. (A) Charts show genomic re-
gions with statistically significant copy number gains identified
by the Genomic Identification of Significant Targets in Cancer
2.0 (GISTIC2) algorithm in 258 RMS cases. Additional amplified
loci can be found in Xu et al. (2018). (B) Separate integrated anal-
ysis on copy number alterations and gene expression for TWIST1
and TWIST2 genes in fusion-positive (top panel) and fusion-nega-
tive (bottom panel) RMS. TWIST expression in patient tumors
containingTWIST amplificationwere comparedwith thosewith-
out TWIST amplification (diploid). (C ) Venn diagrams display the
percentage of RMS cases with copy number amplification events
on TWIST1 (blue), TWIST2 (pink), or both (gray). (D) Charts show
gene expression for TWIST1 and TWIST2 in human myoblasts
cultured in growth medium (D0) or differentiation medium for
the indicated number of days (D1–D6). (E,F ) Measurement of
MYOGENIN expression in RD cells (E, left) or RH18 cells
(E, right) or cell proliferation in RD cells (F, left) or RH18 cells
(F, right) upon siRNA-mediated knockdown of TWIST2 or
TWIST1. Unpaired two-tailed t test: (∗) P <0.05; (∗∗∗) P<0.0005.
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GFP (Fig. 2B). However, iTwist2 cells removed from Dox
were able to resume myogenic differentiation, as shown
by formation of GFP-positive myotubes (Fig. 2B). This re-
sult revealed that Twist2 repressesmyogenesis in a revers-
ible manner.
We next sought to determine whether Twist2 ex-

pression in differentiated myotubes could drive dedif-
ferentiation into mononuclear cells. We first modified
our iTwist2 system to enable lineage tracing with a

dsRed reporter (iTwist2-tracer), which allowed us to dis-
tinguish mononuclear dedifferentiated myoblasts from
mononuclear cells that never differentiated (Fig. 2C; Sup-
plemental Fig. S2A,B). Since Tw2+ cells express
tdTomato, which is indistinguishable from the dsRed re-
porter, we generated iTwist2-tracer primary myoblasts
for dedifferentiation experiments. Following previously
published dedifferentiation schemes (Wang et al. 2015),
we allowed iTwist2-tracer cells to differentiate for 4 d
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Figure 2. Twist2 reversibly inhibits myogenic differentiation and promotes dedifferentiation in vitro. (A, top) Schematic of Twist2 Tet-
On vector. (Bottom) Generation of an iTwist2 stable cell line in Tw2+myoblasts. (B) Experimental scheme of Twist2 reversibly inhibiting
differentiation. Dox was added to iTwist2 cells to induce Twist2-IRES-GFP expression. On day 2, GM was replaced with DM. On day 5,
Dox was removed to shut off Twist2 expression. Cells were fixed and stained on day 9 for fast myosin (red), GFP (green), and nuclei (blue).
Arrows refer to differentiated myotubes that previously expressed Twist2. Scale bar, 100 µm. (C ) Schematic of dedifferentiation tracing
system using iTwist2 primary myoblasts. (D) Time line of dedifferentiation tracing experiment. Cells were mixed on day 1 and differen-
tiated on day 2. On day 6 of differentiation, Dox was added to induce Twist2 expression. On day 8, cells were switched back to GM to
enhance dedifferentiation. Cells were fixed and stained on day 10 for fast myosin (red), GFP (green), and nuclei (blue). Arrows indicate
dsRed+ dedifferentiatedmononuclear cells. Scale bar, 50 µm. (E) Quantification of myotube dedifferentiation. The number of nuclei with-
inmononuclear dsRed+ cells was quantified as a percentage of total nuclei. For each condition, two to three fields were quantified for each
of three biological samples. Unpaired two-tailed t-test: (∗) P <0.05.
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before adding Dox (Fig. 2C,D). Cells were kept in DM+
Dox for two additional days before being switched to
GM+Dox. iTwist2-tracer cells that did not receive Dox
maintained their differentiated state, as shown by immu-
nofluorescence and Western blotting for Myosin and
GFP (Fig. 2D; Supplemental Fig. S2C). However, iTwist2
tracer cells that received Dox on day 6 were able to un-
dergo dedifferentiation back into mononuclear cells
within 2 d of switching to GM, as evidenced by the pres-
ence of significantly increased dsRed+ mononuclear cells
and down-regulation of Myosin expression (Fig. 2D,E;
Supplemental Fig. S2C).

We also used live-cell imaging to capture the dediffer-
entiation event of a myofiber after induction of Twist2
expression (Supplemental Movies S1, S2). Interestingly,
while dedifferentiated cells did not re-enter the cell cycle
(data not shown), they were able to redifferentiate when
placed back into DM, suggesting that Twist2-mediated
dedifferentiation was also reversible (Supplemental Fig.
S2D). Taken together, these data suggest that Twist2 is
a potent but reversible inhibitor of myogenesis. We be-
lieve these results are generalizable to Twist1 as well,
since both Twist1 and Twist2 impair myogenic differenti-
ation (Supplemental Fig. S2E). Additionally, both Twist1-
and Twist2-overexpressing myoblasts closely resemble
the refractile morphology of RD cells (Supplemental Fig.
S2F), providing additional in vitro evidence for the role
of TWIST proteins in RMS pathogenesis.

Twist2 recognizes a conserved E-box and double-E-box
motif

Our previously published data suggested that Twist2 re-
presses the expression of MyoD target genes but not
that of MyoD itself (Liu et al. 2017). To explore Twist2-
binding dynamics in the context of differentiation, we
performed genome-wide ChIP-seq for 3xTy1-Twist2 and
MyoD in Tw2+ myoblasts in GM and DM conditions
(Fig. 3A). We used a Twist2 overexpression system to
model the role of TWIST2 copy number amplification
and overexpression in RMS patients. Previously pub-
lished data suggest that endogenous and exogenous
bHLH transcription factors bind similar sites in vitro
(Yao et al. 2013). Peak-calling quality was validated by
principle component analysis and correlation matrix of
samples (Supplemental Fig. 3A,B). Using MEME suite,
we performed de novo motif analysis on Twist2-occupied
peaks to identify the Twist2 consensus motif. We found
that the most enriched and significant primary motif in
both GM and DMwas a canonical CANNTG E-box motif
with a preference for GA or GC as the third and fourth nu-
cleotides (Fig. 3B). We also identified a double-E-boxmotif
as an enriched binding sequence for Twist2 (Fig. 3C). The
double-E-box consisted of the primary Twist2-binding
motif followed by a secondary E-box 5 bp upstream or
downstream (Fig. 3C,D). This 5-bp-separated double-E-
box motif has been identified previously in both human
andDrosophila cells as an evolutionarily conservedmotif
recognized by the WR domain of Twist1 (Chang et al.
2015). The Twist2 WR domain is mostly identical to

that of Twist1, whichmay explain why Twist2 also recog-
nizes double E-boxes (Supplemental Fig. S3C). To explore
the potential role of double-E-box motifs, we performed
gene ontology (GO) analysis on Twist2 target genes
with and without 5-bp-separated double-E-box motifs.
While single-E-box-containing genes were enriched for
developmental pathways, genes associated with double
E-boxes were enriched for pathways regulating cellular
migration, adhesion, and muscle development (Fig. 3E;
Supplemental Fig. S3D).

Next, we explored where Twist2 binds throughout the
genome. The majority of Twist2 peaks in both GM and
DM occurred in intronic and intergenic regions, which
is reflective of many bHLH transcription factors (Fig.
3F). This is likely due to the prevalence of E-boxes scat-
tered across the genome but could also suggest a role for
Twist2 in chromatin remodeling at distal regulatory re-
gions. Additionally, a significant fraction of Twist2 peaks
is found at promoter regions, which likely indicates direct
Twist2 transcriptional targets.

Twist2 is a direct transcriptional activator of EMT
and a direct repressor of myogenesis

Overexpression of Twist2 in myoblasts caused drastic
morphological changes in DM but not in GM, suggesting
differential Twist2 binding in GM and DM conditions
(Supplemental Fig. 2D,E; Liu et al. 2017). Through our
ChIP-seq analysis, we identified both up-regulated and
down-regulated Twist2 peaks in DM compared with
GM (Supplemental Fig. S4A). The up-regulated peaks are
associated with genes involved in developmental, meta-
bolic, andmuscle pathways as well as extracellularmatrix
(ECM), cell–cell junction, and cytoskeletal compartments
(Supplemental Fig. S4B,C). In the past, Twist2 has been
viewed as a transcriptional repressor; however, more re-
cent studies have suggested roles for Twist2 in activating
gene transcription, particularly in pathways involving
EMT (Franco et al. 2011; Shi et al. 2014).

To determine whether Twist2 functions as an activator
or repressor in muscle cells, we intersected our Twist2
ChIP-seq data set with our previously published Twist2
overexpression RNA-seq data set (Supplemental Fig.
S4D; Liu et al. 2017).We identifiedTwist2 promoter peaks
from Twist2 ChIP-seq and mapped them to the nearest
genes to identify putative Twist2 direct targets (Supple-
mental Fig. S4D; SupplementalTable 1).We then analyzed
our RNA-seq data to determine whether these genes were
up-regulated or down-regulated upon Twist2 overexpres-
sion (Fig. 4A). We found that Twist2 acts as both a direct
activator and repressor (Fig. 4A). Through GO analysis,
we found that Twist2 directly activates genes involved in
developmental, cellular adhesion, and ECM remodeling
pathwayswhile repressing those involved inmuscle devel-
opment and function (Fig. 4B,C).

In addition to its roles in development, Twist2 is also a
master regulator of EMT. Previously, we showed that
Twist2 overexpression up-regulated Snai2 (Liu et al.
2017). SNAI2 is a known regulator of RMS pathogenesis
(Xu et al. 2018), mediator of TWIST1-induced EMT (Casas
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et al. 2011; Rinon et al. 2011), and inhibitor of MyoD
(Soleimani et al. 2012).We found that the Snai2 locus con-
tains multiple Twist2-binding sites and is highly up-regu-
lated upon Twist2 overexpression (Fig. 4D). A hallmark of
EMT is the ability of cells to invade through a basement
membrane. Using a transwell migration assay, we found
that overexpression of Twist2 was capable of enhancing
the cellular invasiveness of myoblasts to levels compara-
ble with RD cells (Fig. 4E). We also examined muscle
gene loci, where Twist2 presumably acts to inhibit differ-
entiation. Analysis of theMyogenin locus revealed ample
Twist2 binding and subsequent down-regulation of its ex-
pression (Fig. 4F). Taken together, these data confirm
Twist2 as a direct activator of development and EMT
and a repressor of myogenesis.

Twist2 drives global redirection of MyoD DNA binding

Given thatTwist2 binds toMyoD target genes and repress-
es their transcription,we investigatedwhetherTwist2 im-
pairs the binding ofMyoD to these genomic sites. We first
analyzed MyoD peaks in Tw2+ myoblasts by ChIP-seq.
Similar to Twist2, we found that MyoD exhibited prefer-
ences for intronic and intergenic regions (Supplemental
Fig. S5A). De novomotif analysis revealed thatMyoD pre-
ferred its canonical GC- and CC-containing E-boxes (Fig.
5A; Cao et al. 2010). Unlike Twist2, MyoD peaks did not
enrich for any significant secondary motifs, including the
double-E-box motif found with Twist1 and Twist2 (Fig.
5A). Protein sequencealignmentofMyoDwith theWRdo-
mains of Twist1 and Twist2 shows little to no identity,

BA

E

C

D

F

Figure 3. Twist2 recognizes a conserved
E-box and double-E-boxmotif. (A) Schematic
of ChIP-seq for 3xTy1-Twist2 and MyoD in
Tw2+ cells in GM or DM. (B) De novo motif
analysis of the primaryTwist2-bindingmotif
in GM and DM performed by MEME-ChIP.
(C ) De novo motif analysis of a secondary
double-E-box Twist2-binding motif in GM
and DM performed by MEME-ChIP. (D) Rel-
ative incidenceofTwist2boundto singlever-
sus double E-boxes of various spacing.
(E) Panther pathway analysis of Twist2-
bound genes associated with 5-bp double-
E-boxmotifs. (F ) Twist2-bindingdistribution
across the genome. (TSS) Transcription
start site.
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indicating that double-E-box binding may be a function
unique to the Twist family transcription factors (Supple-
mental Fig. S3B). Previous studies have suggested that
bHLH transcription factors bind both private and shared
E-box sequences (Fong et al. 2012, 2015). Comparison of
our Twist2 and MyoD motifs reveals that both proteins
bind to a common GC E-box (Fig. 5B); however, MyoD

also binds to a private CC E-box, while Twist2 binds to a
private GA E-box (Fig. 5B). While the GA E-box likely re-
cruits Twist2 to genes involved in EMT and ECM remod-
eling, the overlap of Twist2 and MyoD at the GC E-box
suggests that Twist2 and MyoD may directly compete
for binding sites that are important for myogenic regula-
tion (Shield et al. 1996; Cao et al. 2010). Indeed, decreased

BA

E
C

D

F

Figure 4. Twist2 is a direct transcriptional activator of EMT and a direct repressor of myogenesis. (A) Scatter plot of Twist2 direct target
gene expression identified by ChIP-seq and RNA-seq intersection in DM. The cutoff was twofold or greater change and Padj < 0.05. (B) GO
enrichment analysis of target genes activated by Twist2, as shown in A. (C ) GO enrichment analysis of genes repressed by Twist2, as
shown in A. (D, left) Genome browser shot displaying Twist2 binding within the Snai2 locus. (Right) Up-regulation of Snai2 expression
induced by Twist2. (E) Transwell migration assay. Ctrl-infected Tw2+ cells and RD cells were used as negative and positive controls, re-
spectively. The number of invading cells was quantified as a relative intensity compared with zero cells 24 h after seeding using Calcein
AM. Unpaired two-tailed t-test: (∗) P <0.05; (∗∗) P <0.005. (F, left) Genome browser shot displaying Twist2 binding within theMyog locus.
(Right) Down-regulation of Myog expression induced by Twist2.
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MyoD binding to GC E-boxes relative to CC E-boxes was
observed in RMS cells (MacQuarrie et al. 2013).
Next we analyzed our global MyoD peak changes in the

presence or absence of Twist2 to determine the impact of
Twist2 expression onMyoD binding (Fig. 5C). In bothGM
andDM, a significant number ofMyoD peaks are differen-
tially regulated in the presence of Twist2 overexpression
(Fig. 5C,D; Supplemental Fig. S5C). Down-regulated
MyoD peaks are co-occupied by Twist2, suggesting that
Twist2 directly competes with MyoD (Fig. 5D). Examples
of this are shown at the Klhl40 and Mymk loci, where, in
the absence of Twist2, MyoD binds strongly to the pro-

moters (Fig. 5E; Supplemental Fig. S5D). However, in
the presence of Twist2, MyoD binding is significantly re-
duced, while Twist2 now occupies the same binding sites
(Fig. 5E; Supplemental Fig. S5D). On the global scale,
Twist2 displacesMyoD from genes involved in cytoskele-
tal reorganization and muscle differentiation (Fig. 5F). We
also found that Twist2 expression enabled MyoD to bind
to a significant number of previously inaccessible sites
(Fig. 5C,D). These new sites were associated with genes
involved in developmental,metabolic, growth, and cancer
pathways (Fig. 5G; Supplemental Table 2). Interestingly,
motif analysis of down-regulated MyoD peaks identified

A

B

D E

F

G

C Figure 5. Twist2 drives global redirection of
MyoD binding. (A) De novo motif analysis of
the MyoD-binding motif in GM and DM per-
formed by MEME-ChIP. MyoD has no prefer-
ence for secondary motifs. (B) Comparison of
Twist2 and MyoD private and shared E-box
variants. (C ) Scatter plot of differential
MyoD peaks in the presence and absence of
Twist2 in DM. Differential peak cutoff was
defined as signal twofold or greater change
andPadj < 0.05. (D, top) Heatmap depicting dif-
ferential binding of MyoD peaks in the pres-
ence or absence of Twist2 in DM. (Bottom)
ChIP signal distribution plot of differentially
boundMyoD peaks in the presence or absence
of Twist2. (E) Genome browser shot depicting
Twist2 and MyoD competitive binding at the
Klhl40 locus. (F ) GREAT (Genomic Region
Enrichment of Annotations Tool) analysis of
MyoD peaks down-regulated in TW2-DMver-
sus GFP-DM. (G) GREAT analysis of MyoD
peaks up-regulated in TW2-DM versus
GFP-DM.
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the presence of TGIF2/1, MEF2C, and TEAD2 motifs,
whilemotif analysis of up-regulatedMyoD peaks revealed
the presence of NF1, BATF, RUNX2, and HOXB3 motifs
(Supplemental Fig. S5E,F). These coincident motifs are
similar to those identified as differentially bound MyoD
sites in RD cells versus normal myotubes (MacQuarrie
et al. 2013), providing further evidence for Twist2-mediat-
ed redirection of MyoD binding.

The bHLH domain of Twist2 is critical for repressing
myogenesis

The results so far support the hypothesis that DNA-bind-
ing specificity is a primary determinant of Twist2 and
MyoD activities (Fong et al. 2015). Since binding sequence
preference is largely specified by the bHLH domain (Fong
et al. 2015), we swapped the bHLH domains of Twist2 and
MyoD to generate chimeric proteins (Fig. 6A,B). We
tagged these chimeric constructs with a myc tag and in-
fected Tw2+ primary myoblasts with them to determine
how they impacted differentiation (Fig. 6C). After a 4-d
course of differentiation, we found that cells infected
with the chimera containing the MyoD bHLH region
within Twist2, referred to here as Twist2(M), were able
to undergo normal differentiation when compared with
MyoD- and GFP-infected controls (Fig. 6D,E; Supplemen-
tal Fig. S6). However, cells infected with the chimera con-
taining theTwist2 bHLHwithinMyoD, referred to here as
MyoD(T), failed to differentiate (Fig. 6D,E). Additionally,
the cells infected with the latter construct resembled
the enlarged and fibroblastic morphology of Twist2-in-
fected cells (Fig. 6D), suggesting that the Twist2 bHLH
was also sufficient to repress myogenesis and activate an
EMT and ECM remodeling profile. These data show that
the major determinant of Twist2 function arises from its
unique binding signature, which allows it to interfere
with MyoD binding at shared GC E-boxes.

Twist2 dynamically regulates global chromatin
organization during myogenesis

Recent studies have identified a key role forMyoD in driv-
ing RMS growth and initiation (Gryder et al. 2017; Ten-
ente et al. 2017). During our analysis, we noticed a
significant number of MyoD peaks that were gained
only in the presence of Twist2 overexpression (Fig. 5C,
D). Additionally, these peaks were enriched for the canon-
ical MyoD GC E-box motif and were associated with
genes involved in development, metabolism, growth,
and cancer pathways (Fig. 5G; Supplemental Fig. S5F).
These observations suggested that Twist2may play an ad-
ditional role in chromatin remodeling to alter MyoD ac-
cessibility to target genes. To study how Twist2 affects
global chromatin changes, we analyzed the active and re-
pressive histone modifications H3K27ac and H3K27me3,
respectively, by ChIP-seq in cells maintained in GM and
DM as well as in the presence or absence of Twist2 (Sup-
plemental Fig. S7A). We first validated peak-calling qual-
ity through principle component analysis and matrix
correlation (Supplemental Fig. S7B,C). On a global scale,
we observed changes in both H3K27ac and H3K27me3
that coincided with Twist2 binding in GM and DM (Fig.
7A). During differentiation, up-regulated Twist2 peaks
were associated with increased deposition of H3K27ac,
while down-regulated Twist2 peaks were associated
with a loss of H3K27ac (Fig. 7A). Additionally, down-
regulated Twist2 peaks were also associated with a slight
gain of H3K27me3 marks (Fig. 7A). Interestingly, up-
regulated Twist2 peaks during differentiation exhibit
bothH3K27ac andH3K27me3marks, suggesting chroma-
tin bivalency (Fig. 7A). This finding may explain the re-
versibility of myogenic repression imparted by Twist2.

We also observed broad changes in chromatin accessi-
bility during differentiation in the presence and absence
of Twist2 (Fig. 7B–D). At myogenic loci where Twist2
competes with MyoD, we observed a significant decrease

B

A

E

C

D Figure 6. The bHLH domain of Twist2 is
critical for repressing myogenesis. (A) Se-
quence alignment of Twist2 and MyoD
bHLH domains. The asterisk represents
identical amino acids. (B) Chimeric Twist2
and MyoD bHLH constructs. Numbers
represent amino acid number. (C ) Experi-
mental scheme to test the effect of Twist2
and MyoD chimeras on differentiation.
(D) Tw2+ myoblasts infected with GFP,
MyoD, Twist2, Twist2(M), or MyoD(T)
were differentiated for 4 d and subsequent-
ly fixed and stained for Myosin (My32;
green), tdTomato (red), and nuclei (blue).
Scale bar, 50 µm. (E) The number of differen-
tiated cells was quantified as a differentia-
tion index based on the percentage of nuclei
withinMy32+ cells compared with total nu-
clei. Unpaired two-tailed t-test: (∗∗∗∗) P<
0.00005.
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Figure 7. Twist2 dynamically regulates global chromatin organization during differentiation. (A, left) Heat map depicting differential
binding of Twist2 inGMversusDMconditions and the effect onH3K27ac andH3K27me3. (Right) ChIP signal distribution plot of Twist2,
H3K27ac, and H3K27me3 peaks associated with up-regulated and down-regulated Twist2 peaks in DM versus GM conditions. (B) Scatter
plot depicting differential binding of H3K27ac in the presence and absence of Twist2 in DM. Differential binding cutoff was set at a two-
fold or greater change andPadj < 0.05. (C, left) Heatmap depicting the effect of Twist2 on differential binding ofMyoD andH3K27ac. (Right)
ChIP signal distribution plot of Twist2, MyoD, and H3K27ac peaks associated with up-regulated and down-regulated MyoD peaks in
TW2-DM versus GFP-DM. (D, left) Heat map depicting the effect of Twist2 on differential binding of MyoD and H3K27me3. (Right)
ChIP signal distribution plot of TWIST2, MyoD, and H3K27me3 peaks associated with up-regulated and down-regulated MyoD peaks
in TW2-DM versus GFP-DM. (E) Genome browser shot depicting H3K27ac and H3K27me3 changes at the Mymk locus during differen-
tiation in the presence and absence of Twist2. (F ) GREAT analysis of H3K27ac peaks down-regulated in TW2-DM versus GFP-DM. (G)
Genome browser shot depicting gain of H3K27ac and MyoD peaks in the Notch3 locus upon Twist2 binding. (H) GREAT analysis of
H3K27ac peaks up-regulated in TW2-DM versus GFP-DM.
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in H3K27ac and a corresponding increase in H3K27me3
(Fig. 7C,D). An example of this occurs at theMymk locus,
where a sharp increase in H3K27ac signal was observed
during normal differentiation (Fig. 7E). In the presence of
Twist2, this increase was significantly reduced, suggest-
ing that Twist2 prevents the deposition of active
H3K27ac marks at myogenic loci (Fig. 7E). Additionally,
repressive H3K27me3 marks were normally eliminated
at the Mymk locus during differentiation but were main-
tained in the presence of Twist2 (Fig. 7E). On a genome-
wide level, Twist2 impairs H3K27ac deposition primarily
at myogenic loci (Fig. 7F).

In addition to competition, Twist2 overexpression also
induces newMyoDpeaks atmetabolic and developmental
loci (Fig. 5G).ThesepeaksareassociatedwithTwist2bind-
ing as well as increased H3K27ac deposition, suggesting
that Twist2 opens chromatin loci of cancer-related genes
to enable MyoD binding (Figs. 5G, 7C). An example of
this occurs at theNotch3 locus (Fig. 7G). NOTCH is a reg-
ulator ofmuscle stemcell quiescence (Bjornson et al. 2012;
Raimondi et al. 2012), myogenesis (Supplemental Fig.
S7D), and RMS differentiation (Kuang et al. 2007). In the
absence of Twist2, there is little H3K27ac within the
Notch3 locus, corresponding with the absence of MyoD
binding (Fig. 7G). Upon Twist2 overexpression, there is a
sharp increase in H3K27ac that coincides with Twist2
binding. Additionally, the opening of chromatin now al-
lows MyoD to bind a previously inaccessible site (Fig.
7G). At a genome-wide level, Twist2 induces H3K27ac at
EMT and ECM remodeling loci (Fig. 7H). In contrast to
H3K27ac, H3K27me3marks at cancer-related loci are un-
changed in the presence or absence of Twist2 (Fig. 7D).
This pattern is similar to Twist2-mediated epigenetic reg-
ulation during differentiation, where we also observed
chromatin bivalency (Fig. 7A).

In order to capture potential transcription factors that
might cooperate with Twist2 to remodel the chromatin,
we performed motif analysis on Twist2 peaks within up-
regulated and down-regulated H3K27ac peaks. Those mo-
tifs were then associated with known transcription fac-
tors. Unique transcription factors with motifs found only
in the lost H3K27ac peaks include MYOG, HAND1, and
MEF2,while those found in gainedH3K27ac peaks include
TWIST1 and NFIA (Supplemental Fig. S7E,F). Shared mo-
tifs include those for AP-1, TEAD2, and RUNX (Supple-
mental Fig. S7E,F). Some of these motifs are also found
within differentially regulated MyoD-binding sites in RD
cells compared with C2C12 myoblasts (MacQuarrie
et al. 2013), further implicating Twist2 as a key mediator
of altered MyoD binding in RMS. Our motif analyses
also allow us to speculate on the mechanism by which
Twist2 induces MyoD binding. Twist2 binding at GC
E-boxes is associated with down-regulation of H3K27ac
peaks, while Twist2 binding at GA E-boxes is associated
with up-regulation of H3K27ac (Supplemental Fig. S7E,
F). However, the predominantMyoDmotif in both up-reg-
ulated and down-regulated regions was a GC E-box (Sup-
plemental Fig. S5E,F), suggesting that Twist2 binding to
GA E-boxes results in opening of chromatin, which may
uncover nearby GC E-boxes for MyoD to bind. Taken to-

gether, these results suggest that in addition to its roles
in direct transcriptional regulation, Twist2 functions to
block the opening of chromatin at myogenic gene loci
while simultaneously promoting opening of chromatin
at developmental and EMT loci. Additionally, these epige-
netic changes can shape the binding profile of MyoD, al-
lowing it to subvert its normal physiological function in
favor of new pathological functions.

Discussion

In the present study, we identified TWIST2 as a key onco-
gene that is amplified and highly expressed in FNRMS.
Additionally, Twist2 acts as a reversible inhibitor of
myogenic differentiationwith the ability to promotemyo-
tube dedifferentiation. To explore themechanistic basis of
Twist2-mediated myogenic repression, we used ChIP-seq
and RNA-seq techniques to generate the first comprehen-
sive functional genomics analysis of Twist2 and its in-
terplay with MyoD during differentiation. Our findings
demonstrate that Twist2 regulates gene expression
through both direct promoter/enhancer binding and his-
tone modification. Additionally, Twist2-mediated epige-
netic modifications are sufficient to redirect MyoD
binding frommyogenic toward oncogenic loci. This func-
tion not only is vital for maintaining an undifferentiated
state in myogenic progenitors but also plays a significant
role in RMS pathogenesis.

We focused our study on Twist2 due to our discovery of
a Twist2-expressing lineage of muscle progenitors (Liu
et al. 2017). Our iTwist2 system showed that Twist2 is ca-
pable of reversibly repressing myogenesis and promoting
myotube dedifferentiation. It is interesting to note that
previously characterized regulators of myotube dediffer-
entiation such as Twist1, Msx1, and a variety of small
molecules all play roles in cytoskeletal processes (Odel-
berg et al. 2000; Paliwal and Conboy 2011; Mastroyianno-
poulos et al. 2013; Yang et al. 2014; Wang et al. 2015).
Given the well-established role of Twist transcription fac-
tors in regulating EMT and cellular invasion, it appears
that a key aspect of dedifferentiation involves cytoskeletal
remodeling that is incompatible with the organization of
mature sarcomeres. Interestingly, we observed that
iTwist2 dedifferentiatedmyotubes do not begin proliferat-
ing, similar to previous observations (Duckmanton et al.
2005; Wang et al. 2015). Recent studies have shown that
part of the dedifferentiation process may be mediated by
apoptotic proteins and that generation of full proliferative
myoblasts requires impairment of p53 and cell cycle in-
hibitors (Paliwal and Conboy 2011; Wang et al. 2015).

While the ability of Twist transcription factors to block
MyoD-mediated differentiation has been shown previous-
ly using reporter constructs and in vitro assays (Spicer
et al. 1996; Gong and Li 2002), the exact mechanism has
not been explored. In particular, the increasingly evident
role of epigenetics in transcription factor biology has not
been investigated in the context of Twist-mediated repres-
sion of myogenesis. Our study used ChIP-seq and RNA-
seq to generate a comprehensive genomics profile of
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Twist2 function on MyoD binding and chromatin remod-
eling duringmyogenic differentiation. Our results suggest
that Twist2-mediatedmyogenic repression occurs atmul-
tiple levels across the genome. First, we identified direct
competition between Twist2 and MyoD at shared GC
E-boxes, which are associated with myogenic genes (Mac-
Quarrie et al. 2013). This interaction results in loss of
MyoD and subsequent replacement by Twist2. Second,
we also identified Twist2 as a regulator of chromatin ac-
cessibility. Twist2 binding at myogenic loci was associat-
ed with loss of H3K27ac and gain of H3K27me3. Despite
these global changes, Twist2-mediated myogenic repres-
sion is reversible. A likely explanation is the presence of
bivalent chromatin in regions with strong Twist2 binding
during differentiation. Chromatin bivalency typically en-
ables cellular plasticity and is often associated with devel-
opmental genes (Bernstein et al. 2006). The reversibility of
Twist2 is of key importance in biological contexts. InDro-
sophila adult muscle precursors and mammalian Tw2+

cells, initial Twist expression is important for maintain-
ing an undifferentiated state; however, subsequent
down-regulation of Twist is necessary prior to myogenic
differentiation (Gildor et al. 2012; Liu et al. 2017).
Twist2 is not only a repressor of myogenesis but an ac-

tivator of EMT, cellular invasion, development, and other
oncogenic pathways (Yang et al. 2004, 2006; Eckert et al.
2011; Franco et al. 2011; Li et al. 2012; Jung and Yang
2015). Our study corroborates this knowledge by identify-
ing Twist2 as a direct and epigenetic regulator of these
pathways through binding of its private GA E-box and
double-E-box motifs. We also identified a potential role
of Twist proteins in mediating RMS etiology. A prior
study found that eight out of 15 RMS samples had high-
level expression of TWIST1 (Maestro et al. 1999). Through
comprehensive genomic analysis, we discovered that
TWIST transcription factors are highly amplified and
overexpressed in the majority of FNRMS patients. Addi-
tionally, knockdown of TWIST2 and TWIST1 results in
significant up-regulation of MYOGENIN expression and
a decrease in proliferation. While most cancers are con-
ventionally targeted through exploitation of pathways
regulating cell proliferation, RMS is a unique case in
which tumor differentiation exists as a possible treatment
strategy (Saab et al. 2011). The reversibility of Twist2-me-
diated myogenic repression suggests that targeting of
Twist2 and other amplified oncogenes may enable RMS
cells to resume normal differentiation (Xu et al. 2018).
Given the difficult nature of targeting transcription fac-
tors for therapeutic treatment, additional efforts to gener-
ate comprehensive upstream and downstream TWIST2
regulatory networks may reveal additional druggable tar-
gets. Since FNRMS patients may experience copy number
amplifications of multiple drivers (Xu et al. 2018), the reg-
ulatory networks of these drivers could be intersected to
identify unique targetable nodes (Gong et al. 2015).
Twist2-induced changes in chromatin structure prevent

MyoD from accessing its physiologic target genes but also
enable MyoD to bind new target genes. Recent studies
have suggested thatMyoDandMyf5 adopt key roles in reg-
ulating RMS growth and initiation (Olguín et al. 2011;

Tenente et al. 2017). ThroughChIP-seq of ERMScell lines,
Tenente et al. (2017) observed that both factors regulate
genes involved in muscle development, growth factor sig-
naling, smooth muscle and endothelial cell biology, and
TGF-β signaling. Knockdown of either MyoD or Myf5 re-
sulted in a near-complete loss of RMS proliferative poten-
tial (Tenente et al. 2017). Thesenovel findings suggest that
in ERMS,MyoD andMyf5 shift their functions frommus-
cle differentiation toward cancer growth. In support of
these findings, we found that Twist2 overexpression re-
models the chromatin to shiftMyoDbinding toward genes
involved inEMT,metabolic, smoothmuscle, FGFRsignal-
ing, and growth pathways. Previous attempts to differenti-
ate RMS by overexpressingMyoD have been unsuccessful
(Tapscott et al. 1993). Our data suggest that additional
MyoD is likely redirected toward oncogenic genes in the
context ofRMS.MEF2C-associated siteswere foundprevi-
ously to have poorMyoD binding in RD cells (MacQuarrie
et al. 2013). Interestingly, Twist2-repressed H3K27ac and
MyoD peaks were enriched for MEF2 family motifs. We
also noted that many of the Twist2-induced H3K27ac
and MyoD peaks contain binding motifs for developmen-
tal and cancer regulators such as RUNX, AP-1, and NFI.
These motifs were also associated with differentially
boundMyoDsites inRDcells relative tonormalmyotubes
(MacQuarrie et al. 2013). These findings implicate
TWIST2 as a potential driver of epigenetic changes seen
in FNRMS tumorigenesis. In FPRMS, PAX3-FOXO1 and
PAX7-FOXO1 may redirect myogenic transcription fac-
tors to organize autoregulatory superenhancers that con-
tribute to its unique gene signature (Olguín et al. 2011;
Gryder et al. 2017). The similarity of TWIST2 function
in this context suggests that oncogene amplification and
fusion protein generation represent two parallel pathways
in RMS etiology.
This study provides intriguing insights regarding the

function of MyoD in RMS. It is tantalizing to hypothesize
thatMyoD and other transcription factors may adopt nov-
el nonphysiologic roles in the context of RMS through epi-
genetic remodeling by oncogenic drivers such as TWIST2
and PAX3-FOXO1. How these novel functions contribute
to RMS pathogenesis and whether they expose new vul-
nerabilities for therapeutic treatment will be exciting top-
ics for future studies. Finally, it is becoming increasingly
apparent that cancer progression can occur through line-
age plasticity and subversion of tissue-specific develop-
mental pathways (Mu et al. 2017). RMS appears to be
such a case in which epigenetic remodeling by develop-
mental transcription factors is vital for its formation
(MacQuarrie et al. 2013; Gryder et al. 2017; Tenente
et al. 2017). Given the depth of knowledge of myogenic
regulatory mechanisms and the central role of Twist in
these processes, targeting of Twist-regulated pathways
may be a key aspect of future RMS therapy.

Materials and methods

Genomic analysis of RMS patient cohort

Genomic data from 258 specimens, collected from 258 patients
and deidentified before use, were from sources that were detailed

Twist2 regulation of myogenesis and oncogenesis

GENES & DEVELOPMENT 637



in a previous study from our laboratory (Xu et al. 2018). Genomic
analysis of archived patient samples was approved by the Univer-
sity of Texas Southwestern Medical Center Institutional Review
Board, and genomic data used in this study have been deposited to
the database of Genotypes and Phenotypes (dbGaP) under acces-
sion number phs000720. Detailedmethods are in the Supplemen-
tal Material.

Generation of a Dox-inducible Twist2 stable cell line

Twist2-IRES-GFPwas Gateway-cloned into pCW57.1 (a gift from
David Root; Addgene, plasmid 41393). For lentiviral production,
iTwist2 plasmid was transfected using FuGENE 6 (Roche) into
Lenti-X 293T cells (Clontech). Forty-eight hours after transfec-
tion,mediumwas harvested and filtered through a 0.45-µm cellu-
lose filter and then concentrated using Lenti-X concentrator
(Clontech). The lentivirus was then resuspended in 10 mL of
GM comprised of Ham’s F10, 20% fetal bovine serum, 0.2% Pri-
mocin (Invivogen), and 2.5 ng µL−1 basic FGF (Gibco). Tw2+ cells
were infected with resuspended lentivirus containing 6 µg mL−1

polybrene 24 h after seeding. Twenty-four hours after infection,
the viral medium was removed and replaced with GM for an ad-
ditional 24 h. To generate a stable iTwist2 cell line, 2 µgmL−1 pu-
romycin was added to GM daily on infected Tw2+ cells for 5 d.

Reversible differentiation and dedifferentiation of iTwist2 cells

iTwist2 cells were cultured in GM containing 10 µg mL−1 Dox
(GM+Dox) for 24 h. GM+Dox was then replaced with DM com-
prised of DMEM, 2% horse serum, and 0.2% Primocin and con-
taining 10 µg mL−1 Dox (DM+Dox). After 3 d of DM+Dox
treatment, half of the iTwist2 cells continued DM+Dox treat-
ment, and the other half of the iTwist2 cells were changed to
DM only.
For dedifferentiation tracing experiments, LSLdsRed and

pMSCVhygro-Cre primary myoblasts were cocultured in GM at
a 1:1 ratio on day 0. On day 2, GMwas replacedwith DM to begin
differentiation. On day 6, cells were either kept in DM or
switched to DM+Dox to begin dedifferentiation. On day 8, DM
was replaced with GM, while DM+Dox was replaced with GM
+Dox to enhance dedifferentiation as described previously (Pal-
iwal and Conboy 2011; Wang et al. 2015). Cells were then fixed
and stained on day 10 or harvested for Western blot.

Immunostaining of cultured cells

Immunostaining of cultured cells was performed as described
previously (Liu et al. 2017). The primary antibodies used included
fast myosin (1:250; Sigma-Aldrich, My32). Cells were counter-
stained with Hoechst (1:1000; Thermo Fisher, Hoechst 3342).
Alexa fluor secondary antibodies were used according to the
manufacturer’s instructions. The differentiation index was quan-
tified as the percentage of Myosin+ nuclei over total nuclei.
Dedifferentiation was calculated as the ratio of the number of nu-
clei within dsRed+GFP+ monuclear cells to total nuclei at day 10.
Multiple representative fields were counted from three biological
replicates.

Transwell migration assay

Transwell migration assay was performed according to the man-
ufacturer’s protocol (Corning). First, Ctrl-Tw2+, Twist2-Tw2+,
and RD cells were serum-starved for 24 h before the assay. The
number of cells migrated was measured using Calcein AM
(Thermo Fisher) and a plate reader.

Generating Twist2 and MyoD bHLH domain chimeras

Gene block fragments (IDT) were synthesized with the swapped
bHLH domains and Infusion-cloned (Clontech) into pBabe-puro
(Addgene, 1764) for retroviral transduction. Retrovirus packaging
for GFP, myc-Twist2, myc-MyoD, myc-Twist2(M), and myc-
MyoD(T) constructs was performed as described previously (Liu
et al. 2017). Infected Tw2+ cells were cultured for 24 h in GM
and then differentiated in DM for 4 d. Cells were then fixed and
stained for myosin.

ChIP-seq for transcription factors and histone marks

ChIP was performed as described in the ChIP-IT high-sensitivity
kit (Active Motif). In brief, Tw2+ cells were infected with
3xTy1-Twist2 or a GFP control and kept in GM or switched to
DM24 h after infection. After 3 d inGMor 4 d inDM,we harvest-
ed cells and performed ChIP using antibodies recognizing Ty1
(Diagenode), MyoD (Santa Cruz Biotechnology, sc-32758),
H3K27ac (Diagenode, C15410196), and H3K27me3 (Diagenode,
C15410195). Sequencing was performed in the McDermott Se-
quencing Core at University of Texas Southwestern. Data are
available in the Gene Expression Omnibus under accession num-
ber GSE127998. Detailed ChIP-seq data analysis is in the Supple-
mental Material.

Statistical analysis

All quantitative data are displayed asmean±SEM.Unpaired two-
tailed t-test was performed for all analyses: P<0.05 (∗), P<0.005
(∗∗), P<0.0005 (∗∗∗), and P<0.00005 (∗∗∗∗).
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