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Abstract

The RAS isoforms are frequently mutated in many types of human cancers, including PAX3/PAX7
fusion-negative rhabdomyosarcoma. Pediatric RMS arises from skeletal muscle progenitor cells
that have failed to differentiate normally. The role of mutant RAS in this differentiation blockade
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is incompletely understood. We demonstrate that oncogenic RAS, acting through the RAF-MEK
[mitogen-activated protein kinase (MAPK) kinase]-ERK (extracellular signal-regulated kinase)
MAPK effector pathway, inhibits myogenic differentiation in rhabdomyosarcoma by repressing
the expression of the prodifferentiation myogenic transcription factor, MYOG. This repression is
mediated by ERK2-dependent promoter-proximal stalling of RNA polymerase 1l at the MYOG
locus. Small-molecule screening with a library of mechanistically defined inhibitors showed that
RAS-driven RMS is vulnerable to MEK inhibition. MEK inhibition with trametinib leads to the
loss of ERK2 at the MYOG promoter and releases the transcriptional stalling of MYOG
expression. MYOG subsequently opens chromatin and establishes super-enhancers at genes
required for late myogenic differentiation. Furthermore, trametinib, in combination with an
inhibitor of IGF1R, potently decreases rhabdomyosarcoma cell viability and slows tumor growth
in xenograft models. Therefore, this combination represents a potential therapeutic for RAS-
mutated rhabdomyosarcoma.

INTRODUCTION

More than 30% of all human malignancies, including pancreatic, colorectal and lung cancer,
head and neck cancer, melanoma, and hematologic malignancies, are driven by mutant RAS
isoforms (1). Despite this knowledge, effective therapies targeting oncogenic mutations in
RAS isoforms have yet to be designed. Current attempts to therapeutically target RAS are
focused on inhibition of the predominant downstream signaling pathways that are important
for maintenance of cell growth and proliferation, such as the RAF-MEK [mitogen-activated
protein kinase (MAPK) kinase]-ERK (extracellular signal-regulated kinase) MAPK
pathway and the phosphatidylinositol 3-kinase (Pl 3-kinase)-AKT-mammalian target of
rapamycin (MTOR) pathway (2). Although clinical responses to inhibitors targeting these
pathways are frequent, the durability of the response is limited by incomplete apoptosis and
the subsequent development of resistance to the targeted agent (3, 4). In addition to its well-
characterized roles in malignant transformation and tumor progression, RAS plays a cell
type-specific role in cellular differentiation. Expression of oncogenic RAS isoforms inhibits
differentiation of neutrophil precursors (5), thyroid epithelial cells (6), and skeletal muscle
cells (7). The mechanism by which oncogenic RAS affects differentiation is incompletely
understood, but restoration of differentiation represents a potential therapy for RAS-mutated
cancers.

PAX3/7 fusion-negative rhabdomyosarcoma (FN-RMS) arises from skeletal muscle
precursors that have failed to differentiate normally despite the expression of the myogenic
master transcription factor MYODI1. The most common somatic mutations in FN-RMS
tumors are oncogenic changes in the RAS isoforms (NRAS, HRAS, or KRAS) at near
equivalent frequency (8, 9). The distribution of RAS mutations in FN-RMS is unusual
because, among the human RAS-driven tumors, only multiple myeloma has a high
frequency of mutation of more than one RAS isoform (2). Clonal analysis suggests that RAS
mutations occur early in the development of RMS (10), and functional studies confirm that
RAS mutation is a driving event. For example, growth of RD (an FN-RMS cell line with an
activating mutation in NRAS) is dependent on the RAS-RAF-MEK-ERK MAPK signaling
pathway (11). Animal models of FN-RMS confirm a central role for aberrant RAS activity
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in FN-RMS tumorigenesis (12-19). In addition, a high-throughput small-molecule screen
for myogenic differentiating agents in RD identified a MEK inhibitor (20), although the
mechanism of the differentiation was not reported. The mechanistic link between aberrant
RAS activity and an inability to implement a differentiation program has not previously been
described in FN-RMS.

Here, we use a combination of high-throughput drug screening and genome-wide
approaches to demonstrate that aberrant MAPK activity both maintains tumor cell
proliferation and prevents myogenic differentiation. Suppression of the myogenic
differentiation program occurs through transcriptional reprogramming driven by changes in
RNA polymerase Il (Pol I1) activity, chromatin accessibility, histone modifications, and
transcription factor deposition. This transcriptional reprogramming is reversed through the
action of trametinib (also called GSK1120212), a U.S. Food and Drug Administration—
approved, second-generation inhibitor of MEK1/2 (21). We further show that trametinib, in
combination with an inhibitor of IGF1R (BMS-754807), suppresses tumor growth in
xenograft models of RAS-mutated RMS, providing a strong rationale for the clinical testing
of this drug combination in patients with FN-RMS driven by oncogenic RAS.

Oncogenic RAS blocks myoblast differentiation through the MAPK pathway

Constitutively active mutants of NRASand HRAS block differentiation in C2C12 mouse
myoblasts (7), but the RAS effector pathway responsible for this block has not been
elucidated. To determine which pathway is critical for maintenance of the differentiation
block, we created stable C2C12 lines expressing constitutively active versions of three RAS
effectors: BRAF V600E, myristoylated AKT (Myr-AKT), and RALA Q75L (fig. S1A).
Expression of BRAF V600E blocked myogenic differentiation, as evidenced by reduced
differentiation and fusion indices in C2C12 myoblasts (Fig. 1A). These results corroborate
previous reports in which expression of BRAF, activated by either truncation or constitutive
membrane association, in myoblasts prevented terminal differentiation (22—25). Expression
of Myr-AKT enhanced C2C12 differentiation, which is consistent with the fact that
treatment of myoblasts with inhibitors of AKT or its activator, Pl 3-kinase, blocks
differentiation (26, 27), whereas loss of PTEN, a negative regulator of Pl 3-kinase, increases
differentiation and induces skeletal muscle hypertrophy (28). Expression of Myr-AKT also
induced myocyte hypertrophy as shown by increased myocyte width. Expression of
constitutively active RALA also enhanced C2C12 differentiation (Fig. 1A), in contrast to
previous reports in which expression of a RAS mutant that can engage only the RALA
activator, RALGDS, prevents myoblast differentiation (29). These results highlight the
centrality of the MAPK pathway in the establishment of a myoblast differentiation block.

Oncogenic RAS is necessary for FN-RMS cell survival

As detailed above, mutant RAS is an important oncogenic driver in FN-RMS. Several of the
established human FN-RMS cell lines currently in use have oncogenic mutations in one of
the RAS isoforms (30). We tested whether expression of oncogenic RAS was necessary for
the survival of these cell lines. Stable knockdown of NRAS expression in RD, which
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expresses NRAS Q61H, using short hairpin RNA led to decreased cell viability in a
clonogenic assay (fig. S1B). These results are consistent with a previous study that showed
the antiproliferative effects of decreased NRAS expression in RD using cell titer assays (11).
We extended the analysis to show that decreased NRAS expression resulted in the induction
of cell death by apoptosis, as determined by immunoblot for cleaved poly(adenosine 5 -
diphosphate—ribose) polymerase and cleaved caspase-3, in RD. In addition, knockdown of
NRAS expression decreased levels of phospho-ERK, suggesting that the RAF-MEK-ERK
MAPK pathway is activated downstream of mutant NRAS in RD (fig. S1B). Similarly,
stable knockdown of HRAS expression in SMS-CTR, which expresses HRAS Q61K led to
decreased cell viability, induction of apoptosis, and decreased phospho-ERK (fig. S1C).
These results confirm the dependency of FN-RMS cell lines on expression of oncogenic
NRAS and HRAS.

MEK inhibitors potently and selectively decrease FN-RMS viability

To identify pathways of vulnerability in FN-RMS in an unbiased manner, we performed a
dose-response drug screen for cell viability using a panel of 1912 drugs (31). In this
analysis, 12 cell lines were used: 4 PAX3-FP-RMS cell lines, 5 FN-RMS cell lines (4 of
which express mutant RAS), and 3 nontransformed cell lines. To identify classes of drugs
that selectively inhibited viability of FN-RMS cell lines but not the FP-RMS or
nontransformed cell lines, we grouped the compounds by target subcategory and obtained a
measure of the in vitro toxicity for each target subcategory in the three categories of cell
lines. The potency of a compound was defined by its percent area under the cell viability
dose-response curve (%AUC) (table S1 and Fig. 1B). MEK inhibitors (= 0.000728),
IGF1R inhibitors (P= 0.00158), and topoisomerase | inhibitors (= 0.000724) were
selective for RAS-mutated RMS as compared to the nontransformed cell lines. Of these
classes of drugs, only the MEK inhibitors were selective for RAS-mutated RMS as
compared to FP-RMS (P=1.25 x 107°), and therefore, this class was chosen for further
study. A summary of the cell viability results for the MEK inhibitors across all the cell lines
tested is shown via wind-rose plot in Fig. 1C. The MEK inhibitors as a class were potent in
RAS-mutated FN-RMS cell lines, especially BIRCH and SMS-CTR, whereas the RMS559
cell line, which lacks mutant RAS but harbors a fibroblast growth factor receptor 4 mutation
(\V550L), was insensitive. In addition, MEK inhibitors had minimal potency in FP-RMS or
the human fibroblast cell lines. Dose-response curves for each of the MEK1/2 inhibitors
included in the screen are shown in fig. S1D.

Trametinib, a specific, non-adenosine 5’ -triphosphate competitive allosteric inhibitor of
MEKZ1/2, was the most consistently effective MEK inhibitor in FN-RMS cell lines, with
submicromolar median inhibitory concentration (1Csg) values in SMS-CTR, BIRCH, and
RD but micromolar I1Cs values in the FP-RMS cell lines (RH30, RH4, and RH5) (fig. S1D).
We confirmed this result of the high-throughput screen by showing that trametinib decreased
cell viability in RD and SMS-CTR but not in RH30 in a 14-day clonogenic assay (Fig. 1D).
Trametinib treatment of FN-RMS cells in vitro inhibited phosphorylation of the MEK
targets, ERK1/2 (Fig. 1E); however, this inhibition of phosphorylation is short-lived, with
rebound ERK phosphorylation observed in SMS-CTR treated with 100 nM trametinib in as
few as 24 hours (fig. S1E).
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MEK inhibition induces differentiation in FN-RMS

MEK inhibition with trametinib in melanoma cells is largely cytostatic (2). Cell cycle
analysis revealed that, as expected, trametinib treatment induced G1 arrest in RD and SMS-
CTR (fig. S2A, top). This growth arrest is associated with an induction of p21 expression,
consistent with previous results in RD cells using the MEK inhibitor, UO126 (fig. S2A,
bottom) (32). Because MAPK signaling inhibits myoblast differentiation (Fig. 1A), we
hypothesized that inhibition of this pathway with trametinib in FN-RMS cells would lead to
differentiation of FN-RMS cells. In accordance with this hypothesis, we detected MHC after
48 hours of trametinib treatment in SMS-CTR and RD (Fig. 2A), suggesting differentiation
via a myogenic pathway. Trametinib induced differentiation in additional RAS-mutated
RMS cell lines (BIRCH and JR1) but not in a RAS-wild type, FP-RMS cell line (RH30),
suggesting that this phenomenon is specific to RAS-mutated RMS (fig. S2B).

To define the mechanism by which trametinib induces differentiation in FN-RMS, we used
RNA sequencing (RNA-seq) to measure changes in gene expression in SMS-CTR treated
with trametinib for 48 hours. Differentially expressed genes are summarized via volcano plot
in Fig. 2B and listed in table S2. We performed GSEA to examine the functions of the genes
altered by treating FN-RMS with trametinib (Fig. 2C and table S3). The most statistically
significant changes in SMS-CTR upon 48 hours of trametinib treatment (nominal £ value
and FDR g value less than 0.05) were up-regulation of muscle-specific genes (blue, top) and
down-regulation of cell cycle genes (green, top). In addition, trametinib induced increased
expression of genes with MEF2 consensus binding sites in the promoters (blue, bottom),
which consist largely of genes important in skeletal muscle differentiation, and decreased
expression of genes with E2F consensus binding sites in the promoters (green, bottom),
which consist largely of genes important for cell proliferation (Fig. 2C). Similar changes in
gene expression were seen for RD treated with trametinib (fig. S2C and tables S4 and S5).
These results suggested that trametinib halted cell cycle progression and induced
differentiation in a process analogous to physiologic myogenic differentiation.

To confirm this hypothesis, we used existing RNA-seq data (33) to create a human myogenic
differentiation signature (HSMM(diff_UP; table S6). There was up-regulation of this
signature in RD and SMS-CTR treated with trametinib for as few as 6 hours, and this effect
became more pronounced over time (Fig. 2D). We further confirmed these expression
changes at the protein level. For example, expression of the myogenic transcription factors
MYOD and MYOG was induced by trametinib treatment in SMS-CTR and RD at the RNA
level [Fig. 2B (blue) and fig. S2C], as well as the protein level (Fig. 2E), after 24 hours of
trametinib treatment. RNA and protein expression of MEFZA increased in RD and SMS-
CTR at the RNA and protein level, but this induction required 48 hours of treatment. MYC
RNA and protein expression, as well as phosphorylation at S62, which stabilizes the MYC
protein in an ERK-dependent manner (34), decreased with trametinib treatment in SMS-
CTR (Fig. 2E). MYC mRNA expression did not change with trametinib treatment in RD
(fig. S2C), although protein expression decreased (fig. S2D). Thus, MYC, induced and
stabilized by aberrant ERK signaling, may play a role in FN-RMS cell proliferation and the
maintenance of the differentiation block.
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Induction of differentiation by trametinib was not due to an off-target effect of the drug,
because siRNA-mediated knockdown of MEK1 expression decreased cell viability and
induced differentiation in RD and SMS-CTR (fig. S2E). The myogenic differentiation
signature was also enriched in RD transfected with MEKZ siRNA (Fig. 2D). Other agents
that induce G1 arrest, such as the CDK4/6 inhibitor palbociclib, did not induce
differentiation in SMS-CTR (fig. S2F). These results suggest that induction of myogenic
differentiation is not solely a result of cell cycle inhibition.

Because a variety of MEK substrates in addition to ERK have recently been identified (35),
we evaluated whether trametinib induced myogenic differentiation specifically through the
inhibition of ERK. ERK inhibitors were not included in the initial drug screen (table S1).
The ERK inhibitors—SCH772984, ulixertinib, and VVx11e—decreased cell viability more
potently in SMS-CTR than in RD (fig. S2G). SCH772984, which functions both as a direct
ERKZ1/2 kinase inhibitor and as an inhibitor of ERK phosphorylation by MEK (36), was the
most potent of the ERK inhibitors studied, whereas the direct ERK1/2 kinase inhibitors,
Vx11e and ulixertinib, were slightly less potent. SCH772984, like trametinib, induced G1
arrest (fig. S2H) and differentiation in RD and SMS-CTR (Fig. 2F). In addition, the
myogenic differentiation signature was enriched in SMS-CTR treated with SCH77284 (Fig.
2G and table S2). These data suggest that differentiation in mutant RAS-driven RMS occurs
through inhibition of ERK.

MEK inhibition releases ERK2 from myogenic differentiation genes

The fact that ERK2 directly impinges on chromatin to regulate the expression of
developmental genes in embryonic stem (ES) cells (37, 38) led us to hypothesize that ERK2
plays a role in maintaining the block in myogenic differentiation. To test this, we first
mapped the genome-wide profile of ERK2-chromatin interactions in SMS-CTR using
chromatin immunoprecipitation sequencing (ChIP-seq). We identified a total of 3742 ERK2
binding sites (P< 1 x 1073), 12% of which are promoter-proximal (table S7 and fig. S3A).
Functional annotation of the ERK2 targets using Genomic Regions Enrichment of
Annotations Tool (GREAT) ontology (39) revealed a strong association with muscle-specific
processes and differentiation (Fig. 3A, top). This association appears to be cell type—
dependent because, in SK-N-AS, a neuroblastoma cell line with mutant NRAS (Q61K),
there was a strong association with neural crest cell-specific genes (fig. S3B, top). Motif
analysis of the ERK2-bound loci identified enriched motifs for known myogenic
transcription factors including MYF5, MYOD, and MYOG, as well as known substrates of
MAPK signaling including the AP-1 family of transcription factors (FOSL1, FOSL2, and
JUN) (Fig. 3A, bottom). Enrichment for AP-1, but not myogenic, transcription factor motifs
was maintained in SK-N-AS (fig. S3B, bottom), again indicating that ERK2-bound loci are
lineage-specific.

We also performed ERK2 ChlIP-seq analysis on SMS-CTR treated with trametinib. The
ERK2 signal intensity decreased by at least two-fold at about 50% of ERK-binding sites
with trametinib treatment (2= 2.8 x 10723, paired ttest; Fig. 3B). For a subset of genes (7=
25), trametinib treatment resulted in both decreased ERK2 deposition in the promoter and
increased gene expression [at least twofold increase in fragments per kilobase of transcript
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per million mapped reads (FPKM); table S7]. For these genes, the significantly enriched
gene ontology terms “sarcomere,” “myofibril,” and “contractile fiber” [DAVID (Database
for Annotation, Visualization, and Integrated Discovery) (40); £< 0.05, Bonferroni
correction applied) are consistent with these genes being important for myogenesis.
Examples of genes for which trametinib decreased promoter ERK deposition and increased
gene expression include the myogenic transcription factor MYOG (Fig. 3B, right).

In mouse ES cells, developmental genes are held in a poised state to facilitate rapid
induction of gene expression. The poised state is marked by the presence of histone
modifications associated with both transcriptional activation (for example, H3K27ac) and
transcriptional repression (for example, H3K27me3), as well as a poised form of RNA Pol Il
that is phosphorylated on S5 of the C-terminal domain repeats by ERK2 (38). During normal
differentiation, H3K27me3 is removed, and S2 residues in the C-terminal domain are
phosphorylated by P-TEFb, thus marking these genes as active and allowing transcriptional
elongation. To test the hypothesis that M YOG expression is regulated in this way in FN-
RMS, we first performed ChlP-seq experiments for H3K27me3 and H3K27ac in the
presence and absence of trametinib. Substantial deposition of H3K27ac but not of
H3K27me3 was observed at the MYOG locus (Fig. 3C, left), in contrast to the FBX032
locus, which is known to be repressed in a PRC2-dependent manner in RMS (41), which
shows deposition of H3K27me3 but not of H3K27ac (Fig. 3C, right). Deposition of
H3K27ac and H3K27me3 at the M YOG locus was unchanged by trametinib treatment
despite the increase in the gene’s expression (Figs. 3D and 2E) and loss of ERK2 deposition
(also shown by ChIP-gPCR in Fig. 3E). This result was unexpected given that H3K27ac
deposition did increase at the MYOG locus during the transition from normal skeletal
muscle myoblasts to myotubes (fig. S3C).

We then tested the hypothesis that ERK-dependent phosphorylation of RNA Pol |1 is
responsible for repression of MYOG expression in FN-RMS by performing ChlIP-seq
experiments for total RNA Pol I, as well as for RNA Pol Il phosphorylated at S2 and S5
residues in the C-terminal domain. RNA Pol Il accumulated in the promoterproximal region
of MYOG (Fig. 3F) in control cells rather than the transcriptional start site region (TSSR;
fig. S3D). Upon trametinib treatment, RNA Pol 1l signal was decreased in the promoter-
proximal region and increased both in the TSSR and throughout the body of the gene (Fig.
3F), causing little change in pausing index (42). This indicates that RNA Pol Il promoter
stalling (failed TSS entry) rather than pausing was associated with suppression of MYOG
transcription (fig. S3, D to E). S5-phosphorylated RNA Pol |1 also accumulated in the
promoter-proximal region of MYOG in control cells, but this deposition of S5-
phosphorylated RNA Pol Il decreased in the presence of trametinib. In contrast, S2-
phosphorylated RNA Pol 11 was almost absent in the control cells, indicating very little
transcriptional elongation, but was detected in the region downstream of the poly-
adenylation signal in trametinib-treated cells, indicating active transcriptional elongation
(Fig. 3F). These data suggest that, in RAS-mutated RMS, ERK2 represses MYOG
expression through promoter-proximal binding leading to S5-phosphorylation and stalling of
RNA Pol Il. Consistent with this, selective inhibition of the RNA polymerase C-terminal
domain kinases CDK7 (THZ1) and CDK®9 (flavopiridol) blocks the trametinib-dependent
induction of MYOG expression in SMS-CTR (fig. S3F).

Sci Transl Med. Author manuscript; available in PMC 2021 April 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yohe et al.

Page 8

To confirm that ERK2 deposition at the MYOG promoter is a function of signaling
downstream of mutant RAS, we overexpressed oncogenic forms of HRAS, KRAS, and
NRAS in C2C12 mouse myoblasts (fig. S3G). As expected, the C2C12 cells overexpressing
oncogenic RAS failed to differentiate under serum-starved conditions (fig. S3H), whereas
vector control cells readily differentiated. ERK2 deposition was increased at the MYOG
promoter in C2C12 cells overexpressing oncogenic RAS (Fig. 3G, left). In RAS—wild-type
C2C12 cells, serum starvation resulted in loss of ERK2 at the MYOG promoter (Fig. 3G,
right), analogous to MEK inhibition in FN-RMS. These data support the hypothesis that
ERK2 plays a role in suppressing myogenic differentiation by directly impinging on the
MYOG promoter, both in FN-RMS and in normal myoblasts.

MEK inhibition induces changes in chromatin accessibility in RAS-mutated RMS

Our data support a model whereby, in RAS-mutated FN-RMS, ERK2 phosphorylates and
stalls RNA Pol Il at the MYOG promoter, preventing expression despite an active chromatin
state. With the continuous MAPK signaling that results from the oncogenic RAS mutation,
ERKZ2 remains at this site, preventing RNA Pol Il TSS loading and elongation on the MYOG
gene. In the presence of the MEK inhibitor, trametinib, ERK2 is no longer localized at the
MYOG promoter, leading to promoter release of RNA Pol 11, allowing complete
transcription of MYOG. During normal muscle development, expression of MYOG triggers
the expression of myotube-specific genes (43). Therefore, we hypothesized that MYOG
induction in FN-RMS would similarly induce expression of myotube-specific genes.
Consistent with this idea, we observed that overexpression of YOG in RD cells did induce
phenotypic differentiation (fig. S4A).

To further interrogate whether induction of these differentiation genes was driven by
alterations in chromatin accessibility, we compared the changes in chromatin accessibility,
as defined by deoxyribonuclease (DNase) hypersensitivity, between DMSO- and trametinib-
treated SMS-CTR (fig. S4B). Regions for which alterations in DNase hyper-sensitivity peak
intensity were consistent across two biological replicates were identified as increased
accessibility (n=9779), unchanged, or decreased accessibility (7= 8569) (table S8). Motif
analysis showed that the basic helix-loop-helix (bHLH) transcription factor motifs were
strongly enriched in the regions in which chromatin accessibility is increased because of
trametinib treatment. Basic leucine zipper (bZIP) motifs, such as those for the AP-1
transcription factors whose expression is increased by active ERK, were enriched in the
decreased accessibility regions (Fig. 4A). Gene ontology analysis showed that the increased
accessibility regions were enriched in genes important for skeletal muscle development,
whereas decreased accessibility regions were enriched in ERK-induced negative regulators
of the MAPK pathway (Fig. 4B) (44). Genome-wide assessment of MYOG occupancy was
also performed by ChlP-seq analysis. We identified very few MYOG peaks in control cells,
consistent with the low MYOG expression in these cells (7= 782); however, the number of
MYOG peaks markedly increased in the presence of trametinib (7= 9337, fig. S4C). MYOG
deposition increased in the increased accessibility regions, but MYOG was largely absent in
the decreased accessibility regions (Fig. 4C).
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The related bHLH transcription factors, MYCand MYOD, play antagonizing roles in the
induction of normal myogenic differentiation (45, 46). The roles that these transcription
factors play in trametinib-induced differentiation of FN-RMS were assessed with ChIP-seq
experiments, which identified 19,135 MYOD peaks and 3383 MYC peaks in vehicle
(DMSQO)-treated SMS-CTR cells (table S9). In addition, patterns of key histone marks and
CTCF were used to define chromatin states with ChromHMM (47). This analysis
determined that, although MY C associates primarily with active promoters in FN-RMS,
consistent with its role in other cancers as a general transcriptional amplifier (48), MYOD
was predominantly localized in chromatin regions enriched with the histone modifications
associated with strong enhancers (Fig. 4D), especially H3K27ac and H3K4mel/2.

In studies of differentiating murine and human skeletal muscle myoblasts, most MYOD-
binding regions are shared in both the myaoblast and myotube state (49, 50). Here, MYOD
deposition correlated with DNase hypersensitivity, with increasing MYOD deposition in
regions that increased in chromatin accessibility as a function of trametinib treatment (Fig.
4C). In contrast, MYC did not accumulate in the increased accessibility regions, consistent
with the decrease in MY C expression due to trametinib treatment (Figs. 4C and 2E).
However, for MYOD, about 40% of the binding regions were shared in the presence and
absence of trametinib, whereas an additional subset of MYOD-bound regions was identified
exclusively in cells treated with trametinib (fig. S4C). In addition, many genomic sites with
increased chromatin accessibility as a function of trametinib treatment are co-occupied by
MYOD and MYOG (Fig. 4E), suggesting that MYOG acts as a master transcription factor
and facilitates the opening of chromatin regions and recruitment of MYOD.

DNase hypersensitivity peaks were linked to their nearest gene within topologically
associated domain boundaries as previously described (51) to compare trametinib-induced
changes in gene expression as a function of chromatin state (Fig. 4F). This analysis showed
that the expression of genes near decreased accessibility regions decreased significantly (P<
0.0001), and expression of genes near increased accessibility regions increased significantly
(P<0.0001) when compared to genes near unchanged accessibility regions. Among the
increased accessibility regions, the expression of genes near regions of accessible DNA that
overlap with at least one MYOG peak was higher than regions lacking MYOG (Fig. 4F,
right). The large majority (90%) of trametinib-induced MYOG peaks occurred at enhancers,
and the deposition of H3K27ac increased at these sites with trametinib treatment, indicating
that MYOG might play a role in establishing new enhancers (fig. S4D, left). However, there
was no increase in H3K27ac at the promoters in which trametinib induced MYOG
deposition (fig. S4D, right).

MEK inhibition remodels the super-enhancer landscape in RAS-mutated FN-RMS

Because super-enhancers are often defined by their disproportionately large H3K27ac load,
we asked whether the changes in H3K27ac deposition with trametinib treatment in SMS-
CTR also changed which genes were associated with super-enhancers. We first identified
571 super-enhancers in SMS-CTR (Fig. 5A, top, and table S10). Because cancer cell lines
frequently exhibit differences in enhancer signatures from their corresponding primary
tumors (52, 53), we identified super-enhancers in 40 additional samples, including FN-RMS
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cell lines and tumors, as well as normal skeletal muscle and other cancer cell lines. A
clustering analysis of Pearson’s correlations of the H3K27ac signal intensity at the identified
super-enhancers across these samples showed that SMS-CTR and other FN-RMS cell lines
and tumors form a distinct cluster (fig. S5). These results indicate that super-enhancers are
conserved among FN-RMS cell lines and tumors and that the super-enhancers in SMS-CTR
are representative of FN-RMS.

To investigate how the super-enhancer landscape in RAS-mutated RMS is changed by MEK
inhibition, we identified super-enhancers in trametinib-treated SMS-CTR (577 total).
Comparison of the super-enhancer landscape in control and trametinib-treated cells revealed
three classes of super-enhancers: those that are unchanged with trametinib treatment, RAS-
dependent super-enhancers that are lost with trametinib treatment, and myogenic super-
enhancers that are gained with trametinib treatment (Fig. 5A). Super-enhancers that are
unchanged with trametinib treatment occur at loci for genes known to be highly expressed in
RMS compared to normal skeletal muscle, including /GF2, MEST, MYOG, and MYOD
(51).

The super-enhancers lost with trametinib treatment occur at loci known to be
transcriptionally regulated by active ERK (54), including SPRY, a negative regulator of the
MAPK pathway, and MYC (Fig. 5B, top, and fig. S6A). Expression of both MYC (Fig. 2E
and fig. S2E) and Sprouty1, the protein product of SPRY (fig. S6B), decreased with
trametinib treatment, corresponding with the loss of their super-enhancers. Using ENCODE
(Encyclopedia of DNA Elements) consortium data, we identified super-enhancers in human
skeletal muscle myoblasts and myotubes (fig. S6C) (55). Although super-enhancers at /GF2
and MEST were observed in this system, super-enhancers were not observed at SPRY1 or
MYC in these cells, indicating that the presence of these super-enhancers in SMS-CTR was
due to oncogenic RAS. We used publicly available data to show that super-enhancers at loci
encoding negative regulators of MAPK signaling, such as SPRY4, are observed in other
RAS-mutated RMS cell lines and tumors but not in RAS-wild-type FN-RMS tumors or
normal skeletal muscle. The SPRY4 super-enhancer was also seen in RAS-mutated cell lines
derived from other human cancers, including hepatocellular carcinoma and colorectal
carcinoma (fig. S6D).

The super-enhancers gained with trametinib treatment, such as those seen at the MYH3
locus (Fig. 5B, bottom), occur at genes expressed late in the process of myogenic
differentiation (49). Super-enhancers were also gained at these loci in differentiating
myotubes (fig. S6C). The super-enhancer at the M YOG locus was unchanged by trametinib
(P=0.894; Fig. 5A), consistent with the change in MYOG expression being driven by
release of stalled RNA Pol Il and not by alterations in histone acetylation or chromatin
accessibility. The number of MYOG peaks per enhancer was highest in super-enhancers in
trametinib-treated cells (Fig. 5C), suggesting that MYOG deposition assists in establishment
of super-enhancers at genes important for myogenic differentiation. On a genome-wide
scale, the expression of genes linked to RAS-dependent super-enhancers decreased with
trametinib treatment, whereas the expression of genes linked to myogenic super-enhancers
increased with trametinib treatment (Fig. 5D). We infer that the expression of mutant RAS in
SMS-CTR locked the super-enhancer landscape in this myoblast-like cell type, which is
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effectively reversed by MEK inhibition. The expression of master transcription factors is
frequently regulated by super-enhancers, and, in turn, the motifs for each cell type’s master
transcription factors are commonly found in that cell’s super-enhancers (53). Assessment of
the circuitry of super-enhancer-regulated transcription factors in control- and trametinib-
treated SMS-CTR showed that MYOG is a central transcription factor in trametinib-treated
cells (Fig. 5E), which is consistent with MYOG’s association with regions of chromatin that
increase in accessibility upon trametinib treatment (Fig. 4). MEK inhibition in RAS-mutated
RMS thus induces expression of MYOG, a master transcription factor, which in turn
establishes super-enhancers at myogenic loci.

MEK inhibition impairs tumor growth, induces differentiation, and prolongs murine
survival in xenograft models of RAS-mutated RMS

Differentiation therapy is used effectively in the treatment of both acute promyelocytic
leukemia and high-risk neuroblastoma (56) and is a promising approach for FN-RMS. To
determine whether MEK inhibition might represent a strategy for differentiation therapy in
RAS-mutated RMS, the effects of trametinib on in vivo tumor growth were studied.
Orthotopic xenograft models of RAS-mutated RMS were made by injecting SMS-CTR,
BIRCH, or RD into the gastrocnemius muscle of immunodeficient mice. Palpable tumors
developed with each of the cell lines tested with an average latency of 3 weeks. Trametinib
treatment inhibited tumor development and led to a significant survival advantage in SMS-
CTR (P=10.014) and BIRCH models (P= 0.0067; Fig. 6A) but had modest effects in the RD
model (fig. S7, A and B). However, progressive disease was ultimately noted in all the RAS-
mutated RMS xenografts treated with trametinib (Fig. 6A and fig. S7A). No weight loss was
observed in the trametinib-treated mice (fig. S7C). Trametinib treatment decreased ERK
phosphorylation by 70% within SMS-CTR tumors but by only 50% in BIRCH (Fig. 6B) and
RD tumors (fig. S7D), as determined by a quantitative capillary immunoassay. Trametinib
treatment also increased M YOG expression within the tumors, as determined by both
immunoblot of tumor lysates (Fig. 6C and fig. S7E) and immunohistochemistry (IHC) of
formaldehyde-fixed tumors (Fig. 6D and fig. S7F), suggesting that MEK inhibition initiated
differentiation of RAS-mutated RMS in vivo. Consistent with our model, at the RNA level,
there was an up-regulation of genes associated with myogenically induced super-enhancers,
and concomitant down-regulation of RAS-dependent super-enhancer genes (table S16), in
trametinib-treated SMS-CTR tumors (Fig. 6E). However, complete phenotypic terminal
differentiation was not observed in these tumor models.

Dual blockade of IGF1R and the RAS-MEK-ERK MAPK pathway synergistically inhibits FN-
RMS growth in vitro and in vivo

Because progressive disease was ultimately noted in all the RAS-mutated RMS xenografts
treated with trametinib, we hypothesized that a combination of pathway inhibitors would be
needed to achieve durable remissions. To identify active combinations of drugs, an in vitro
combination matrix screen was performed. The most potent 35 compounds from the single-
agent drug screen (table S1), which included trametinib, were combined in a pairwise, all-
versus-all fashion in 6 x 6 dose-response matrices on a high-throughput screening platform,
resulting in 595 individual matrices. The drug/drug combinations were ranked using the
excess over the highest single-agent (HSA) method. The highest scoring combination across
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three RAS-mutated cell lines was trametinib plus GSK-2126458, a dual Pl 3-kinase/mTOR
inhibitor, and other high scoring combinations included trametinib plus other inhibitors of
the P1 3-kinase/mTOR/AKT pathway (table S17). Combining a MEK inhibitor and a P1 3-
kinase inhibitor has been previously tested in RMS (57), but the therapeutic benefit of these
combinations has been limited in clinical trials because of toxicity. On the basis of these
pilot results, we performed a 10 x 10 dose-response validation matrices using an expanded
set of PI 3-kinase/mTOR/AKT/MEK/ERK inhibitors. This included 25 highly active agents
in 96 discrete matrices (table S18). The highest scoring combination in both RD and SMS-
CTR was trametinib plus BMS-754807, a small-molecule inhibitor of IGF1R (Fig. 7, A and
B, and table S18). This combination was also highly synergistic in another HRAS-driven
cell line, BIRCH. In addition to its effects on cell proliferation, the combination of
trametinib and BMS-754807 induced caspase-3/7 activity (Fig. 7C) and cell surface
translocation of phosphatidylserine, as detected by annexin V staining (Fig. 7D), in SMS-
CTR, consistent with induction of apoptosis. These results suggest that there may be
therapeutic benefit to combining a MEK inhibitor, such as trametinib, with an IGF1R
inhibitor, such as BMS-754807, in RAS-driven RMS. Simultaneous targeting of MEK and
IGF1R has induced tumor regression in RAS-driven acute leukemia, colorectal carcinoma,
and non-small cell lung cancer models but has yet to be tested in clinical trials (58-61).

In the basal state, ERK initiates a negative feedback loop by inducing expression of
members of the dual-specificity phosphatase (DUSP) and sprouty (SPRY) families, which
we show above to have RAS-dependent super-enhancers (Fig. 5). Induction of DUSPs and
SPRYs leads to decreased phosphorylation of receptor tyrosine kinases, such as IGF1R, and
intracellular kinases, such as RAF and MEK. In the presence of MEK inhibition, this
negative regulation is lost (62). We hypothesized that trametinib treatment would induce
phosphorylation of IGF1R in RAS-driven RMS through loss of this negative regulation. We
used a quantitative capillary immunoassay to confirm the results shown in fig S1E that short-
term trametinib treatment (6 hours) abrogated ERK phosphorylation but that rebound ERK
phosphorylation occurred with longer treatment (48 hours). In addition, AKT
phosphorylation increased with trametinib treatment (Fig. 7, E and F). Finally, trametinib
treatment induced IGF1R phosphorylation (Fig. 7, E and F). We further hypothesized that
treatment with trametinib and the IGF1R inhibitor, BMS-754807, would prevent the
phosphorylation and activation of IGF1R induced by trametinib treatment alone. Consistent
with this idea, BMS-754807 treatment alone blocked the basal phosphorylation of IGF1R
induced by growing cells in full serum, and the addition of BMS-754807 to trametinib
prevented the phosphorylation of ERK, AKT, and IGF1R induced by treatment with
trametinib alone (Fig 7F). IGF1R inhibition therefore synergizes with MEK inhibition in
RAS-driven RMS by augmenting inhibition of ERK phosphorylation and inhibiting AKT
phosphorylation.

To test whether the observed in vitro synergy between trametinib and BMS-754807 would
correspond to therapeutic enhancement for the combination in vivo, we evaluated the SMS-
CTR (Fig. 7G) and RD (fig. S8A) xenograft models. We observed a prolonged tumor growth
delay for mice treated with the combination versus either single agent. In SMS-CTR, tumor
growth in the combination mice began 40 days after treatment had stopped (four tumor
doubling times). In addition, for SMS-CTR, the observed tumor growth delay was associated
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with significant prolongation of overall survival for the mice treated with the combination
compared to trametinib (P < 0.0001) or BMS-754807 alone (P <0.0001; Fig 7H), whereas,
for RD, a survival advantage was not observed for the combination (fig. S8B). In addition to
causing a tumor growth delay, treatment with the combination oftrametinib and
BMS-754807 induced tumor regression in SMS-CTR (Fig. 71) and stabilized growth of RD
tumors (fig S8C). Toxicity was observed in the combination group; one mouse treated with
the combination in the RD model was euthanized because of excessive body weight loss
early in the study, and the combination-treated mice had the lowest body weight throughout
the treatment course, which recovered when the treatment was stopped (fig. S8D).
Phosphorylation of ERK and AKT, as well as expression of IGF1R, was decreased in tumor
lysates from SMS-CTR xenografts treated with trametinib and BMS-754807, indicating that
the in vitro mechanism of synergy between these two drugs was preserved in vivo (fig. S8E).
These results suggest that addition of an IGF1R inhibitor to a MEK inhibitor provided
therapeutic enhancement in RAS-mutated RMS.

DISCUSSION

We elucidated an epigenetic mechanism by which MEK inhibition induces differentiation in
FN-RMS. Our data support a model in which oncogenic RAS, signaling through the MAPK
pathway, drives FN-RMS cell proliferation and inhibits the expression of MYOG, which
prevents initiation of myogenic differentiation (fig. S9, left). This differentiation block is
created by an interaction between ERK2 and RNA Pol Il at the M YOG locus, which stalls
transcription of MYOG. However, in the presence of trametinib, ERK-dependent inhibition
of MYOG expression is released, and ERK-mediated activation of MYCand of AP-1-
dependent cell proliferation is inhibited (fig. S9, right). MYOG subsequently binds
additional skeletal muscle—specific loci and induces H3K27 acetylation, chromatin opening,
and, ultimately, gene transcription at those loci.

Using FN-RMS as a model system, we show that MEK inhibition dramatically affects the
super-enhancer landscape. The impact of RAS on the super-enhancer landscape has been
previously studied in mouse embryonic fibroblasts engineered to express HRAS G12V (63)
but not in patient-derived cancer cell lines. Cancer cells are known to acquire super-
enhancers at the loci of known oncogenes (64). In the case of FN-RMS, we have identified
super-enhancers at the loci for SPRY1 and SPRY4, as well as the known oncogene, MYC.
These super-enhancers were not identified in normal human myoblasts, indicating that they
are acquired during tumorigenesis. Furthermore, they are observed in other RAS-mutated
cell lines. Therefore, RAS-driven transformation may induce de novo establishment of
super-enhancers at loci encoding oncogenes.

Normal skeletal muscle differentiation is initiated by the coordinated action of master
transcription factors, including MYOD and MYOG. MYOD activates the expression of
MYOG, which interacts with the MEF2 family transcription factors to drive terminal
differentiation (43). The role of the RAF-MEK-ERK MAPK pathway in this process is
controversial, with evidence that this pathway has different roles in the early and later stages
of differentiation. MEK and ERK inhibit the ability of MYOD to induce MYOG expression
(65, 66), an early differentiation event, by binding and phosphorylating MYQOD, respectively
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(67). Here, we show that nuclear ERK2 also inhibits MYOD function by binding chromatin
and preventing MYOG expression, which is supported by the fact that blocking nuclear
translocation of ERK?2 induces early myogenic differentiation (68). However, genetic
knockdown of ERK2 expression in myoblasts prevents fusion of myoblasts into
multinucleated myotubes (69), and mice lacking ERK1/2 selectively in skeletal muscle
fibers have muscle fiber atrophy and loss (70), suggesting a critical role for MEK-ERK
signaling in the later stages of myogenic differentiation.

The efficacy of MEK inhibitors in FN-RMS has been investigated previously, with
conflicting results. Initial studies using the MEK inhibitor tool compound, UO126, showed
efficacy in the RD cell line in vitro and in xenograft models (71, 72). In addition, the RD cell
line was sensitive to the first-generation MEK inhibitors in vitro (11, 73), but treatment of
RD xenografts with one such MEK inhibitor, selumetinib, did not result in tumor growth
delay in vivo (57). An in vitro screen of a panel of compounds in RD and several patient-
derived tumor cell lines failed to highlight MEK inhibitors as potent inhibitors of cell
viability (8). However, a sarcoma cell line screen of oncology drugs showed that the FN-
RMS cell lines RD and RH36 (also known as BIRCH) (30) were sensitive to MEK
inhibitors, but the dose-response curves lacked the typical sigmoidal shape (74). We also
observe an atypical shape in the dose-response curve for trametinib in RD. This curve shape
is likely due to the cytostatic response to trametinib in this cell line.

In our study, trametinib monotherapy was more effective in treating xenografts of HRAS-
mutated cell lines (SMS-CTR and BIRCH) than xenografts of the NRASmutated cell line,
RD. MEK inhibitors had not been tested in these HRAS-mutated xenografts before this
study. Several potential explanations exist for the differential sensitivity of HRAS-and
NRAS-mutated FN-RMS cell lines to MEK inhibition. There are cooperative mutations in
addition to the RAS mutations in these cell lines that could affect MEK inhibitor sensitivity
and drive tumorigenesis. For example, because of uniparental disomy at the 11p15.5 locus,
SMS-CTR and BIRCH express only mutant HRAS. Increased gene dosage of mutant NRAS
increases sensitivity to MEK inhibition (75); increased gene dosage of mutant HRAS could
function similarly. RD also has a loss-of-function mutation in the RAS guanosine
triphosphatase—activating protein, MVF1 (E977X), which could contribute to the resistance of
this cell line to chemotherapeutics and targeted agents. Alternatively, the differential
response between HRAS-and NRAS-mutated FN-RMS cell lines to trametinib could be due
to RAS isoform-specific differences in engagement of effector pathways.

There are several limitations associated with this study. First, although we show that
transcription of MYOG is released by MEK inhibition, the mechanism by which ERK2
stalls MYOG transcription has not been fully elucidated. Second, although MEK inhibition
induces terminal differentiation in RAS-mutated RMS cells in vitro, in tumors, MEK
inhibition up-regulated a subset of downstream myogenic super-enhancer—associated genes
but not a key marker of complete muscle differentiation, MYH3. Whether this lack of
terminal differentiation in vivo is due to a technical issue or the incomplete elimination of
intra-tumoral ERK phosphorylation will be addressed by future experiments.
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In summary, we used an unbiased, high-throughput drug screen to identify the MAPK
pathway as a key vulnerability in RAS-mutated RMS. Using phenotypic and transcriptomic
approaches, we showed that MEK inhibition induced a skeletal muscle differentiation
program in RAS-mutated RMS cells. We demonstrated that RAS-mutated RMS is locked in
a myoblast-like state through ERK2 deposition at the M YOG promoter, which stalls MYOG
transcription. MEK inhibition with trametinib allowed M YOG expression and enabled

M YOG to induce the differentiation program. The vulnerability of RAS-mutated RMS to
MEK inhibition observed in cell culture models was confirmed in xenograft experiments
where trametinib both inhibited tumor growth and induced differentiation. The in vivo tumor
growth suppression observed with trametinib monotherapy was incomplete, but combining
trametinib with the IGF1R inhibitor, BMS-754807, achieved remissions in xenograft models
of RAS-mutated RMS and represents a meaningful opportunity for clinical translation.

MATERIALS AND METHODS
Study design

This study was designed to identify drugs that would specifically inhibit the growth of RAS-
mutated RMS cells in culture and in xenograft models. Using the MIPE-v4 library of
mechanistically characterized drugs, we identified that MEK inhibitors in general and
trametinib selectively inhibited growth of RAS-mutated RMS cells as compared to cells
derived from the related childhood sarcoma, PAX FP-RMS. The mechanism by which
trametinib inhibits RAS-mutated RMS cell growth was assessed using a combination of cell
cycle analysis, myogenic differentiation, whole-transcriptome sequencing, and immunoblot
experiments, which confirmed that trametinib induces myogenic differentiation in RAS-
mutated RMS. To better understand how MEK inhibition induced differentiation in RMS
cells, we performed various ChIP-seq and ChIP-gPCR experiments in RAS-mutated RMS
cells, as well as C2C12 mouse myoblasts expressing mutant RAS isoforms. The efficacy of
trametinib in three xenograft models of RAS-mutated RMS was then assessed. In each
experiment, mice were randomly assigned to the treatment groups, and mice (1> 4) per
group were included to achieve statistical significance. Trametinib (3 mg/kg) was
administered daily by oral gavage after the establishment of palpable xenografted tumors.
Tumor size was measured twice a week with digital calipers, and animals were euthanized
when they reached tumor end point (tumor of >2 cm in any dimension). No animals were
excluded from analysis. Matrix screening experiments were performed to identify
combinations of targeted agents that would improve outcomes in xenograft models of RAS-
mutated RMS as compared to trametinib alone. The combination of trametinib and
BMS-754807, an inhibitor of IGF1R, was identified as synergistically active in vitro. The
efficacy of the combination was then assessed in xenograft models. In this case, mice were
randomly assigned to the treatment groups, with 7= 10 mice per group.

Clonogenic assay

RD, SMS-CTR, or RH30 cells were plated at a density of 100 cells per well in six-well
tissue culture plates. The plates were incubated for 2 weeks before fixing in 10%
formaldehyde and staining with 0.01% crystal violet.
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Differentiation assay

C2C12 cells were serum-starved in Dulbecco’s modified Eagle’s medium with 2% horse
serum (Gibco) for 5 days before immunofluorescence analysis. Differentiation index was
calculated as the number of nuclei within an MHC-expressing cell divided by the total
number of nuclei in a field. Fusion index was calculated as the number of nuclei within an
MHC-expressing cell with greater than two nuclei divided by the total number of nuclei in a
field. For the differentiation and fusion indices, a total of three independent fields were
quantified. To determine myotube width, the widest portion of 10 individual myotubes per
condition was determined.

High-throughput cell viability assays
For each cell line tested, a total of 1000 cells per well in 5 pl of complete RPMI 1640
medium were dispensed into 1536-well white tissue culture plates that had been preplated
with the compounds comprising the MIPE-v4 library as previously described (76). Cells
were grown in the presence of compounds for 48 hours before addition of a CellTiter-Glo
luminescent cell viability assay reagent. Resultant luminescent signal was measured on a
ViewLux instrument. AUC from the resultant dose-response curves was calculated using a
standard trapezoidal method (31).

Immunofluorescence experiments

Cells were grown in Nunc chamber slides (Lab-Tek), fixed with 4% paraformaldehyde, and
permeabilized in 0.5% Triton X-100. Antibodies were diluted in BlockAid (Life
Technologies) or 1% bovine serum albumin in phosphate-buffered saline. Coverslips were
mounted with ProLong Gold with 4”,6-diamidino-2-phenylindole (Life Technologies) before
visualization using an EVOS FL microscope (Life Technologies).

Annexin V assay

SMS-CTR cells were treated with vehicle (DMSQO), 100 nM trametinib, 350 nM
BMS-754807, or the combination of trametinib and BMS-754807 for 72 hours before
harvesting and incubating with allophycocyanin-labeled human recombinant annexin V
(BioLegend) and Sytox Green (Thermo Fisher Scientific) according to the manufacturers’
instructions. Samples were read on a FACSCanto flow cytometer (BD Biosciences), and
percentage of annexin positive cells was calculated in FlowJo.

Statistical analysis

All data are presented as the mean and SEM from at least three independent experiments.
Differences between groups were evaluated using paired Student’s #test after normal
distribution was confirmed using the Shapiro-Wilk test, with Welch’s correction applied
where indicated to account for unequal variances. For mouse survival curve analysis, the
median survival from the different groups is presented, and the log-rank (Mantel-Cox) test
was used to evaluate differences between the groups. Additional experimental details are
available in the Supplementary Materials.
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Fig. 1. MEK inhibitors potently and selectively decrease cell viability in FN-RM S.
(A) Expression of BRAF V600E—but not the empty vector control (pBABE), Myr-AKT, or

RALA Q75L—inhibits differentiation of C2C12 myoblasts serum-starved for 5 days as
determined by immunofluorescence for myosin heavy chain (MHC). Scale bars, 200 pm.
Quantification of differentiation index, fusion index, and myocyte width is shown at right.
Data are means + SD for 3 representative fields (indices) or 10 representative myocytes
(myocyte width). *P< 0.05. (B) A bubble plot comparing the potency of the classes of
compounds found in the MIPE-v4 screen in FN-RMS cell lines with potency in normal cell
lines. Each bubble represents a class of drugs; the size of the bubble is proportional to the
number of drugs in that class; and the color of the bubble corresponds to the potency of that
class. Potency is represented as %AUC. HDAC, histone deacetylase; PLK1, Polo-like
kinase; KSP, kinesin-like spindle protein. (C) A wind-rose plot shows that MEK inhibitors
are potent and selective for FN-RMS, as compared to fusion-positive RMS (FP-RMS) and
normal cell lines. Each cell line investigated corresponds to a spoke of the plot. The size of
the wedge along each cell line spoke is proportional to the number of drugs in the class
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displaying potency of 80% AUC or less. The wedges are colored on the basis of the %AUC
of the drugs from red (30%) to blue (80%). FGFR4, fibroblast growth factor receptor 4;
HEK?293T, human embryonic kidney-293T cells. (D) Quantification (left) and representative
images (right) of 14-day clonogenic assays for RD, SMS-CTR, and RH30 in the presence of
trametinib. Data are means = SD for three replicates. (E) Six hours of trametinib treatment
decreases ERK phosphorylation in RD (top) and SMS-CTR (bottom) as determined by
immunoblot. pERK, phosphorylated ERK; tERK, total ERK.
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Fig. 2. MEK/ERK inhibition induces myogenic differentiation in FN-RM S.
(A) Treatment with 100 nM trametinib for 72 hours induces differentiation in SMS-CTR

(left) and RD (right) cells grown in complete medium as determined by immunofluorescence
for MHC. Scale bars, 200 um. (B) Volcano plot comparing gene expression in SMS-CTR
treated with 100 nM trametinib or vehicle for 48 hours. Statistically significant differentially
expressed genes (at least twofold change with £< 0.05) are represented by dark gray dots;
genes that are not differentially expressed are represented by light gray dots. Differential
expression of MYC (green, decreased expression in trametinib-treated cells), /YOG and
MEF2C (blue, increased expression in trametinib-treated cells), and MYOD (black,
unchanged expression) is highlighted. (C) Significance (nominal P value) versus normalized
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enrichment score (NES) plot for gene sets in the C2: canonical pathways molecular
signatures database (top) and C3: transcription factor motif molecular signatures database
(bottom). (D) Gene set enrichment analysis (GSEA) enrichment plot showing positive
enrichment for a set of genes up-regulated during differentiation of human skeletal muscle
myoblasts into myotubes in both RD (top) and SMS-CTR (bottom) treated with trametinib
or transfected with MEK1 small interfering RNA (siRNA; RD only). For each of the
enrichment plots shown here, the false discovery rate (FDR) g value and the nominal Pvalue
is < 0.05. (E) Expression of MYOG and MEF2C but not of MYOD is induced by trametinib
treatment in RD (left) and SMS-CTR (right) as determined by immunoblot. Expression and
phosphorylation of MYC are decreased by trametinib treatment in SMS-CTR as determined
by immunoblot (far right). (F) ERK inhibition with 100 nM SCH772894 for 72 hours
induces differentiation in SMS-CTR (left) and RD (right) cells grown in complete medium
as determined by immunofluorescence for MHC. Scale bars, 200 pm. (G) GSEA enrichment
plot showing positive enrichment for a set of genes up-regulated during differentiation of
human skeletal muscle myoblasts into myotubes in SMS-CTR treated with the ERK
inhibitor, SCH77894 (FDR and nominal £ < 0.05).
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Fig. 3. ERK 2 inhibits RM S differentiation by stalling transcription of MYOG.
(A) ERK2 peaks in SMS-CTR are enriched for pathways important for muscle contraction

and development (top), and these peaks are enriched with binding motifs for myogenic and
AP-1 transcription factors (bottom). GO, gene ontology. (B) Promoter-proximal ERK2
ChIP-seq peaks that decrease in signal intensity [reported as reference-adjusted reads per
million mapped reads (RRPM)] with trametinib treatment, visualized as a box plot (left).
The difference in ERK2 signal intensity with trametinib treatment is statistically significant
(paired ttest). The promoters for which there was a decrease greater than twofold in ERK2
signal intensity are colored teal in the scatter plot at right. The promoters of myogenic
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transcription factors MYOG and MEF2A are highlighted. (C) Representative ChIP-seq
tracks for H3K27me3 (gray), H3K27ac (yellow), and ERK2 (pink), as well as RNA-seq
tracks at the MYOG locus (left) and the FBXO32 locus (right) in dimethlysulfoxide
(DMSO; top) and trametinib-treated (bottom) SMS-CTR cells. (D) Expression of MYOG as
determined by RNA-seq in SMS-CTR in the presence and absence of trametinib. Data are
means + SD for three replicates; P value generated from unpaired #test with Welch’s
correction. (E) ChlP—quantitative polymerase chain reaction (QPCR) for ERK2 at the
MYOG promoter in SMS-CTR in the presence and absence of trametinib. Results are
presented as percentage of input material. Data are means + SD of three replicates; P value
generated from unpaired ztest. (F) Representative ChIP-seq tracks for ERK2 (pink), total
RNA Pol Il (green), S5-phosphorylated Pol Il (purple), and S2-phosphorylated Pol Il (blue),
as well as RNA-seq (gray) tracks at the MYOG locus in the presence and absence of
trametinib. (G) ChIP-gPCR for ERK2 at the MYOG promoter in C2C12 expressing mutant
RAS isoforms (left) or during normal differentiation (right). Results are presented as
percentage of input material. Data are means = SD of three replicates; ~values generated
from unpaired #test.
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Fig. 4. Trametinib treatment induces chromatin reorganization in SMS-CTR.
(A) Hypergeometric Optimization of Motif Enrichment analysis reveals that regions with

increased chromatin accessibility as a function of trametinib treatment are enriched with
binding motifs for bHLH transcription factors (green) such as MYOG, among others (top),
whereas trametinib-decreased regions are enriched with binding motifs for bZIP
transcription factors (blue) such as AP-1, among others (bottom). (B) GREAT analysis
shows that increased accessibility regions are enriched for pathways important for skeletal
muscle development (green), among others (top), whereas decreased accessibility regions
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are enriched for pathways important for the negative regulation of MAPK activity (blue),
among others (bottom). (C) Composite plots showing DNase hypersensitivity (silver),
MYOG (light green), MYOD (dark green), and MYC (blue) signal intensities (RPM)
genome-wide in the presence and absence of trametinib treatment in SMS-CTR. (D) MYC
and MYOD binding sites overlap enrichments of 12 chromatin states in SMS-CTR, defined
by six histone modification marks and CTCF (CCCTC-binding factor). (E) Collaborative
co-occupancy of MYC (blue), MYOD (dark green), and MYOG (light green) in the
decreased and increased accessibility regions. The presence of each transcription factor at a
given region is indicated by a colored line. (F) Bar charts representing the trametinib-
induced fold change [log2(FPKM)] of the expression of genes nearest decreased (blue),
unchanged (gray), and increased (aqua) accessibility regions. Increased accessibility regions
are further subdivided into regions lacking M YOG deposition (aqua, inset at right) and
regions with at least one overlapping M YOG peak (green). Error bars represent the 95%
confidence interval. ****P < 0.0001, evaluated by Welch’s #test.
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Fig. 5. Trametinib treatment remodels the super-enhancer landscapein SMS-CTR.
(A) Ranked order of H3K27ac-loaded enhancers in SMS-CTR treated with DMSO (top) or

trametinib (bottom) reveals super-enhancers that are lost (blue), gained (gold), or unchanged

(black) because of trametinib treatment. In these figures, the gray dashed line separates
super-enchancers (right) from typical enhancers (left). A total of 571 super-enhancers were
identified in DMSO-treated cells, and 577 were identified in cells treated with trametinib.
(B) Signal tracks for MYOG (light green), MYOD (aqua), MYC (blue), and H3K27ac
(yellow) ChlP-seq, DNAse sequencing (DNase-seq) (gray), and RNA-seq (dark green)
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experiments performed on SMS-CTR treated with DMSO or trametinib for 48 hours at the
SPRY1 (Sproutyl; top) and MYHS3 (embryonic MHC 3; bottom) loci. Predicted typical
enhancers are shown above the signal tracks for each condition in gray; super-enhancers are
red. (C) Bar charts representing the number of MYOG peaks per enhancer in the absence
and presence of trametinib. ****/£< 0.0001, unpaired #test with Fisher’s correction. (D)
Violin plots depicting the trametinib-induced fold change [log,(FPKM)] of the expression of
genes nearest the RAS-dependent, trametinib-decreased super-enhancers (blue), super-
enhancers present in the absence and presence of trametinib (gray), and the myogenic,
trametinib-induced super-enhancers (yel low). ****P< 0.0001, unpaired ftest with Fisher’s
correction. (E) Heat map of super-enhancer-associated transcription factors in SMS-CTR in
the absence (DMSO) and presence of trametinib, sorted by the change in total regulatory
degree induced by trametinib treatment (left). The regulatory networks, as determined by
COLTRON, are shown for DMSO-(right, top) and trametinib-treated (right, bottom) cells,
highlighting the centrality of MYOG under the trametinib-treated condition.
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Fig. 6. Trametinib inhibitstumor growth and induces differentiation in xenograft models of FN-
RMS.

(A) Daily trametinib inhibits tumor growth (left) and prolongs overall survival (right) in
severe combined immunodeficient (SCID) Beige mice injected orthotopically with either
SMS-CTR (top) or BIRCH (bottom) cell lines. *P< 0.05 and **P < 0.01, unpaired ftest. (B)
Trametinib decreases ERK phosphorylation in SMS-CTR and BIRCH xenografts as
determined by capillary immunoassay. (C) Trametinib treatment increases MYOG
expression in RD and SMS-CTR xenografts as determined by immunoblot and
immunohistochemistry (D). Scale bars, 200 um. (E) GSEA comparing gene expression of
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SMS-CTR xenografts treated with either vehicle or trametinib shows positive enrichment of
genes associated with MYOG-induced super-enhancers and negative enrichment of genes
associated with RAS-dependent super-enhancers. FDR ¢ < 0.05 and nominal A< 0.01.
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Fig. 7. Matrix screen identifies a synergistic combination of an IGF1R inhibitor and a MEK
inhibitor in FN-RMS.

(A) Excess HSA versus rank plot representing 96 discreet synergy scores from the 10 x 10
matrix screen in RD, SMS-CTR, and BIRCH. Red bars indicate combinations of IGF1R/
PI3K/mTOR/AKT and MEK/ERK inhibitors. Asterisk (*) denotes the combination of
BMS-754807 and trametinib. (B) Matrix (10 x 10) plot for the combination of trametinib (0
to 5000 nM) and BMS-754807 (0 to 2000 nM) (top) or the control combination of
trametinib with trametinib (bottom) in both viability (CellTiter-Glo; left) and ABIiss (right)
format. (C) Matrix (10 x 10) plot for caspase-3/7 activity of SMS-CTR treated for 16 hours
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with the combination of trametinib and BMS-754807 (left) or the control combination of
trametinib with trametinib (right). (D) Annexin V staining of SMS-CTR cells treated with
DMSO, 100 nM trametinib, 350 nM BMS-754807, or the combination of trametinib and
BMS-754807 for 72 hours. APC, allophycocyanin. (E) Peak area of the ratio of
phosphorylated to total ERK (top), S473 AKT (middle), and IGF1R (bottom) as determined
by Simple Western is displayed for RD (black) and SMS-CTR (gray) treated with 100 nM
trametinib for the indicated times. (F) Peak area of the ratio of phosphorylated to total ERK
(top), S473 AKT (middle), and IGF1R (bottom) as determined by Simple Western is
displayed for RD (black) and SMS-CTR (gray) treated with DMSO or 100 nM trametinib
for 72 hours, followed by DMSO or 350 nM BMS-754807 for 3 hours. (G) Daily treatment
with the combination of trametinib and BMS-754807 prolongs the time to tumor
development. Dotted line indicates date at which treatment was stopped (45 days). (H)
Prolongation of survival in SMS-CTR xenografts either agent alone or combined (P <
0.0001, Mantel-Cox test for the comparison between single agent and the combination). (I)
Daily treatment with the combination of trametinib and BMS-754807 in large established
tumors induces regression in SMS-CTR xenografts. Dotted line indicates date at which
treatment was stopped (28 days).

Sci Transl Med. Author manuscript; available in PMC 2021 April 19.



	Abstract
	INTRODUCTION
	RESULTS
	Oncogenic RAS blocks myoblast differentiation through the MAPK pathway
	Oncogenic RAS is necessary for FN-RMS cell survival
	MEK inhibitors potently and selectively decrease FN-RMS viability
	MEK inhibition induces differentiation in FN-RMS
	MEK inhibition releases ERK2 from myogenic differentiation genes
	MEK inhibition induces changes in chromatin accessibility in RAS-mutated RMS
	MEK inhibition remodels the super-enhancer landscape in RAS-mutated FN-RMS
	MEK inhibition impairs tumor growth, induces differentiation, and prolongs murine survival in xenograft models of RAS-mutated RMS
	Dual blockade of IGF1R and the RAS-MEK-ERK MAPK pathway synergistically inhibits FN-RMS growth in vitro and in vivo

	DISCUSSION
	MATERIALS AND METHODS
	Study design
	Clonogenic assay
	Differentiation assay
	High-throughput cell viability assays
	Immunofluorescence experiments
	Annexin V assay
	Statistical analysis

	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.

