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Abstract

Oncogenic RAS signaling is an attractive target for fusion-negative rhabdomyosarcoma (FN-
RMS). Our study validates the role of the ERK MAPK effector pathway in mediating RAS
dependency in a panel of H/NRASQ61X-mutant RMS cells and correlates /n vivo efficacy of the
MEK inhibitor trametinib with pharmacodynamics of ERK activity. A screen is used to identify
trametinib-sensitizing targets and combinations are evaluated in cells and tumor xenografts. We
find that the ERK MAPK pathway is central to H/NRASQ61X-dependency in RMS cells, however
there is poor in vivoresponse to clinically relevant exposures with trametinib, which correlates
with inefficient suppression of ERK activity. CRISPR screening points to vertical inhibition of the
RAF-MEK-ERK cascade by co-suppression of MEK and either CRAF or ERK. CRAF is central
to rebound pathway activation following MEK or ERK inhibition. Concurrent CRAF suppression
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and MEK or ERK inhibition, or concurrent pan-RAF and MEK/ERK inhibition (pan-RAFi +
MEKI/ERK:i), or concurrent MEK and ERK inhibition (MEKIi + ERKIi) all synergistically block
ERK activity and induce myogenic differentiation and apoptosis. /n vivo assessment of pan-RAFi
+ ERKIi or MEKi + ERK:i potently suppress growth of H/NRASQ61X RMS tumor xenografts,
with pan-RAFi + ERKIi being more effective and better tolerated. We conclude that CRAF
reactivation limits the activity of single agent MEK/ERK inhibitors in FN-RMS. Vertical targeting
of the RAF-MEK-ERK cascade, and particularly co-targeting of CRAF and MEK or ERK, or the
combination of pan-RAF inhibitors with MEK or ERK inhibitors, have synergistic activity and
potently suppress H/NRASQ61X-mutant RMS tumor growth.
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INTRODUCTION

Rhabdomyosarcoma (RMS) is the most common soft tissue sarcoma in children,
characterized by molecular and cellular features of developing muscle. While relapse-free
survival for localized rhabdomyosarcoma is nearly 80%, the prognosis for patients with
metastatic or relapsed disease is dismal (5-year survival rate less than 30% and 17%,
respectively) [1]. Because the overall survival for patients with RMS has not improved for
decades and because the current standard cytotoxic therapies cause profound lifelong health
complications in children, there is a need to design novel, more effective and less-toxic
therapies.

Genomic studies of RMS have identified frequent RAS genes mutations in PAX fusion-
negative (FN)-RMS which comprises approximately 70 % of RMS [1, 2]. Experimental
evidence further supports the importance of RKAS as a driver of FN-RMS development:
1) Clonal analyses show that RAS mutations occur early in the development of FN-RMS
[3]; and 2) oncogenic RAS can initiate RMS in animal models and transform myoblasts
by blocking differentiation [4-6]. Studies also demonstrate that MEK or ERK inhibitors
selectively inhibit RAS-mutant FN-RMS cells, cause myogenic differentiation and tumor
growth delay, although single-target approaches did not result in durable responses [7].
Thus, strategies that aim to target oncogenic RAS in FN-RMS should be considered.

Currently, four strategies to interfere with oncogenic RAS are actively pursued: (1) direct
pharmacologic inhibition of mutant RAS; (2) Inhibition of RAS membrane association;

(3) Inhibition of RAS-associated synthetic lethal targets; and (4) Inhibition of downstream
RAS-effector pathways. Direct KRAS inhibitors are under clinical evaluation [8], however
these inhibitors are specific for RASG12C mutations, rarely reported in RMS. Inhibition of
RAS activity through inhibition of membrane association with farnesyltransferase inhibitors
(FTIs), is applicable for HRAS, but not KI NRAS-driven cancers, due to compensatory

lipid modifications controlling K/INRAS membrane association. In FN-RMS, mutations

in all three RAS isoforms are detected and FTIs remain to be evaluated. The third

approach, to target RAS-driven synthetic lethal cancer cell dependencies, has not yet yielded
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tractable targets [9]. Finally, the approach to inhibit downstream RAS-effector pathways,
particularly the RAF-MEK-ERK signaling cascade has emerged as the focus of most current
translational and clinical research [10].

Our studies further demonstrate that the ERK MAPK pathway is a relevant target in A/
NRASQ61X-driven RMS cells and tumors. However, relief of negative feedback regulatory
loops and specifically ERK-mediated inhibitory phosphorylation of CRAF, limit effective
pathway inhibition, ultimately leading to poor anti-tumor response to single-agent MAPK
inhibitors. Vertical co-targeting of distinct nodes of the ERK MAPK pathway more
effectively block pathway activity and synergistically induce cell cycle arrest, myogenic
differentiation and apoptosis in HINRASQ61X-mutant RMS cells and tumors. /n vivo
studies indicate that concurrent pan-RAF and ERK inhibition is better tolerated and more
effective as compared to concurrent MEK and ERK inhibition, indicating wider therapeutic
window and potential clinical application of pan-RAF inhibitors in FN-RMS.

MATERIALS AND METHODS

Cell lines

All RMS cell lines were maintained in high-glucose RPMI medium (Invitrogen)
supplemented with 10% FBS, 37°C, 5% CO2. All cells were routinely tested for
Mycoplasma using MycoAlert™ Mycoplasma Detection Kit and identity confirmed by STR
analysis performed at the McDermott Center Sequencing Core, UT Southwestern Medical
Center, Dallas, TX. All cell lines were used between passage 10 and 30. SMS-CTR cells
were obtained in 2018 from Dr. Corinne Linardic, Duke University; JR1 cells were obtained
in 2019 from Dr. Marielle Yohe, NCI; RD, Rh36, Rh18, Rh41, Rh28, Rh30 were obtained in
2018 from the Houghton laboratory, UTHSCSA.

Reagents, inhibitors and antibodies

The following antibodies were purchased from Cell Signaling Technology (CST) Inc:
GAPDH (#5174), p-ERK (#4370), ERK (#9102), p-AKT (#13038), AKT (#4691), p-
P9O0RSK1(#9355), p90RSK1(#9344), CRAF (#12552), p-CRAF(#9431), BRAF(#9433),
ARAF(#4432), MEK (#4694), p-MEK (#9154), MEF2C (#5030), cleaved PARP (#5625),
cleaved Caspase-3 (#9661). HRAS and NRAS antibodies were from Santa Cruz
Biotechnology (# sc-520 and sc-31 respectively). KRAS antibody was from Millipore
(#OP24). Myosin Heavy Chain Antibody (MF20) was from Developmental Studies
Hybridoma Bank (DSHB) antibodies, University of lowa, IA, USA (# ab-2147781).
Trametinib was purchased from LC Laboratories (# T-8123), AZD8186 was from Selleck
(# S7694), AZD5363 was from Selleck (# S8019), SHP099 was from MedChemExpress, #
HY-100388), LY 2874455 was from MedChemExpress (# HY-13304), SCH772984 was from
MedChemExpress (# HY-50846); LY3009120 was from MedChemExpress (#HY-12558),
Ponatinib was from MedChemExpress (# HY-12047), Doxycycline Hydrochloride, Ready
Made Solution was from Millipore Sigma (# D3072). LY3214996 was provided by Eli Lilly
and Company, Indianapolis, Indiana, USA.
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siRNA and Plasmid Transfections

siRNA (10nM) transfection experiments were performed using Lipofectamine RNAi MAX
(Life Technologies) following manufacturer instructions. Plasmid transfections were done
using Lipofectamine 3000 (Life Technologies), following manufacturer instructions.

Immunoblotting and pharmacodynamics assays

Cells were lysed in 1% Triton Buffer supplemented with Halt Protease Inhibitor Cocktail
(Thermo Fisher Scientific), protein concentration was determined using Bradford Assay
reagent (Bio-Rad) and standard immunoblotting procedures were followed. For /n vivo
pharmacodynamics of ERK and p90RSK1 phosphorylation, tumors were collected and snap
frozen in liquid nitrogen. Following cryo-pulverization, protein was extracted as described
above.

Proliferation Assays

2 x 108 cells/well plated in 96-well plates were treated with DMSO/inhibitors. 96 h later,
the media was removed and AlamarBlue reagent (Biorad) was added at 1:10 ratio in
culture media and measurements were done as per manufacturer’s instructions. Following
background correction, percent viability was normalized to DMSO and the concentration
at which 50% of cell growth is inhibited by drug treatment (Glgg) was calculated using
GraphPad Prism 8. For siRNA experiments, cells were first transfected in 6-well plates,
24 h later plated in 96-well plates and viability measured in 8 days. All experiments were
performed in presence of serum (10% FBS).

Colony Forming Assay

Cells were plated at low density in 6 or 12-well plates and treated with DMSO/inhibitors.
In approximately 2 weeks the media was removed, cells were fixed and stained with 0.1

% crystal violet, 4% Paraformaldehyde for 20 minutes. For siRNA experiments, cells were
plated 24 h after transfection.

Myogenic differentiation assay

For RAS siRNA transfections, cells were transfected in 6-well plate and 24 h later plated

in Nunc® Lab-Tek® Il - CC2™ Chamber Slide™ system. For drug treatments, cells were
plated in Nunc® Lab-Tek® Il - CC2™ Chamber Slide™ system or clear bottom 96 well
plates and treated the next day. Cell were maintained in 10% FBS RPMI medium throughout
the entire experiment. At the end of the transfection/treatment time point, the cells were
washed in PBS, fixed and immunofluorescent staining performed.

Cell Cycle Analysis

Cells were washed with cold PBS and fixed with 70% ethanol for 24 h at —20°C, centrifuged
at 200 x g, washed with PBS, and incubated with propidium iodide/TritonX-100 staining
solution, supplemented with RNase A (Sigma) for 2—4 h at room temperature. DNA content
was measured using Fortessa cell analyzer/ Flow Cytometer. Modfit software was used to
analyze the data.
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RNA sequencing

RNA was isolated from RD cells transfected with nonspecific control (48 h), two NRAS
SiRNA oligos (48 h each), treated with DMSO control (24 h) or 300 nM SCH772984 (24
h). Each condition was done in duplicates and RNA was isolated using RNeasy mini kit
(Qiagen). Approximately 500 ng of total RNA was used for RNA sequencing (RNA-seq)
library preparation by following the lllumina TruSeq stranded mRNA sample preparation
guide (Illumina). RNA-seq libraries were subjected to quantification, and subsequent 50bp
single-read sequencing module with Illumina HiSeq 3000 platform. After the sequencing
run, demultiplexing with CASAVA (lllumina) was employed to generate the FastQ file for
each sample.

RNA sequencing data processing

All RNA-seq FastQ reads were aligned with the reference genome (UCSC human genome
build hg19) using TopHat2 default settings. The BAM files obtained after alignment were
processed using HTSeg-count to obtain the counts per gene in all samples. The R package
DEseq was used to normalize gene expression with the size factor method and perform
pairwise comparisons between groups to identify differentially expressed genes (DEG).
Significant DEGs were identified with BH-adjP<0.05 and FoldChange (FC) >= 2 when the
gene has read abundance with rpkm>=1 within at least one treatment (samples).

CRISPR library screen

Library virus packaging and multiplicity of infection (MOQI) determination was done as
previously described [11]. The RD cell line was seeded in 6-well plates at 5x10° cells

per well and next day virus was added at a MOI of 0.3. Following puromycin selection,

a day 2 sample was collected to determine initial library representation and the remaining
cells were seeded in T-225 culture flasks. Each condition (control and trametinib treatment
for 3 weeks), was done in duplicates. Throughout the treatment, cells were maintained at

a minimum of 500x library coverage. At the end of treatment, the cells were collected,
genomic DNA was extracted with DNeasy Blood & Tissue Kit (QIAGEN) and sgRNA
sequences were amplified by library specific PCR primers and an Illumina sequencing
adapter with index for each sample.

Animal Studies

C.B-Igh-1%/Icr Tac-PrkdcSe' female mice (Envigo) 6-8 weeks of age were used throughout
the studies. All animals were maintained under barrier conditions and experiments were
carried out using protocols and conditions approved by the IACUC UTHSCSA. Small pieces
of tumor tissue were implanted in the flank area as described previously [12]. When tumors
reached 200-400 mm3 size, mice were randomized in treatment cohorts (5 mice per group)
and treatment was initiated. More details are provided in Supplementary Information.

Quantification and Statistical analysis

Statistical significance between multiple groups was determined by one-way ANOVA
(single variable). Statistical significance between two groups was determined by t-test.
GraphPad Prism 8 software (GraphPad Software Inc.) was utilized for all statistical analyses.
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Quantification of immunofluorescence images (percent MHC positive cells) was done using
ImageJ software.

Additional methods are described in Supplementary Methods.

Data availability

RESULTS

The RNA sequencing data generated in this study are available at Gene Expression Omnibus
(GEO) at GSE180127.

ERK MAPK pathway drives H/NRASQ61X dependency in FN-RMS cells.

Experimental evidences indicate that oncogenic RAS mutations can drive RMS development
[4-6]. Moreover, recent studies demonstrated that ablation of oncogenic NRAS in
established RMS tumors caused profound tumor regression and increased survival of tumor-
bearing mice [13]. Therefore, mutationally activated RAS is an attractive therapeutic target
for FN-RMS. To further extend these findings, we examined RAS dependency in a panel

of FN-RMS cell lines harboring oncogenic NRASQ61H/L mutations (most common in
RMS) as well as HRASQ61K ( Supplementary table 1). Cell growth was assessed upon
transfection with RAS isoform-specific sSiRNAs (Figures 1A and S1A). HRAS knockdown
impaired the proliferation of HRAS-mutant cells, while K/NRAS knockdown had no effect.
Conversely, knockdown of NRAS impaired the growth of NRAS-mutant cells only, but
knockdown of K/HRAS had no or minimal effect. In the RAS-wild type RMS cell line
Rh18, knockdown of each individual RAS isoform had no effect on proliferation. We
concluded that mutant, but not individual wild-type RAS isoforms are essential for the
proliferation of FN-RMS cells, supporting the concept of oncogene addiction.

We next addressed how acute suppression of each RAS isoform effected MAPK and PI3K-
AKT effector signaling in our panel of cell lines (Figure 1B). In each cell line, ERK
phosphorylation at the activation loop residues Thr202/Tyr204 (pERK) was acutely inhibited
only when the expression of the corresponding mutant RAS isoform was suppressed. In the
HRAS-mutant cells, pERK was inhibited upon knockdown of HRAS, but not K/NRAS; in
the NRAS-mutant cells, pERK was inhibited upon NRAS, but not K/HRAS knockdown.
AKT phosphorylation at Thr308 (PDK1 phosphorylation site) was not affected in any cell
line by either suppression of wild type or mutant RAS isoforms. These results suggested a
role for the ERK MAPK effector pathway in mediating H/NRASQ61X dependency in RMS
cells. Similarly, studies by Yohe et al, demonstrated through ectopic expression in myocytes
of constitutively active RAS effectors, that only BRAF V600E was able to mimic the block
of myogenic differentiation as seen with oncogenic RAS expression [7]. Consistently, we
observed that suppression of either mutant HRAS or NRAS phenocopied ERK inhibition by
causing myogenic differentiation as seen by elongated cell morphology and expression of
myosin heavy chain (MHC), a marker for myogenic differentiation (Figure 1C).

To compare gene transcription changes induced by mutant RAS knockdown or ERK
inhibition, we performed RNA-seq analyses in the NRASQ61H RD cells after 48 h
NRAS suppression by siRNA (NRASsi) or 24 h ERK inhibitor treatment (ERKi) (Figure
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1D). Consistent with suppression of ERK activity, NRASsi caused downregulation of
canonical ERK transcriptional targets DUSP6 and SPRYZ2/4 (Figure S1B). Further, gene

set enrichment analysis (GSEA) revealed significant overlap of hallmark gene signatures
associated with NRASsi or ERKi. For both treatments, the strongest induction of
transcription was the myogenic differentiation-related genes sets (Figures 1D and S1C),
confirming the observed myogenic differentiation phenotype. In both cases, a strong
suppression of KRAS-driven gene signature was also detected, consistent with a major role
of the MAPK pathway in driving the RAS-gene signature. MY C-, as well as E2F-associated
gene signatures, were also among the most highly suppressed gene sets in both NRASsi- and
ERKi-treated cells, consistent with the well validated role of MYC and E2F transcription
factors downstream of ERK. Collectively, these results indicate a major role of the ERK
MAPK effector pathway in driving RAS-regulated gene expression in RMS.

Finally, we compared the sensitivity of a panel of RMS cell lines to MEK, ERK, PI3K

and AKT inhibitors [14-17] (Figures 1E and 1F). All HHNRASQ61X-mutated RMS cells
were selectively more sensitive to both MEK and ERK inhibitors, as compared to RAS-wild
type RMS cells. Conversely, there was no correlation of RAS status and sensitivity to
PI3K/AKT inhibitors. These results further supported the relevance of the MAPK pathway
as therapeutic target and major effector in driving the RAS-dependent growth of RMS cells.

Single-agent MEK inhibitor treatment is ineffective in HINRASQ61X-mutant FN-RMS tumor

xenografts.

Given the relevance of the MAPK pathway in our panel of HINRASQ61X RMS cell

lines, we sought to determine the /n vivo efficacy of the MEK inhibitor trametinib at
clinically relevant drug exposures (Figure 2A). Mice bearing RD, Rh36 or SMS-CTR cell
line-derived tumor xenografts (CDX) were treated with 1 mg/kg trametinib for 28 days.
Pharmacokinetics experiments determined trametinib steady-state plasma concentrations
(Figure S2A) (Cmax 13.3 ng/mL, AUCq_panr 235.15 hr*ng/mL), which were near and did
not exceed the clinical exposure in adult patients receiving the recommended 2mg trametinib
tablets daily (Cmax 14 — 32.9 ng/ml, AUC_»4p 256 — 500 hr*ng/mL [18]). All xenografts
progressed under treatment, with notable tumor-growth delay seen only in SMS-CTR
xenografts. These responses were in sharp contrast with the response of pediatric anaplastic
astrocytoma (AA) xenograft model BT-40, also driven by MAPK pathway through the
BRAF-V600E activating mutation. In this model, tumors regressed, and the response was
maintained during treatment.

We next asked how effectively trametinib was able to inhibit ERK activity in RMS tumor
xenografts as compared to the responsive BT-40 AA xenografts. We used pharmacodynamic
assays to assess the /n vivo inhibition of pERK and phosphorylation of its direct substrate
p90RSK (pRSK), following administration of trametinib (Figure 2B). Treatment of mice
bearing RD xenografts with single dose 1 or 3 mg/kg trametinib did not lead to detectable
inhibition of pERK or pRSK. Inhibition of pERK/pRSK was only detected when trametinib
was increased to 5 mg/kg. In sharp contrast, when mice bearing BRAF-V600E AA
xenografts were treated with 1 mg/kg trametinib, inhibition of pERK/pRSK was readily
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detected. These results indicated ineffective ERK inhibition in RMS tumors, which could
account for the poor anti-tumor activity of trametinib.

To identify possible mechanisms of resistance and trametinib-sensitization targets in RMS
cells, we performed screen with a ~2400 gene CRISPR/Cas9 library designed to target
druggable proteins or proteins in druggable pathways [11]. We screened the RD cells with
continuous dosing of trametinib at concentrations near Glgg values. We identified genes
whose suppression resulted in increased or decreased sensitivity to trametinib (Figures

2C and S2B). From the top five trametinib-sensitizing hits, three were genes encoding
proteins associated with regulation of MAPK pathway activity, such as MAPK1 (ERK2),
PTPN11 (SHP2) and FGFR1. These results are consistent with the well-known notion

that common mechanisms of resistance to single-agent MEKI/ERKIi in RAS-driven cancers
involve reactivation of the MAPK pathway due to the loss of multiple negative feedbacks
[19, 20]. Inhibition of either SHP2, FGFR1, EKR or RAF have been all shown to potentiate
MEK inhibitor treatments in KRAS or BRAF-driven adult cancers [21-26].

We tested how combining trametinib with SHP2, FGFR or ERK1/2 inhibitors affected
MAPK pathway activity and growth inhibition in our RAS-mutant RMS cell lines. As
expected, all combinations inhibited pERK more potently as compared to single treatments
(Figures 2D and S2C). However, the combination of trametinib with ERKi had better effect
than the combinations with SHP2i or FGFRI, as seen by more potent shift in trametinib Glgg
values (Figures 2E, S2D, S2E) and acute growth suppression in long-term treatment colony
forming assays (Figures S2F and S2G). Figure S2H summarizes reported Kd (or Ki) and
biochemical 1Cgq values, as well as Cmax concentrations of recommended clinical doses (if
reported) for the respective inhibitors. We concluded that in HINRASQ61X-mutant RMS
cells, the MEKi + ERKi combination is more potent than the MEKi + SHP2i or MEKi +
FGFRi combinations.

CRAF suppression sensitizes H/NRASQ61X-mutant FN-RMS cells and tumor xenografts to
MEK or ERK inhibition

Previous studies have shown that the requirement for individual RAF isoforms (A/B/CRAF)
in RAS-driven cancers is context specific [27-29]. We asked if, in our panel of HINRAS-
mutant RMS cell lines, specific RAF isoforms mediated resistance and pathway reactivation
upon MEK/ERK inhibition. In our CRISPR screen, we looked at the depletion rate of
sgRNAs targeting each RAF isoform in the presence or absence of trametinib. When sgRNA
representation in day 2 library infected cells was compared to day 14 infected untreated
cells, overall CRAF-specific sgRNAs were depleted significantly, while depletion of A/
BRAF-specific sgRNAs were either undetected or detected to a lesser extent (Figure S3A).
When day 14 infected untreated cells were compared to day 14 infected trametinib-treated
cells, there was further depletion of CRAF-specific SgRNAs after trametinib treatment,
while significantly less depletion was detected in A/IBRAF-specific sgRNAs (Figure S3A).
These results indicated that CRAF suppression in RD cells: 1) inhibits growth in the absence
of treatment, and 2) further sensitizes to trametinib treatment. To confirm these conjectures,
we suppressed each RAF isoform by stable knockdown using previously validated RAF-
isoform selective ShRNA lentiviral vectors [30] and assessed the growth of our panel of
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RMS cells with or without trametinib/ERKIi treatment. In the absence of treatment, acute
suppression of CRAF significantly inhibited the growth of all RAS-mutant cell lines in
long-term assays, while A/BRAF suppression had no or minimal effect (Figures S3B and
S3C). When RAF-suppressed cells were treated with trametinib or ERKIi, suppression of
CRAF contributed to dramatic shift of Glgg values in all RAS-mutant cell lines, while
A/BRAF suppression had little to no effect (Figure S3D). In the WT RAS cell line Rh18,
knockdown of individual RAF isoforms did not have significant effect. Further, ablation of
CRAF, but not A/BRAF, synergized with trametinib to inhibit pERK in both HRAS and
NRAS-mutant cells (Figure 3A).

As previously described, CRAF is negatively regulated through a direct feedback
phosphorylation by ERK [31]. Consistently, treatment of RMS cells with trametinib or
ERK:i led to reduced phosphorylation of CRAF at ERK-regulated phosphorylation sites
(Figure 3B). This coincided with increased MEK phosphorylation (pMEK) at activation loop
residues Ser217/212 (phosphorylated by RAF kinases), indicating increased MEK activity.
Overexpression of wild type CRAF or CRAF deficient for phosphorylation at four ERK
sites (4A CRAF) increased basal pMEK and pERK as well as prevented suppression of
PERK following trametinib/ERKi treatments (Figure 3C). Of note, while overexpression of
both wild type and 4A CRAF caused increased basal MEK phosphorylation, treatment with
trametinib/ERKi caused further increase in pMEK only in wild type CRAF- overexpressing
cells. WT or 4A CRAF overexpression also caused resistance to trametinib or ERKi
treatment as indicated by lack of growth suppression in long-term colony forming assays
(Figure 3D). The observed growth delay in CRAF-overexpressing cells is likely due to
increased ERK activity, which can be toxic for RAS-mutant cells [32].

We further validated that suppression of CRAF expression sensitized RMS cells to MEK
and ERK inhibition by using tet-regulatable CRAF shRNA with partial CRAF suppression
(Figure 3E). With single treatment doxycycline (DOXY), the cells continued to proliferate,
although at a slower rate. Similarly, single treatments with low concentrations of trametinib/
ERK:I did not impair proliferation significantly. However, combined treatment with

DOXY + trametinib/ERKi completely blocked cell proliferation (Figure 3E). In the wells
with combined treatments, dramatic morphological changes were seen characterized by
elongation and the appearance of multinucleated cells, indicating myogenic differentiation
(Figure S3E). These effects were not seen in cells expressing control vector (Figures S3F
and S3G). Myogenic differentiation was confirmed by immunostaining for MHC, with
more than 85% positivity in DOXY + trametinib treated cells, but almost absent in single
treatments (Figure 3F). Finally, we validated if suppression of CRAF would sensitize SMS-
CTR tumor xenografts in vivoto trametinib treatment. Tumors expressing tet-regulatable
CRAF shRNA, progressed upon administration of trametinib or DOXY alone, however
co-administration of DOXY + trametinib caused significant tumor regression, which was
maintained at least two weeks after treatment was ended (Figure 3G). These results
confirmed that CRAF inhibition significantly potentiated trametinib anti-tumor activity.
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Vertical inhibition of MAPK pathway synergistically inhibits ERK activity and H/
NRASQ61X-mutant FN-RMS cells growth.

Our results indicated that co-targeting of MEK and ERK or co-inhibition of CRAF and
MEK/ERK would achieve more efficient pathway suppression and growth inhibition in A/
NRASQ61X-mutant RMS cells. While currently, there are no CRAF selective inhibitors,
type Il pan-RAF inhibitors potently inhibit RAF isoforms without causing paradoxical
pathway activation as seen with type | RAF inhibitors [33]. Moreover, recent studies
indicated the use of type Il pan-RAF inhibitors to target distinct nodes of the MAPK cascade
in KRAS-driven adult cancers [23, 26]. Thus, we sought to examine the activity of MEKi +
ERK:i and pan-RAFi + MEKI/ERK:i in our panel of HINRASQ61X RMS cells.

Immunoblot analyses determined that following long-term treatment (72 h) of H/
NRASQ61X FN-RMS cells with either combinations of MEKi + ERKi (trametinib +
LY3214996) or MEK:i + pan-RAFi (trametinib + LY3009120) as compared to single
treatments retained inhibition of ERK signaling as measured by pERK and pRSK. This was
not observed in the wild type RAS cell line Rh18, where both combinations did not provide
further advantage in inhibiting pERK/pRSK. In addition, in all H/NRAS-mutant cell lines,
there was evidence of increased apoptosis (cleaved PARP) with the combinations (Figure
4A). Next, we measured extent of growth inhibition upon these combinations. In all RAS-
mutant cell lines, low concentrations of single agents modestly reduced, or had no effect on
the proliferation rate, while the combinations completely abrogated proliferation. Consistent
with lack of ERK activity suppression, the combinations did not block proliferation of the
RASwild type Rh18 cell line (Figure 4B). The potent synergy of these combinations was
further confirmed in long-term treatment colony forming assay, where single treatments
had either no or minor effects on cell growth, while the combinations caused acute growth
suppression of all RAS-mutant, but not the RAS-wild type cell lines (Figure 4C). 5x5-dose
Bliss matrix analyses indicated significant Bliss synergy positivity in RAS-mutant, but
almost none in the RAS-wild type cells. Interestingly, the combination pan-RAFi + MEKi
had overall higher synergy scores across all RAS-mutant cell lines (Figures S4A and S4B).

Vertical targeting of MAPK pathway synergistically induces cell cycle arrest, myogenic
differentiation and apoptosis in H/NRASQ61X-mutant FN-RMS cells

To determine the effect of co-targeting distinct nodes of the MAPK cascade on cell cycle
regulation we treated the cells with low concentrations of MEKi, ERKIi, pan-RAFi, or the
combinations MEKi + ERKi, MEKi + pan-RAFi and pan-RAFi + ERKIi (Figures 5A and
S5A). In all RAS-mutant cells, single treatments with low drug concentrations did not cause
significant changes, while all combinations caused arrest in the G1 phase of the cell-cycle
at levels significantly higher than the combined effect of single treatments. No significant
changes were detected in the wild type cells. In addition, all three combinations, unlike
single treatments, induced cell death preferentially in the RAS-mutant cells as demonstrated
by an increased percentage of cells in the sub-G1 phase. Notably, both combinations
involving the pan-RAF inhibitor increased apoptosis at higher rates than the MEKi + ERKi
combination, consistent with the higher synergy scores.
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We next assessed myogenic differentiation of the cells treated with low concentrations of
each inhibitor alone or the combinations of trametinib + ERKIi, trametinib + pan-RAFi and
pan-RAFi + ERK:i (Figures 5B and S5B). Similar to the effect on cell cycle distribution,
low concentrations of single agent treatments did not induce MHC or MEF2C expression.
In contrast, in RAS-mutant cells, all three combinations caused dramatic cellular elongation
and acute positivity for both MHC and MEF2C. In the wild type cell line, the combinations
did not induce detectable MHC or MEF2C expression.

Vertical targeting of MAPK pathway demonstrates enhanced in vivo efficacy in H/
NRASQ61X-mutant FN-RMS xenograft models.

The in vivo efficacy of targeting distinct nodes of the MAPK cascade was assessed in two
subcutaneous tumor xenografts in mice: SMS-CTR (HRASQ61K) and RD (NRASQ61H)
(Figures 6A-B). Mice bearing the xenografts were treated with trametinib alone (1mg/kg
PO), the ERKIi LY3214996 alone at half of the maximum tolerated dose (MTD) (50mg/kg
PO) [16], pan-RAFi LY 3009120 at half the dose previously shown to be well tolerated

(15 mg/kg intra-peritoneal) [23] or the combinations of trametinib + LY 3214996 (MEKi

+ ERKIi) or LY3009120 + LY 3214996 (pan-RAFi + ERK:i). In SMS-CTR xenografts,
single agent trametinib or ERKi slowed tumor progression, however the combination of
both agents caused complete tumor regression, which was maintained even 2 weeks after
treatment was ended. Pan-RAF inhibitor, at the doses used, had no effect on SMS-CTR
tumor growth; however, co-treatment with ERKi caused rapid and complete regression, also
maintained 2 weeks after treatment ended. In RD xenografts, single treatments had minimal
or no effect and the combination of MEKIi + ERKIi caused significant tumor growth delay,
however regression was not observed. In contrast, pan-RAFi + ERKi combination caused
more than partial RD tumor regressions and tumors remained below initial size 2 weeks after
treatment ended. Both combinatorial treatments were well tolerated, with MEKi + ERKi
causing on average 5-10% body weight loss and pan-RAFi + ERKIi causing no significant
body weight loss (Figures S6A and S6B). In pharmacodynamic assays for ERK inhibition
in SMS-CTR xenografts, similar to what was observed in RD xenografts (Figure 2B),
single treatments had no effect on pERK or pRSK (Figure 6C). However, the combinations
of trametinib + ERKi or ERKi + pan-RAFi both inhibited pERK/pRSK (Figure 6C). In
addition, immunohistochemistry analyses indicated acute MHC and caspase-3 positivity in
tumors treated with both combinations, while almost undetectable with single treatments
(Figure 6D).

DISCUSSION

The high incidence of RAS mutations in FN-RMS makes RAS signaling an attractive
therapeutic target for this childhood cancer. However, there is still very limited preclinical
data to demonstrate potential anti-RAS therapeutic approaches for RAS-mutated FN-RMS.

The two key RAS effector pathways PI3K-AKT-mTOR and RAF-MEK-ERK are the

most attractive targets for RAS-driven cancers and have received the highest interest in
both academia and industry [10]. The potency of effector activation and effector pathway
dependency is dictated by specific cellular contexts, type of RAS mutation, or co-mutations
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[34]. In FN-RMS, activating mutations in all three RAS isoforms are detected, with NRAS
mutations at codon Q61 being the most frequent [2, 35].

Extending recent studies [7, 13], our results further indicate that FN-RMS cells are addicted
to oncogenic HINRAS (in particular Q61X) and that the MAPK effector pathway is central
driver of this dependency. A recent study indicated that, in non-small cell lung cancer,
KRASQG61H preferentially signals through RAF [36], suggesting that MAPK preference in
H/NRASQ61X RMS cells could be attributed the Q61 codon mutations. At this moment it
is not clear if similar conclusions can be applied to KRAS-mutant RMS, or mutations at
different codons such as G12 or G13. Future studies will address these points.

We also find that treatment of A/ VNRASQ61X RMS tumors with single-agent MEKi will
likely not yield durable clinical responses. Similarly, therapeutic targeting of MEK in
RAS-driven adult cancers has shown limited activity [37]. Multiple mechanisms of pathway
reactivation are likely responsible for inefficient pathway inhibition and poor response to
single-agent treatments [38]. The better response to trametinib treatment of the BRAF
VB600E AA xenografts is likely due to the more effective MAPK pathway inhibition. Since
BRAF V600E mutants signal as monomers, they are less influenced by feedbacks along the
pathway. Our CRISPR screen pointed to four potential strategies of vertical inhibition of the
MAPK cascade that could be applied to FN-RMS, such as combining trametinib with SHP2,
FGFR, ERK or CRAF inhibition. However, in regard to long-term growth effect, we found
that co-targeting distinct nodes of the ERK MAPK cascade downstream of RAS was more
potent than co-targeting upstream signaling, such as FGFR or SHP2, suggesting that this
approach is likely of better therapeutic value.

The RAF kinases are the RAS effectors that initiate the activation of MAPK cascade
downstream of RAS. Of the three RAF isoforms (A/B/CRAF), CRAF has been implicated
as most important for initiation of KRAS-driven lung carcinoma [27, 28]. In another study,
CRAF was dispensable for KRAS-driven oncogenesis of pancreatic cancer, thus indicating
a lineage-specific requirement for the RAF isoforms [29]. Our screen and subsequent
validation indicated that CRAF suppression was essential for the growth of all four H/
NRASQ61X RMS cell lines. Further, suppression of CRAF, but to a lesser extent A/BRAF,
synergized with low doses of trametinib or ERKi treatment by enabling long-term MAPK
pathway suppression, profound myogenic differentiation, and xenograft tumor regression.
Similarly, the central role for CRAF in mediating resistance to MEK inhibitors has been
described for KRAS-driven lung cancer [39]. Mechanistically, relief of ERK-mediated
negative feedback regulation of CRAF limits the ability of MEK/ERK inhibitors to inhibit
ERK signaling in RMS cells.

While CRAF specific inhibitors are currently not available, type 1l pan-RAF inhibitors
potently inhibit all three or BRAF + CRAF isoforms [33, 40, 41]. We found that the
combinations pan-RAFi + MEKIi, pan-RAFi + ERKi or MEKi + ERK:i synergistically
induced G1 cell cycle arrest, myogenic differentiation, and apoptosis, demonstrating the
ability of these combinations to block tumor growth and cause tumor regression of RMS.
Similar to our findings, recent studies in KRAS-driven adult cancers demonstrated the
efficacy of vertical inhibition of the RAF-MEK-ERK cascade by either MEKi + ERKIi,
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pan-RAFi + MEKIi or pan-RAFi + ERKi [23, 25, 26]. However, normal tissue toxicity with
such treatments is a potential concern, underscored by the fact that in a phase 1 combination
clinical trial, a tolerable MEKIi + ERKi regime could not be established [42]. Our studies
demonstrated higher synergy scores and induction of apoptosis with combinations using
pan-RAFi + MEKI/ERKi as compared to MEKi + ERKi in H/NRAS Q61X-mutant RMS
cells. It is possible that the relief of ERK-mediated inhibitory CRAF phosphorylation
remains a limiting factor in MEKi + ERKIi treatment. Further, our /7 vivo results indicated
that, compared to MEKi + ERKIi, the pan-RAFi + ERKi combination was better tolerated,
yet had greater synergy and anti-tumor effect in H/NRAS Q61X RMS cells and xenografts.
These results suggest that combining pan-RAF inhibitor with either MEK or ERK inhibitor
would likely have wider therapeutic window.

One limitation of our studies is that currently we are unable to contextualize our
combinatorial in vivo experiments in terms of clinically-relevant drug exposures. Clinical
pharmacokinetics for the ERK inhibitor LY3214996 are not available, and clinical
development of the pan-RAF inhibitor LY 3009120 was discontinued due to short half-

life in patients. Therefore, use of LY3009120 is limited to a tool. Two other pan-RAF
inhibitors (belvarafenib and LXH254) were recently reported to have favorable clinical
pharmacokinetics and antitumor activities in adult patients [43, 44]. Combination studies
with MEK/ERK inhibitors are ongoing (NCT02974725, NCT04835805) and encouraging
preliminary clinical data in NRAS-mutant melanoma was reported [45]. Another pan-
RAF inhibitor Day101 recently showed very encouraging activity in pediatric patients
with BRAF-fusion positive low grade gliomas [46]. However, clinical PK studies for
recommended doses are still not available for any of these inhibitors, making it difficult to
conduct precise preclinical evaluations. Clinical and preclinical studies with the multi-kinase
inhibitor sorafenib (also targeting B/CRAF) did not indicate activity in RMS, although
RAS-mutant RMS was not the focus in these studies [47, 48]. In addition, sorafenib might
target RAF kinases in a mechanism distinct from new generation pan-RAF inhibitors since
in a clinical trial with pediatric astrocytomas, sorafenib caused unprecedented acceleration
of tumor growth, irrespective of BRAF status, likely due to paradoxical pathway activation
[49]. Sorafenib might not be appropriate for RAS-driven RMS and future studies need to
focus on evaluating the preclinical efficacy of Belvarafenib, LXH254 or Day101 as single
agents and in combination with MEK/ERK inhibitors in H/NRAS-mutant RMS.

In summary, our study demonstrated a central role for the ERK MAPK pathway in H/
NRASQ61X FN-RMS cells, and that relief of CRAF negative regulation by ERK is limiting
the response to single agent MEK or ERK inhibitors. Vertical targeting of the MAPK
pathway, and specifically the use of a pan-RAF inhibitor in combination with MEK or ERK
inhibitors, could have therapeutic value. Given the central role of CRAF described in our
studies, development of a CRAF-specific inhibitors could also be an effective and possibly
less-toxic approach for vertical inhibition of the MAPK cascade in H/NRASQ61X-mutant
RMS.
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Figure1l. ERK MAPK pathway drives H/NRAS Q61X dependency in FN-RM S cells.
(A) Crystal violet staining images of RMS cells upon isoform-specific RAS knockdown.

Indicated cells were transfected with control or two independent siRNAs against each
RAS isoform and 48 h later were plated at low density in 6-well plates (remaining cells
were collected for western blot analysis described in B). After >two weeks, cell growth
was visualized with crystal violet staining. (B) Western blots of FN-RMS cells upon
isoform-specific RAS knockdown. Indicated cells were transfected as in A and 48 h later
western blots of cell lysates were done to detect phosphorylated ERK1/2 (pERK, Thr202/
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Tyr204), phosphorylated AKT (pAKT, Ser473), and each RAS isoform. (C) Representative
immunofluorescence images of H/NRAS siRNA-transfected or ERK inhibitor-treated H/
NRAS-mutant RMS cell lines. Indicated cell lines were transfected with H/NRAS siRNAs
or treated with 1 UM ERKI LY 3214996. After 8 days the cells were fixed and stained

with DAPI or myosin heavy chain (MHC) antibody and processed for immunofluorescence.
Percent MHC positive cells was calculated using ImageJ. Scale bars, 100 um. (D) Gene

set enrichment analysis (GSEA) of RNA transcripts of RD cells transfected with two
independent NRAS siRNAs (NRAS siRNA-1 and NRAS siRNA-2) for 48 h or treated with
300nM ERKIi SCH772984 for 24 h. Enriched or depleted hallmark gene sets compared

to control siRNA (48 h) or DMSO (24 h) are shown. (E) Graphs summarizing dose-
response of H/NRAS Q61X and RAS-wild type RMS cell lines to MEK, ERK, PI3K

and AKT inhibitors. Indicated cell lines were treated with increasing concentrations of
MEKi trametinib, ERKi LY 3214996, PI13Ki AZD8186 and AKTi AZD5363. Treatment was
done in 96 well-plates for 96 h and viability was measured with Alamar Blue reagent.
Growth response curves were plotted using GraphPad Prism. Error bars represent SEM from
three independent experiments done in triplicate. (F) Table summarizing Growth Inhibitory
concentrations at 50% (G150 puM) for each treatment and cell line shown in E. G150 values
were calculated with GraphPad Prism.
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Figure 2. Single agent MEK inhibitor treatment isineffectivein H/NRAS Q61X-mutant FN-RM S
tumor xenogr afts.

(A) Response of H/NRAS-mutant RMS tumor xenografts as compared to BRAF-V600E
BT40 anaplastic astrocytoma (AA) tumor xenografts following 1 mg/kg trametinib
administration. Mice bearing tumor xenografts from indicated cell lines were treated with
vehicle or Img/kg trametinib, 7 days a week, for 28 days. Data is presented as mean tumor
volume, error bars represent SEM, n=5. (B) Western blot analysis for pharmacodynamics
of ERK and p90RSK1 phosphorylation in tumor xenografts from RD RMS or BT40 AA
xenografts. Mice bearing RD or BT40 tumor xenografts were treated with indicated doses
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of trametinib, tumors were harvested at the indicated times and ERK1/2 and p90RSK1
phosphorylation was assessed by western blots. (C) Volcano plot summarizing trametinib-
sensitizing CRISPR screen in RD cells. RD cells were transduced with druggable genome
pLentiv2 CRISPR library. Following treatment with trametinib for 3 weeks, sgRNA region
was PCR amplified and sgRNA representation determined by next-generation sequencing.
Fold change for sgRNA read counts between treated and control samples was calculated
and visualized using Matlab software. Y-axis: p-values of Fisher’s combined probability
test of differential read counts of 5 gRNAs. Each condition was done in duplicate. (D)
Western blot analysis of RD cells upon 24 h treatment with 2 nM trametinib, 200 nM
pan-FGFRI LY2874455, 200 nM pan-RTKi ponatinib, 5 pM SHP2i SHP099, 50 nM ERKi
LY 3214996 or indicated combinations. Phosphorylated ERK1/2 (pERK, Thr202/Tyr204),
phosphorylated FRS2-a (pFRS2, Tyr436) were analyzed, total ERK1/2 and GAPDH serve
as controls. (E) Graphs summarizing dose-response of RD cell to increasing concentrations
of trametinib alone (control, DMSQO) and in combination with ERKi LY 3214996 (left),
pan-RTKi ponatinib (middle) or SHP2i SHP099 (right). Error bars represent SEM from
three independent experiments done in triplicates. Table summary of G150 values.
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Figure 3. CRAF reactivation mediatesresistanceto MEK or ERK inhibitors.
(A) Western blot images of H/NRAS-mutant RMS cells following A/B/CRAF knockdown

+ trametinib. SMS-CTR and RD cells were transduced with PLKO.1 lentiviral constructs
expressing ShRNA against GFP (CRL) or A/B/CRAF, selected with puromycin for 24
h, then treated with 2 nM trametinib for 72 h. (B) Western blots of FN-RMS cells
treated with trametinib or ERKi LY 3214996. FN-RMS cells were treated with indicated
concentrations of trametinib or LY3214996 for 72 h and phosporylated CRAF (pCRAF,
S289/296/301) and phosphorylated MEK1/2 (pMEK, Ser217/221) were detected by western

Mol Cancer Ther. Author manuscript; available in PMC 2022 July 01.

2 5L s L% %k
[ o 4 X o 4 < < g
G < @ G G < @ O shRNA E 7 g E g E & E
- B & B = w - = =
-+ -+- -t -4 -+ -+ -+ trametinib - < s T s T g
Pesspss | Besse@ss | Rk o082 gnoB2 gauwBE gawB2 nMinhibior
- ae - —| PCRAF
Srsssses| Ssessses R - M SV | & PC
= oo o] oo o] - o |[ e o - | CRAF
- AR (- @ ees| ARAF Py [ e | pMEK
cBh® s o veee = w| BRAF [=====] MEK
- « «| CRAF = | [ == |[= === =] GAPDH
RSP | p—_———————— ey VY /¥ SMS-CTR RD JR1 Rh36
SMS-CTR RD
w w [V w
® g g 2 D trametinib ERKi
_ & o 4 o (@)
x £ < £ —
G c 2 g 01 2 3 4 5 0 2550100200300 nM inhibitor
OTLOTLOTL OTLOTLOTL inhibitor x X XE) 22Q Control
- - - - Q YY Y ; ' b 8
eee-— ®@@-~-| CRAF M2 O0DOO| 29O T| wicrar
—— —— v
;‘;i" 5 20000D 600G | ACRNF
e ——= PMEK @000 DGO D B contnl
e[ —=—==] pMEKIow 200000 6060 Vv
hins Seeeswaw=| MEK ( DD 3 4A CRAF
2000 56
GAPDH | Yo0ed
SMS-CTR RD
F
100.SMS CTR - 100, RD N
— control g — control control trametinib DOXY tram + DOXY
DOXY 9] DOXY @
50 — tram g % — ftram G
— tram § = tram &
o +DOXY s 0 + DOXY %
EEEEE EREE
s 2 gl
time (h) time (h) o
100,5MS CTR — control 100, RD — control =
poxy & DOXy g
50 — ERKi g 50 = ERKi 5
— ERKi E ~ ERKi =
0 +DOXY 8 0f +DOXY
°©883I8¢8 X °8838 8 ©
- = N 5 - o= N el
time (h) time (h) §
>
2Ry & 2X 3%
onoon onoono
- - + + CRAF shRNA - - + + CRAFshRNA
[==="1 craAF [=—=— —] CRAF
[ ===e=] GAPDH > e» e | GAPDH
G
™ End of treatment
£ 2100
£ 1800
® 1500 -e- control
IS -
5 1200 -= trametinib CRL CRAF shRNA vector
[e] S, P— .
> 900 - DOXY - +- + doxycycline
S 600 - [===—] CRAF
E 300 **p< 0.0001 = trametinib + [======] GAPDH
,2 — = DOXY
0 7 14 21 28 35 42
days



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Garcia et al.

Page 22

blots. (C) Western blots of RMS cells expressing wild-type or phosphorylation deficient
CRAF constructs and treated with trametinib or ERKi LY 3214996. SMS-CTR and RD

cells were transduced with retroviral vectors expressing wild-type CRAF (WT CRAF)

or mutant CRAF deficient for phosphorylation at SER 29, 289, 296, 301 (4A CRAF).
Control is empty vector (CRL). After puromycin selection for 2 days, the cells were

treated with trametinib (T) or ERKi LY 3214996 (L) for 72 h and cell lysates analyzed

by western blots. (D) Crystal violet staining images of FN-RMS cells expressing empty
vector, WT CRAF or 4A CRAF constructs and treated with increasing concentrations of
trametinib or LSN3214996. Cells were plated at low density in 24-well plates and next

day treated with increasing concentrations of trametinib or LY 3214996. After two weeks,
cell growth was visualized with crystal violet staining. (E) Top, growth curves of FN-RMS
cells expressing doxycycline-inducible ShRNA against CRAF. SMS-CTR or RD cells were
transduced with pSMART lentiviral vector expressing doxycycline-inducible CRAF shRNA,
selected with puromycin for 2 days and plated in 96 well plates. Next day, the cells were
treated with DMSQO, 200 ng/ml doxycycline, 2 nM trametinib +/- doxycycline or 100 nM
LY 3214996 +/- doxycycline. Percent confluency was determined by imaging with Incucyte
every 2 h for 240 h. Bottom, western blot images of SMS-CTR and RD cells expressing
pPSMART CRAF shRNA vector and treated with DMSO or 200 ng/ml doxycycline for 72

h. (F) Immunofluorescence staining images for MHC of FN-RMS cell lines expressing
dox-inducible shRNA against CRAF. Indicated cells were plated in 8-well slide chambers
and treated with DMSO, 200 ng/ml doxycycline, 2 nM trametinib or both for 8 days. Scale
bars, 200 um. (G) Response to trametinib of SMS-CTR xenografts expressing dox-inducible
CRAF shRNA. SMS-CTR cells transduced with pPSMART vector expressing dox-inducible
CRAF shRNA were subcutaeously injected in the flank area of SCID mice and indicated
treatment cohorts were generated. N=5 mice per group. 1mg/kg trametinib was administered
PO, 7 days a week for 28 days. Doxycycline was delivered in diet at 1 g/kg for 28 days.
Error bars represent SEM. p-values were calculated using one-way ANOVA for single
treatments vs combinatorial treatment at the end of the treatment (day 28).
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Figure 4. Vertical inhibition of MAPK pathway synergistically inhibits ERK activity and H/
NRAS Q61X-mutant FN-RM S cells growth.

(A) Effect of vertical targeting of MAPK pathway on ERK activity as measured

by phosphorylated ERK (pERK, Thr202/Tyr204)) and phosphorylated p90RSK (pRSK,
Thr573). Apoptosis marker is also shown (cleaved PARP). Cells were treated with DMSO
(control), 2 nM trametinib, 100 nM ERKi LY 3214996, 100 nM pan-RAFi LY3009120 or
combinations for 72 h and cell lysates analyzed by western blots. (B) Growth curves of RMS
cells following treatment with DMSO, trametinib, ERKi LY 3214996, pan-RAFi LY 3009120
or combinations. Cells were plated in 96 well plates and next day treated as in A. Percent
confluency was determined by imaging with Incucyte every 2 h for 168 h. (C) Crystal

violet staining images of RAS-mutant RMS cell lines and one RAS wild-type (Rh18)

upon treatment with trametinib, ERKi LY3214996, pan-RAFi LY3009120 or combinations.
Cells were plated at low density in 12-well plates and next day treated with DMSO or
increasing concentrations of the indicated drugs/combinations. After two weeks, cell growth
was visualized with crystal violet staining.
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Figureb. Vertical targeting of MAPK pathway synergistically induces cell cycle arrest, myogenic

differentiation and apoptosisin H/NRAS Q61X-mutant FN-RM S cells.

(A) Cell cycle distribution and sub-G1 quantification in RMS cells upon treatment with 2
nM trametinib, 100 nM ERKi LY 3214996, 100 nM pan-RAFi LY 3009120 or combinations
for 72 h, followed by propidium iodide staining, flow cytometry measurements and analysis
with ModFit software. SMS-CTR (HRAS Q61K) and Rh18 (RAS wild type) are shown (see
additional cell lines in supplementary figure 4). (B) Immunofluorescence staining images
for MHC of indicated cell lines following treatment with 2 nM trametinib, 100 nM ERKi
LY 3214996, 100nM pan-RAFi LY 3009120 or combinations for 8 days. Scale bars, 200 pm.
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Figure 6. Vertical targeting of MAPK pathway demonstrates enhanced in vivo efficacy in H/
NRAS Q61X-mutant FN-RM S xenogr aft models.

(A) SCID mice bearing SMS-CTR tumor xenografts were treated with 1 mg/kg trametinib
per os qd, 50 mg/kg ERKi LY3214996 per os qd or combination (left); or 15 mg/kg
pan-RAFi LY 3009120 ip qd, 50 mg/kg ERKi LY 3214996 per os qd or combination (right).
Treatment duration was 28 days. N=5 mice per group. The relative tumor volume was
calculated and plotted +/— SEM. p-values were calculated using one-way ANOVA for
single treatments vs combinatorial treatment at the end of the treatment (day 28). (B)
SCID mice bearing RD tumor xenografts were treated as in A for SMS-CTR xenografts
and tumor volume calculated and plotted as in A. p-values were calculated using one-way
ANOVA for single treatments vs combinatorial treatment at the end of the treatment (day
28). (C) Western blot analysis for pharmcodynamics of MAPK pathway inhibition in SMS-
CTR tumor xenografts treated as in A for the indicated time points. (D) Representative
immunohistochemical staining images for cleaved caspase-3 and myosin heavy chain
(MHC) and hematoxylin and eosin (H&E) staining of tumor tissue treated as in A for 4

days.
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