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Abstract

Background: PAX-fusion negative rhabdomyosarcoma (FN RMS) is driven by alterations in
the RAS/MAP kinase pathway and is partially responsive to MEK inhibition. Overexpression of
IGF1R and its ligands is also observed in FN RMS. Preclinical and clinical studies have suggested
that IGF1R is itself an important target in FN RMS. Our previous studies revealed preclinical
efficacy of the MEK1/2 inhibitor, trametinib, and an IGF1R inhibitor, BMS-754807, but this
combination was not pursued clinically due to intolerability in preclinical murine models. Here,
we sought to identify a combination of an MEK1/2 inhibitor and IGF1R inhibitor that would be
tolerated in murine models and effective in both cell line and patient derived xenograft models of
RAS-mutant FN RMS.

Methods: Using proliferation and apoptosis assays, we studied the factorial effects of trametinib
and ganitumab (AMG 479), a monoclonal antibody with specificity for human and murine IGF1R,
in a panel of RAS-mutant FN RMS cell lines. The molecular mechanism of the observed synergy
was determined using conventional and capillary immunoassays. The efficacy and tolerability of
trametinib/ganitumab was assessed using a panel of RAS-mutated cell-line and patient-derived
RMS xenograft models.

Results: Treatment with trametinib and ganitumab resulted in synergistic cellular growth
inhibition in all cell lines tested and inhibition of tumor growth in four out of six models

of RAS-mutant RMS. The combination had little effect on body weight and did not

produce thrombocytopenia, neutropenia, or hyperinsulinemia in tumor-bearing SCID beige mice.
Mechanistically, ganitumab treatment prevented the phosphorylation of AKT induced by MEK
inhibition alone. Therapeutic response to the combination was observed in models without a
mutation in the PI3K/PTEN axis.

Conclusions: We demonstrate that combined trametinib and ganitumab is effective in a
genomically diverse panel of RAS-mutated FN RMS preclinical models. Our data also show

that the trametinib/ganitumab combination likely has a favorable tolerability profile. These data
support testing this combination in a phase I/l clinical trial for pediatric patients with relapsed or
refractory RAS-mutated FN RMS.

Keywords
RAS; MAP kinase; rhabdomyosarcoma; PTEN; IGF1R

Introduction

Rhabdomyosarcoma (RMS) accounts for 3% of all childhood cancers. This tumor is sub-
divided into two major genetic and histologic subtypes: embryonal, which is usually PAX3-
FOXO1 fusion negative (FN), and alveolar, which is usually PAX3-FOXO1 fusion positive
(FP). The FN subtype carries a better prognosis than the FP subtype. However, the 5-year
overall survival rate for patients with metastatic or relapsed RMS of either subtype is poor

at 26% or 17%, respectively (1,2). Regimens of cytotoxic chemotherapeutic agents including
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vinorelbine and cyclophosphamide are sometimes active in the relapsed setting, but targeted
agents are needed to improve overall survival in relapsed and metastatic FN RMS (3).

Comprehensive genomic analyses of human RMS tumors indicate that the most common
somatic mutation in FN RMS is an oncogenic change in one of the three RAS isoforms,
NRAS, HRAS, or KRAS (4,5). In a recent consortium study of 641 RMS tumors, 32% of
evaluated FN RMS tumors demonstrated a mutation in one of the RAS isoforms (6). In
addition, a subset of FN RMS tumors (17%) harbor mutations in the RAS GTPase-activating
protein NFI1 (6), which may lead to aberrant RAS signaling in these tumors. This mutational
profile suggests that the RAS/RAF/MEK/ERK MAP kinase pathway plays a role in FN
RMS tumorigenesis. Interestingly, although RAS mutation does not impact event-free or
overall survival in patients with FN RMS (6,7), functional studies have verified that MAP
kinase signaling is important for FN RMS cell proliferation and tumor growth (8). However,
in preclinical models, FN RMS tumors rapidly acquire resistance to MEK inhibitors when
given as a single agent, suggesting that a combination of a MEK inhibitor with another agent
will be required to provide therapeutic benefit for patients with FN RMS (9-11).

The IGF1R signaling pathway is also recurrently altered in FN RMS. IGF1R is a receptor
tyrosine kinase (RTK) that signals through the RAS/RAF/MEK/ERK and P13 kinase/AKT
pathways when stimulated by one of its high affinity ligands, IGF1 or IGF2. Both /GF2
and /GFI1R are recurrently overexpressed in FN RMS. Overexpression of /GF2due to loss
of heterozygosity with uniparental disomy at 11p15.5, and is observed in the majority of
FN RMS tumors, including 65% of RAS-mutant FN RMS tumors (5). In contrast, the
overexpression of /GFIRthat is observed in FN RMS is due to genomic amplification
(12,13) and is associated with inferior survival. Inhibition of IGF1R signaling inhibits FN
RMS cell proliferation and tumor growth, invasion, and metastasis (12-14). However, FN
RMS tumors rapidly acquire resistance to inhibitors of IGF1R signaling when they are used
as single agents (15-17).

Previously, we established that the combination of the MEK inhibitor, trametinib, and

a small molecule inhibitor of IGF1R, BMS-754807, synergistically inhibits FN RMS

cell proliferation and tumor growth in one of two orthotopic cell line xenograft models
tested. Treatment with BMS-754807 prevented trametinib-induced activation of IGF1R

in RAS-mutant RMS cell lines (11). However, trametinib/BMS-754807 caused excessive
body weight loss in SCID beige mice, indicating intolerability in the murine models

that likely predicts intolerability in humans. In the current study, we assessed the

efficacy and tolerability of combining the FDA-approved trametinib with ganitumab

(AMG 479), a fully human monoclonal antibody against IGF1R, in mouse models of
RAS-mutant RMS. Ganitumab functions by blocking ligand binding to the extracellular
domain of IGF1R, which induces IGF1R internalization and degradation (18), whereas
BMS-754807 is a reversible, ATP-competitive antagonist of IGF1R and related proteins
(19). Clinically, ganitumab is well tolerated. Adverse events due to ganitumab, when

they occur, include lymphopenia, thrombocytopenia, and hyperglycemia (20). Here we
demonstrate that combined trametinib and ganitumab treatment inhibits tumor growth in
four of six heterogenous RAS-mutant RMS preclinical models, and that this combination is
well tolerated in immunodeficient mice at clinically achievable doses of both agents (20,21).
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These data support testing this combination in a phase I/11 clinical trial for pediatric patients
with relapsed or refractory RAS-mutant RMS.

Materials and Methods

Cell lines, patient-derived xenografts, and reagents

The RMS cell lines RD (RRID:CVCL1649), SMS-CTR (RRID:CVCL_A770), and BIRCH
(RRID:CVCL_M599), were obtained as previously reported (11) (Supplemental Table

1). The patient-derived xenograft (PDX) models SIRHB013758, SIRHB000026, and
SJRHB010927 were obtained from the Childhood Solid Tumor Network at St. Jude

(22). All cell lines were confirmed to be mycoplasma negative using the MycoAlert kit
(Lonza) and their identity was confirmed by STR fingerprinting (Genetica/LapCorp) prior to
experimental use. Published single nucleotide variants in the PDX models were confirmed
by whole exome sequencing (WES, see Supplemental Data File 1). Copy humber variants
were determined by either SNP array or WES. BIRCH was grown in RPMI with 10%

FBS. The other cell lines (including PDX models adapted to cell culture) were grown in
DMEM with 10% FBS. Trametinib was obtained from the NIH Developmental Therapeutics
Program. Ganitumab was obtained through the Cancer Therapy Evaluation Program for
nonclinical use. Vincristine was obtained from the NIH Division of Veterinary Resources
(DVR) veterinary pharmacy. Cycloheximide (01810) was obtained from Sigma.

Genetic modification of FN RMS cells

PLKO.1 lentiviral shRNA particles targeting PTEN (TRCN0000002746) were obtained
from Sigma. PLKO.1 control vector targeting GFP was obtained from Addgene (30323).
Myc-tagged PTEN pLenti lentivirus particles were obtained from Origene (cat #
RC202627L3V). The empty pLenti vector was also obtained from Origene. SMS-CTR

or RD cells were transduced with viral particles in the presence of 8 ug /mL polybrene,
incubated for 48 hours, and then split into selection with 2 pg/mL puromycin. Cells were
cultured in the presence of puromycin for one week prior to confirming PTEN knock-down
or over-expression by immunoblot. Puromycin was removed one week prior to treatment
studies.

Cell growth assay

Time-course viability curves were generated by quantifying percent cell confluence from
phase contrast images using an Incucyte SX5 (Essen Bioscience) as previously described
(23). Cells were plated to achieve 20% confluence at the time of drug dosing. Each condition
was assayed in quadruplicate (i.e., four observational units per experimental unit (24)).
EC50 values were calculated using the log inhibitor versus response — variable slope non-
linear curve fit function in GraphPad Prism (8.4.3).

Matrix combination assays

Assay-ready plates (Aurora E8; white, solid-bottom, 1,536-well) were prepared by acoustic-
droplet spotting of 25 nL DMSO-solvated trametinib (Echo 550) and 1 pL culture media-
solvated ganitumab (Echo 525) to each well. Cells were harvested with trypsin (Gibco;
25300054) and dispensed (Combi MultiDrop) into assay-ready plates to yield 500 cells/well
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in 5 uL assay volume. Plates were covered with breathable metal lids (Kalypsys) and
incubated at 37 °C, 5% CO, for 72 hours. To determine cell viability, 2.5 pL CellTiter-Glo
reagent (Promega) was dispensed (BioRaptr) into each well. Luminescence was read on a
ViewLux instrument (Perkin-Elmer). Values were normalized to DMSO control and synergy
calculations were completed as reported previously (25). To deconvolute synergistic synergy
versus potency, data were further analyzed by Multi-dimensional Synergy of Combinations
(MuSyC) Analysis (26,27) using an online tool (https://musyc.lolab.xyz) and are presented
as mean +/- 95% confidence interval.

Annexin V assay

RD or SMS-CTR cells were treated with vehicle (DMSO), 10 nM trametinib, 100 or 1000
nM ganitumab, or trametinib/ganitumab for 48 hours prior to analysis as described (23).

Six biological replicates (experimental units) per condition are shown. The six treatment
conditions comprise a 2 X 3 factorial structure. The two levels were trametinib (0, 10

nM) and ganitumab (0, 100, 1000 nM). Preliminary analysis indicated that the residuals
were heterogeneous, so an arcsine square root transformation was performed on the data
prior to formal analysis. A factorial ANOVA was conducted on the transformed annexin
positivity data to estimate the trametinib and ganitumab interaction effect and simple effects
(Supplemental Data File 2).

Capillary immunoassays

Cells in culture were treated as indicated, pelleted, and flash frozen. Cell lysates were
prepared in MPER (Thermo). Fresh frozen tumor samples were prepared in TPER (Thermo)
using a TissueRuptor. Lysates were analyzed as described (11). Primary antibodies are
listed in Supplemental Table 2. For the cell culture experiments, the data were made

up of three outcome variables (pERK, pAKT, IGF1R) from two cell lines (SMS-CTR,
RD). For each cell line, there were seven treatments of which six comprised a 2 x 3
factorial treatment structure. Trametinib was administered at 0 nM for 48 hrs, or at 10

nM for either 6 hr or 48 hr. Ganitumab was administered at three doses (hM): 0, 100,

1000. Each of the seven treatments were comprised of four experimental units. Preliminary
analysis indicated that the residuals were heterogeneous, so a Box-Cox transformation was
performed on the data to determine what type of transformation would homogenize the
residuals. After data transformation, and by cell line, each variable was subjected to a
one-way ANOVA. Graphical examination of the residuals confirmed that they were both
approximately normally distributed and homogeneous. Contrasts were constructed to test
for several effects detailed in Supplemental Data File 3. In a post hoc fashion, additional
pairwise comparisons were made, and are also detailed in Supplemental Data File 3. The
two-tailed F-test p-values from these pairwise comparisons were adjusted using Holm’s
method.

Immunoblot experiments

Antibodies used in this study are listed in Supplemental Table 2. Cells were treated as
indicated and lysates were analyzed essentially as described (11). Membranes probed with
phospho-specific antibodies were subsequently stripped with Restore Plus stripping buffer
(Thermo) and re-probed with antibodies for the corresponding total protein.
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Cell line xenograft experiments

Xenograft studies were approved by the Animal Care and Use Committee (ACUC) of the
NCI-Bethesda or the Frederick National Laboratory for Cancer Research (FNLCR). FNLCR
is accredited by AAALAC International and follows the Public Health Service Policy for

the Care and Use of Laboratory Animals. Animal care was provided in accordance with the
procedures outlined in the Guide for the Care and Use of Laboratory Animals. SCID beige
(CB17.Cg-Prkdcse@L yst?9-|Crl) mice were purchased from Charles River laboratories. All
animals were female, and all were injected at 4-8 weeks of age. For the SMS-CTR and RD
therapeutic enhancement studies, 2 million cells in a 1:1 mixture of reduced growth factor
basement membrane extract (BME, BioTechne) and Hanks balanced salt solution (HBSS)
were injected orthotopically into the gastrocnemius muscle in the left hind leg of 75 SCID
beige mice. When tumors reached 100 to 200 mm3, 50 of the mice were randomized based
on tumor volume and body weight using Studylog Animal Study Workflow Software into
vehicle, trametinib, ganitumab, trametinib/ganitumab combination, and vincristine treatment
groups with 10 mice per group. No formal power calculation was performed prior to the start
of this exploratory study, but the sample size of 10 mice per group is the standard used in the
animal facility. Please see Supplemental Data File 4 for sample size tables and Supplemental
Data File 5 for summary statistics of baseline tumor volume and body weight for all mouse
experiments.

Trametinib suspensions were prepared in vehicle (0.5% hydroxypropylmethylcellulose/0.2%
Tween 80/5% sucrose) weekly and stored at 4 °C until use. Trametinib was dosed in the
indicated groups in the morning 5 days a week at a dose of 3 mg/kg by oral gavage

(OG) (28); the vehicle group received the same volume of vehicle by OG. Ganitumab

was resuspended in normal saline at a concentration of 3 mg/mL and was administered to
indicated groups at a flat dose of 300 ug (100 pL) by intraperitoneal injection (IP) in the
afternoon twice a week (29). The vincristine group received 1 mg/kg weekly, diluted in PBS
immediately prior to injection in the tail vein (30).

Assigned treatments were administered for a period of 28 (SMS-CTR) or 35 (RD) days,
after which the mice were observed for tumor development and body weight changes. In
the SMS-CTR group, on day 71 after initial randomization, mice that had received the
trametinib/ganitumab combination were re-randomized to receive either tumor monitoring
(n = 4; because one mouse was euthanized prior to day 71 due to a non-treatment related
injury) or a second 28-day cycle of trametinib/ganitumab (7= 5, average tumor volume
roughly equivalent per group). The remaining 25 mice per cell line were randomized and
treatment began when tumors reached between 540 and 1000 mm3 (SMS-CTR) or between
250 and 900 mm3 (RD). Mice were treated as above. Two mice per group were euthanized 4
hours after the fifth dose of vehicle or trametinib for pharmacodynamic assessment and the
remaining mice were observed for tumor response (/7= 3 per group).

For studies to determine the long-term efficacy of trametinib/ganitumab, 2 million SMS-
CTR or BIRCH cells were injected orthotopically into SCID beige mice as described above
(20-24 mice per cell line). When tumors reached about 200 mm? (see Supplemental Data
File 5), animals were randomized to receive either vehicle or trametinib/ganitumab. Animals
were treated for a period of 70 days and then observed for tumor progression or recurrence
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and tolerability (assessed by body weight). Two mice per group were euthanized 4 hours
after the fifth dose of trametinib for pharmacodynamic studies, leaving 8-10 mice per group
for long-term follow up.

In all xenograft experiments, the tumor dimensions were measured twice a week (every 3—4
days) with digital calipers to obtain two diameters of the tumor sphere, from which the
tumor volume was determined using the equation ((L x W2) / 2 (where L = the maximum
diameter and W= the minimum diameter) (31). The whole hindlimb was included in the
measurement. Animals were euthanized when they reached tumor endpoint, defined as when
the leg measured greater than 18 mm in any direction. Animals were also euthanized if

the tumors showed signs of ulceration or caused significant discomfort to the animal, in
accordance with the humane endpoints recommended by the Institutional Animal Care and
Use Committee (IACUC).

Patient-derived xenograft experiments

PDX were provided from the St. Jude Childhood Solid Tumor Network as a single

cell suspension at a concentration of 6 million cells/mL in 90% FBS/10% DMSO (22).
PDX were propagated essentially as described (22). PDX passage #3 was used for drug
treatment experiments. In these experiments, NSG mice were injected orthotopically into
the gastrocnemius muscle in the left hind leg with SIRHB013758, SIRHB000026, or
SJRHB010927 cells as single cell suspensions in 1:1 mixture of HBSS and BME at a
concentration of 1 million cells per 100 uL. When tumors reached about 200 mm? (see
Supplemental Data File 5), mice were randomized to receive either vehicle or trametinib/
ganitumab (7= 10-12 mice per group). Two mice per group per PDX were harvested

4 hours after the fifth dose of trametinib or vehicle for pharmacodynamic analyses. The
remaining mice were treated for 70 days and then monitored for tumor progression or
recurrence (/7= 8-10 per group).

Trametinib pharmacokinetics assay

For studies evaluating the pharmacokinetics of trametinib in the presence or absence of
ganitumab, 2 million SMS-CTR cells were injected orthotopically into SCID beige mice as
described above. When tumors reached 114-167 mm3, the mice were randomized to receive
either trametinib alone or trametinib/ganitumab (r7= 6 per group). Mice received trametinib
at a dose of 3 mg/kg by oral gavage daily for 6 continuous days. Ganitumab (3 mg/kg) was
given IP twice a week for a total of three doses. Whole blood was collected in K,EDTA
tubes (Thermo) via terminal bleed (cardiac puncture) immediately before the seventh dose of
trametinib would have been administered (“Pre” group: three mice per group, six doses of
trametinib given) and 4 hours after the seventh dose of trametinib was administered (“Post”
group: three mice per group, seven doses of trametinib given).

Plasma was prepared by centrifugation at 3000 rpm for 10 minutes. Plasma samples were
measured via LC-MS/MS run alongside an eight-point standard curve ranging from 0.25—
500 ng/mL (duplicate observations units). Sufficient accuracy and precision (< 20%) as
well as good correlation to expected values (r= 0.99) were met. The plasma samples were
extracted using a 96-well solid-phase procedure (Evolute Express ABN, 30mg, Biotage
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Corp) with the aid of deuterated olaparib ([2H]g-olaparib) as an internal standard. Trametinib
and the internal standard were eluted off the plate using acetonitrile, which was evaporated
under a stream of nitrogen gas, and reconstituted with a water/acetonitrile mixture.

The extracted samples were chromatographically separated on a Waters XSelect HSS
pentafluorophenyl column (2.1 x 50mm, 2.5um) followed by tandem mass spectrometric
detection using a Waters Quattro Micro triple quadrupole mass spectrometer.

Tolerability studies

For studies evaluating the tolerability of trametinib/ganitumab, 2 million SMS-CTR cells
were injected orthotopically into SCID beige mice. When tumors reached 100215 mms3,
the mice were randomized into four treatment groups (vehicle, trametinib, ganitumab and
trametinib/ganitumab) with 15 mice per group. Whole blood was collected in K,EDTA tubes
by terminal bleed (cardiac punction) in three mice per group prior to initiation of treatment,
and then in three mice per group weekly. Twenty microliters of whole blood were used for
automated complete blood count determination (Hema vet 950). Plasma was prepared from
the remaining blood samples by centrifugation at 3000 rpm for 10 minutes. Plasma insulin
concentration in the fed state was assayed using the mouse ultrasensitive insulin ELISA

kit (Alpco, 80-INSMSU-EO01) according to the manufacturer’s instructions. The assay plate
was read on a Spectromax M5 (Molecular Devices). Normal serum insulin levels were
defined as per (32). We assayed plasma growth hormone levels using an ELISA kit (Alpco,
22-GHOMS-EO01) in a similar manner.

Electrochemilluminescence assay

Lysates from RMS cells and PDX adapted to cell culture were prepared according to

the manufacturer’s instructions. Protein concentration was determined by BCA assay and
lysates were diluted to a final total protein concentration of 2 mg/mL. Twenty-five puL

of these lysates were used in the insulin signaling panel (total protein kit, Meso Scale
Discovery, K15152C-1 and phospho protein kit, Meso Scale Discovery, K15151C-1).
Lysates were assayed in duplicate (two observational units per experimental unit). The
assay was read on a Meso Sector S600. Lysates from MCF-7 cells (Meso Scale Discovery,
Insulin Signaling Panel Whole Cell Lysate Set, C1151-1), with or without growth factor
stimulation, were used as a positive control.

Data Availability Statement

The data generated in this study are available within the manuscript and its supplemental
data files. Gene expression data analyzed in this study were obtained from GEO
(GSE108022 and GSE66533).

Statistical Analyses

Please see the supplemental material for the statistical analysis details.
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Drugs that specifically inhibit the MEK1/2 and the IGF2/IGF1R pathway synergistically
inhibit proliferation of RAS-mutated rhabdomyosarcoma cells

The combination of the MEK inhibitor trametinib and the IGF1R inhibitor BMS-754807
was effective in murine models of RAS-mutated RMS but the potential clinical translation
of trametinib/BMS-754807 was hindered by intolerability (11). We hypothesized that this
intolerability is likely due to the poly-pharmacology of BMS-754807, which potently
inhibits the activity of several receptor tyrosine kinases (insulin receptor, TrkB, Met) and
nonreceptor kinases (Aurora A, Aurora B, Jak2) in cell free-assays (19). To determine if
MEK inhibition would synergize with more specific inhibitors of IGF1R in RAS-mutant
RMS cells, we performed a 10X10 matrix combination assay in which viability of SMS-
CTR (HRAS Q61K) or RD (NRAS Q61H) cells were determined in the presence of varying
concentrations of both the MEK inhibitor trametinib and the IGF1R monoclonal antibody
ganitumab (Figure 1A). Using the Bliss Independence model, synergy was observed
between trametinib and ganitumab across multiple concentrations of each drug in both cell
lines tested. Since Bliss analysis conflates synergistic potency and efficacy into a single
score, we further assessed these parameters independently by Multi-dimensional Synergy of
Combinations (MuSyC) Analysis (26,27). We observed a >10-fold increase in the potency
of ganitumab (ECsg shift) in the presence of trametinib in both cell lines (SMS-CTR:
78-fold [95% confidence interval 16-147], RD: 12-fold [2.4-77]). We also observed a
6.2-fold [5.1-7.3] increase in the potency of trametinib in the presence of ganitumab in
SMS-CTR cells, while the potency of trametinib in RD was unaffected by the presence of
ganitumab (1.0-fold [0.35-2.5]). The efficacy of the combination approached 100% (0%
cell viability) in SMS-CTR cells at high doses of trametinib, thus combination therapy
had little effect on the overall efficacy. In contrast, in RD cells, the trametinib/ganitumab
combination showed a 42 [37-55] % increase in efficacy over either drug alone. These
results suggest that trametinib and ganitumab are synergistically potent in RD and SMS-
CTR, and synergistically efficacious in RD.

We also assessed the impact of the combination of trametinib and ganitumab on apoptosis
in FN-RMS using both flow cytometric assessment of annexin positivity (Figure 1B)

and immunoblotting for apoptotic markers (Figure 1C). A one-way factorial ANOVA

was performed to analyze the effect of trametinib and ganitumab on annexin positivity
(Supplemental Data File 2). Evidence strongly suggests that there was an interaction
between the effects of trametinib and ganitumab in both SMS-CTR (numerator/denominator
degrees of freedom [df] = 2/30; F-test p-value = 0.0002) and RD (df = 2/30; p = 0.0010).
Further examination of the simple effects strongly indicates that ganitumab alone did not
affect the percent of annexin positive cells in SMS-CTR (df = 2/30; p = 0.47) or RD (df =
2/30; p = 0.95). Conversely, simple effects analysis strongly suggests that trametinib with or
without ganitumab increased the percent of annexin positive cells in SMS-CTR (df = 2/30;
p < 0.0001) and RD (df = 2/30; p < 0.0001). Pairwise analysis (comparing trametinib 0

nM with trametinib 10 nM at the different ganitumab concentrations) strongly suggests that
the percent of annexin positive cells is increased in the presence of trametinib in SMS-CTR
and RD cells that were co-treated with either 100 nM or 1000 nM ganitumab, but not
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in the absence of ganitumab (Figure 1B). Increased PARP cleavage was also observed in
SMS-CTR and RD cells treated with the trametinib/ganitumab combination as compared to
cells treated with either single agent. Expression of the pro-apoptotic protein Bim, which
mediates the apoptotic response to MEK inhibition (33), was increased in both cell lines
treated with trametinib in the presence or absence of ganitumab (Figure 1C). These results
suggest that trametinib/ganitumab induces apoptosis in RAS-mutated RMS cells in part
through the upregulation of Bim.

We used quantitative capillary immunoassays to assess the mechanism of synergy between
trametinib and ganitumab in FN-RMS. Our evidence suggests that the interaction effect
between trametinib and ganitumab on ERK and AKT phosphorylation or total IGF1R
expression was weak (Supplemental Data File 3). However, similar to what was observed
with 100 nM trametinib (11), treatment for 6 or 48 hours with a clinically achievable
concentration of trametinib (10 nM) decreased ERK phosphorylation in SMS-CTR to a
greater extent than RD. Ganitumab alone did not affect ERK phosphorylation in either

cell line, however, decreased ERK phosphorylation was observed when ganitumab (100

nM or 1000 nM) was added for the final 6 hours of trametinib treatment, an effect that

is more pronounced in SMS-CTR (Figure 1D, top panel). Trametinib treatment alone
increased AKT phosphorylation in RD cells to a greater extent than SMS-CTR cells, while
ganitumab alone decreased AKT phosphorylation in both cell lines. The induction of AKT
phosphorylation due to trametinib treatment appeared to be attenuated in SMS-CTR but not
RD cells treated with both trametinib and ganitumab (Figure 1D, middle panel). Ganitumab
alone and in combination with trametinib decreased expression of IGF1R in RD cells to a
greater extent than SMS-CTR cells (Figure 1D, bottom panel), consistent with the antibody-
mediated receptor internalization and degradation observed in other cellular contexts (18).
Phosphorylated IGF1R was not reliably quantifiable in this assay due to the decrease in total
IGF1R. These data suggest that the synergy observed between ganitumab and trametinib in
RAS-mutated RMS cells is due in part to ganitumab attenuating trametinib-induced AKT
phosphorylation.

Combined trametinib and ganitumab treatment is efficacious in murine orthotopic
xenograft models of RAS-mutated rhabdomyosarcoma

We next sought to test the efficacy of trametinib/ganitumab in orthotopic RAS-mutated
RMS xenograft models. SCID beige mice were implanted with SMS-CTR or RD xenografts.
When tumors were palpable the animals were randomized to receive one of five treatments:
vehicle, trametinib, ganitumab, trametinib/ganitumab, or vincristine, a chemotherapy agent
that is part of the standard-of-care regimen for upfront and relapsed FN RMS.

Mice bearing SMS-CTR xenografts were treated for a 28-day cycle, at which point treatment
was stopped and the animals were observed for tumor regrowth. We observed tumor
shrinkage in the single agent trametinib, ganitumab, and vincristine arms, but tumors regrew
in these conditions immediately upon cessation of treatment. The tumor shrinkage in the
ganitumab arm was notable given the modest efficacy of this agent /n vitro, suggesting
ganitumab may play a role in modulating the tumor microenvironment in addition to
inhibiting the growth of the tumor cells themselves. Combined trametinib and ganitumab
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treatment led to a 40-day off-treatment period during which no tumors recurred. After
tumors were observed to regrow in these animals (between days 70 and 74), the mice in the
initial trametinib/ganitumab group were re-randomized to either observation or to a second
28-day cycle of trametinib/ganitumab. The tumors again fully regressed with trametinib/
ganitumab treatment; however, the period of remission was shorter after cessation of cycle 2
than after cycle 1 (Figure 2A, left and Supplemental Figure 1A, top, as well as Supplemental
Data File 6).

In RD xenograft models, vehicle-treated mice did not reach endpoint at 28 days due to
slower tumor growth, therefore, the mice were treated for a period of 35 days. After initial
tumor regression, on-treatment tumor regrowth was observed in each of the treatment arms
except the vincristine arm. Tumors regrew in the vincristine arm immediately after the
cessation of treatment (Figure 2A, right and Supplemental Figure 1A, bottom, as well as
Supplemental Data File 7). These data suggest that the trametinib/ganitumab combination
is more efficacious in SMS-CTR than RD xenografts, a conclusion that is consistent with
the results of the trametinib/BMS-754807 study (11) and the /n vitro trametinib/ganitumab
experiments (Figure 1). We had previously observed greater mouse body weight loss from
day 7 to day 21 of treatment with trametinib/BMS-754807 than with single agents (11). In
the current study, we did not observe decreased body weight during treatment. We observed
decreased body weight after treatment cessation in the trametinib, ganitumab, and vincristine
groups in the mice bearing SMS-CTR xenografts but not RD xenografts (Supplemental
Figure 1B), presumably due to difficulty accessing food with a large hindlimb tumor upon
tumor growth. This weight loss post-treatment introduced a degree of nonlinearity in the
data such that the rate of body weight change in the different treatment groups could not

be directly compared using linear regression. However, the data suggest that the trametinib/
ganitumab combination has little effect on weight in tumor-bearing SCID beige mice.

To further characterize the interaction between trametinib and ganitumab /n vivo, we
compared the mean tumor volumes at the end of the first treatment cycle in SMS-CTR and
RD xenografts (Figure 2B). In both SMS-CTR and RD, the effect of trametinib on tumor
volume was more pronounced in the absence of ganitumab, and the effect of ganitumab on
tumor volume was more pronounced in the absence of trametinib (Supplemental Data Files
6 and 7, LS-means). Bliss analysis of tumor volumes at the end of the first treatment cycle
reveals additivity between the treatments (Supplemental Data Files 6 and 7, Bliss), however;
factorial ANOVA of the data suggests that the interaction effect may be antagonistic at

the current dosing schedule. Despite the lack of evidence for synergy between trametinib
and ganitumab /n vivo, evidence does suggest tumor growth was inhibited best by the
combination of agents.

In the SMS-CTR xenograft model, our data suggest that mice treated with one cycle of
trametinib/ganitumab had a survival advantage compared to mice treated with vehicle (log-
rank unadjusted p < 0.001), trametinib (p = 0.003), ganitumab (p = 0.062), or vincristine
(0= 10.054) (Figure 2C, left, and Supplemental Data File 6). The effect of trametinib on

the median survival was similar in the presence or absence of ganitumab, and the effect of
ganitumab on the median survival was similar in the presence or absence of trametinib.
Interestingly, however, one cycle of trametinib/ganitumab was associated with a more

Clin Cancer Res. Author manuscript; available in PMC 2023 July 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hebron et al.

Page 12

pronounced survival advantage than what would be expected due to effects of trametinib
and ganitumab as single agents (p = 0.0003, Supplemental Data File 6). In contrast, for the
RD xenograft model, our data suggest that only vincristine treatment conferred a survival
advantage (Figure 2C, right, and Supplemental Data File 7). Overall, these results are again
consistent with the trametinib/ganitumab combination being more effective in SMS-CTR
than RD models.

To better characterize the response to trametinib/ganitumab in the SMS-CTR and RD
models, we delayed randomization and treatment initiation until larger tumors had
developed (=5 mice per treatment group). In this experiment, two mice per group were
euthanized after 5 days of treatment for histopathologic and pharmacodynamic assessment.
In mice bearing large SMS-CTR tumors, we observed complete tumor regression with
trametinib, ganitumab, trametinib/ganitumab, and vincristine treatment (Figure 2D, left).
Tumors regrew in each of the single agent treatment arms when the treatment was stopped,;
however, mice in the trametinib/ganitumab group experienced a 20-day remission off
treatment. In mice bearing large RD tumors, trametinib and ganitumab had modest effects,
and only vincristine induced tumor regression (Figure 2D, right). Increased fibrosis was
observed in tumors treated with the combination of trametinib and ganitumab in SMS-CTR
(Supplemental Figure 1C, H&E, left). In addition, decreased total IGF1R and decreased
phosphorylated ERK were observed, indicating target engagement for both ganitumab and
trametinib with this dosing schedule (Supplemental Figure 1C and 1D, left). Total IGF1R
was also decreased in RD tumors treated with trametinib and ganitumab. However, ERK
phosphorylation was largely unaffected by treatment with trametinib and ganitumab in the
RD xenografts, suggesting the dose of trametinib used was insufficient to lead to a decrease
in intratumoral ERK phosphorylation in this model (Supplemental Figure 1C and 1D, right).

Preclinical tolerability of the trametinib-ganitumab combination

Because ganitumab binds to murine IGF1R with high affinity (34), we were able to assess
the impact of ganitumab on the metabolism and tolerability of trametinib in our RAS-mutant
RMS xenograft models. To assess if ganitumab affects the plasma exposure of trametinib,
we treated SMS-CTR tumor-bearing SCID beige mice with either trametinib alone or
trametinib in combination with ganitumab for 7 days continuously. Trough (immediately
before dose would be due) and peak (4 hours after dose delivered) plasma trametinib levels
at steady-state (day 7) were determined by LC-MS/MS. Our data suggest that ganitumab
did not affect trough or peak levels of trametinib (Figure 3A). Importantly, the 3 mg/kg
dose of trametinib resulted in plasma trametinib levels close to the human Cyax (Novartis,
trametinib package insert), indicating that clinically relevant dosing was achieved in these
models.

Clinically, both trametinib (Novartis, trametinib package insert) and ganitumab (20,21) have
hematologic and metabolic side effects. To assess these effects when the drugs were given

in combination, we monitored body weight, analyzed complete blood counts (CBC; 20
variables), and measured serum insulin levels in SCID beige mice bearing SMS-CTR tumors
being treated with either vehicle, trametinib, ganitumab, or trametinib/ganitumab for a full
28-day cycle. In this tolerability study, we observed the expected tumor growth inhibition
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in all three treatment groups (Supplemental Figure 2A). Also as expected, we did not
observe body weight loss on treatment during this tolerability study (Figure 3B); however,
the sample sizes are small after day 14, so these results should be interpreted with caution.

The small sample sizes in this study (n7= 3 per group per time point) precluded formal
statistical analysis of how the different treatments interacted with the CBC parameters and
insulin levels over time. However, three subset analyses are reported here (Supplementary
Information, Statistical Analysis Details): 1) the factorial interaction effect (trametinib x
ganitumab) pooled over days 7 to 21; 2) the treatment effect pooled over days 7 to 21;

and 3) the time effect (days 1 to 28) pooled over treatment. For the third analysis, if the
time effect p-value was < 0.0025 then pair-wise comparisons were made between day 1
(untreated controls) and the other days (Supplemental Data File 8).

Prior to initiation of treatment (Day 1), serum insulin levels were below the normal range,
then increased to above the normal range on days 7 and 14, and mostly returned to below
the normal range on days 21 and 28 (Figure 3C and Supplemental Figure 2B). Quantile
regression results suggested that measured insulin levels were affected over time in this
study (p=0.0003, Supplemental Data File 8); however, our data suggest that the factorial
interaction effect between trametinib and ganitumab on serum insulin was weak (p = 0.55).
The data indicate a potential risk for transient hyperinsulinemia early in the treatment course
with trametinib and ganitumab; however, since 37% (22/60) of the insulin data are missing
due to sample hemolysis, the results for insulin should be viewed cautiously. Of note, we
attempted to measure serum growth hormone (GH) levels from the samples obtained in this
study because mouse GH is known to be affected by ganitumab treatment (34); however, GH
levels were below the limit of detection in all samples.

The absolute neutrophil count (ANC) was within normal limits prior to treatment initiation
and on day 7 of treatment, increased somewhat to above the normal range on day 14, and
then decreased to within the normal range on day 21 and 28 (Figure 3D and Supplemental
Figure 2C). Importantly, no neutropenia was observed in the study. Quantile regression
results indicated both a time effect (v < 0.0001, days 1-28) and treatment effect (o =
0.0003, days 7-21) on ANC. There was evidence for a treatment effect for the related CBC
variables, white blood count, percentage of neutrophils, and percentage of lymphocytes, as
well (p < 0.0025, quantile regression, Supplemental Data File 8). However, our data suggest
that the factorial interaction effect between trametinib and ganitumab was weak for ANC
(p=10.83). These effects on ANC in SCID beige mice are consistent with prior studies in
athymic nude mice (34).

Hemoglobin levels did not decrease below the lower limit of normal (11.0 g/dL) during
the tolerability study, but our data suggest that hemoglobin levels did decrease over

the treatment course (p = 0.0003, Figure 3E and Supplemental Figure 2D). Moreover,
evidence suggests that the factorial interaction between the effects of trametinib and
ganitumab on hemoglobin was weak (p = 0.89, quantile regression). Similarly, the mean
corpuscular volume (MCV) decreased steadily over the treatment course (p < 0.0001,
quantile regression, Supplemental Figure 2E), but remained within the normal range for
the course of the study. These data suggest that careful monitoring for microcytic anemia
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should be performed for longer treatment courses of either trametinib, ganitumab, or the
combination.

The platelet count was at the lower limit of normal prior to treatment initiation, increased

to within the normal range on day 14 and day 21, and decreased to near the lower limit

of normal on day 28 (Figure 3F and Supplemental Figure 2F). The platelet count did not
exceed the upper limit of normal over the course of the study (2972 K/uL), and our data
suggest that the factorial interaction between the effects of trametinib and ganitumab on

the platelet count was weak (p = 0.61, quantile regression). None of the remaining CBC
variables demonstrated a strong time effect (o= 0.0025, quantile regression). In summary,
the CBC and serum insulin data suggest that the trametinib/ganitumab combination did

not cause clinically significant hematological effects or sustained hyperinsulinemia in tumor-
bearing SCID beige mice in this tolerability study (28 days).

Determinants of intrinsic resistance to trametinib/ganitumab in orthotopic RAS-mutant
rhabdomyosarcoma models

The trametinib/ganitumab combination showed therapeutic efficacy in SMS-CTR but not
RD (Figure 2) xenograft models. Previous studies have demonstrated a low degree of
association between /n vitro induction of apoptosis and /n vivo response to ganitumab

as a single agent (35). Therefore, to further assess the efficacy of trametinib/ganitumab,

we employed multiple additional mouse models of RAS-mutated FN-RMS, including one
additional cell line xenograft model, BIRCH, and three patient-derived xenograft (PDX)
models (Supplemental Data File 9). In these experiments, we wanted to determine the
efficacy of long-term exposures to trametinib/ganitumab, so mice were treated until tumors
began to grow on treatment or for at least 45 days. To that end, the SMS-CTR experiment
was repeated, and instead of treating mice in 28-day cycles, mice were treated for 70

days. Mice with SMS-CTR tumors had tumor regression to a size undetectable with digital
calipers in the presence of trametinib/ganitumab and tumors did not regrow during the
prolonged treatment period; in fact, the tumors did not recur until 40 days after the end

of treatment (Figure 4A, top left). In the BIRCH cell line xenograft model, which like SMS-
CTR harbors an HRAS Q61K mutation, mice treated with trametinib/ganitumab had initial
tumor regression, but the tumors did begin to regrow at the end of the 70-day treatment
period (Figure 4A, top right). The response of RD cell line xenografts, in which mice had
tumor regression that was short-lived, is also presented in Figure 4A for comparison (top
center). Our data suggest that long-term treatment with trametinib and ganitumab increased
progression-free survival in each of the cell line xenograft models tested (Figure 4B, top).

In the PDX models, trametinib/ganitumab induced tumor regression in both SIRHB013758
(HRAS G13R, Figure 4A, bottom left) and SIRHB010927 (NRAS G13D, Figure 4A,
bottom right). The SIRHB000026 model (HRAS G13R and PIK3CA H1047R), however,
was resistant to trametinib/ganitumab (Figure 4A, bottom center). Evidence strongly
suggests that long term treatment with trametinib and ganitumab increased progression-free
survival in SJRHB013758 and SJRHB010927 but not SIRHB000026 (Figure 4B, bottom).

Pharmacodynamic markers of response to trametinib/ganitumab, pERK, pAKT and total
IGF1R, were assessed in each of these models using quantitative capillary immunoassays.
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ERK phosphorylation decreased as a result of trametinib/ganitumab treatment in each of the
cell line xenograft models. In the PDX models, a decrease in ERK phosphorylation was
observed only in lysates of SJRHB000026 tumors (Supplemental Figure 3A, left). AKT
phosphorylation decreased in the models that responded to trametinib/ganitumab (SMS-
CTR, BIRCH, SJIRHB013758, and SJRHB010927; Supplemental Figure 3A, center). IGF1R
expression decreased in just SMS-CTR, SIRHB013758 and SJRHB010927 (Supplemental
Figure 3A, right). Immunohistochemical staining of SIRHB013758 tumors using both H&E,
with which fibrotic regions are eosinophilic, and Masson’s trichrome, which stains fibrotic
regions blue, (Supplemental Figure 3B) revealed that the trametinib/ganitumab combination
increased tumor fibrosis, similar to what was observed in SMS-CTR tumors (Supplemental
Figure 1C). The SIRHB013758 tumor stroma was positive for phosphorylated ERK, which
complicates the tissue analysis and may explain why no change in ERK phosphorylation
was observed by capillary immunoassay in this model (Supplemental Figure 3A).

To confirm on target activity of trametinib and ganitumab in the additional models

of RAS-mutated RMS, we attempted to adapt the PDX models to cell culture. Both
SJRHB013758 and SJIRHB000026 were adapted to culture, but we recovered only tumor-
associated fibroblasts in a culture of SJRHB010927. Importantly, both the SJRHB013758
and SJIRHB000026 cells in culture express the myogenic master transcription factor
MYOD1 (Supplemental Figure 4A), credentialling these cell lines as rhabdomyosarcoma
lines. The SIRHB013758 cells are also able to undergo myogenic differentiation in the
presence of trametinib (Supplemental Figure 4A). Trametinib treatment inhibited ERK
phosphorylation in BIRCH, SIRHB013758, and SIRHB000026 cells (Supplemental Figure
4B), similar to the inhibition observed in RD and SMS-CTR cells (Figure 1D). Trametinib
treatment increased AKT phosphorylation in each of these cell lines, but ganitumab did not
impact AKT phosphorylation in the presence or absence of trametinib in these cell lines.
Despite the efficacy of the trametinib/ganitumab combination in BIRCH and SJRHB013758
xenograft models, these agents did not induce PARP cleavage in these cells /in vitro. Bim
expression was induced by trametinib in SJIRHB013758, but not BIRCH, and surprisingly,
Bim expression was induced in SJRHB000026, which did not respond to trametinib and
ganitumab (Supplemental Figure 4B), suggesting that Bim induction is not a reliable marker
of response to trametinib/ganitumab.

In RMS cells, the /n vitro response to IGF1R monoclonal antibodies is associated with
IGF1R expression (35). To determine if the /n vivo response to trametinib/ganitumab is
also associated with IGF1R expression, we performed a quantitative sandwich immunoassay
on lysates from RMS cell lines and PDX cell lines. Lysates from serum starved or IGF1-
stimulated MCF7 cells were used as positive controls for the assay. In this experiment,
we confirmed that SMS-CTR has higher IGF1R expression than RD or BIRCH (Figure
5A). Despite lower IGF1R expression, however, BIRCH tumors regressed in the presence
of trametinib/ganitumab. Notably, BIRCH cells express high levels of the insulin receptor
(InsR), therefore, agents that target both IGF1R and InsR such as BMS-754807 or
monoclonal antibodies specific for IGF1/2, may be more effective than ganitumab in

this model. SIRHB013758 cells, however, had low IGF1R and InsR expression but
SJRHB013758 tumors regressed in the presence trametinib/ganitumab. SJRHB000026,
which had a poor response to trametinib/ganitumab, also had very low IGF1R and
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InsR expression. These results suggest that in vivo response to trametinib/ganitumab is
weakly associated with IGF1R and InsR expression. In addition, response to trametinib/
ganitumab is weakly associated with expression of the IGF1R/InsR adaptor IRS1, and

the phosphorylation of IGF1R, InsR, and IRS1 (Figure 5A). Interestingly, SMS-CTR and
SJRHB000026 have copy number gain of IGF1R, while both SMS-CTR and SIRHB013758
have copy number gain of IGF2 (Supplemental Data File 1). Both models had a robust
response to trametinib/ganitumab, suggesting that IGF2 copy number gain might be a
biomarker of sensitivity to trametinib/ganitumab.

RMS tumors frequently display hypermethylation at the promoter of PTEN, a negative
regulator of the P13 kinase pathway. Interestingly, however, promoter hypermethylation

is only weakly correlated with decreased mMRNA expression of PTEN (Supplemental

Figure 5A-C). RD cells have PTEN promoter hypermethylation and display decreased
protein expression of PTEN, compared to other RMS cells (36). This decrease in steady-
state protein expression is observed in RD cells despite maintained RNA expression
(Supplemental Figure 5D). To test if the other models have alterations in PTEN expression,
we evaluated PTEN protein expression by immunoblot (Figure 5B). In this experiment,

we confirmed that PTEN expression in RD is decreased compared to the SMS-CTR and
BIRCH cell lines. PTEN expression was also decreased in SIRHB000026 cells, which also
harbors a PIK3CA mutation. Interestingly, AKT phosphorylation at S473 was not increased
at baseline in the SIRHB000026 cells (Figure 5B). Baseline AKT or ERK phosphorylation
is weakly associated with response to trametinib/ganitumab. However, the two cell lines
with the lowest PTEN expression are also the cell lines that did show tumor regression with
trametinib/ganitumab, indicating that PTEN expression could be a biomarker of response to
this combination.

The mechanism by which steady-state PTEN expression is decreased in RD is incompletely
defined. To assess if PTEN protein stability is impacted in RD, we compared PTEN levels
after cycloheximide (CHX) treatment in RD and SMS-CTR. CHX treatment decreased
PTEN levels to a greater extent in RD than SMS-CTR, suggesting that PTEN protein
stability is decreased in RD (Supplemental Figure 5E). Notably, RD is less sensitive to
trametinib as a single agent as compared to SMS-CTR.

To further investigate if PTEN loss contributes to resistance to trametinib, we used shRNA
to decrease PTEN expression in SMS-CTR. Approximately 50% knock-down in PTEN
expression was achieved, as determined by immunoblot (Figure 5C). In cell viability assays,
SMS-CTR cells expressing a control ShRNA (GFP) remained sensitive to trametinib, and
synergy with ganitumab was observed in these cells as evidenced by a shift in the IC50

to the left in the presence of 100 nM ganitumab (Figure 5D). In contrast, SMS-CTR cells
expressing PTEN shRNA were resistant to trametinib, although ganitumab did sensitize
these cells to trametinib (Figure 5D). Trametinib treatment (100 nM) decreased ERK
phosphorylation in SMS-CTR cells expressing PTEN shRNA (Figure 5C), suggesting that
these cells are less functionally dependent on the MAPK pathway (Supplemental Figure 6).

To confirm the role of PTEN in mediating RAS-mutated RMS sensitivity to trametinib, we
overexpressed Myc-tagged PTEN in RD (Figure 5E). RD expressing Myc-PTEN remained
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resistant to trametinib, but the presence of ganitumab markedly sensitized these cells

to trametinib (Figure 5F). PTEN overexpression potentiated the decrease in ERK and
AKT phosphorylation and increased the PARP cleavage induced by trametinib/ganitumab
treatment in RD cells (Figure 5E). These results are consistent with PTEN mediating
sensitivity to trametinib/ganitumab in RAS-mutated RMS.

Discussion

In this study, we show that the MEK inhibitor trametinib and the IGF1R inhibitor ganitumab
synergistically inhibit RAS-mutated RMS cell proliferation and induce apoptosis in cell
culture models. Mechanistically, ganitumab relieves the hyperactivation of AKT that is
induced by trametinib monotherapy. The trametinib/ganitumab combination induced tumor
shrinkage to below the limits of detection by digital calipers in five of the six xenograft
models tested (three cell line xenografts and two PDX). This tumor regression was durable
off treatment in two models (SMS-CTR and SJRHB013758). Tumor regression was noted
in large SMS-CTR tumors, suggesting that trametinib/ganitumab could have efficacy in
patients with bulk disease. The response to trametinib/ganitumab is weakly associated with
the specific RAS isoform mutation and the expression level of IGF1R. Interestingly, we
observed that the cell line and PDX models that did not have a response to trametinib/
ganitumab had alterations in the PI3K/PTEN/AKT axis. This observation could be clinically
important given that 8% of FN-RMS tumors harbor a mutation in one of the RAS isoforms
as well as PIBK/PTEN/AKT. Our current study is limited by small sample size (in some
cases = 1), and further preclinical and clinical validation is needed; however, our results
suggest that hotspot mutations in P/K3CA and alterations in PTEN expression could
function as biomarkers predictive of resistance to trametinib/ganitumab in RAS-mutant
RMS.

The FN RMS models described in the current work are unique in that they have a functional
dependency upon both the RAS/MAPK pathway and a specific RTK, IGF1R, such that
co-targeting MEK and IGF1R specifically is efficacious. However, we cannot rule out

the possibility that combined MEK and IGF1R inhibition in FN RMS cells might induce
activation of an additional RTK as a bypass mechanism. Wild type RAS and some RAS
mutants, such as KRASC12C  are responsive to upstream signaling from RTKs in RAS-
mutated cancer cells (37). Several RTKs, including EGFR, FGFR1, AXL, and IGF1R have
been implicated in the activation of wild type and mutant RAS in RAS-mutated cells, but
the precise RTK required is often cell-type or cell-state specific (38). Activation of RAS
downstream of RTK signaling requires the action of the RAS-selective guanine nucleotide
exchange factors, SOS1 and SOS2, as well as the molecular scaffold SHP2, creating

a functional dependency on these proteins in RAS-mutated cells (39-43). In addition,
RAF/MEK/ERK MAPK pathway inhibition in cells expressing either wild type RAS or
mutant RAS leads to relief of feedback inhibition resulting in the activation of several
RTKs, although the specific RTK activated by MAPK inhibition is also context specific.
For example, MEK inhibition induces upregulation and activation of the RTKs IGF1R and
ERBB3 in KRAS-mutated non-small cell lung carcinoma and colorectal carcinoma cells
(42,44,45). In KRAS-mutated pancreatic carcinoma cells, both upregulation and activation
of EGFR, HER2, PDGFRa and AXL are observed (46). This phenomenon is also observed
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in cells expressing wild type RAS, including triple negative breast carcinoma cells, in which
MEK inhibition upregulates and activates PDGFp, AXL, VEGFR2 and RET (47); and
BRAFmutant melanoma cells, in which BRAF or MEK inhibition increases PDGFRp and
IGF1R phosphorylation (48,49). Both the ability of RTK signaling to activate mutant RAS
and the upregulation of RTKSs in response to MAPK inhibition underly the synergy between
the MAPK inhibitors and either RTK or SHP2 inhibitors in cells expressing mutant RAS.

This study highlights the importance of a wild-type PI3K/PTEN/AKT axis for response

to trametinib/ganitumab treatment. Activating mutations in PI3K might confer resistance

to IGF1R inhibitors (50), such as ganitumab. Interestingly, we show that decreased PTEN
expression confers intrinsic resistance to MEK inhibition in FN RMS. PTEN loss is also
associated with intrinsic and acquired resistance to MAPK pathway inhibitors in AML

(51), non-small cell lung cancer (52), and melanoma (53). One possible mechanism by
which activating mutations in PI3K or PTEN loss could contribute to MEK inhibitor
resistance is by decreasing dependency on the RAS/MAPK pathway (Supplemental Figure
6). PTEN expression and activity is controlled at multiple levels in cancer cells, including
the epigenetic level, through promoter methylation; the transcriptional level, through
activation of transcription factors downstream of the MAPK or NOTCH pathways; the post-
transcriptional level, through the activity of multiple miRNAs; and the post-translational
level, through modifications that affect PTEN stability, localization, or protein: protein
interactions (54). Notably, a small percentage of RMS tumors have PTEN mutations or
copy number loss (55). Pten deletion in a mouse model of FN RMS results in less
differentiated and more aggressive tumors, underscoring the importance of this pathway

in rhabdomyosarcoma tumor development (56). Our future studies will focus on identifying
the molecular mechanism by which PTEN impacts sensitivity to MEK and IGF1R inhibitors
in FN-RMS.

Although the plasma concentrations of trametinib achieved in this study were within

range of clinically achievable levels, the differences in murine and human metabolism of
trametinib limits our ability to fully confirm this. We used the maximum tolerated dose of
trametinib in mice (3 mg/kg daily) (28). Trametinib has a longer half-life in humans (5.3
days) (57) than it does in mice (33 hours) (28), which complicates efforts to use a clinically
relevant dose of trametinib in mouse models. Recent work has suggested that a Cpj, of 10
ng/mL is achieved by the dose of trametinib that is FDA approved for adults (2 mg by mouth
daily). This Cp;p, is achieved in nude mice (58) using a lower dose of trametinib than was
used in this study, which employed SCID beige and NSG mice. We formulated trametinib
differently than the nude mice study, and the bioavailablity of our trametinib formulation
could be different. No pharmacokinetics studies of trametinib in pediatric populations have
been published to date, however, a recent study in adults showed that the C,ax achieved by
use of the oral solution of trametinib was higher than that achieved by the tablet form (59).
Importantly, the dose of ganitumab used in this study (300 ug IP twice a week) achieved a
Crax (285 pg/mL) in mice (18) that is roughly equivalent to the Cp,x Observed in humans
treated at the recommended phase 11 dose of ganitumab (341 pg/mL) (60), therefore, the
ganitumab dose used in this study is clinically achievable. Future work may explore the
efficacy of lower doses of trametinib in this combination.
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In summary, combined trametinib and ganitumab treatment is efficacious in a panel of RAS-
mutated FN RMS preclinical models at clinically relevant doses. The trametinib/ganitumab
combination also had an improved tolerability profile compared to other IGF1R/MEK
inhibitor combinations. The data presented here support the development of a phase I/11
clinical trial evaluating the safety and efficacy of the combination of trametinib and
ganitumab in pediatric patients with relapsed/refractory RAS-mutated RMS.
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Statement of Translational Relevance:

The RAS/MAP kinase and IGF1R pathways are both recurrently altered in PAX fusion
negative rhabdomyosarcoma. In this study, we show that co-targeting these pathways
with trametinib, a MEK inhibitor, and ganitumab, a monoclonal antibody against IGF1R,
is effective in RAS-mutant RMS preclinical models, and that this combination is well
tolerated in immunodeficient mice at clinically achievable doses of both agents. The
results support testing this combination in a phase I/11 clinical trial for pediatric patients
with relapsed or refractory RAS-mutant RMS.
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Figure 1: Trametinib and ganitumab synergistically inhibit RAS-mutant RM S viability.
(A) Matrix (10X10) plot for the combination of trametinib (0 to 1000 nM) and ganitumab

(0 to 5000 nM) in both viability (CellTiter-Glo, top) and Excess over Bliss (bottom) format
for SMS-CTR (left) and RD (right). (B) SMS-CTR (left) or RD (right) cells were treated
with vehicle, 10 nM trametinib, 100 nM ganitumab, 1000 nM ganitumab, or trametinib/
ganitumab in a factorial treatment structure for 48 hours, after which cells were stained
with Annexin V-APC and Sytox Green then analyzed by flow cytometry. Percent Annexin
positive cells were defined as the percentage of cells that were Annexin V positive and
Sytox positive or negative. Individual biological replicates (experimental units) are shown.
X-axis is not to scale. Exact p-values for pairwise comparisons are shown. ANOVA was
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performed on transformed data. (C) SMS-CTR (left) or RD (right) cells were treated with
vehicle, 10 nM trametinib, 100 nM or 1000 nM ganitumab, or trametinib/ganitumab for 48
hours, after which cells were harvested and the resulting cells analyzed for IGF1R protein
levels; phosphorylated and total forms of ERK and AKT; as well as the pro-apoptotic
proteins cleaved PARP and Bim. (D) SMS-CTR (left) or RD (right) cells were treated with
vehicle or 10 nM trametinib for 6 or 48 hours prior to treatment with either vehicle, 100
nM, or 1000 nM ganitumab for the final 6 hours (factorial treatment structure plus the

6 hour trametinib treatment condition). The treated cells were harvested and analyzed by
capillary immunoassay to quantitate the ratio of phosphorylated ERK to total ERK (top),
phosphorylated AKT to total AKT (middle), and total IGF1R to total protein (bottom).
Individual biological replicates (experimental units) are shown. X-axis is not to scale. Exact
p-values for pairwise comparisons are shown. ANOVA was performed on transformed data.
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Figure 2: Combining ganitumab with trametinib inhibitstumor growth and prolongs survival in
SMS-CTR but not RD xenogr afts.

(A) SCID beige mice bearing 100-200 mm3 SMS-CTR (left) or RD (right) xenografts were
randomized to receive the indicated treatments (10 mice per group). SMS-CTR xenograft-
bearing mice received treatment for 28 days and were then observed for tumor regrowth.
When tumors became palpable in the mice previously treated with the combination of
trametinib and ganitumab, these mice were re-randomized to receive either vehicle or
trametinib/ganitumab (cycle 2). RD xenograft-bearing mice received treatment for 35 days.
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Mean tumor volume + one standard deviation is plotted on a log, scale. Means are displayed
only if there are three or more tumor volume measurements at that time point. Dashed

lines indicate the beginning or end of a treatment cycle. Line graphs for individual mice

are shown in Supplemental Figure 1A. (B) Box plots of tumor volumes at the end of the
treatment period for SMS-CTR (left, 28 days) and RD (right, 35 days) xenografts. The
boxes represent quartiles, and the whiskers represent 1.5 X IQR. Dashed lines indicate the
tumor volume at the start of treatment. See Supplemental Data Files 4 (SMS-CTR) and 5
(RD) for statistical analyses of these data. (C) Overall survival of mice bearing SMS-CTR
(left, excluding mice treated with a second cycle of trametinib/ganitumab) or RD (right)
xenografts given the indicated treatments. The 95% confidence intervals are represented

by shading. The number of mice at risk for a given time point are indicated below the
Kaplan-Meier plots. (D) Line graphs of tumor volume as a function of treatment duration for
mice bearing SMS-CTR (left) or RD (right) xenografts receiving the indicated treatment. In
this experiment, tumors were allowed to grow to a volume of 540-1100 mm3 (SMS-CTR)
or 250-900 mm?3 (RD) prior to the randomization of mice into treatment arms (/7= 3 per
group). Each line represents data from a single mouse. One mouse with an SMS-CTR
xenograft that received trametinib treatment (Animal 140) was determined to have an outlier
response and is omitted from this graph. See Supplemental Data Files 2 and 3 for sample
sizes over time and baseline tumor volume/body weight summary statistics, respectively.
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Figure 3: The combination of trametinib and ganitumab iswell tolerated in SCID beige mice.
(A) SCID beige mice bearing SMS-CTR xenografts in the left hindlimb were treated with

trametinib alone or trametinib and ganitumab (combination) daily for a period of 7 days.
Plasma was obtained from mice (7= 3 per group) prior to (trough) or 4 hours after (peak)
the final (right) dose of trametinib and the trametinib concentration was determined by
LC-MS/MS. Individual data points from biological replicates (3 experimental units per
condition) are displayed. The Cpyax Of trametinib in adults given a single dose of 2 mg
(22.2 ng/mL) (Novartis, trametinib package insert) is indicated with a dashed line. (B) Line
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graphs of body weight as a function of treatment duration for four treatment groups of mice
used in the tolerability study; each line represents data from a single mouse. Days (77 per
group): 0 (15); 3, 7 (12); 10, 14 (9); 17, 21 (6); 24, 28 (3). Please see Supplemental Data
File 2 for further sample size information. (C) Box plots of serum insulin determined by
ELISA (Ultra Mouse Insulin ELISA, ALPCO) from SCID beige mice bearing SMS-CTR
xenografts and treated as indicated. The normal range for serum insulin for BALB/c and
C57BL/6 mice (0.3-0.5 ng/mL) is indicated by dashed lines (32). (D) Box plots of absolute
neutrophil count (ANC) determined from SCID beige mice bearing SMS-CTR xenografts
in the indicated treatment groups. The upper limit of normal for ANC (2.4 K/uL) for mice

is indicated by a dashed line. (E) Box plots of hemoglobin from SCID beige mice bearing
SMS-CTR xenografts treated as indicated as a function of duration of treatment. The normal
range for hemoglobin for mice (11.0-15.1 g/dL) is indicated by dashed lines. (F) Box plots
of platelet count determined from SCID beige mice bearing SMS-CTR xenografts treated as
indicated as a function of treatment duration. The lower limit of normal for platelets (592
K/uL) for mice is indicated by a dashed line. In panels C through F, the boxes represent
quartiles, and the whiskers indicate the maximum value within 1.5 X IQR; also, x-axis
values are not to scale. Values from individual animals are shown and are colored according
to the treatment group. In panels C through F, day 1 values are pre-treatment.
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Figure 4: Prolonged treatment with trametinib/ganitumab inhibitstumor growth and prolongs
survival in cell lineand patient-derived xenograft models of RAS-mutant RMS.

(A) Line graphs of tumor volume as a function of treatment duration (note different time
scales for each model) for mice bearing cell line xenografts (top; SMS-CTR, RD, BIRCH)
or patient-derived xenografts (bottom; SJRHB013758, SIRHB000026, SIRHB010927)
receiving vehicle or trametinib/ganitumab. Each line represents data from a single mouse
(n=8-10 per group). The RD data are reproduced from Figure 2 for comparison. Dashed
lines indicate the end of a treatment cycle. Data are plotted on a log, scale. Tumor volumes
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from animals that were euthanized prematurely (and censored from survival analysis)

or were determined to be outliers are not displayed but the raw data are available in
Supplemental Data File 7. (B) Overall survival of mice bearing cell line xenografts (top), or
patient-derived xenografts (bottom) treated with either vehicle or trametinib/ganitumab. The
95% confidence intervals are represented by shading. The number of mice at risk for a given
time point are indicated below the Kaplan-Meier plots.
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Figure_5: Response to trametinib/ganitumab correspondsto PTEN expression but not | GF1R
expression.

(A) Expression of IGF1R, insulin receptor (InsR), and IRS1 (left) as well as the ratio of
phosphorylated to total levels of IGF1R, InsR, and IRS1 (right) in RMS cell lines and PDX
cells adapted to cell culture were determined by an ECL-based sandwich immunoassay
(MSD). MCF7 lysates in the absence (starved) and presence of IGF1 were included as
positive controls. Technical duplicates (i.e., two observational units per experimental unit)
are displayed. (B) ERK and AKT phosphorylation in 10% FBS, as well as AKT, ERK1/2,
and PTEN expression were determined by immunoblot in RMS cell lines and PDXs

Clin Cancer Res. Author manuscript; available in PMC 2023 July 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hebron et al.

Page 34

adapted to cell culture. (C) ERK and AKT phosphorylation, as well as AKT, ERK1/2,

and PTEN expression were determined by immunoblot from lysates of SMS-CTR cells
engineered to express ShRNA for either GFP (control) or PTEN that were treated with

the indicated concentrations of trametinib for 6 hours. (D) Efficacy of trametinib and the
trametinib/ganitumab combination was determined in SMS-CTR cells engineered to express
shRNA for GFP or PTEN using percent confluence 72 hours after treatment as a marker

of viability. Cells were treated with varying concentrations of trametinib in the presence or
absence of ganitumab (100 nM). Percent confluence was determined by live cell imaging
(Incucyte SX5). Means of quadruplicate samples (observational units) are presented, error
bars indicate the standard deviation. (E) ERK and AKT phosphorylation, PARP cleavage,
and AKT, ERK1/2, PTEN, and Myc-tag expression were determined by immunoblot from
lysates of RD cells engineered to express empty pLenti vector or Myc-PTEN. Cells were
treated with were treated with 10 nM trametinib for 6 hours, or vehicle, 10 nM trametinib,
100 nM ganitumab, or trametinib/ganitumab for 48 hours. (F) Efficacy of trametinib and

the trametinib/ganitumab combination was determined in RD cells engineered to express
either empty vector or Myc-PTEN. Means of quadruplicate samples (observational units) are
presented, error bars indicate the standard deviation.
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