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ABSTRACT
◥

Kinase fusions have been identified in a growing subset of
sarcomas, but a lack of preclinical models has impeded their
functional analysis as therapeutic targets in the sarcoma setting.
In this study, we generated models of sarcomas bearing kinase
fusions and assessed their response to molecularly targeted therapy.
Immortalized, untransformed human mesenchymal stem cells
(HMSC), a putative cell of origin of sarcomas, were modified using
CRISPR-Cas9 to harbor a RET chromosomal translocation
(HMSC-RET). In parallel, patient-derived models of RET- and
NTRK-rearranged sarcomas were generated. Expression of a RET
fusion activated common proliferation and survival pathways and
transformed HMSC cells. The HMSC-RET models displayed sim-
ilar behavior and response to therapy as the patient-derived coun-
terparts in vitro and in vivo. Capicua (CIC)-mediated suppression

of negative MAPK pathway regulators was identified as a potential
mechanism bywhich these sarcomas compensate for RET orNTRK
inhibition. This CIC-mediated feedback reactivationwas blocked by
coinhibition of the MAPK pathway and RET or NTRK in the
respective models. Importantly, the combination of RET and ERK
inhibitors was more effective than single agents at blocking tumor
growth in vivo. This work offers new tools and insights to improve
targeted therapy approaches in kinase-addicted sarcomas and
supports upfront combination therapy to prolong responses.

Significance:Novel models of kinase-rearranged sarcomas show
that MAPK pathway feedback activation dampens responses to
tyrosine kinase inhibitors, revealing the potential of combinatorial
therapies to combat these tumors.

Introduction
The rapid development and routine clinical implementation of

next-generation sequencing formolecular diagnostics has significantly
increased the number of patients who can benefit from biomarker-
directed therapy. While significant progress has been made in the field
of carcinomas (e.g., lung, breast, colon), only a marginal benefit has
been achieved in patients with soft-tissue sarcomas. This is partly due
to the low prevalence of sarcomas (1% of malignancies), which limits
the number of patients for clinical trials. In addition, sarcomas
represent a highly heterogeneous group, with more than 100 different
entities recognized to date (1, 2).

Most sarcomas have either molecular alterations directly affecting
gene expression (e.g., transcription factor fusions or alterations in the

epigenetic machinery) that are historically challenging to target (3), or
a yet undefined driver. A small, but continuously growing proportion
of sarcomas harbor actionable oncogenic drivers that act mainly via
deregulation of RTK signaling. The successful targeting of KIT and
PDGFRA mutants in advanced/metastatic gastrointestinal stromal
tumors (GIST) with imatinib was the first demonstration of successful
application of targeted therapy to sarcomas (4). More recently, the
benefit of targeted therapy was observed in NF1-deficient and NTRK-
rearranged soft-tissue tumors treated withMEK andNTRK inhibitors,
respectively (5, 6).

The rarity and biological heterogeneity of soft-tissue sarcomas
present challenges for molecular subtype-specific investigation of
biology and therapy development. While murine models and ectopic
expression of cDNAs of genes of interest are commonly used to model
and study cancer biology, including sarcomagenesis, recent advances
in genetic engineering and human stem cell technologies present new
opportunities to improve sarcoma modeling. Our group and others
have previously demonstrated the feasibility of using CRISPR-Cas9–
mediated genomic editing in human cells to model chromosomal
translocation (7–9).

RET fusions have recently been described in undifferentiated
pediatric sarcomas (10, 11). While many of these fusions appear
within the infantile fibrosarcoma spectrum (ETV6-NTRK3 fusions
are more typically expressed in this histology), it is important to note
that some cases occur in adults (10). The spectrum and prevalence of
RET fusion–positive sarcomas in adults are yet to be definedwell. Here,
we used CRISPR-Cas9 and immortalized, untransformed human
mesenchymal stem cells (HMSC) as putative cells-of-origin of soft-
tissue sarcomas to model a RET oncogene fusion, SPECC1L-RET,
which was first identified in a sarcoma. To complement this genomi-
cally engineered model, we generated the first patient-derived xeno-
graft model and primary cancer cells from a sarcoma harboring this
RET fusion. We used these novel preclinical sarcoma models to
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investigate oncogenic properties of RET fusion and explore different
therapeutic strategies. We show that dynamic feedback regulation of
the MAPK pathway via Capicua (CIC) impinges on growth and
response to RET-targeted therapy. Importantly, we found that a
combination of RET and ERK inhibitors is more effective in vivo at
suppressing tumor growth than monotherapy. We extended these
findings to an ETV6-NTRK3-rearranged infantile fibrosarcoma
patient-derivedmodel, supporting the broader relevance of our results.

Materials and Methods
Materials

All cell culture growthmedia, antibiotics, and PBS were prepared by
the MSK Media Preparation Core Facility. FBS was procured from
Atlanta Biologicals. Primocin was obtained from InvivoGen. Human
mesenchymal stem cells (HMSC) were obtained from Lonza.
HEK293T cells were purchased from ATCC (RRID:CVCL_0063). All
other cell lines were generated as described below. Small-molecule
inhibitors (except LOXO-292) were obtained from Selleckchem. Pro-
mega’s Caspase Glo 3/7 activity kit, AlamarBlue viability dye, tissue
culture plastic wares, and all Western blotting reagents were obtained
from Thermo Fisher Scientific. Protease inhibitor cocktail, RIPA lysis
buffer (10�), cloning discs and all other chemicals not listed above
were purchased fromEMD-Millipore Sigma. All oligonucleotides used
for PCR assays were custom designed by the authors and obtained
from Integrated DNA Technologies. The small-molecule RET inhib-
itor LOXO-292 (selpercatinib) was provided by LOXO Oncology. For
Western blotting and IHC, the antibody clones, manufacturers, and
dilution used are listed in Supplementary Table S1.

Growth and propagation of cell lines
All cell linesweremaintained in a humidified incubator infusedwith

5% CO2 and subcultured when the stock flasks reached approximately
75% confluence at a 1:3 dilution. All cell lines were maintained in
DMEM:F12 (high glucose) growth medium supplemented with 10%
FBS and 100 mg/mL primocin (complete growth media). Cell lines
were tested for Mycoplasma every four months (MycoAltert Kit,
Lonza) with the most recent testing conducted three months prior
to completion of the studies in this manuscript. A new vial of cells was
thawed and used for up to 5–10 passages (every two months) and the
known fusion oncogene was verified by RT-PCR each time.

Patient, patient-derived xenograft models, and cell lines
The patient was given selpercatinib on a single patient use protocol

and the study was conducted in accordance with the Declaration of
Helsinki as previously reported (12). Tissue samples were collected
under an institutional IRB-approved biospecimen collection protocol
andwritten informed consent was obtained from the patients. Animals
were monitored daily and cared for in accordance with guidelines
approved by theMemorial SloanKetteringCancerCenter Institutional
Animal Care and Use Committee and Research Animal Resource
Center. The patient-derived xenograft (PDX) models SR-Sarc-
0001pdx (infantile fibrosarcoma, resected brain tumor metastasis
sample, SPECC1L-RET rearrangement) and the SR-Sarc-0002pdx
(infantile fibrosarcoma, cerebellar tumor sample, ETV6-NTRK3F617I

rearrangement) were generated by mincing the tumor specimens and
then mixing with 50% (vol/vol) Matrigel and implanted into the
subcutaneous flank of a 6-week-old female NOD/SCID gamma (NSG)
mouse (The JacksonLaboratory). PDX tumorswere transplanted for at
least three serial passages before the model was considered established
and used for efficacy studies. The SR-Sarc-0001 and SR-Sarc-0002 cell
lines were generated from PDX tumor tissues. Briefly, fresh tumors

were cut into small pieces and then digested in a cocktail of tumor
dissociation enzymes (Miltenyi Biotec, 130–095–929) in 5 mL serum-
free DME:F12 media for 30 minutes, 37�C, with vortexing every 5–10
minutes, according to manufacturer’s instructions. Digested samples
were resuspended in 45 mL complete growth media to inactivate the
tissue digestion enzymes and then cells were pelleted by centrifugation.
Finally, cells were plated in complete growth media and allowed to
propagate over multiple generations, trypsinized when necessary to
subculture, and eventually only single cells remained. Studies with the
SR-Sarc-0001 cells were conducted during the first five passages.

The immortalized HMSC-TS cell line was generated by sequential
lentiviral transfer of TERT (T) and SV40 large-T antigen cDNAs, into
primary HMSC cells (Lonza) and then stable cells were selected with
500 mg/mL geneticin and 1 mg/mL puromycin, respectively. Through-
out this article, the immortalized HMSC-TS cells are referred to as
HMSC. To faithfully model a SPECC1L-RET fusion, the following
guide RNAs (gRNA) were designed using benchling.com: RET intron
11 guide #1 TCACGCCACCATAAGCTGCG; RET intron 11 guide #2
CATCCGGAGCAGTCCCAAGT; SPECC1L intron 10 guide #1
GCAGTGTCAAGGTTTACACG; SPECC1L intron 10 guide #2
GAGAACCACTTTAACCCGGG. The placement of these gRNAs
aimed to minimize splicing interference by being positioned at least
50 to 250 bp from the splice site. To form a complete ribonucleoprotein
(RNP) complex, an sgRNA-specific Alt-R CRISPR-Cas9 crRNA,
universal Alt-R CRISPR-Cas9 tracrRNA and Alt-R S.p. HiFi Cas9
Nuclease V3 were combined (Integrated DNA Technologies). The
resulting RNP complex was introduced into HMSC cells by elec-
troporation (Amaxa nucleofector II system, Lonza). The cells were
seeded into 6-well plates thereafter. Seventy-two hours after nucleo-
fection, the cells were harvested, RNA isolated, and the expression
of SPECC1L-RET fusion in the pool of cells was confirmed using
RT-PCR. The cells were then seeded for subclonal selection at a
density of 5,000 cells per 10-cm dish. Single-cell colonies were
isolated using cloning discs and propagated in 96-well plates.
Expression of SPECC1L-RET fusion in the clones was tested using
RT-PCR. A clone of SPECC1L-RET–positive immortalized HMSCs
(HMSC-RET) was used in the subsequent experiments.

Xenograft formation of HMSC-RET cells
To test the tumorigenic potential of the isogenic cell lines, HMSC or

HMSC-RET cells were mixed with 50% (vol/vol) Matrigel and
implanted into a subcutaneous flank of female NSG mice (10 million
cells per flank). Each cell line was implanted into four mice. Once
tumors reached approximately 600 mm3, animals were sacrificed, and
xenograft tumors were transplanted to generate tumor seeds for
subsequent efficacy studies.

Efficacy studies
Fresh SR-Sarc-0001pdx samples or HMSC-RET xenograft tumor

samples (15 mm3) were cleaned, minced, then mixed with Matrigel
(50%) and implanted into a subcutaneous flank of 6-week-old female
NSG mice to generate xenografts. After randomizing into groups of
five, tumor-bearing animals were treated with vehicle, vandetanib
(50mg/kg, once daily) or selpercatinib (10mg/kg, twice daily; 25mg/kg,
twice daily) when tumors reached approximately 120–130 mm3

volume. Treatment was initiated 13 days after implantation for both
models in the monotherapy studies. This is indicated as day 0 for
treatment time on the graphs. In the drug combination studies,
treatment was initiated nine and 13 days after implantation of the
HMSC-RET and SR-Sarc-0001pdx tumors, respectively. Selpercatinib
was administered orally in 1% carboxymethyl-cellulose sodium and
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0.5% Tween 80 in deionized water. Vandetanib was administered
orally in 1% carboxymethyl-cellulose sodium in deionized water.
Tumor size and body weight were measured twice weekly. Tumor
volume was calculated using the formula: length�width2� 0.52. One
animal bearing HMSC-RET tumor in the selpercatinib group died
during the first week of treatment of an unknown cause; therefore, this
study arm had four mice at the completion of the experiment.

Immunofluorescence
Cells were seeded in 4-well Lab Tek II Chamber Slides (Thermo

Fisher Scientific). The following day, cells were fixed for 15 minutes
with 4% paraformaldehyde, washed, and incubated in blocking buffer
for 1 hour (PBS with 5% FBS and 0.3% Triton X-100). Blocking buffer
was aspirated and cells were incubated with primary antibody over-
night in the dark at 4�C. The following day, cells were washed,
incubated with fluorophore-conjugated secondary antibody for 1 hour
at room temperature in the dark, washed with PBS containingHoechst
33342 (1 mg/mL), thenmounted using ProLongGold Antifade reagent
(Cell Signaling Technology).

Whole-transcriptome sequencing and analysis
Cells were seeded in 6-well plates at a density of 500,000 cells per

well. The media were refreshed with DMEM:F12 media supple-
mented with 0.5% FBS the next day. Eighteen hours later, three
wells of HMSC-RET and SR-Sarc-0001 cells were treated with
100 nmol/L selpercatinib in DMEM:F12 media supplemented with
0.5% for 6 hours. Cells were then lysed, and total RNA extracted
using RNeasy Mini Kit (Qiagen). Whole-transcriptome sequencing
was performed by Genewiz. FASTQ files were aligned against the
human genome (assembly GRCh38) using RNASTAR aligner (13).
Gene read counts were estimated using featureCounts program
(RRID:SCR_012919) and GENCODE GRCh38 gene annotations
(RRID:SCR_014966). Gene expression analysis and Gene Set
Expression Analysis were performed using DEseq2 (RRID:SCR_015687)
and clusterProfiler (RRID:SCR_016884), respectively, in R programming
environment.

Histology
Tissue from HMSC-RET and SR-Sarc-0001 xenograft tumors was

fixed in formalin, embedded in paraffin, mounted on glass slides and
stained with hematoxylin and eosin.

Viability
For viability assays, cells were plated in clear-bottom, white 96-well

plates at a density of 7,500 cells per well and incubated with com-
pounds for 96 h as described previously (14). The relative number of
viable cells was determined using alamarBlue viability dye, and
fluorescence was measured using a Molecular Devices SpectraMax
M2multimodal plate reader (Ex: 485 nm, Em: 530 nm) (14). Data was
analyzed by non-linear regression and curves fitted using GraphPad
Prism software to generate IC50 values.

Apoptosis assay
For apoptosis assays, cells were plated directly into compounds at a

density of 25,000 cells per well in white, clear-bottom 96-well plates.
Each plate contained DMSO-treated wells as negative controls and
1 mmol/L carfilzomib-treated wells as positive controls. Caspase-3/7
enzymatic assay was performed 48 h after treatments using Caspase-
Glo 3/7 Assay System (Promega). Luminescence wasmeasured using a
BioTek SynergyH1microplate reader at 10-minute intervals (Agilent).
Each condition was assayed in triplicate determinations in at least two

independent experiments. Data were normalized to vehicle-treated
wells and analyzed by non-linear regression using Graphpad
Prism v8.0. The results of representative experiments are shown
(mean � SD).

Spheroids assay
For assessment of anchorage-independent growth, 3,000 cells were

plated into Corning Costar ultra-low attachment 96-well plates
(Thermo Fisher Scientific). Cells were observed visually and images
captured every 24 hours. AlamarBlue assay was used to assess met-
abolic activity.

Synergy analysis
For synergy analysis, cells were plated into internal wells of clear-

bottom, white 96-well plates at a density of 7,500 cells per well and
incubated with compounds for 96 hours as described previously (14).
Three to four plates were used for each combination of drugs for each
cell line, representing 3–4 replicates. The relative number of viable cells
was determined using AlamarBlue viability as described above. To
determine synergy or antagonism, we applied Combenefit software
tool using classical Loewe synergy model (15).

Preparation of whole-cell, cytoplasmic and nuclear extracts,
and Western blotting

ForWestern blotting studies of whole-cell extracts, cells were grown
in medium containing 10% FBS and then deprived of serum by
growing in medium containing 0.5% FBS for 24 hours prior to
inhibitor treatments and preparation of extracts. Protein levels and
phosphorylation state were detected byWestern blotting as previously
described (16). Cells were lysed in 1� RIPA lysis buffer containing
phosphatase and protease inhibitors. Cell lysis and extraction of
separate cytoplasmic and nuclear protein fractions was performed
using NE-PER Nuclear and Cytoplasmic Extraction Reagents kit
(Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions. Phosphatase and protease inhibitors were added to the reagents.
An approximate ratio of cytoplasmic to nuclear protein ratio of 4:1
yield was obtained. Whole-cell lysates and subcellular fractions were
denatured in 2� sample buffer at 55�C for 15 minjutes. Fifteen and
3.75 mg protein were resolved on 3%–8% NuPAGE Tris-Acetate gels
(Invitrogen) for cytoplasmic and nuclear samples, respectively. For
whole-cell extracts, 20 mg total protein was resolved on 4%–12%
NuPAGE or Bolt gels (Invitrogen). Proteins were transferred onto
polyvinylidene fluoride (PVDF)membranes, which were then blocked
in 3% (wt/vol) BSA in Tris-buffered saline supplemented with 0.1%
Tween-20 (vol/vol) for 1 hour at room temperature, and probed with
primary antibodies. Bound antibodies were detected with peroxidase-
labeled goat antibody raised to mouse or rabbit IgG (R&D Systems)
and imaged with enhanced chemiluminescence (ECL) Western blot-
ting detection reagent (GE Healthcare). Images were captured on
X-ray films. Western blotting was conducted at least two times from
independently prepared samples.

Generation of lentiviruses and transduction
Lentiviral plasmids carrying a nontargeting shRNA (NTsh) or

shRNAs targeting DUSP4 or DUSP6 were obtained from the MSK
RNAi Core Facility (TRC clones). To generate lentiviruses, plasmids
(packaging and transfer) were transfected into HEK293T cells using
FugeneHD transfection reagent and viral supernatant was harvested at
48, 72, and 96 hours after transfection and combined. Transduction
was performed in 6-well plates using 10 mg/mL polybrene transfection
reagent (17).
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RT-PCR experiments
For detection of the SPECC1L-RET fusion transcript in cell lines and

PDX, RNAwas extracted using RNeasyMini Kit (Qiagen) and cDNAs
were synthesized using SuperScript IV VILO (Thermo Fisher Scien-
tific) according to themanufacturer’s instructions. The SPECC1L-RET
fusion was detected by RT-PCR using 50-ACC AAA CCC TGC TGC
AGC TGC A-30 (forward, SPECC1L exon 10) and 50-TGC TCT GCC
TTT CAG ATG GAA GG-30 (reverse, RET exon 12) primers.

Statistical analysis
For animal studies, AUC analysis was used to compare the average

tumor volume between groups. Briefly, AUC values and their SEs
were computed as an estimation of the surface area between baseline
values (mean value of the tumor volumes at the beginning of the
treatment) and growth curves for vehicle and each treatment condi-
tions. Regression of tumor volume below the baseline value is indicated
by negative AUC values. Treatment response was compared to the
vehicle group using multiple Student t tests. All data was plotted and
analyzed using GraphPad Prism v8 software (RRID:SCR_002798).
IC50 values were compared using the 95% CI values for significance.

Data availability statement
Reagents created by our laboratory and used in this study can be

obtained by contacting the corresponding author directly.

Results
Generation of isogenic HMSC cells with a SPECC1L-RET
rearrangement using CRISPR-Cas9

Modeling sarcomas to investigate biology and develop therapy has
relied mainly on exogenous constructs in murine models or viral-
mediated cDNA overexpression in immortalized untransformed cells,
or cancer cells (18–20). Here we aimed to investigate the feasibility of
using human cells to introduce genomic alterations using the CRISPR-
Cas9 system to model sarcomas driven by a RET rearrangement.
HMSCs are believed to be the ultimate precursors for many cell types
that give rise to soft-tissues and are likely the putative cells-of-origin of
soft-tissue sarcomas (21, 22). The HMSCs were immortalized by
sequential expression of TERT and SV40 large T-antigen. We then
used CRISPR-Cas9 to introduce an oncogenic SPECC1L-RET fusion
by genomic alteration of the endogenous alleles of SPECC1L and RET
in the immortalized HMSC cells. This fusion was previously identified
in soft-tissue sarcomas of mainly children (10, 11). Guides targeting
introns 10 and 11 of SPECC1L and RET, respectively, were used
to enable aberrant recombination between these introns, resulting
in a chimeric gene encoding a fusion of exon 10 of SPECC1L to exon
12 of RET. HMSC cells harboring the SPECC1L-RET rearrangement
(HMSC-RET) demonstrated greater cellular atypia than parental
HMSC cells (Fig. 1A).

To have a patient-derived counterpart for the HMSC-RET model,
we generated PDX and cell line models (SR-Sarc-0001pdx and SR-
Sarc-0001cl, respectively) from a sarcoma harboring SPECC1L-RET
rearrangement (Fig. 1B). The initial clinical history of the patient from
which this tumor sample was obtained was previously published (12)
and here we report the follow-up clinical course (depicted schemat-
ically in Supplementary Fig. S1A). Given severe toxicities with con-
ventional chemotherapy, at 21 months of age, the patient was treated
with 48 mg selpercatinib, an FDA-approved RET inhibitor for lung
and thyroid cancers (23). She had a partial response after the first two
cycles of selpercatinib but then developed an isolated brain metastasis
at the right posterior temporal occipital junction, which was resected.

A PDXmodel was established from this resection (Fig. 1B). Histologic
characterization of the PDX tumor and the corresponding patient
sample is depicted in Supplementary Fig. S1B. The SPECC1L-RET
fusion was confirmed by RT-PCR in the HMSC-RET cells and the
patient-derived models (Supplementary Fig. S1C). The fusion point
was determined by sequencing of the PCR amplicon (Supplementary
Fig. S1D).

Following intracranial disease progression in the absence of an
acquired resistance mutation, selpercatinib dose was increased to
100 mg, and the radiographic response in all target lesions improved
to 66% (in aggregate) from baseline. The patient’s functional status
gradually improved from 30% to 70% on the Lansky scale with
selpercatinib therapy. She remained on selpercatinib monotherapy
until 42 months of age, when it became apparent that she had
progression of multiple brain lesions but otherwise stable extracranial
disease. The patient subsequently passed away.

Characterization of RET fusion–positive sarcoma cells
We characterized the sarcoma models with RET fusions by eval-

uating cellular signaling and tumorigenic properties. Anchorage-
independent growth is one of the cornerstones of malignant
transformation and is commonly tested to confirm oncogenic
properties (24). To determine whether CRISPR-Cas9–induced
SPECC1L-RET rearrangement conferred anchorage-independent
growth, HMSC-RET and HMSC cells were seeded into ultra-low
attachment plates and observed for spheroid formation, growth,
and metabolic activity. Both cell lines formed spheroids by day two
(Fig. 1C). However, only HMSC-RET spheroids showed growth
over the seven days of observation (Fig. 1C), with a corresponding
increase in volume of the spheroids (Fig. 1D). HMSC-RET spher-
oids also showed increased metabolic activity over time, consistent
with elevated growth (Fig. 1E). In contrast, HMSC spheroids
showed decreased metabolic activity by day two, followed by a
plateau (Fig. 1E). To gain some insights into the difference in
growth rates, we examined the expression level of proteins that
regulate proliferation and survival. HMSC-RET cells had higher
levels of the cell-cycle activator cyclin D1 and lower levels of both
the cell-cycle inhibitor P27 and the proapoptotic marker cleaved
PARP (Supplementary Fig. S2). These results suggest that the faster
growth rate of the HMSC-RET cells was likely due to prominent
activation of proliferation pathways and reduced cell death.

To determine whether the CRISPR-Cas9–induced SPECC1L-RET
rearrangement can transformHMSCs, we implanted the immortalized
control and RET-rearranged HMSC cells subcutaneously into immu-
nodeficient mice. HMSC-RET cells formed palpable tumors as early as
ten days after implantation and grew for more than three weeks, at
which point, tumor-bearing animals were sacrificed (Fig. 1F). All
implantations resulted in tumors. The control immortalized HMSCs
did not form tumors (Fig. 1F). Histologic characterization of the
resulting xenografts demonstrated disordered growth of undifferen-
tiated pleomorphic cells (Fig. 1G).

We next characterized the isogenic and patient-derived RET fusion-
positive cell line models by assessing expression and activation state of
known effectors of growth-promoting pathways. As expected, only
cells with RET fusion displayed RET protein expression (migrating in
SDS-PAGE at approximately 150 kDa, consistent with a predicted
translation of SPECC1L-RET transcript of 3861 bases encoding 1287
amino acids) and RET phosphorylation at two distinct sites, namely
Y905 andY1062 (Fig. 1H). Increased phosphorylation ofMEK1/2 and
STAT3 (S727) was also observed in both HMSC-RET and SR-Sarc-
0001 cells (Fig. 1H). Interestingly, only SR-Sarc-0001 cells displayed
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Figure 1.

Establishment of novel SPECC1L-RET–rearranged sarcoma models. A, Generation of a SPECC1L-RET chromosomal rearrangement using CRISPR-Cas9–mediated
genomic engineering in immortalized HMSC. B, Imaging of the brain metastasis of the SPECC1L-RET–rearranged sarcoma (left) that was used to establish SR-Sarc-
0001 PDX (PDXgrowth in time is depicted in the right panel)C,HMSCandHMSC-RETcellswere plated into ultra-low attachment plates to form spheroids and images
were captured every 24 hours. Data represent the mean� SD of 10 measurements. D, Spheroid volume. E, Metabolic activity of the spheroids was measured every
24 hours using alamarBlue cell viability dye. Resulting values were normalized to the initial values obtained at the first measurement (24 hours after seeding). Data
represent mean� SD of 12measurements. F,HMSCs and HMSC-RET cells were implanted subcutaneously (10million cells per implantation) to assess tumorigenesis.
All HMSC-RET implantations resulted in tumors (100% penetrance), while HMSCs did not form tumors. Data represent the mean � SD of 4 tumors. G, HMSC-RET
xenografts were extracted, fixed in formalin, and embedded in paraffin. Hematoxylin and eosin staining of the obtained tissue slides is shown. H, HMSC, HMSC-RET,
and SR-Sarc-0001 cells were serum-starved for 24 hours and then whole-cell extracts were prepared for Western blot profiling for the total and phosphorylated
proteins shown.
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elevated ERK1/2 phosphorylation, despite elevated phospho-MEK1/2
in bothRET fusion–positive cell lines. Therewas no detectable increase
in phosphorylation of AKT or elements of the mTOR pathway in cells
with RET fusion compared with the control HMSCs.

To determine the subcellular localization of SPECC1L-RET,
we performed immunofluorescence staining in the HMSCs,
HMSC-RET, and SR-Sarc-0001 cells using anti-RET anti-sera
(Supplementary Fig. S3). A primarily diffuse cytoplasmic signal
was observed in the HMSC-RET and SR-Sarc-0001 cells, consistent
with previously reported SPECC1L localization (25). Conversely,
only nuclear staining was observed in the parental HMSC cells with
the anti-RET antibody, presumably due to nonspecific antibody
staining (no signal was observed in these cells by Western blotting
analysis).

Expression of SPECC1L-RET sensitizes cells to RET inhibition
Having shown that cells with SPECC1L-RET fusion had higher

levels of RET phosphorylation and activation of downstream sig-
naling, we next sought to determine the efficacy of RET small-
molecule inhibitors on growth and cell signaling in our models with
RET fusion (Fig. 2A). Growth of HMSC-RET and SR-Sarc-0001
cells was inhibited by selpercatinib with IC50 values of 38 nmol/L
(95% CI: 26–55 nmol/L) and 66 nmol/L (95% CI, 46–94), respec-
tively, and at higher concentrations of cabozantinib [IC50: HMSC-
RET 389 nmol/L (95% CI, 297–506); SR-Sarc-0001 617 nmol/L
(95% CI: 504–754 nmol/L)] and vandetanib [IC50: HMSC-RET 662
nmol/L (95% CI, 581–748); SR-Sarc-0001 720 nmol/L (95% CI,
579–875)], demonstrating a potentially broad therapeutic window
compared with HMSCs where the IC50 values for growth inhibition
by selpercatinib, cabozantinib, and vandetanib were 1.6 mmol/L (95%
CI, undetermined-2.1 mmol/L), 2.9 mmol/L (95% CI, 2.1–4.1 mmol/L),
and 2.9 mmol/L (1.9–4.0 mmol/L), respectively. Treatment of
HMSC-RET and SR-Sarc-0001 cells with selpercatinib achieved
complete inhibition of RET phosphorylation (Y905 and Y1062) at
10 nmol/L and this was accompanied by loss of AKT, MEK1/2,
ERK1/2, and STAT3 phosphorylation (Fig. 2B). Phosphorylation of
S6 in SR-Sarc-0001 cells (inhibited with 10 nmol/L) was more
sensitive to selpercatinib compared with HMSC-RET cells (inhibited
at > 1 mmol/L; Fig. 2B).

Despite similar basal levels of phosphorylated ERK, AKT, and
STAT3 in HMSC and HMSC-RET cells (implying that no additional
activation was tolerated upon expression of the SPECC1L-RET onco-
protein), selpercatinib treatment resulted in reduced phosphorylation
of these proteins, strongly suggesting that the RET fusion coopted
them to drive proliferation. Phosphorylation of ERK, AKT, and
STAT3 remained largely unaffected by selpercatinib treatment in
HMSC cells (Fig. 2B). The lack of any further activation of ERK,
AKT, and STAT in HMSC cells when SPECC1L-RET is expressed
suggests that hyperactivation of these pathways may not be tolerated,
and feedback mechanisms likely exist to keep them from being
activated beyond a critical threshold.

We further aimed to establish if RET fusion–dependent growth was
associated with increased sensitivity to inhibition of downstream
signaling. We used small molecule inhibitors targeting MEK (trame-
tinib, cobimetinib, binimetinib), ERK (ulixertinib, SCH772984), AKT
(ipatasertib, MK2206), PI3K (alpelisib, pictilisib), and mTOR (rapa-
mycin, temsirolimus, torin 1, torin 2). The RET fusion–positive cell
lines did not show differential sensitivity to any of these agents
compared to parental HMSC cells (Fig. 2C). These findings imply
that inhibition of only one downstreampathway is insufficient to block
growth of cells driven by a RET fusion.

Selpercatinib inhibits proliferation and induces apoptosis in
RET-rearranged sarcoma models

To elucidate potential mechanisms behind the reduced number of
RET-rearranged cells after treatment with RET inhibitors, we inves-
tigated apoptosis by assessing caspase-3/7 enzymatic activity after
exposure to the RET inhibitors selpercatinib, cabozantinib, and van-
detanib. No increase in caspase-3/7 enzymatic activity was observed in
the control HMSCs at doses tested (0.001– 1 mmol/L) of each drug
(Fig. 3A). However, caspase-3/7 activation was observed following
treatment with 1 mmol/L selpercatinib (HMSC-RET: 2.6 � 0.07-fold,
P < 0.0001; SR-Sarc-0001: 2.5� 0.17-fold, P < 0.0001) in HMSC-RET
and SR-Sarc-0001 cells, with EC50 values for enzymatic activation
overlapping with the IC50 values for growth inhibition (HMSC-RET,
selpercatinib EC50 77 nmol/L, 95% CI, 47–126 nmol/L; SR-Sarc-0001
selpercatinib EC50 39 nmol/L, 95% CI, 19–79 nmol/L; Fig. 3A).
Consistent with the viability assay results, selpercatinib outperformed
vandetanib and cabozantinib.

To better understand the signaling mechanisms that were
impaired and likely resulted in loss of cell growth, we treated
SR-Sarc-0001 and HMSC-RET cells with selpercatinib (100 nmol/L)
for up to 48 hours and examined the level of several markers of cell
cycle and apoptosis by immunoblotting. We observed downregula-
tion of the cell cycle activators cyclin D1 and cyclin D3, and
upregulation of the cell-cycle inhibitor p27 and the proapoptotic
markers cleaved PARP and BIM in both cell lines (Fig. 3B). In
HMSC-RET cells, induction of p21 was also detected (Fig. 3B).
Finally, decreased expression of ETV5, an oncogenic transcription
factor previously demonstrated to be part of RET signaling (26), was
observed (Fig. 3B).

Transcriptomic profiling reveals prominent RET-dependent
activation of the MAPK pathway

To investigate transcriptomic changes in our sarcoma models,
we performed whole transcriptome sequencing of the HMSCs,
HMSC-RET, and SR-Sarc-0001 cell lines, as well as selpercatinib-
treated HMSC-RET and SR-Sarc-0001 cells (100 nmol/L, 6 hours).
To rigorously detect mRNA changes associated with RET expres-
sion, we generated two orthogonal differential gene expression
datasets: (i) genes differentially expressed in HMSC-RET and
SR-Sarc-0001 cells compared with parental HMSC (Supplementary
Table S2); (ii) genes differentially expressed in HMSC-RET and
SR-Sarc-0001 cells after treatment with selpercatinib (Supplemen-
tary Table S3). Ranked lists of both datasets were submitted for
Gene Set Enrichment Analysis (GSEA) using “Hallmark” and
“Oncogenic signature” gene sets from the Molecular Signature
Database (Supplementary Table S4 for gene sets upregulated in
RET and Supplementary Table S5 for gene sets downregulated with
selpercatinib treatment; ref. 27). We further overlapped the significant
GSEA results (FDR q value < 0.01) from the two datasets to identify
consistent changes (positively enriched in RET fusion–positive cells and
negatively enriched with selpercatinib treatment or vice versa) that
could be attributed to RET activity with high confidence. As a result,
we identified 24 gene sets (Fig. 3C; Supplementary Table S6). A
close review of these gene sets revealed that 13 of 24 are related to the
MAPK pathway (e.g., KRAS- and RAF-related signatures, as well as
TBK1 and STK33 signatures that were previously reported as import-
ant coactors inKRAS-dependent oncogenesis; refs. 28, 29), confirming a
prominent role for this pathway in the oncogenesis and response to
treatment of RET-fusion positive cells. A cyclin D1 signature was
upregulated in RET fusion–positive cells and downregulated follow-
ing selpercatinib treatment. Correspondingly, expression of CCND1
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(which encodes cyclin D1) was upregulated in HSMC-RET and
SR-Sarc-0001 cells (two-fold increase compared with parental
HMSC cells, Padj < 0.001), and downregulated with selpercatinib
treatment (0.23-fold, Padj < 0.0001), consistent with our results from
immunoblotting analysis. No other pattern or pathway was prom-
inently represented in this analysis.

In vivo treatment of RET-rearranged soft-tissue sarcoma
models with selpercatinib induces a durable and complete
response

To extend our in vitro findings, we tested the effect of two
RET inhibitors on growth of SR-Sarc-0001pdx tumors in vivo. The
tumor volumes over the course of treatment are shown in Fig. 4A.
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SPECC1L-RET–rearranged sarcomamodels are sensitive to RET inhibition.A, Sensitivity of HMSC, HMSC-RET, and SR-Sarc-0001 cells to RET inhibitors was assessed
using alamarBlue cell viability assay after 96-hour treatment. Data represent the mean� SD of 6measurements. Resulting IC50 values and 95% CIs are shown in the
bottom right panel. B, Cells were treated with the indicated concentrations of selpercatinib for 90minutes, then whole-cell extracts were prepared forWestern blot
profiling. C, Sensitivity of HMSC, HMSC-RET, and SR-Sarc-0001 cells to different RET, MEK, ERK, AKT, PI3K, or mTOR inhibitors was determined. IC50 values are
shown as a bar plot. IC50 values and their 95%CIs of HMSC-RET and SR-Sarc-0001 cells were compared with the parental HMSCs to determine differential sensitivity.
� , P < 0.05; ns, not significant.
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Administration of selpercatinib resulted in no measurable disease in 3
of 5 mice with the 10 mg/kg twice daily dose and 5/5 in the 25 mg/kg
twice daily group by the 10th day of treatment (Fig. 4A andB). Human
equivalents of both doses are clinically achievable and well tolerated.

Growth inhibition but no regression was observed in tumors treated
with the RET multikinase inhibitor vandetanib. Treatment of animals
bearing the three tumors that appear to regress completely in the
selpercatinib 10 mg/kg twice-daily group was ceased to investigate the
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Invivo efficacyofRET inhibition inRET-rearranged sarcomamodels.A,SR-Sarc-0001pdx tumorswere implanted into the subcutaneousflankofNSGmice. Treatment
commenced 13 days after implantation. Data represents mean � SE of five tumors per group. While no tumor regression was observed with vandetanib, both
selpercatinib 10 mg/kg twice daily and 25 mg/kg twice daily induced complete responses in most tumors. B, The percent change in tumor volume on day 10 when
treatment was stopped. One tumor in the vandetanib group was too small to show up on the scale used. The numbers above the corresponding bar plots show the
AUC values used to statistically compare selpercatinib and vandetanib treatments to the vehicle group. The resulting AUC valueswere used to calculate the P values
displayed. C,Animals (three) in the selpercatinib 10 mg/kg twice daily group were observed for tumor recurrence after cessation of treatment. Complete responses
were sustained for 42 days with no therapy. After this point, each line on the graph represents an individual tumor. D, Mice bearing SR-Sarc-0001pdx tumors were
treated for two days with 10 mg/kg twice daily selpercatinib (three doses) or 50 mg/kg once daily vandetanib (two doses) and the tumors removed to profile cell
signaling, cell cycle, and apoptosis proteins using Western blot analysis. Two tumors (T) are represented from each group. E, HMSC-RET xenograft tumors were
treatedwith vehicle or 10mg/kg twice daily selpercatinib 13 days after implantation. Therewerefive animals per group.F,Thepercent change in tumor volumeonday
10when treatmentwas stopped. The numbers above the corresponding bar plots show theAUC values used to statistically compare the two conditions and calculate
the P value for the 10 mg/kg twice daily selpercatinib group. G, Histology of HMSC-RET xenograft tumors isolated at the end of the study. The selpercatinib-treated
tumors were composed of hypocellular stroma, consistent with necrotic scarring. BID, twice daily; QD, once daily.
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durability of the selpercatinib-induced responses. Remarkably, there
was no palpable tumor for up to 42 days, demonstrating durability of
response that persisted long after the expected drug clearance
(Fig. 4C). Tumor regrowth, however, was evident after this stage.

To corroborate our in vitro findings, we treated animals bearing SR-
Sarc-0001 PDX tumors for two days and then performedWestern blot
analysis to profile the activation state of signaling molecules, and
expression ofmakers of cell cycle and apoptosis. There was a high level
of correlation between in vivo and in vitro observations, namely
inhibition of RET, STAT3, AKT, and ERK phosphorylation. Induction
of proapoptotic markers (BIM and cleaved PARP) and cell-cycle
inhibitor proteins, and downregulation of cell-cycle activators (cyclin
D1 and D3) were also observed (Fig. 4D).

To support the above findings obtained in the patient-derived
model, we tested the efficacy of selpercatinib on the growth of
HMSC-RET xenograft tumors. Treatment with selpercatinib (10 mg/kg
twice daily) achieved significant tumor control, resulting in 60%–
70% reduction in tumor volume (Fig. 4E and F). After 14 days
of treatment, tumors were excised to compare histology. Remark-
ably, while dense cellular content was observed in the vehicle-
treated tumors, selpercatinib-treated tumors were composed of
hypocellular stroma, which was consistent with necrotic scarring.
It is thus likely that volumetric assessment underestimated the
therapeutic efficacy of selpercatinib in these xenografts.

Negative MAPK pathway regulators dynamically regulate RET-
induced activation and mediate restoration of MAPK activity
upon treatment

The data presented above indicate that theMAPKpathway is critical
in RET-induced oncogenesis and response to treatment. These results
prompted us to further define the interplay between RET fusion and
the MAPK pathway. First, we aimed to clarify the inconsistency
between a clear dependence of ERK1/2 and MEK1/2 phosphorylation
on RET kinase activity and lack of ERK1/2 hyper-phosphorylation in
HMSCs when SPECC1L-RET was introduced. On the basis of our
observation of increased MEK1/2 phosphorylation, we hypothesized
that phosphorylation of ERK1/2 immediately downstream ofMEK1/2
may be counterbalanced by ERK1/2 phosphatases, such as the dual-
specificity protein phosphatases (DUSP). Indeed, inspection of the
RNAseq dataset revealed overexpression of multiple members of the
DUSP family such as DUSP4, DUSP5, DUSP6, DUSP9, DUSP15,
DUSP10, and DUSP23 in RET fusion–positive cells (Padj < 0.05,
Supplementary Table S2). Treatment with selpercatinib significant-
ly suppressed expression of DUSP4, DUSP5, and DUSP6 in these
cells (Padj < 0.05, Supplementary Table S3). The expression of
DUSPs may play an important role in “titrating” MAPK activation
in the setting of mutational activation of signaling: we and others
have previously shown that, while DUSP6 is upregulated in KRAS-
mutated lung cancers, DUSP4 is downregulated in EGFR-mutated
lung cancers (30–32)

We further expanded our analysis to other negative regulators of the
MAPKpathway, such as sprouty (SPRY) and sprouty-related (SPRED)
proteins. SPRY1, SPRY2, SPRY4, SPRED1, SPRED2, and SPRED3
were significantly upregulated in RET fusion–positive cells (Padj< 0.05,
Supplementary Table S2). At the same time, SPRY4 and SPRED3 were
significantly downregulated with selpercatinib treatment (Padj < 0.05,
Supplementary Table S3), demonstrating a tight dynamic regulation of
MAPK pathway in these cells. We confirmed that the negative
regulators of the MAPK pathway were upregulated in our RET
fusion–positive models with immunoblotting for DUSP4, DUSP6,
SPRY2, SPRY4, and SPRED1 (Fig. 5A).

Our observations suggest that RET fusions increase MAPK path-
way output, which then activates mediators of a negative feedback
loop, resulting in suppression of ERK phosphorylation. However,
sustained expression of negative regulators in this scenario mandates
that the MAPK pathway output is also maintained. To confirm this
hypothesis, we immunoblotted for phospho-P90RSK, a substrate of
ERK1/2. Indeed, we observed a significant increase in phospho-
P90RSK in HMSC-RET cells when compared with parental HMSC
cells, despite equal levels of phospho-ERK1/2 and P90RSK in the two
cell lines (Fig. 5A, quantified in Fig. 5B). These findings suggest a
new dynamic equilibrium of phospho-ERK1/2 is established in these
cells when the activity of the MAPK pathway is increased. Of note,
MEK phosphorylation was higher in SR-Sarc-0001 cells than in
the HMSC-RET cells and this correlated with higher ERK phos-
phorylation despite the two cell lines having equivalent expression of
the negative regulators of the MAPK pathway (Fig. 5A). These
observations would suggest that direct phosphorylation of ERK
by MEK takes precedence over downregulation by phosphatases.
Nevertheless, SR-Sarc-0001 cells can still modulate the output from
ERK as evidenced by the lower expression of P90RSK, which
ultimately resulted in SR-Sarc-0001 and HMSC-RET having equiv-
alent phosphorylation of P90RSK (Fig. 5A).

We next aimed to determine the consequence of MAPK pathway
regulation on treatment with selpercatinib. To this end, we treated
HMSC-RET and SR-Sarc-0001 cells with selpercatinib (100 nmol/L)
for up to 48 hours and then examined the phosphorylation state and
expression level of the MAPK pathway actors and negative regulators
(Fig. 5C andD). Selpercatinib treatment induced sustained inhibition
of RET and SHP2 phosphorylation. In agreement with transcriptomic
findings, a decline in DUSP4 and DUSP6 (starting after 1 hour of
treatment) and SPRED1 and SPRY4 (starting at 12–24 hours after
treatment) protein levels were observed in our cells. This was accom-
panied by reactivation of MEK1/2, ERK1/2, and P90RSK. Restoration
of phospho-ERK was close to the basal level (84% of basal value)
following 24 hours of selpercatinib treatment in HMSC-RET cells.
In SR-Sarc-0001, a significant but less prominent reactivation of
ERK1/2 was also observed 24 hours after selpercatinib treatment
(3.3-fold increase above the 3-hour time point (P ¼ 0.003). To
further understand the relationship between pERK and DUSP4/6,
we performed shRNA-mediated knockdown of DUSP4 and DUSP6
and then examined pERK levels. shRNAs targeting DUSP4 and
DUSP6 effectively reduced expression of the corresponding pro-
teins and resulted in upregulation of pERK (Supplementary
Fig. S4A and S4B). Of note, only the shRNA that caused complete
loss of DUSP6 was effective at increasing pERK levels (Supplemen-
tary Fig. S4A and S4B).

To confirm that the changes in expression of the MAPK pathway
regulators can be attributed to the MAPK pathway output, we treated
HMSC-RET cells with aMEK inhibitor (trametinib, 100 nmol/L) and
an ERK inhibitor (ulixertinib, 500 nmol/L) for 1, 12, and 24 hours.
(Supplementary Fig. S5A). A rapid and profound decrease in
DUSP4, DUSP6, SPRY2, SPRY4, and SPRED1 protein expression
was observed following treatment with trametinib. These changes
were less prominent with ulixertinib treatment, consistent with
lower inhibition of phospho-P90RSK. Of note, while an increase in
ERK1/2 phosphorylation was observed with ulixertinib treatment at
all time points, only minor reactivation of phospho-ERK1/2
occurred at the 12 and 24 hours of trametinib treatment. This
observation suggests that interplay between residual MEK activity
and DUSP downregulation is responsible for ERK1/2 rebound in
selpercatinib treatment.
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Figure 5.

MAPK pathway is dynamically regulated in RET-rearranged cells and may impinge upon RET inhibition. A, HMSC, HMSC-RET, and SR-Sarc-0001 cells were
serum-starved for 24 hours and then whole-cell extracts were prepared for Western blotting. s.e, shorter exposure; l.e., longer exposure. One
representative immunoblot from two independent experiments is shown for each protein. B, Densitometry signals were quantified and normalized to
corresponding loading controls (total SHP2, MEK1/2, ERK1/2, and P90RSK for corresponding phosphoproteins; GAPDH for DUSP4 and DUSP6). The
resulting values were normalized to HMSC-RET. C, Cells were treated with 100 nmol/L selpercatinib for the indicated times and then whole-cell extracts
prepared for Western blotting. One representative immunoblot from two independent experiments is shown for each protein. D, Densitometry signals were
quantified and phosphoproteins were normalized to their corresponding totals while DUSP4 and DUSP6 were normalized to GAPDH. E, HMSC-RET cells
were treated with 100 nmol/L selpercatinib or 100 nmol/L trametinib for 1 and 24 hours, and then cytoplasmic and nuclear extracts prepared for Western
blotting. GAPDH represents a predominantly cytoplasmic protein control and HDAC1 represents a predominantly nuclear protein control. Selperc,
selpercatinib 100 nmol/L; Tram, trametinib 100 nmol/L; CICs, short CIC isoform; CICL, long CIC isoform. F, Schematic illustration of the proposed model of
RET–MAPK–CIC signaling.
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Inhibition of RET leads to nuclear accumulation of capicua
transcriptional repressor in RET fusion–positive cells

CIC is a transcriptional repressor functioning through a default
repression mechanism. Unless deactivated, it is located in the nucleus
and constitutively inhibits expression of multiple genes involved in
RTK signaling including several that we showed above to be regulated
by RET-induced MAPK signaling such as DUSP4, DUSP6, SPRY2,
SPRY4, SPRED1, and others (33–35). RTKs, in turn, can deactivate
CIC via the MAPK-P90RSK axis: P90RSK phosphorylates CIC, which
promotes its interaction with 14–3-3 and nuclear export (36, 37).
We therefore hypothesized that selpercatinib-induced downregu-
lation of the MAPK pathway regulators is mediated by nuclear
accumulation of CIC. To this end, we treated HMSC-RET cells for
one or 24 hours with selpercatinib (100 nmol/L) or trametinib
(100 nmol/L) to confirm participation of the MAPK pathway. We
then isolated nuclear and cytoplasmic compartments to determine
treatment-induced changes in subcellular localization of CIC. In
agreement with our hypothesis, selpercatinib and trametinib induced
a prominent increase in nuclear CIC, with a concomitant decrease in
the cytoplasmic fraction (Fig. 5E, longer exposure in Supplementary
Fig. S5B). Of the two known CIC isoforms, only the long isoform
(CICL) showed clear accumulation in the nucleus. A proposedmodel is
illustrated schematically in Fig. 5F.

Combination of RET and ERK inhibitors is synergistic in isogenic
and patient-derived RET-rearranged sarcoma models

We hypothesized that reactivation of ERK in cells treated with
selpercatinib results in lower therapeutic efficacy and that a combi-
nation of ERK andRET inhibitors would be synergistic. To this end, we
combined the ERK inhibitors ulixertinib (38) and SCH772984 (39)
with the RET inhibitor selpercatinib and applied Loewe synergy
analysis (15) to the growth data. This experiment was performed in
HMSC-RET and SR-Sarc-0001 cells, as well as parental HMSCs to
confidently attribute our findings to the RET–MAPK interaction.
Indeed, selpercatinib and ulixertinib were significantly synergistic in
35 of 36 combinations in HMSC-RET and 30/36 combinations in SR-
Sarc-0001, while no prominent synergy was observed in the parental
HMSC cells (1/36 synergistic, 2/36 antagonistic; Fig. 6A). Similarly,
combination of selpercatinib and SCH772984 was synergistic in 36 of
36 combinations in HMSC-RET and 30/36 combinations in SR-Sarc-
0001, while only 7 of 36 doses were synergistic and 3 of 36 antagonistic
in HMSCs (Fig. 6B).

To gain some insights into possible mechanisms of how combined
inhibition of ERK and RET could act synergistically, we looked at the
effect of the drug combinations on expression of markers of apoptosis
and proliferation. Treatment of HMSC-RET cells with a combination
of selpercatinib and ulixertinib was more effective at inhibiting ERK
pathway output, as measured by P90RSK phosphorylation, compared
with selpercatinib alone (Supplementary Fig. S6A). Combined inhi-
bition of RET and ERK was also more effective at inducing expression
of the proapoptotic protein BIM and the cycle inhibitors p21 and p27
(Supplementary Fig. S6A). Immunoblots were quantitated and are
shown in Supplementary Fig. S6B. These results suggest that the
synergistic effect of combined RET and ERK inhibitors likely results
from enhanced cell-cycle inhibition and apoptosis.

Combination of RET and MAPK pathway inhibitors is more
effective than single agents in vivo

Given the synergy observed above between RET and ERK in the
RET-rearranged sarcoma cell line models, we sought to examine the
efficacy of combined RET and MAPK inhibitors in vivo. Animals

bearing SR-Sarc-0001pdx or HMSC-RET xenograft tumors were
treated with vehicle, selpercatinib, ulixertinib, or trametinib as single
agents or in combination (Fig. 7). Inhibitor doses that would give less
thanmaximal effect as single agents were chosen for these studies. The
time course of treatment of the SR-Sarc-0001pdx model is given in
(Fig. 7A). AUC analysis was performed on data up to day 28 (last day
all animals were alive) and is illustrated in Fig. 7B, respectively.
Treatment with all single agents caused a significant reduction in
growth of SR-Sarc-0001pdx tumors (Fig. 7A), with selpercatinib
administration resulting in the greatest reduction in tumor growth
((Fig. 7B). Combined inhibition of RET and ERK, or RET and MEK
resulted in significant tumor shrinkage, which was superior to the
response seenwith any of the single agents (Fig. 7B). At the doses used,
the combination of ulixertinib and selpercatinib was the most effective
treatment, with all tumors in the group shrinking by >40% (Fig. 7C).
At the end of the study, the two sets of combinations were still more
effective than selpercatinib treatment alone (Fig. 7D). None of the
single agents or combinations had any adverse effect on animal health
or animal weight (Fig. 7E). These treatments and combinations were
also evaluated in the HMSC-RET xenograft model, yielding qualita-
tively equivalent results (Fig. 7F–J) with the combination of ulixertinib
and selpercatinib again the most active treatment strategy (Fig. 7H).

NTRK3-rearranged sarcoma displays dynamic modulation of
the MAPK pathway, providing a rationale for coinhibition of
NTRK and ERK

Finally, we wished to examine if other RTK fusion–driven sarcomas
show a similar pattern of MAPK pathway activation and feedback
regulation. NTRK fusions are also known oncogenic drivers in some
sarcomas, with ETV6-NTRK3 being the most common RTK fusion
occurring in infantile fibrosarcoma (IFS; ref. 40). Given the application
of NTRK kinase inhibitors to treat sarcoma patients (5), we investi-
gated whether feedback inhibition of the MAPK pathway may also act
to dampen the therapeutic efficacy ofNTRKkinase inhibitors as it does
for RET inhibitors. To assess this, we used a patient-derived ETV6-
NTRK3-rearranged IFS model (SR-Sarc-0002, immunoblotting char-
acterization in Fig. 8A). Consistent with our findings in the RET
models, SR-Sarc-0002 cells displayed overexpression of multiple neg-
ative regulators of the MAPK pathway, such as DUSP4, DUSP6,
SPRY2, and SPRY4 compared with HMSCs (Fig. 8A). As observed
in the RET-driven models, phospho-ERK levels in SR-Sarc-0002 cells
were comparable with HMSCs, despite elevated levels of pNTRK3
(Fig. 8A).

We next determined sensitivity of this model to different NTRK
inhibitors [entrectinib, TPX-0005 (repotrectinib), LOXO-195
(selitrectinib); Fig. 8B]. All inhibitors demonstrated comparable
efficiency with IC50 in the low nanomolar range. Treatment of SR-
Sarc-0002 cells with repotrectinib resulted in inhibition of NTRK3,
ERK1/2, AKT, STAT3, and S6 phosphorylation in a dose-dependent
manner (Fig. 8C).We further treated cells with trametinib, ulixertinib,
and repotrectinib for one, 12, and 48 hours and examined the
phosphorylation state of MAPK pathway effectors (Fig. 8D). Consis-
tent with our findings in the RET-rearranged models, every inhibitor
induced rapid suppression of DUSP4 and DUSP6. Interestingly,
expression of SPRY2 and SPRY4 was not prominently altered by
repotrectinib, whereas in the same experiment, trametinib and ulix-
ertinib showed strong suppression of SPRY2 and SPRY4 levels. All
inhibitors increased the levels of BIM and p27 and decreased expres-
sion of cyclin D1.

To determine whether inhibition of NTRK3, or the MAPK
pathway directly, may affect nuclear traffic of CIC in this model,
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we isolated nuclear and cytoplasmic fractions after treatment with
repotrectinib (250 nmol/L) and trametinib (100 nmol/L) for 1 and
24 hours (Fig. 8E). Although there was no significant enrichment
of nuclear CIC at 1 hour of repotrectinib treatment, increased
nuclear:cytoplasmic ratio was observed at 24 hours of repotrectinib
and at 1 and 24 hours of trametinib treatment (Supplementary
Fig. S7A). The less prominent inhibition of P90RSK phosphory-
lation observed at one hour of repotrectinib treatment may be

responsible for the delay in nuclear CIC accumulation (Fig. 8E;
Supplementary Fig. S7B).

We further combined repotrectinib with ulixertinib, SCH772984, or
trametinib and assessed the effects of these drug combinations on cell
growth. These combinations demonstrated significant synergy with 17
of 45 significantly synergistic combinations in SCH772984, 15 of 45 in
ulixertinib, and 14 of 45 in trametinib (Fig. 8F), albeit less so than in
the RET-rearranged models.

Figure 6.

Combination of RET and ERK inhibitors is synergistic in RET-rearranged cells. A and B, HMSC, HMSC-RET, and SR-Sarc-0001 cells were treated with the indicated
combinations of selpercatinib and ulixertinib (A) or selpercatinib and SCH772984 (B) for 96 hours and then cell viabilitywas determined. Loewe synergy analysiswas
applied to determine each combination synergy score and their statistical significance. Resulting scores are shown as a contourmap (top) or amatrix table (bottom).
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Figure 7.

Combine targeting of RET and MEK or ERK is more effective at inhibiting tumor growth than single agents. Mice bearing SR-Sarc-0001pdx or HMSC-RET xenograft
tumors were treated with vehicle, selpercatinib (Selpercat), ulixertinib (Ulix), trametinib (Tram), or the indicated combinations. A, Volume of SR-Sarc-0001pdx
tumors. Treatment began 13days after implantation (day0ongraph).B,AUCanalysis of data up today28of treatment (last day that all animalswere alive). Themean
tumor volume of each treatment group was significantly different from the vehicle group (P < 0.0001). C, AUC analysis of data up to day 42 of treatment (last
measurement). D, Percent change in volume of individual tumors on day 28. The mean� SEM values are shown above the bars. All data represent the mean tumor
volume� SEMoffive tumors. E,Animalweight. No treatment caused a statistically significant change in animalweight or other aspects of health. F,VolumeofHMSC-
RET xenograft tumors. Treatment began nine days after implantation (day0ongraph).G,AUCanalysis of data up to day 11 of treatment (last day that all animalswere
alive). Tumor volumeof all treatment groupswas significantly different from the vehicle group (P<0.0001).H,AUCanalysis of data up to day31 of treatment (last day
all animals were alive in the three groups). I, Percent change in volume of individual tumors on day 11. The mean � SEM values are shown above the bars. All data
represent themean tumor volume� SEM of five tumors. J,Animal weight. No treatment caused a statistically significant change in animal weight or other aspects of
health. BID, twice daily; QD, once daily.
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Figure 8.

ETV6-NTRK3–rearranged sarcoma model confirms a broad role of MAPK regulation in RTK oncogenesis and response to therapy. A, HMSC and SR-Sarc-0002
(ETV6-NTRK3F617I–rearranged infantile fibrosarcoma cell line) cells were serum-starved for 24 hours and then whole-cell extracts were prepared for Western
blot profiling. B, SR-Sarc-0002 cell were treated with the indicated doses of repotrectinib (TPX-0005), entrectinib, and selitrectinib (LOXO-195) for 96 hours and
then cell viability was assessed using alamarBlue. Data represent the mean � SD of three measurements. C, SR-Sarc-0002 cells were treated with the indicated
doses of repotrectinib for 90 minutes and then whole-cell extracts were prepared for Western blot profiling. D, SR-Sarc-0002 cells were treated with trametinib
(100 nmol/L), ulixertinib (500 nmol/L), or repotrectinib (250 nmol/L) for the indicated times and thenwhole-cell extracts prepared forWestern blotting. s.e., shorter
exposure; l.e., longer exposure. E, SR-Sarc-0002 cells were treated with repotrectinib (250 nmol/L) or trametinib (100 nmol/L) for 1 and 24 hours and nuclear and
cytoplasmic extracts were prepared for Western blotting. Repo, repotrectinib 250 nmol/L; Tram, trametinib 100 nmol/L; m.e., medium exposure. F, SR-Sarc-0002
cells were treated with the indicated combinations of repotrectinib and SCH772984 (left), repotrectinib and ulixertinib (middle), and repotrectinib and trametinib
(right) for 96 hours and then cell viability was determined. Loewe synergy analysis was applied to determine the synergy scores and their statistical significance
for each combination. Resulting scores are shown as a contour map (top) or a matrix table (bottom). Representative immunoblots from two independent
experiments are shown in A, C, D, E.
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Discussion
Here, we report the characterization of patient-derived and isogenic

in vitro and in vivomodels of RET fusion–driven soft-tissue sarcoma,
to our knowledge the first such sarcoma models. While the patient-
derived models closely recapitulate the characteristics of patient
tumors, engineered isogenic models allow for comparative studies to
provide novel insights into receptor tyrosine kinase (RTK)-driven
sarcomagenesis. In addition, isogenicmodels can be invaluable in cases
of rare entities, where a paucity of models hampers advancement in
therapy development or understanding tumor biology. We employed
immortalized untransformed HMSCs, which are considered a rational
choice to approximate the putative tumor-initiating cells of soft-tissue
sarcomas (41, 42) to demonstrate how these cells may be exploited
to investigate sarcoma biology and therapy development, using RET
fusion as proof-of-concept. Importantly, we opted for a lentiviral-
free, CRISPR-Cas9–induced system to introduce the RET chromo-
somal translocation to more closely reproduce naturally occurring
tumorigenesis since the endogenous alleles were altered, ensuring
appropriate physiological oncogene expression level. Specifically,
CRISPR-Cas9–generated fusions retain their native promoter,
genomic location, and required splicing so that their regulation is
more representative of the naturally occurring gene fusions driving
human malignancies. Alternative methods, such as cDNA over-
expression, while easier to execute, come at the cost of an ectopic
genomic placement of a sole transcript isoform constitutively
expressed from a strong promoter, often at supraphysiologic levels.

Introduction of the RET fusion induced anchorage-independent
growth inHMSCs, thereby confirming its oncogenicity in vitro. In vivo,
subcutaneous implantation of HMSC-RET, but not HMSC, leads
to rapid and sustained growth in mice. The resulting HMSC-RET
xenograft tumors resemble undifferentiated pleomorphic sarcomas.
HMSC-RET models demonstrated highly consistent findings when
compared with the patient-derived models. Growth of HMSC-RET
and SR-Sarc-0001 cells was inhibited by RET inhibitors with similar
IC50 values. The EC50 values of RET inhibitors for apoptosis induction
were also similar in the two cell lines.Mechanistically, similar signaling
pathways and markers of cell cycle and apoptosis were activated or
inhibited when cells were treated with the RET inhibitor selpercatinib,
and these changes followed coherent temporal dynamics. In vivo,
significant reductions in tumor volume were achieved with selperca-
tinib in both models, with no measurable disease in most animals
implanted with PDXs, and small fibrotic residues in HMSC-RET
xenografts. These findings underscore the reliability of our approach,
especially for studies evaluating oncogenic pathways and preclinical
drug development.

One limitation of our study is a lack of a more comprehensive
genomic comparison of the HMSC-RET models with the patient-
derived SR-Sarc-0001 models. Although these studies have the
potential to more clearly define the molecular properties of the two
sets of disease models and perhaps provide a better understanding
of the cell of origin of RET-mutated sarcomas, they are beyond the
scope of the work described here. In general, for primitive sarcomas
of uncertain lineage, we believe HMSCs represent a reasonable
choice as the starting cell. The oncogenicity of chimeric transcrip-
tion factors has shown considerably more cellular context-specificity
than that of kinase fusions, which can transform a much broader
spectrum of “cells-of-origin” (including many epithelial cells).
Another limitation of our study is the use of only one clone of
HMSC-RET cells and patient-derived models established from only
one patient. However, due to the rarity of RET fusion–driven

sarcomas, there are very few opportunities to obtain patient tumors
to generate more patient-derived models. As for the CRISPR models,
generation of the fusion events using CRISPR is extremely low-yield,
and we have only managed to generate one clone. Nevertheless, most
experiments conducted in the HMSC-RET model orthogonally
confirmed the findings in the patient-derived model.

The small-molecule RET-specific inhibitor selpercatinib has been
approved in patients with non–small cell lung cancer (NSCLC) and
thyroid carcinomas, with 85% and 79% overall response rates (ORR)
observed, respectively (23, 43). More recently, another small-molecule
RET-specific inhibitor pralsetinib (BLU-667; ref. 44) was approved for
NSCLC, with a 70% ORR. However, due to their rarity, little is known
about the responses of RET fusion–positive tumors of other histologies
to molecularly targeted drugs. Given the successful results of treating
NTRK fusion–positive cancers (another RTK fusion occurring in
tumors of multiple histologies), demonstration of RET inhibitors
efficacy outside of the lung and thyroid tumor spectrum could
effectively expand the number of patients who may benefit from this
therapy in a tumor-type agnostic manner. To this end, our preclinical
findings strongly support the clinical application of RET inhibitors in
soft-tissue sarcomas with RET fusions.

Despite encouraging efficacy of RET inhibitors, the emergence of
therapy resistance is the most common reason for discontinuation
of the targeted agents, limiting clinical benefit. Broadly, resistance
mechanisms can be divided into two groups: (i) “on-target” resis-
tance, caused by a mutation in the target protein, hindering binding
of an inhibitor; (ii) “off-target” resistance, commonly caused by
activation of alternate signaling pathways, bypassing the original
oncogenic pathway. The types of prevalent bypass mechanisms are
often dependent on the primary driver [e.g., MET amplification in
EGFR-mutated lung adenocarcinoma treated with osimertinib (45)
and activating KRAS mutations in MET exon 14 skipping-mutated
lung adenocarcinoma (46, 47)]. A body of work has shown that
oncogenic dependency on, or “addiction” to, a given signaling axis
is partly manifested by the emergence of multiple mechanisms to
regain its activity when the primary driver is inhibited (48).

Here, we studied the role of the MAPK pathway in driving
growth and modulating response to therapy in novel RET
fusion–driven sarcoma models developed for this study. We extend-
ed our observations to a novel NTRK3-rearranged patient-derived
model that was also developed for this study. Transcriptomic
profiling of RET fusion–positive cells identified prominent expres-
sion of multiple MAPK pathway signatures, which were down-
regulated in cells treated with selpercatinib. Inhibition of RET or
MEK leads to nuclear accumulation of the transcriptional repressor
CIC. CIC is an HMG-box transcriptional repressor that exists in a
complex with ATXN1 in the nucleus and regulates cell growth by
controlling MAPK pathway signaling (49). Thus, CIC functions as a
tumor suppressor and loss-of-function mutations have been iden-
tified in oligodendroglioma (50). CIC controls expression of the
ERK phosphatases DUSP4 and DUSP6, as well as SPRY and SPRED
family members, which are suppressors of MAPK signaling
upstream of ERK (33–35). We observed that following RET or
NTRK inhibition, CIC accumulates in the nucleus concomitantly
with a loss of expression of several negative regulators of the MAPK
pathway. In parallel, reactivation of MEK and ERK was detected,
likely as a consequence of the loss of the negative regulators. These
findings support a model whereby transformation by RET and
NTRK is accompanied by tight regulation of MAPK signaling
through changes in expression of negative regulators. Cells adapt
to RET inhibition by downregulating the negative regulators of the
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MAPK pathway, thereby providing partial restoration of ERK
signaling that is no longer dependent on the kinase fusion, and
this may blunt response to therapy. Consistent with these findings,
combination of RET or NTRK inhibitors with ERK or MEK
inhibitors was synergistic in the in vitro models. Importantly, in
the two RET fusion–driven xenograft models, combination of
selpercatinib with the ERK inhibitor ulixertinib or the MEK inhib-
itor trametinib was more effective at reducing tumor growth and
prolonging the therapeutic response compared with TKI mono-
therapy. These observations provide a preclinical rationale for the
clinical evaluation of these TKI combinations in treating kinase
fusion–driven sarcomas.
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