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Triple Combination of MEK, BET, and CDK Inhibitors
Significantly Reduces Human Malignant Peripheral Nerve

Sheath Tumors in Mouse Models
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Purpose: Malignant peripheral nerve sheath tumor (MPNST)
is an aggressive soft-tissue sarcoma that develops sporadically or
in patients with neurofibromatosis type 1 (NF1). Its development
is marked by the inactivation of specific tumor suppressor genes
(TSG): NF1, CDKN2A, and SUZI2/EED (polycomb repressor
complex 2). Each TSG loss can be targeted by particular drug
inhibitors, and we aimed to systematically combine these inhib-
itors, guided by TSG inactivation status, to test their precision
medicine potential for MPNSTs.

Experimental Design: We performed a high-throughput
screening in 3 MPNST cell lines testing 14 MEK inhibitors
(MEKi), 11 cyclin-dependent kinase 4/6 inhibitors (CDKi), and
3 bromodomain inhibitors (BET1i) as single agents and 147 pair-
wise co-treatments. Best combinations were validated in nine
MPNST cell lines, and three were tested in one sporadic and one
NF1-associated patient-derived orthotopic xenograft (PDOX)

Introduction

Malignant peripheral nerve sheath tumor (MPNST) is an ag-
gressive soft-tissue sarcoma occurring in three distinct clinical set-
tings: associated with neurofibromatosis type 1 (NF1; 40%-50%), in
sporadic cases (40%-47%), and at sites of previous radiotherapy
(10%-13%; ref. 1). The lifetime risk of an individual with NF1 of
developing an MPNST is about 10%, being the leading cause of
mortality in this genetic disease (2-4). MPNSTs have a poor
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MPNST mouse model. A final combination of the three inhibitor
classes was tested in the same PDOX models.

Results: A high degree of redundancy was observed in the
effect of compounds of the same inhibitory class, individually or
in combination, and responses matched with TSG inactivation
status. The MEKi-BETi (ARRY-162 + I-BET151) co-treatment
triggered a reduction in half of the NFl-related MPNST
PDOXs and all the sporadic tumors, reaching 65% reduction in
tumor volume in the latter. Remarkably, this reduction was
further increased in both models combining the three inhibitor
classes, reaching 85% shrinkage on average in the sporadic
MPNST.

Conclusions: Our results strongly support precision therapies
for MPNSTs guided by TSG inactivation status. MEKi-BETi
CDKi triple treatment elicits a significant reduction of human
MPNST PDOXs.

prognosis because of its invasive growth and propensity to metas-
tasize (5). These tumors are usually high-grade malignant spindle-
cell neoplasms arising in association with large peripheral nerves
(6). MPNST diagnosis is challenging because of the lack of dis-
tinctive molecular markers and the overlapping histologic presen-
tations with other tumor entities (7).

The primary treatment for a localized MPNST is complete sur-
gical excision with wide negative margins, followed by radiotherapy
and/or chemotherapy. However, this procedure is often
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Translational Relevance

Malignant peripheral nerve sheath tumor (MPNST) is a very
aggressive soft-tissue sarcoma of the peripheral nervous system
with a poor prognosis. Most treatments reported to date using
human MPNST patient-derived xenografts have been able to re-
duce the rate of tumor growth compared with controls. We report
here the first systematic attempt to inform on the possibilities of
using precision medicine for MPNSTs guided by the inactivation
status of the three most recurrently lost tumor suppressor genes in
this tumor type. In fact, we have identified that the MEK
inhibitor-bromodomain inhibitor-cyclin-dependent kinase in-
hibitor triple treatment consistently reduces tumor size in two
human MPNST patient-derived orthotopic xenograft models, one
sporadic and one neurofibromatosis type 1-associated. This rep-
resents a novel and promising combination for the treatment of
MPNSTs. These preclinical data on human MPNSTs are very
valuable to inform current and future clinical trials for MPNSTs.

compromised by tumor infiltration, location, or size, resulting in a
high relapse rate. Currently, there is no effective treatment for pa-
tients with metastatic disease (8, 9). There is a clear need to identify
effective treatments for MPNSTs. To this end, the development of
faithful in vitro and in vivo preclinical models is key to discover new
therapies. Currently, different human MPNST-derived models exist,
like a large set of MPNST cell lines and different types of patient-
derived xenografts (PDX) mouse models (10). Orthotopically
engrafted PDX reliably recapitulate the histology and genomics of
human primary tumors and can reproduce their metastatic capacity
(11, 12).

MPNSTs are characterized by a low frequency of small muta-
tions and highly rearranged and hyperploid genomes (13). Their
initial development is marked by the inactivation of three tumor
suppressor genes (TSG): NFI, CDKN2A, and SUZI2 or EED
(polycomb repressive complex 2, PRC2) in both sporadic and
NF1-associated MPNSTs (14, 15). The NFI gene codes for neu-
rofibromin, which negatively regulates the Ras/MAPK pathway,
involved in cell proliferation (16). MEK inhibitors (MEKi) are
used to counteract pathway overactivation caused by the NFI loss
(17). The CDKN2A locus codes for two proteins (p16™~** and
p14°%F), p16™ 4 prevents the formation of the cyclin-dependent
kinase (CDK)4/cyclin D1 complex, regulating the retinoblastoma
protein (RB) and resulting in cell-cycle arrest. p14** binds to
Mdm?2 to release and regulate p53 degradation. Loss of CDKN2A
may compromise senescence, facilitating malignant transforma-
tion (18). On this basis, CDK inhibitors (CDKi) may compensate
CDKN2A loss in MPNSTs (19). The PRC2 complex is a crucial
epigenetic regulator of cellular homeostasis that maintains tran-
scriptionally silent chromatin through the trimethylation of his-
tone H3 at lysine 27 (H3K27me3). In MPNST, loss of SUZI12 or
EED triggers an epigenetic change, leading to increased global
levels of H3K27 acetylation, recruiting members of the bromo-
domain and extraterminal domain (BET) family of epigenetic
reader proteins, such as BRD4, and regulating the transcription
of genes such as c-MYC, TP53, or members of the Ras pathway,
thereby amplifying cell proliferation (20). BET inhibitors (BETi)
can competitively bind to bromodomains altering gene expres-
sion regulation (20, 21).
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Therefore, the use of these three types of inhibitors (MEKi, CDKij,
and BETI), especially in combination, may be a good therapeutic
strategy for MPNSTs. Previous studies tested these inhibitors in
MPNST models in vitro and in vivo as single agents, achieving
cytostatic effects in tumor growth (17, 20-22), or in combination
with other compounds, providing superior treatment responses (19,
20). High-throughput screening (HTS) platforms enable the analysis
of single and combinations of drugs at a large scale (23). In this
study, all MEKi, CDKi, and BETi of the Mechanism Interrogation
PlatE (MIPE) 4.0 oncology library of the National Center for Ad-
vancing Translational Sciences (NCATS) were tested in a systematic
manner, as single agents and selected pairwise combinations. This
analysis provides a conclusive view of the therapeutic potential of a
precision medicine strategy for MPNST based on the inactivation
status of NFI, CDKN2A, and PRC2. Promising combinations were
validated in a large panel of nine MPNST cell lines. Three best
combinations were tested in vivo in two independent human
MPNST orthotopic PDXs (PDOX), one NFl-related, and one
sporadic.

Materials and Methods

Cell lines

Four MPNST cell lines (NF1-08, NF1-09, NF1-18B, and SP-10)
were established in our lab (data not shown; ref. 12), whereas five
were obtained from other labs: S462 (RRID: CVCL_1Y70; ref. 24),
sNF96.2 (RRID: CVCL_K281; ref. 25), ST88-14 (RRID: CVCL_8916;
ref. 26), NF90-8 (RRID: CVCL_1B47; ref. 27), and NMS-2 (RRID:
CVCL_4662; refs. 15, 28). The human foreskin fibroblast (HFF-1) cell
line (Banco de Células do Rio de Janeiro Cat. #0275, RRID:
CVCL_3285) from ATCC (SCRC-1041) was also used. Cells were
maintained in DMEM + GlutaMAX with 10% FBS and 1% penicillin
and streptomycin at 37°C with 5% CO,. All cell lines were tested for
Mycoplasma before experimental procedures.

Quantitative HTS

Drugs from the NCATS MIPE 4.0 library targeting MEK, CDK,
or BRD4 (BET) were screened in S462, NF1-08, and NF1-09 cell
lines. Briefly, compounds were tested in an 11-point dose-response
(starting at a stock concentration of 10 mmol/L, until the maximum
concentration of 46 pmol/L), and cell viability was measured using
CellTiter-Glo (CTG) after 48 hours (29). Viability was normalized
to DMSO-treated controls. The activity of the compounds was de-
termined based on their curve response class (CRC; Supplementary
Fig. S1; ref. 30). Combination screening followed previous protocols
(31). Data from the 147 10 x 10 combination screening matrices are
provided in Supplementary Table SI.

In vitro validation of combinations

All compounds were provided by the NCATS Compound
Management group in DMSO solutions at 10 mmol/L. The ICs,
of each compound was calculated in nine MPNST cell lines
(Supplementary Table S2). Between 5,000 and 12,000 cells/well
were seeded in 96-well plates and incubated overnight. Com-
pounds were added in triplicates at five concentrations. After
48 hours, cell viability was assessed using the 3-[4,5-dimethylthiazol-
2-y1]-2,5 diphenyl tetrazolium bromide assay (Sigma-Aldrich), and
the absorbance was measured in a Victor X5 2030 Multilabel
Reader (PerkinElmer). For the combination assays, we used the
same protocol for single compounds but at a fixed 1:1 ratio of the
ICso for each compound. Synergy was determined using
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CompuSyn software (RRID: SCR_022931), based on Chou-Talalay
calculations (32).

Maximum tolerated dose test

Maximum tolerated doses (MTD) and drug administration were
tested on 6-week-old male athymic nude mice (athymic nude-
Foxnl™, Envigo, RRID: IMSR_CRL:490) without tumors. Mice
were treated with compounds for 3 weeks, with daily weight mea-
surements to assess toxicity. Drugs were purchased from Med-
ChemExpress: ARRY-162 (binimetinib, Cat. # HY-1520), I-BET151
(Cat. #HY-13235), and ribociclib (Cat. #HY-15777). No toxicity was
observed at any dose. The MTD values and guidelines for the ad-
ministration of compounds are provided in Supplementary Fig. S2.

In vivo drug testing on MPNST PDOX models

SP-10 and NF1-18B PDOX models were established in our lab
(data not shown). Tumors were expanded in 5-week-old athymic
nude mice. When tumors reached 1,000 to 1,500 mm?>, they were
grafted into the sciatic nerve of new 5-week-old mice. Each group
consisted of 5 to 10 mice. Once tumors reached 300 to 500 mm>,
mice were randomized into treatment groups and treated for
2 weeks (ARRY-162 15 mg/kg, orally, twice daily; I-BET151
30 mg/kg i.p., daily; ribociclib 90 mg/kg, orally, daily). Mice were
sacrificed 4 to 5 hours after the last dose, and tumors were removed.
Tumors were measured using a caliper twice a week, and the volume
was calculated using the formula v = (w” L/2), in which L is the
longest diameter and w is the width. For tumor regrowth, the
protocol included 3 weeks of treatment, 2 weeks of resting, and
another 3 weeks of treatment. For triple treatments, the protocol
included 3 weeks of treatment and a different dosage for ribociclib
(85 mg/kg, orally, daily). Statistical analyses used the Mann-
Whitney test, with a significance level at 0.05.

Protein extraction and Western blot analysis

Protein was extracted from 15 to 20 mg of tumor homogenized in
RIPA buffer with protease inhibitor using TissueLyser II (RRID:
SCR_018623) and centrifuged at 16,000 x g at 4°C for 10 minutes.
Cell pellets were resuspended in RIPA buffer, incubated at 95°C for
20 minutes, and centrifuged. Protein was quantified with the Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific). For Western
blotting, 20 ug of protein was separated on 12% SDS-acrylamide gels
(Bio-Rad) and transferred to nitrocellulose membranes. Membranes
were blocked with BSA and incubated with primary antibodies
(Supplementary Table S3A) overnight at 4°C. Detection used
SuperSignal West Femto chemiluminescent substrate kits (Thermo
Fisher Scientific). Quantification was done using Image Lab, nor-
malizing proteins to tubulin, vinculin, or GAPDH.

RNA extraction and RT-qPCR analysis

Between 80,000 and 140,000 cells of six cell lines (S462, NF1-18B,
SP-10, STS-26T, Sch-2, and NF1-09) were seeded in six-well plates
and incubated overnight. Cells were either untreated, treated with
I-BET151, or treated with ARRY-162 + I-BET151 (1:1 ICs ratio) for
NF1-18B and SP-10. After 20 hours, cells were scraped and RNA
isolated using TRI Reagent and ethanol. Total RNA was extracted
with the Direct-zol RNA MiniPrep kit (Zymo Research) and
quantified using a NanoDrop 1000 (RRID: SCR_016517) spectro-
photometer. RNA (0.5 pg) was reverse-transcribed using Super-
Script III (Life Technologies). RT-qPCR was performed with
LightCycler 480 SYBR Green I Master (Roche) and analyzed using
the LightCycler 480 real-time PCR system (Roche). Gene expression
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was normalized to EP300 and TBP and expressed as normalized
relative expression. Primer sequences are provided in Supplemen-
tary Table S3B. Data analysis and representation were performed
using Microsoft Excel and GraphPad Prism (version 7.03; RRID:
SCR_002798).

RNA sequencing

The RNA sequencing (RNA-seq) library was prepared at BGI
using DNBSEQ standard protocols. Data were aligned using Salmon
v1.8.0 (RRID: SCR_017036; ref. 33) against the UCSC refMrna and
hg38 genome. Transcript-level estimates were imported into R
(R v4.3.0 Bioconductor v3.17) and summarized to the gene level
using tximport (RRID: SCR_016752; ref. 34). Genes with less than
five counts in more than two samples were filtered out. A principal
component analysis (PCA) plot was generated. Differentially
expressed genes in PRC2-inactivated MPNST cell lines treated with
I-BET151 were identified using DESeq2 (RRID: SCR_015687; ref.
35) with the Wald test and apeglm (RRID: SCR_015687; ref. 36).
Genes with an adjusted P value <0.05 were considered differentially
expressed. Heatmaps were created using the pheatmap package. The
code used for generating the different bioinformatic analyses per-
formed can be found at: https://github.com/miriammagallon/RNA-
seq_Sara_MPNSTcl_treatments.

Cell-cycle analysis

Cells were seeded and treated as for RNA extraction. After
20 hours, cells were fixed in 70% ethanol and incubated at —20°C for
24 hours. Cells were suspended in citrate phosphate buffer, incu-
bated for 30 minutes at room temperature, dyed with PBS-1%, FBS,
propidium iodide, and RNase A for 30 minutes at 37°C, and ana-
lyzed by flow cytometry. Each cell line was analyzed in three in-
dependent replicates.

Immunohistochemistry

THC was carried out using the BenchMark ULTRA staining
module, with the ultraView Universal DAB kit (760-500, Ventana
Medical Systems). Each step was carried out automatically. Antigen
retrieval was done with Cell Conditioning Solution 1, pH = 8 (950-
124, Ventana Medical Systems). The tissues were blocked with 3%
hydrogen peroxide and incubated with primary antibodies
(CD68 and CD163, prediluted mouse monoclonal, Supplementary
Table S3A) for 36 and 28 minutes, respectively. The primary anti-
body was localized using an horseradish peroxidase-conjugated
secondary antibody with an enzyme, and the resulting complex was
visualized with hydrogen peroxide and 3,3'-tetrahydrochloride
diaminobenzidine chromogen.

Ethics statement

This scientific project has been developed in accordance with the
Declaration of Helsinki and approved by the institutional review
board (IRB). For the previous development of the PDOX models,
written informed consent from the patients was obtained, and the
study was approved by the IDIBELL IRB. All animal experiments
were approved by the IDIBELL Animal Ethical Experimentation
Committee (#9111), and the study passed IDIBELL IRB approval
(#PR213/13).

Data availability

The RNA-seq data generated in this study are publicly available in
the NF Data Portal in Synapse (https://doi.org/10.7303/syn61846182)
and at the European Nucleotide Archive (accession: PRJEB83680;
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https://www.ebi.ac.uk/ena/browser/view/PRJEB83680). Any additional
information required to analyze the data reported in this article is
available from E. Serra (corresponding author) upon request.

Results

Benchmarking MEKi, CDKi, and BETi and their combinations in
MPNST cell lines through HTS

To explore the possibilities of precision medicine for MPNSTs based
on TSG status, we first screened all MEKi, CDKij, and BETi present in
the NIH MIPE 4.0 library (14 MEKij, 11 CDKj, and 3 BETi) on three
different NF1-related MPNST cell lines: S462, NF1-08, and NF1-09.
§462 and NF1-08 bore the inactivation of all three TSGs and were
classified by methylome profile as MPNSTs (37), whereas NF1-09 is
wild type (WT) for PRC2 function and was methylome-classified as an
MPNST-like tumor (Fig. 1A; Supplementary Fig. S3). In addition, NF1-
09 bore a PIK3CA activating mutation.

We assessed drug effects on cell viability using the CTG assay after
48 hours of treatment. Dose-response curves were obtained for all
28 single agents tested, and potency (ACsy) and % viability at the
maximum concentration tested [maximum response (MAXR)] were
used to classify compound activity on cell viability based on CRC (30,
38). Figure 1A presents a heatmap with MAXR values for each com-
pound and cell line. The MAXR data show a high degree of redundancy
among inhibitors of the same target class. Most inhibitors were active,
although some compounds were not active in any cell line (e.g., MEKis:
SL-327, U-0126, refametinib, and PD-098059; CDK:is: purvalanol B and
indirubin). $462 and NF1-08 cell lines responded more similarly to all
compounds than the NF1-09 model (Supplementary Fig. S2). The NF1-
09 cell line responded to CDKi single agents but slightly less sensitive to
BETi, presumably because of the WT status of PRC2, and did not
respond to MEKis. Based on the published work, we speculate that the
PIK3CA activating mutation could be interfering with MEKi activity
(39, 40). Control HFFs were used to assess generic toxicity, discarding
two CDK:is (fascaplysin and UCN-01).

Based on CRC scores (—1.1, —1.2, —2.1, and —2.2) and lack of
toxicity, we selected 22 of the 28 agents for further testing in an all-
versus-all pairwise combination screen. As a result, 147 discrete
10 x 10 dose-response matrices were tested in the three MPNST cell
lines, using the CTG assay after 48 hours of treatment. We scored
synergistic combinations using Delta Bliss Sum Negative and Excess
HSA values (Supplementary Table S1). The more negative these two
values, the more synergistic a combination is. As was seen for the single
agent screening, high redundancy in the effect of drug combinations of
compounds inhibiting the same target classes was observed (Supple-
mentary Fig. S4). Based on combination synergy scores, degree of re-
dundancy, and stage of clinical development, we selected 8 compounds
in 21 combinations for further validation: three MEKis (ARRY-162,
selumetinib, and trametinib), three CDKis (palbociclib, R-547, and
flavopiridol), and two BETis (JQ1 and I-BET151). Figure 1B shows the
Delta Bliss Sum Negative values of the 21 resulting combinations, all of
them being synergistic combinations. An additional CDKi (ribociclib)
not present in the MIPE 4.0 library was also selected for further vali-
dation based on their current use in the clinical practice and the good
results obtained in a co-clinical pilot study (data not shown).

Identification of the three most synergistic combinations of
selected MEKIi, CDKi, and BETi in a panel of nine MPNST cell lines
We next performed an in vitro validation of the results obtained
in the HTS. Instead of using CTG, 3-[4,5-dimethylthiazol-2-yl]-
2,5 diphenyl tetrazolium bromide assay was performed as a cell
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viability readout in treatments combining the nine selected drugs
(eight selected from the HTS plus ribociclib), in all possible com-
binations of drugs with different target classes (MEKi vs. CDKij,
CDKi vs. BETi, and MEKi vs. BET1), generating a total number of
26 combinations. First, all combinations were tested in a panel of
three NF1-related MPNST cell lines bearing the three inactivated
TSGs (5462, NF1-08, and sNF96.2), and combination indexes (CI)
were calculated for all of them according to dose-response curves
(Supplementary Table S4). Although most combinations were
synergistic in the three MPNST cell lines tested, the degree of
synergism was different for each cell line. In the case of $462, 23 of
the 26 combinations had CIs lower than 0.9 in fractions affected
greater than 0.9 (Supplementary Table S4; Supplementary Mate-
rial S1), demonstrated to be the most sensitive cell line. NF1-08
and sNF96.2 cell lines exhibited similar and lower sensitivities
than S462, with only 13 and 14 of the 26 combinations, respec-
tively, showing CIs lower than 0.9 at fractions affected greater
than 0.9 (Supplementary Table S4; Supplementary Material S1).
All combinations of MEKi-BETi were synergistic in the three
MPNST cell lines used, whereas many MEKi-CDKi co-treatments
were not synergistic in the NF1-08 and sNF96.2 cell lines. These
results are consistent with responses obtained using single agent
treatments.

The 12 most synergistic combinations were also tested in the HFF
cell line to assess toxicity (Supplementary Material S1). Only the
combination of palbociclib with I-BET151 exhibited significant toxicity
and was discarded for further investigation. From the remaining
11 combinations, we selected two combinations of each pair of inhibitor
classes (MEKi-CDKi; MEKi-BETj; CDKi-BETi), making a total of six
combinations that were further validated in six additional MPNST cell
lines (NF1-09, NF1-18B, ST88-14, NMS-2, NF90-8, and SP-10; Fig. 1A;
Supplementary Fig. S3). The six cell lines have mutations in the three
TSGs (NF1, CDKN2A, and PRC2), except for NF1-09, which is WT for
PRC2, and they are classified as MPNST by methylome profile (Fig. 1A;
refs. 12, 15, 37). The data from the six drug combinations tested in nine
independent MPNST cell lines are shown in Supplementary Material
S1. The six combinations exhibited synergism across the cell lines. Fi-
nally, a member of each class of inhibitors was selected to be used in
vivo, based on the general synergism exhibited and their clinical de-
velopment status: ARRY-162 (MEKi also known as binimetinib),
ribociclib (CDKi), and I-BET151 (BETj; Fig. 2; Supplementary Fig. S5).
Figure 2A presents the synergy of the three selected combinations
across the nine MPNST cell lines tested, whereas Fig. 2B shows the
CI values for each of the five doses tested in the MPNST lines. In
most cell lines, almost all doses tested were synergistic, many of
them affecting cell viability by greater than 50%, with
the combination of ARRY-162 + I-BET151 being the most
synergistic one.

The MEKi-BETi combination ARRY-162 + I-BET151 elicits in
vivo tumor shrinkage in sporadic and NF1-associated MPNST
PDOX

We next tested the three selected combinations (ARRY-162/
I-BET151, ARRY-162/ribociclib and I-BET151/ribociclib) in vivo
using two MPNST PDOX models: one NF1-associated (NF1-18B)
and one sporadic (SP-10) generated using tumors from our MPNST
preclinical platform (11, 12). Treatment groups consisted of 9 to
10 mice receiving either vehicle, single treatments or their combi-
nations (for the NFI MPNST PDOX model, single treatments
consisted of groups of five mice).
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I
]

HTS of MEKI, CDKi, and BETi from the MIPE 4.0 library as single agents and as pairwise combinations. A, Heatmap plot representing the cellular mutational
status information and the result of the HTS as single agents in the three MPNST cell lines used (5462, NF1-08, and NF1-09) and in a fibroblast (HFF) cell line as

the toxicity control. The heatmap using MAXR values as % cell via

bility. The 22 compounds selected for validation in combination are highlighted in gray. B, Delta

Bliss Sum Negative (DBSumNeg) values for cell viability at 48 hours of the 21 selected synergistic combinations separated in groups of treatments in the three
MPNST cell lines used. Each black dot indicates one single value.
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combinations reported by the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) viability assay in nine MPNST cell lines and a fibroblast (HFF).
B, Cl plots of the three selected combinations at several doses showing the fraction affected (Fa) vs. the Cl of the nine MPNST cell lines used. Fa values represent
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In the NF1-associated PDOX model, for the I-BET treatment, we
started with a dose of 25 mg/kg, three times per week, a bit lower
than the defined MTD of 30 mg/kg, daily, based in our previous
experience comparing nude mice with or without tumors (23). The
combination of ARRY-162/I-BET151 elicited the best treatment
response, decreasing tumor growth rate and even reducing tumor
volume in half of the mice after 2 weeks of treatment (Fig. 3A and
B). A reduction in tumor weight by 75% with this combination
treatment compared with controls was observed at the end of the
treatment, confirming volume measurements (Fig. 3C and D;
Supplementary Fig. S6A). The other two combinations tested
(ARRY-162 + ribociclib and I-BET151 + ribociclib) also decreased
tumor growth rate but did not arrest tumor growth. No toxicity was
observed for any of the combinations during the 2 weeks of treat-
ment (Fig. 3E).

To assess the effect of drug combination in vivo, we used
Western blot analysis to analyze the status of relevant signaling
pathways or known biomarkers of treatment responses (Fig. 3F).
For MEKi, we interrogated the reduction of p-ERK (17). For
CDK4/6 inhibitors, we analyzed p-RB (19) and WEE1l (41).
Treatment response to BETi was assessed analyzing MYC levels
(42). Both combinations containing MEKi ARRY-162 showed a
significant reduction of p-ERK compared with vehicle-treated
controls, confirming the inhibition of the MAPK pathway. Both
combinations containing ribociclib decreased p-RB/RB ratio and
WEETI levels, indicating an effect on cell-cycle regulation. Finally,
we observed a statistically significant reduction of MYC expression
in ARRY-162 + I-BET151 combination and a clear reduction in
the I-BET151 + ribociclib combination, although it was not sta-
tistically significant (Fig. 3F).

In the sporadic PDOX model, the combination of ARRY-162 +
I-BET151 also produced the most efficacious response, reducing
the tumor volume by 65% after 2 weeks of treatment (Fig. 4A and
B). Tumor weight after excision was reduced by 90% compared
with the vehicle control group (Fig. 4C and D; Supplementary Fig.
S6B). The other two combinations also decreased the tumor
growth rate, even more than in the NF1-related model, but did not
produce tumor size reduction. As we did not observe I-BET151-
related toxicity in the NF1 model, we increased the dose of
I-BET151 to 30 mg/kg, daily, as concluded in the MTD test.
However, during the first week of treatment both co-treatments
including I-BET151 showed some toxicity, indicated by mice
weight loss (Fig. 4E). Thus, we followed the same dosage regimen
as the NF1 model during the second week of treatment, observing
weight recovery (Fig. 4E). Moreover, we performed another ex-
periment to observe tumor regrowth after 3-week treatment with
ARRY-162 + I-BET151. Tumors had a mean volume of 500 mm?®
when treatment stopped, and 2 weeks later, the volume increased
to 1,200 mm? (Fig. 4F). We then restarted treatment for three
more weeks using the same dosage regimen and achieved a re-
duction in tumor volume by 50% (Fig. 4F).

We also assessed drug activity molecularly, as described above.
For all combination treatments of ARRY-162, there was a statisti-
cally significant difference in p-ERK levels between vehicle-treated
control group and co-treated groups (Fig. 4G). Both combinations
containing ribociclib decreased p-RB/RB ratio and WEEI, although
only the reduction in WEEL1 levels was statistically significant in
both combinations. Finally, we observed a statistically significant
reduction of MYC expression in the ARRY-162 + I-BET151 co-
treatment and a clear reduction in the I-BET151 + ribociclib com-
bination (Fig. 4G).
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Evaluating the impact of the MEKi-BETi co-treatment on
tumor response

We further investigated the mechanism by which MEKi-BETi
treatment induces PDOX tumor reduction by exploring their
impact on gene expression, cell proliferation, and apoptosis. We
first aimed to evaluate its effects on the reversion of gene ex-
pression signatures caused by the loss of PRC2 function. For that,
we treated three cell lines WT for PRC2 (NF1-09, HS-Sch-2, and
STS-26T) and three MPNST cell lines deficient for PRC2 (5462,
SP-10, NF1-18B) with I-BET151 as a single agent in both groups
and in combination with ARRY-162 in the PRC2-deficient cells.
After 20 hours of treatment, we extracted RNA and performed
bulk RNA-seq (Fig. 5A). We performed a PCA on all treated and
untreated cell lines (Fig. 5B) and observed that global expression
variation among samples was dominated by the functional status
of PRC2, clearly separating PRC2-active from PRC2-inactive cell
lines. PCA also revealed that the perturbation of transcriptional
profiles in PRC2-mutated cell lines by either I-BET151 treatment
alone or by the ARRY-162 + I-BET151 combination was quite
small and similar to the effect of these inhibitors in PRC2 WT cells
(Fig. 5B). We then performed a differential gene expression
analysis comparing I-BET151-treated versus untreated PRC2-
deficient cell lines and plotted differentially expressed genes for all
experimental conditions in a heatmap (Fig. 5C). We obtained a
transcriptional signature of upregulated and downregulated genes,
very few specific to PRC2-inactivated cell lines. The small number
of genes precluded performing an enrichment analysis. We further
analyzed several selected genes as potential biomarkers of BETi
treatment response, including TPPP and NGFR as upregulated
genes and PRDMI as a downregulated gene, by RT-qPCR (Sup-
plementary Fig. S7) and by performing Western blotting on
treated cell lines and tumors (Fig. 5D and E). Altogether, the
differences observed comparing mRNA and protein levels in vitro
and in vivo impeded to reach any conclusion. The way MEKi-
BETi co-treatment was eliciting tumor reduction in vivo seemed
not to be related to the transcriptional reversion of genes altered
by the loss of PRC2 function.

Then we analyzed the cell cycle of MPNST cell lines untreated
and treated with MEKi-BETi by flow cytometry. We observed a
decrease in the proportion of cells at the S-phase and an increase
in the G,-phase, denoting cell-cycle arrest for both BETi treat-
ment and MEKi-BETi co-treatment (Fig. 5F). We then evaluated
the number of mitotic cells present in treated versus untreated
PDOX in vivo with the three selected combinations (Fig. 5G). In
both the sporadic and NFI-related PDOXs, there was a statisti-
cally significant reduction in the number of mitoses in the three
treatments, particularly in the MEKi-BETi-treated tumors. These
results were consistent with the reduced tumor growth rate eli-
cited by the different co-treatments but did not fully explain tu-
mor shrinkage in all sporadic cases and half of the NF1-related
PDOX. Thus, we next analyzed BIM-associated apoptosis (21, 43)
and activation of downstream caspases in three MPNST cell lines.
BETi treatment and MEKi-BETi co-treatment caused a consistent
increase in BIM expression in three independent MPNST cell
lines (Fig. 5H). We also analyzed BIM expression in treated and
control MPNST PDOXs. Although the NF1-associated co-treated
PDOX showed a clear increase in BIM expression, this increase
was modest in the sporadic PDOX (Fig. 5I). Neither in the cell
lines nor in the PDOX models treated with ARRY-162 +
I-BET151, we were able to detect cleaved caspases 3, 7, and 9
(data not shown).
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In vivo testing of the three selected combinations in the NF1-associated MPNST PDOX mouse model. A, Relative tumor volume growth of the NF1-18B PDOX
mouse model during the 2 weeks of treatment in each group. B, Waterfall plot of the fold change of each individual tumor at the end of the experiment. C, Tumor
weight at the end of the experiment (Mann-Whitney test). Each black dot indicates one single value. D, Photographs of the collected tumors at the end of the
experiment. E, Plot of the mice weight during the 2 weeks of treatment. F, Analyses of the molecular targets of ARRY-162 (p-ERK/ERK), ribociclib (p-RB/RB and
WEET?), and |-BET151 (MYC) using Western blotting. Mann-Whitney test: ***, P value < 0.001; **, P value < 0.01; *, P value < 0.05. A, ARRY-162; A + |, ARRY-162 +
I-BET151; A + R, ARRY-162 + ribociclib; I, I-BET151; | + R, I-BET151 + ribociclib; R, ribociclib; V, vehicle.

Finally, we analyzed physiologic changes in the tumor microenvi-
ronment caused by the co-treatments. Considering the compromised
immune system of the athymic nude mice used, with no mature
T cells, but presenting viable macrophages, and based also on previ-
ous results (44), we performed a histologic analysis using CD68 and

914 Clin Cancer Res; 31(5) March 1, 2025

CD163 to detect macrophage infiltration in two independent MPNST
PDOXs, from the control group and each of the in vivo co-treatments
performed (Supplementary Fig. S8). The three co-treatments induced
the loss of M2 macrophages (stained using CD163) in both MPNST
PDOX models, as previously observed in genetically engineered
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In vivo testing of the three selected combinations in the sporadic MPNST PDOX mouse model. A, Relative tumor volume growth of the SP-10 PDOX mouse model
during the 2 weeks of treatment in each group. B, Waterfall plot of the fold change of each individual tumor at the end of the experiment. C, Tumor weight at the
end of the experiment (Mann-Whitney test). Each black dot indicates one single value. D, Photographs of the collected tumors at the end of the experiment. E,
Plot of the mice weight during the 2 weeks of treatment. F, Relative tumor volume growth of the SP-10 PDOX mouse model during the regrowth experiment
treated with ARRY-162 + I-BET151. G, Analyses of the molecular target of ARRY-162 (p-ERK/ERK), ribociclib (p-RB/RB and WEET), and I-BET151 (MYC) using
Western blot analysis. Mann-Whitney test: ****, P value < 0.0001; ***, P value < 0.001; **, P value < 0.01; *, P value < 0.05. A, ARRY-162; A + |, ARRY-162 +
I-BET151; A + R, ARRY-162 + ribociclib; I, I-BET151; | + R, I-BET151 + ribociclib; R, ribociclib; V, vehicle.

mouse models (44). We detected differences in the number of mac-
rophages present in both control nontreated groups, suggesting a
probable change in the tumor microenvironment upon MEKi-BETi
co-treatment and specific microenvironment cell compositions in
each PDOX.

AACRJournals.org

The triple combination of MEKi-BETi-CDKi further increases
the reduction of tumor volume, reaching tumor disappearance
in some cases

Results obtained with the MEKi-BETi combination, and the fact
that most MPNSTs exhibit the inactivation of the three targeted
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Figure 5.

Evaluating the impact of the MEKi-BETi co-treatment on tumor response. A, Schematic representation of the experimental design to analyze changes in gene
expression upon I-BET151 and ARRY-162 + I-BET151 treatment. B, PCA plot showing the distribution of treated and untreated cell lines. The status of PRC2 is
represented using different forms. Different treatments are represented in different colors. C, Heatmap representing differentially expressed genes of I-BET151 (1)
treated vs. untreated cell lines for all cell lines and conditions analyzed. D, Protein expression analysis by Western blots and graphs of TPPP, PRDM1, and NGFR in
three MPNST cell lines: untreated (control, NT) and treated with I-BET151 (I) or ARRY-162 + |-BET151 (A + I). E, Protein expression analysis by Western blots and
graphs of TPPP, PRDMI, and NGFR in the NF1-18B and SP-10 PDOX models after co-treatments. F, Percentage of cells in each phase of the cell cycle in three
MPNST cell lines (S462, SP-10, and NF1-18B) treated with DMSO (control) or with ARRY-162 + |-BET151 (A + I; n = 1). G, Number of mitoses in a 1.7 mm? area of a
hematoxylin and eosin staining. H, Western blot analyses and plot of BIM protein expression in three MPNST cell lines: control and treated with I-BET151 or ARRY-
162 + |-BET151. I, Western blot analyses and graph of BIM protein expression in the tumors of NF1-18B and SP-10 PDOX models after treatments. The Tukey test
was used for the statistics, in which each treatment group was analyzed against its control: ***, P value < 0.001; **, P value < 0.01; *, P value < 0.05. A + |, ARRY-
162 + I-BET151; A + R, ARRY-162 + ribociclib; I, I-BET157; | + R, I-BET151 + ribociclib; Mut, PRC2-inactivated; NRE, normalized relative expression; NT, no treatment;
V, vehicle. Note that NGFR/PRDMI data from Fig. 5E and BIM data from Fig. 51 were run on the same immunoblot, sharing the same vinculin blot. (A, Created in
BioRender. Creus, E. [2024] https://BioRender.com/p71e€952.)
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TSGs, prompted us to perform a final in vivo assay, comparing the
MEKi-BETi combination with the triple combination of inhibitor
classes. We used the same two PDOX models but started treat-
ments when tumors were a bit smaller than those used in the
previous MEKi-BETi assays, to allow a longer period of treatment
before MPNSTs treated with vehicle reached a maximum tolerated
size and mouse had to be sacrificed. In the NF1-associated MPNST
model (NF1-18B), the triple combination led to a 50% reduction
in tumor volume compared with the MEKi-BETi combination
after 3 weeks of treatment (Fig. 6A and B). The analysis of tumor
weight showed that although vehicle-treated tumors weighed
1,942 mg on average, those treated with MEKi-BETi combination
weighed 310 mg on average and with the triple treatment weighed
218 mg on average, confirming volume measurements (Fig. 6C
and D; Supplementary Fig. S9A). Importantly, no toxicity was
observed throughout the 3-week treatment period (Fig. 6E). Tu-
mors from four of eight mice were analyzed, whereas the
remaining four mice were monitored for tumor regrowth after
drug withdrawal. Tumor size was measured weekly during a
month, and regrowth was observed in all four mice already after
2 weeks of treatment cessation (Fig. 6F).

We then replicated this in vivo study in the sporadic MPNST
PDOX model (SP-10). In this model, we observed an almost 85%
overall average reduction in tumor volume compared with baseline
(Fig. 6G and H). Furthermore, significant differences were also
observed when comparing the final tumor weights (Fig. 6I and J;
Supplementary Fig. S9B). The vehicle-treated group weighed
2,041 mg on average, MEKi-BETi combination weighed 122 mg on
average, and MEKi-BETi-CDKi-treated tumors weighed 29 mg on
average. Notably, in two of the eight mice treated with the triple
combination for 3 weeks, tumors were undetectable by palpation.
To investigate whether there was a complete tumor clearance, we
performed a hematoxylin and eosin staining of the femoral biceps of
one of these mice after sacrifice, detecting small residual tumor
tissue (Fig. 6]). As with the NF1-18B model, no toxicity of the
MEKi-BETi-CDKi co-treatment was observed in the mice
(Fig. 6K). The other mouse with no palpable tumor, together with
the three remaining mice, was used for a tumor regrowth assay
(Fig. 6L). One of the mice exhibited tumor regrowth at 20 days after
treatment cessation, whereas two others exhibited a much slower
tumor regrowth (Fig. 6L). Remarkably, in the mouse with no pal-
pable tumor, no tumor recurrence was observed even 1 month after
treatment discontinuation (Fig. 6L).

To assess the activity of drugs in the reduction of tumors, we
performed Western blot analyses on ~4 tumors per condition and
PDOX model to monitor the status of targeted signaling pathways
(Supplementary Figs. S10 and S11). In all cases, we detected the
effect of drugs on pathway inhibition, with the sporadic MPNST
model (SP-10) exhibiting a greater generalized pathway inhibition
compared with the NF1-associated model (NF1-18B).

Discussion

With the aim of identifying new therapeutic opportunities for
patients with MPNSTs, we developed a preclinical platform con-
sisting in different MPNST cell lines and PDOX mouse models,
histologically and genomically characterized and validated by
comparison with the original tumors (11, 12). This preclinical
platform can be used for assaying compounds selected from library
screenings, testing precision medicine strategies, or developing
personalized co-clinical treatments (23, 45).

AACRJournals.org
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The analysis of the HTS data performed in this work allowed us
to benchmark a large number of different inhibitors of the same
targets (MEKi, CDKi, and BETi) present in the NCATS MIPE
4.0 library, facilitating a comprehensive assessment of their effect on
biologically diverse MPNST cell lines. We found a high degree of
redundancy among inhibitors of the same class, despite specific
sensibilities in certain MPNST cell lines. This redundancy was
consistent also when screening combinations of agents from the
same classes. Identified synergies of pairwise drug combinations in
HTS assays were validated in a broad panel of nine MPNST cell
lines. The use of a high variety of biological replicates robustly
supported the in vitro synergistic effects observed and allowed
identifying some differences between cell lines despite bearing the
three TSGs inactivated (Fig. 2A; ref. 17). Thus, there is a main role
played by the mutational status of NF1, CDKN2A, and PRC2 in the
responses to MEKi, CDKi, and BETi combinations, although there
are other genetic, epigenetic, or physiologic differences that may
modify treatment responses (46). Few compounds and combina-
tions tested failed to confer any adverse effect on MPNST cell lines.
We did not further investigate the underlying causes of this in-
nocuous effect, with possible reasons being both a limited activity of
the compounds and a technical issue in the assays performed.

Several combinations were also tested in a human nontumoral
fibroblast cell line as control noncancer cells, to avoid potential
secondary effects when testing the drugs preclinically in vivo or
when they may arrive to patients. The combination of palbociclib
(CDKi) and I-BET151 (BETi) elicited significant toxicity in the HFF
cell line. Thus, we discarded it for the in vivo analysis. These results
are important, as in our experience, in vitro toxicities in HFFs in-
form that the window between toxicity and effectivity could be
narrow when translating in vitro to in vivo treatments, like when
combining panobinostat (histone deacetylase inhibitor) with
proteosome inhibitors or mTORCI inhibitors (23). Furthermore,
even if no toxicity is detected in vitro in HFFs, the final dosing
regimen is key for identifying an effective treatment window be-
tween toxicity and effectivity in vivo, as was the case of the MEKi—
BETi combination.

As we tested cell lines and PDOX models both derived from the
same primary tumors and sharing the same genomics, we were able
to compare in vitro and in vivo responses of models sharing almost
the same genetic content. Surprisingly, there was not a good
agreement between in vitro and in vivo responses. Although the SP-
10 model in vitro was generally not very sensitive to any of the
treatments (Fig. 2A), it was the most responsive tumor in vivo
(Fig. 4), which is different to what was observed for the NF1-18B
model, being clearly sensitive in vitro and a bit less responsive in
vivo compared with the sporadic model. Differences between
in vitro and in vivo treatment efficacies have already been reported
by others (47). In our case, we think that at least part of the dif-
ferences observed in in vitro-in vivo pair models may be explained
by not only the direct effect of treatments on tumor cells but also
their effect on the tumor microenvironment (48). In fact, we
identified drug effects on both tumoral cells and the microenvi-
ronment acting concurrently. Although reversion of transcription
changes produced by PRC2 loss upon BETi treatment seems not to
play a role in tumor cells, METi-BETi co-treatment elicits a cyto-
static effect, highly reducing tumor cell proliferation and some BIM-
dependent apoptosis (21). In addition, a change in the composition
of the immune microenvironment, exemplified by a reduction of
M2 macrophages, could be also key in the observed PDOX reduc-
tion, supporting the addition of immunotherapy for treating
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Figure 6.

In vivo testing of the triple combination of MEKi-BETi-CDKi in both MPNST PDOX mouse models: NFi1-related (A-F) and sporadic (G-L). A, Relative tumor
volume growth of the NF1-18B PDOX model during 3 weeks of treatment. B, Waterfall plot of the fold change of each individual tumor at the end of the
experiment. C, Tumor weight at the end of the experiment (Mann-Whitney test). Each black dot indicates one single value. D, Photographs of the collected
tumors at the end of the experiment. E, Plot showing mice weight during the 3 weeks of treatment. F, Analysis of tumor regrowth after the end of triple
combination treatment. Relative tumor volume growth for four individual tumors is shown. G, Relative tumor volume growth of the SP-10 PDOX model during
3 weeks of treatment. H, Waterfall plot of the fold change of each individual tumor at the end of the experiment. The two darker green bars represent tumors
that disappeared by palpation and were not measurable (final volume of 0). I, Tumor weight at the end of the experiment (Mann-Whitney test). Each black dot
indicates one single value. J, Photographs of the collected tumors at the end of the experiment. Hematoxylin and eosin (H&E) staining of the femoral biceps of
one of the mice without a palpable tumor, showing traces of tumor tissue. Image magnified 4 x. K, Plot showing mice weight during the 3 weeks of treatment. L,
Analysis of tumor regrowth after the end of triple combination treatment. Relative tumor volume growth for four individual tumors is shown. Note that no tumor
recurrence was observed in one case. Mann-Whitney test: ***, P value < 0.001; **, P value < 0.01; *, P value < 0.05. A + |, ARRY-162 + |-BET151; A + | + R, ARRY-162 +
I-BET151 + ribociclib; V, vehicle.

918 Clin Cancer Res; 31(5) March 1, 2025 CLINICAL CANCER RESEARCH

620z ABIN 61 U0 159N6 Aq Jpd- £08Z-1Z-100/866EYSE/L06/S/L€/1Pd-B[0IIE/SaLIEOUEOUII/BI0"S[BUINOLIOEE/:dY WO PapEOjUMOQ



MPNSTs under MEKi-BETi treatment (44). However, further an-
alyses of changes in the tumor microenvironment upon METi-BETi
co-treatment are required to properly understand how MPNST
PDOXs are reduced.

In vivo combination treatments using two MPNST PDOX models,
one sporadic and one NFl-associated, showed that the MEKi-BETi
combination elicits a potent response in MPNST PDOX, stopping tu-
mor growth and reducing tumor volume in half of the NF1 PDOX
tumors (Fig. 3) and in all tumors of the sporadic PDOX model (Fig. 4).
Previously published studies also showed a good response to MEKi—
BETi co-treatments in MPNSTSs arising in genetically engineered mouse
models (20). However, the triple combination of inhibitor classes,
MEK-BET-CDXK, resulted in the best tumor PDOX response obtained
so far, reaching disappearance in a few tumors during the assay period
(Fig. 6) and not causing toxicity in treated mice. This important result
will need to be extended to other MPNST PDOX models to assess the
potential of this triple combination as a generalized therapy for
MPNSTs, at least for those with the triple inactivation of TSGs. These
results clearly support the use of precision medicine for MPNSTSs. The
observed differences in the MEKi-BETi co-treatment tumor responses
to the first combination and the final triple treatment experiments
could be explained by experimental differences, particularly by the
initial bigger size of PDOX and the higher initial concentration of BETi
in the first co-treatment experiment. In addition, there seems to be a
better response of sporadic MPNSTs compared with NF1-derived
MPNSTs when using these precision oncology-combined treatments,
consistent with other works (9). New experiments using additional
sporadic and NF1 PDOX models are needed to explore the extent of
this observation.

In summary, our results strongly support precision therapies for
MPNSTs guided by TSG inactivation status. MEKi-BETi-CDKi
triple treatment elicits a significant reduction of human MPNST
PDOXs, reaching PDOX MPNST disappearance in a few tumors
after 3 weeks of treatment. This work provides valuable preclinical
information for current and future clinical trials in humans.
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