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Abstract

Malignant peripheral nerve sheath tumors often arise in patients with neurofibromatosis type 1 and 

are among the most treatment-refractory types of sarcoma. Overall survival in patients with 

relapsed disease remains poor, and thus novel therapeutic approaches are needed. NF1 is essential 

for negative regulation of RAS activity and is altered in about 90% of MPNST. A complex 

interplay of upstream signaling and parallel RAS-driven pathways characterizes NF1-driven 

tumorigenesis, and inhibiting more than one RAS effector pathway is therefore necessary. To 

devise potential combination therapeutic strategies, we identified actionable alterations in 

signaling that underlie adaptive and acquired resistance to MEK inhibitor (MEKi). Using a series 

of proteomic, biochemical, and genetic approaches in an in vitro model of MEKi resistance 

provided a rationale for combination therapies. HGF/MET signaling was elevated in the MEKi-

resistant model. HGF overexpression conferred resistance to MEKi in parental cells. Depletion of 

HGF or MET restored sensitivity of MEKi-resistant cells to MEKi. Finally, a combination of 

MEK and MET inhibition demonstrated activity in models of MPNST and may therefore be 

effective in patients with MPNST harboring genetic alterations in NF1.
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Introduction

Malignant peripheral nerve sheath tumors (MPNST) arise in patients with neurofibromatosis 

type 1 (NF-1), although in adults, sporadic MPNST also occur, and these tumors are among 

the most treatment-refractory types of sarcoma. Overall survival in patients with relapsed 
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and metastatic disease remains poor, with no successes from past clinical trials to date. 

Novel therapeutic approaches are needed, and efforts have focused on the potential for 

targeted small molecules against the molecular vulnerabilities that characterize these tumors. 

Genomic characterization of MPNST cohorts reveals recurrent alterations in NF1, 

CDKN2A, TP53, EED and SUZ12, the latter two elements of the polycomb repressive 

complex 2 (PRC2) (1–7). Other genomic amplifications have been described and include 

HGF, MET, EGFR, PDGFRα, PDGFRβ, KIT, IGF1R and others (8–11). Loss of NF1 

disrupts the essential negative regulation of RAS activity and is altered nearly uniformly in 

MPNST, leading to the expected dysregulation and therefore hyperactivation of RAS and its 

effector pathways. While RAF-MEK-ERK signaling is among the most well-studied of the 

RAS effector pathways, no doubt others are also dysregulated and contribute to 

tumorigenesis. MEK inhibition has been tested in both pre-clinical models of MPNST and 

its precursor counterpart, plexiform neurofibroma (pNF), with promising activity (12, 13). 

Clinical trials of MEK inhibitors in patients with pNF have led to responses in the majority 

of patients, and selumetinib is now the first of these to gain FDA approval for this indication 

(14, 15). In MPNST, however, MEK inhibition alone will not be sufficient for anti-tumor 

control. The activation of upstream receptor tyrosine kinases (RTK), either at baseline, or as 

a consequence of network adaptation, or parallel RAS-driven pathways, characterizes NF1-

driven malignancy, and inhibiting more than one RAS effector pathway will be necessary for 

improved patient outcomes.

Measurements of signaling adaptation that occurs in the short-term in response to MEK 

inhibition gives clues not only to which pathways and effectors are present in the native state 

and contributing to the tumor phenotype, but also to how tumor cells will acquire resistance. 

These findings can suggest targets for upfront combinations that hold promise to prevent 

and/or delay the acquired resistance that will undoubtedly occur and limit the utility of these 

agents. In other cancer types, the adaptive changes to short-term inhibition of RAF and/or 

MEK include upregulation of RTK, increase in RAS activity, and activation of parallel 

signaling, often through release of the physiologic negative feedback that is present when 

ERK is active (16–18). Knowledge of the dominant RTKs that limit the responsiveness to 

RAF and/or MEK inhibition, allows for the design of rational combination therapy, such as 

the use of EGFR antibodies together with RAF/MEK inhibitors in colorectal carcinoma (19). 

In early studies of resistance mechanisms to ERK signaling inhibition, BRAF V600E-

mutant melanoma cells acquire resistance to RAF inhibitor via PDGFRβ upregulation (20). 

Stromal HGF expression in patients with BRAF-mutant melanoma significantly correlates 

with poor response to RAF inhibitor therapy (21). HGF/MET upregulation confers 

resistance to RAF inhibitor in BRAF-mutant melanoma, colorectal and glioblastoma cell 

lines, as well as in murine anaplastic thyroid cancer models (21–23). In the absence of a 

singular molecular marker of adaptive resistance, however, the design of such combination 

trials represents a greater challenge. Here, we speculate that PDGFRβ and MET are 

candidate RTK which may modulate adaptive and acquired resistance to MEK inhibition in 

MPNST. It remains unclear, to date, whether MPNST cells depend on the HGF/MET axis 

and would be, as a tumor class, susceptible to its inhibition, genetically or 

pharmacologically (24–26).
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Relatively few cell line models exist for the study of NF1-MPNST, and the characterization 

of these lines has been partial in most reported studies (27). To add to these, our lab has 

generated a series of novel NF1-MPNST patient-derived xenografts (PDX) and cell lines, 

and made these available to the NF1 research community (28). By testing a broad panel of 

models of this very genomically heterogeneous tumor type (29), we can attempt to capture 

the heterogeneity in signaling that occurs in response to single agent treatment. We therefore 

characterized a panel of ten cell lines, in their native state, and following short-term and 

long-term MEK inhibition, to identify key molecules which modulate adaptive and acquired 

resistance, and then tested the most promising combinations suggested by these results. We 

identified a broad variety of RTK that characterize the adaptive response to MEK inhibition 

in MPNST. One strategy to overcome the pan-RTK upregulation is to target a convergence 

point vulnerability of RTK/RAS activity – a small molecule inhibitor of the SHP2 

phosphatase together with a MEK inhibitor, indeed produces synergistic inhibition of NF1-

MPNST models in vitro and in vivo (30). SHP2 inhibitors are currently only available 

through select clinical trials, however, and their tolerability and toxicity in humans, alone or 

in combination with MEK inhibitors, are not yet reported. We therefore tested two alternate 

strategies, including inhibitors of PI3K/mTOR as well as MET tyrosine kinase inhibitors, 

and found that combined MEK/MET inhibition is a viable therapeutic combination strategy 

in NF1-MPNST.

Materials and Methods

For additional details on in vitro studies, refer to Supplementary Methods.

Cell lines, antibodies and reagents.

A375, RD, SMS-CTR, A549, HEK293T, and Phoenix-AMPHO cells were obtained from 

the American Type Culture Collection (ATCC, Manassas, VA). SK-MEL-103 was obtained 

from Dr. David Solit at Memorial Sloan Kettering Cancer Center (MSKCC, New York, NY). 

STS26T, ST8814 and NF90.8 were kindly provided by Dr. Gregory Riggins at Johns 

Hopkins University (JHU, Baltimore, MD). NF94.3, NF96.2, NF10.1 and NF11.1 were 

kindly provided by Dr. Margaret Wallace at University of Florida (UF, Gainesville, FL). 

Three patient-derived NF1-MPNST cell lines JH-2–002, JH-2–009 and JH-2–031 were 

generated in our laboratory from biospecimens collected during surgical resection from 

patients with NF1-MPNST (28). Material was collected under an institutional review board 

(IRB)-approved protocol (JHU IRB #J1649), and all patients provided written informed 

consent. All cell lines used in our study were verified by short tandem repeat (STR) profiling 

for cell line authentication at Johns Hopkins University Core Facility, tested negative for 

mycoplasma contamination, and passaged in vitro for fewer than three months after 

resuscitation. The STR profiles are available upon written request to the corresponding 

author.

Antibody against NF1 (#A300–140A) was from Bethyl Laboratories. Antibodies against p16 

and DUSP6 were from Abcam. Antibody against HGF was from R&D Systems. Antibodies 

against NRAS, HRAS and cyclin D1 were from Santa Cruz Biotechnology. Antibody 
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against KRAS was from Millipore. Antibodies against other proteins and phospho-proteins 

were obtained from Cell Signaling.

Trametinib, GSK2126458, SCH772984, BMS777607, INC280, imatinib, crizotinib, 

pazopanib, sunitinib, AZD2932, GW441756 and BLU-554 for in vitro study were purchased 

from SelleckChem. LOXO-101 and LY2874455 were purchased from MedChemExpress. 

AZD2014 was kindly provided by Dr. Vijaya Ramesh at Massachusetts General Hospital 

(Boston, MA). Recombinant human HGF (rhHGF, #PHG0324) and PDGF (#PHG0045) 

were purchased from Thermo Fisher Scientific. Doxycycline was from Sigma Aldrich; 

puromycin and hygromycin stock solution were purchased from Invitrogen. Drugs for in 
vitro studies were dissolved in DMSO to yield 10 mM or 1 mM stock solutions, and stored 

at −20°C.

Generation of drug-resistant cell lines.

Cell lines resistant to trametinib were generated by exposing the parental NF1-MPNST cell 

lines ST8814 and NF90.8 to 20nM of trametinib for five months of continuous drug 

exposure (with change of medium twice per week).

Targeted gene sequencing and copy-number variation (CNV) analysis.

Targeted gene sequencing was performed on six MPNST cell lines (ST8814 parental and 

resistant, NF90.8 parental and resistant, NF94.3 and NF96.2) using a clinical oncology panel 

covering 637 genes important in oncogenesis, including copy-number variation (CNV) 

analysis, by the Molecular Diagnostics Laboratory at Johns Hopkins, as previously 

described (31, 32).

Lentivirus-based inducible shRNA-mediated knock-down cells.

shRNAs targeting GFP (33), HGF (h9) or MET (m7) (34) and PDGFR β (20) were sub-

cloned into Tet-pLKO-puro vector. The lentiviruses encoding GFP, HGF or MET and 

PDGFR β shRNA were packaged in HEK293T cells. The target cells were infected 

overnight by filtered viral supernatant in the presence of 8 μg/ml of polybrene (#TR-1003-G, 

Millipore). The infected cells were selected with puromycin (2 μg/ml) for one week before 

the analysis of the knockdown effects. The shRNA oligos targeting GFP, HGF or MET and 

PDGFR β are listed in the Supplementary Information.

Immunoblotting.

Cells were disrupted on ice in NP40 lysis buffer as previously described (35). Protein 

concentration was determined with Pierce BCA protein assay kit (#23227, Thermo Fisher 

Scientific). Equal amounts of protein were separated by SDS-PAGE, transferred to 

nitrocellulose membranes, immunoblotted with specific primary and secondary antibodies, 

and detected by chemiluminescence with the ECL detection reagents, Immobilon western 

chemiluminescent HRP substrate (#WBKLS0500, Millipore) or Pierce ECL western blotting 

substrate (#32106, Thermo Fisher Scientific). The membranes were imaged on the 

ChemiDoc touch imaging system (Bio-Rad) and relative changes in p-ERK levels were 

quantitated by densitometry analysis using Image J as a function of concentration or 

treatment time. Response curves were generated using Graph Pad Prism 8.
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Soft agar assay.

Soft agar assay was performed as previously described (36). Briefly, 50,000 cells growing in 

log phase were mixed with agar (0.33%), treated with either DMSO or trametinib in the 

presence of doxycycline, and plated over a bottom layer of 0.5% agar in 6-well plates. Cells 

were incubated at 37°C for four weeks, with 100 μl of media containing doxycycline 

pipetted over the surface every 48 hr. Colonies were then stained with crystal violet (Sigma-

Aldrich) for 1 hr and five random fields per chamber were acquired using NikonTM Eclipse 

Ti inverted microscope (Nikon). Measurements were based on duplicates for each condition.

In vivo mouse xenograft.

NOD scid gamma (NSG, #005557) female mice were purchased from the Jackson 

Laboratory. All mouse experiments were approved by the Institutional Animal Care and Use 

Committee at Johns Hopkins under protocol #MO19M115. Minced tumor fragments from 

donor mice were implanted subcutaneously close to the sciatic nerves of 6 to 8-week-old 

NSG female mice. Drug treatment was started when tumor size reached roughly 150 mm3 

for PDX JH-2–009 and 130 mm3 for NF11.1. Eight to ten mice were randomized into each 

treatment group by an algorithm that achieves the best-case distribution to assure that each 

treatment group has similar mean tumor burden and standard deviation. Vehicle, trametinib 

(0.3 mg/kg, Chemietek; dissolved in 5% DMSO and 0.5% hydroxypropyl methyl cellulose 

and 0.2% Tween 80), INC280 (capmatinib, 25mg/kg, MedChemExpress; dissolved in 5% 

DMSO and 0.5% methyl cellulose and 0.1% Tween 80), or the combination were 

administrated by oral gavage once daily, based on mean group body weight, with a treatment 

schedule of 5 days on/2 days off. The endpoint of the experiment for efficacy studies was 

adjusted according to the intrinsic tumor growth rates or the longest tumor diameter of 2-cm 

as per the JH-ACUC approved protocol, whichever occurred first. Tumors were measured 

twice weekly by calipering in two dimensions, and tumor volume was calculated by: L × 

W2(π/6), where L is the longest diameter and W is the width. Fold-change tumor growth 

was calculated relative to day 0 with the formula: fold change in tumor growth = (tumor 

volume on day X/tumor volume on day 0) −1. No data or animals were excluded from the 

analysis.

Results

Genomic and biochemical characterization of a panel of MPNST cell lines including 
sensitivity to MEK inhibition

Given the diverse tumor and genomic heterogeneity that characterizes NF1-deficient 

malignant peripheral nerve sheath tumors (29), we set out to determine the signaling 

characteristics and response to targeted ERK pathway inhibition in a large panel of cell lines, 

including one sporadic MPNST cell line (STS26T with BRAF V600E and PTEN loss, 

Supplementary Table 1), six NF1-MPNST cell lines, and three novel NF1-MPNST cell lines 

developed in our laboratory (28). Only STS26T has wild type (WT) NF1, while the others 

harbor a range of single nucleotide variants (SNV), frameshift mutations, splice 

abnormalities, partial and whole gene deletions, and copy number loss (loss of 

heterozygosity), resulting in loss of NF1 function in these cells (Figure 1A). Partial and 

complete loss of full-length NF1 protein was validated by immunoblot in these cells (Figure 
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1B). The PRC2 complex proteins SUZ12, as well as tumor suppressors PTEN and p16 

(encoded by CDKN2A), are variably lost, recapitulating the genomic background previously 

reported in human MPNST (Supplementary Table 1) (2–4). In addition, these cell lines 

exhibit a range of expression levels of phospho-signaling proteins and RTK, as demonstrated 

in Figure 1B. We hypothesized that the fraction of RAS that is GTP-bound in the setting of 

loss of NF1 function was “high” and therefore measured RAS-GTP in all ten MPNST cell 

lines using a RAF1-RBD immunoprecipitation assay and probing with antibodies against 

HRAS, NRAS, KRAS, as well as pan-RAS. We used A375 (melanoma, BRAF V600E) as a 

control for RAS-GTP “low”; we used RD (rhabdomyosarcoma, NRAS Q61H), SMS-CTR 

(rhabdomyosarcoma, HRAS Q61K), and A549 (NSCLC, KRAS G12S) as positive controls 

for GTP-bound NRAS, HRAS, and KRAS, respectively. Other than STS26T (WT NF1) and 

JH-2–009, we detected modest levels of RAS-GTP, with the most intense detection of GTP-

bound RAS seen using the NRAS antibody, when normalized to three known RAS- mutant 

cell lines, respectively (Figure 1C).

We then tested the anti-proliferative effects of the MEK inhibitor trametinib across a range 

of doses against the ten MPNST cell lines, and observed variable inhibition – some cells 

(ST8814, NF11.1, and JH-2–009, with IC50 < 45 nM) were quite sensitive; some cells 

(NF90.8 and NF96.2, with IC50 about 100 nM) demonstrated intermediate sensitivity; while 

others (NF94.3, NF10.1, JH-2–002 and JH-2–031, with IC50 > 300 nM) were only modestly 

so. Notably, the sporadic line STS26T that harbors BRAF V600E and PTEN loss 

(Supplementary Table 1), showed sensitivity to about 50% inhibition and then reached to a 

steady state, suggesting that even in a BRAF mutant line, MEK inhibition alone remains 

insufficient in MPNST (Figure 1D). We found that phospho-ERK (p-ERK) was effectively 

inhibited at 1 hr in all cell lines at a dose of 10–30 nM, regardless of sensitivity for 

proliferation (Figure 1E–F). p-ERK inhibition was not sustained, however, in most cell lines, 

with rebound in p-ERK detected by 6 hrs in the majority of cell lines, to modest (but not 

baseline) levels (Figure 1G–H). Phospho-S6 kinase, phospho-S6 and cyclin D1 levels were 

partially inhibited at 6-hr or later, coinciding with rebound in p-ERK, and suggesting a 

modest and indirect anti-signaling that perhaps relates to adaptation. Likewise, genes that 

comprise ERK-dependent transcriptional output in cells with hyperactivated ERK signaling 

(37) were inhibited over time in response to trametinib (Figure 1I).

Global activation of receptor tyrosine kinases drives adaptive resistance to MEKi in 
MPNST cells

Given the modest effects of single agent MEK inhibition in our in vitro models of MPNST, 

and the modest in vivo effects of other MEK inhibitors in MPNST xenografts previously 

reported (12, 38), we set out to characterize the adaptive signaling changes that occur in 

MPNST cells following exposure to MEK inhibitor. As predicted by the genomic diversity 

that occurs in MPNST, the adaptive signaling changes were likewise heterogeneous in the 

MPNST cell lines. Using a human phospho-RTK antibody array screen, we detected 

increases in p-PDGFRβ, p-IGF1R, p-EGFR, p-MET, and others in nine MPNST cell lines 

after exposure to trametinib for 24 hrs (Figure 2A–B and Supplementary Figure 1). The 

specific RTK which were upregulated by trametinib varied by cell line and were not 

predicted by their genotype or identifiable baseline characteristics. Further, upregulation of 
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p-PDGFRβ, which was the most common event observed (Figure 2A–B), was accompanied 

by a compensatory downregulation of PDGFRα phosphorylation (Supplementary Figure 1). 

These findings were consistent with the global upregulation of multiple RTK detected using 

the PamChip phospho-peptide array in a subset of these cell lines at 24 hrs of trametinib 

treatment relative to control (30). Further, total PDGFRβ protein expression was induced by 

trametinib at 24-hr time point in the nine cell lines tested and this effect was durable in 

several cell lines, including STS26T, NF94.3 and NF10.1 (Figure 2C).

PDGFRβ signaling and CRAF are upregulated in a MEKi-resistant model

As combination therapy with MEKi plus a multi-targeted tyrosine kinase inhibitor would be 

enhanced by an ability to predict the relevant RTK, we set out to determine the long-term 

(acquired) changes in addition to those that occur in the short-term (adaptive). To determine 

long-term acquired changes in signaling networks associated with resistance to MEKi, we 

generated cell lines with acquired resistance by continuous exposure of two trametinib-

sensitive cell lines (NF90.8 and ST8814) to trametinib for a period of about five months. 

Following emergence of the resistant cell population, we characterized the cells using 

phospho-RTK arrays, in vitro measurements of sensitivity to trametinib, and the effects of 

trametinib on signaling.

Using NF90.8 as a parental (P) cell line and after successful emergence of a resistant 

population (R), we characterized the parental and resistant cell lines using targeted gene 

sequencing (TGS), phospho-RTK arrays, and measures of sensitivity to MEKi. NF90.8 (R) 

cells demonstrated significant upregulation of p-PDGFRβ, p-ALK and p-EphA7, relative to 

parental cells (Figure 3A and Supplementary Figure 2A). In the parental cells, PDGFRβ and 

CRAF were induced by MEK inhibition, but in the resistant cells, these remained higher 

than in parental when trametinib was withheld from the culture, and did not become re-

induced upon short-term (overnight) exposure to trametinib. In addition, p-KIT and total 

KIT levels were higher in the resistant cells compared to parental. p-CRAF, p-MEK and p-

AKT were induced by trametinib in both lines, but p-CRAF and p-MEK were markedly 

higher in resistant cells relative to parental, under the drug-free seeding condition (T −) 

(Figure 3B). mRNA levels of PDGFRβ and KIT correlated with protein levels (Figure 3C). 

Moreover, RAS-GTP was not markedly different between parental and resistant cells, 

compared to each corresponding condition (T − or T +) (Supplementary Figure 2B), in line 

with a previous observation that PDGFRβ-upregulated, PLX4032-resistant BRAF V600E 

melanoma cells retained unchanged low level of RAS-GTP (20), indicative of rebound in 

compensatory pathways. Further analysis of the TGS data revealed amplification in RAF1 
and an equivocal copy number gain in PIK3CA, which were further investigated by 

detection of protein expression. CRAF/RAF1 demonstrated enhanced protein expression, 

while increased protein level of p110α (encoded by PIK3CA) was not detected when 

comparing resistant versus parental cells (Supplementary Table 2 and Supplementary Figure 

2C). Measuring cell proliferation using high-throughput 96-well plate assays, we detected at 

least a one-log fold difference in IC50 to trametinib, comparing NF90.8 (P) to NF90.8 (R) 

(Figure 3D). Using cells which were seeded under their regular growth conditions overnight 

followed by drug-free medium for 2 hrs, we then detected the effects of a single dose of 

trametinib on signaling, and found reduced ability of the drug to inhibit p-ERK, with the 
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changes in the other phosphorylated and total proteins consistently up in resistant compared 

to control (Figure 3E). A 3- to 10- fold higher dose of trametinib was required for similar p-

ERK inhibition in resistant cells compared to parental, and this effect was more pronounced 

when resistant cells were held continuously in trametinib (Figure 3F, dose, and 3G, over 

time). Further, we observed a rapid induction of p-AKT and p-S6K under the drug-free 

seeding condition (T −), and less inhibition or more rapid rebound of p-S6 and cyclin D1 by 

trametinib in resistant cells (Figure 3G). To confirm whether PDGFRβ signaling can induce 

downstream RAS effector pathway, we next treated NF90.8 parental cells with vehicle or 

100 ng/ml PDGF together with increasing dose of trametinib, and we observed a strong 

activation of ERK and AKT signaling by exogenous PDGF addition (Figure 3H). We 

functionally knocked down PDGFRβ expression in NF90.8(R) cells using three individual 

shRNA constructs (20) (Figure 3I and Supplementary Table 3), and found significant cell 

growth inhibition in the resistant cells when PDGFRβ was maximally reduced by 

shPDGFRβ #4 (Figure 3J), suggesting that the cells had acquired dependence on the PDGF/ 

PDGFR axis for their continued growth.

HGF/MET signaling is elevated in a MEKi-resistant model

Using ST8814 as a second parental (P) cell line, and after successful emergence of a 

resistant population (R), we likewise characterized the parental and resistant cell lines using 

TGS, phospho-RTK arrays, and measures of sensitivity to MEKi. ST8814(R) cells 

demonstrated significant up-regulation of p-MET, p-PDGFRα, and p-VEGFR1 in response 

to trametinib (Figure 4A and Supplementary Figure 3A). Given that the increase in p-MET 

was the most striking of these, we explored the role of the HGF/MET axis in both parental 

and resistant ST8814 cells. We detected increased levels of HGF and p-MET in resistant 

cells, and this effect was dynamic in response to withholding MEKi from overnight culture 

(Figure 4B). Real-time PCR detection of HGF mRNA confirmed that protein changes were 

consistent with changes at the transcription level (Figure 4C). RAS-GTP levels did not 

demonstrate significant change, when comparing parental and resistant cells under 

respective seeding conditions (Supplementary Figure 3B). By TGS, we identified 

amplification of NTRK1 and FGFR4, which were also confirmed by protein expression 

(Supplementary Table 2 and Supplementary Figure 3C). Again, measuring cell proliferation, 

we detected about a one-log fold difference in IC50 to trametinib, comparing ST8814 (P) to 

ST8814 (R) (Figure 4D, E). Using cells which were seeded under regular growth conditions 

overnight followed by drug-free medium for 2 hrs, we then detected the effects of a single 

dose of trametinib on signaling, and found reduced ability of the drug to inhibit p-ERK, and 

enhanced MET, ERK and PI3K/AKT signaling and cyclin D1 expression in resistant cells. 

Notably, HGF was unchanged with replacement of medium 2 hrs before 1-hr of trametinib 

treatment (Figure 4F). A 3- to 10- fold higher dose of trametinib was required for similar p-

ERK and p-RSK inhibition in resistant cells compared to parental, and this effect was more 

pronounced when resistant cells were held continuously in trametinib (Figure 4G, dose, and 

4H, over time). However, the ERK inhibitor SCH772984 was similarly effective at inhibiting 

p-ERK and p-RSK in parental and resistant cells, relative to trametinib (Figure 4G). 

Consistently, ERK and AKT signaling were increased, and p-S6 and cyclin D1 were less 

inhibited by trametinib in resistant cells (Figure 4H). Washout of trametinib following 

exposure to MEKi in these cells also resulted in rebound of HGF and p-MET, concurrent 
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with a quick return (< 2 hrs) of p-ERK and increase in p-AKT, p-S6K and cyclin D1 (Figure 

4I).

Autocrine upregulation of HGF/MET signaling contributes to MEKi resistance in a model 
with acquired resistance to trametinib

To further validate that the HGF/MET axis can mediate both adaptive and acquired 

resistance to MEK inhibition in MPNST, we modeled the overexpression of HGF in parental 

cells, and performed knockdown of MET and HGF, respectively, in resistant cells. We 

measured the growth of ST8814 (R) cells compared to those in which either HGF or MET is 

reduced using inducible knockdown, and observed that either MET or HGF knockdown 

resulted in impaired cell growth (Figure 5A, B), suggesting that the resistant cells had 

developed dependence on the HGF-MET axis for their continued growth and survival. The 

expression of the HGF and MET shRNA on a doxycycline-inducible vector caused dose-

dependent reduction in p-MEK, p-ERK and p-AKT, p-S6K, p-S6. A more significant 

reduction in cyclin D1 was exerted by knockdown of MET than that of HGF (Figure 5C and 

Supplementary Table 3). Inducible knockdown of either HGF or MET resulted in restored 

sensitivity of ST8814 (R) cells to trametinib, as measured by both the ability of trametinib to 

inhibit p-ERK (Figure 5D, E) and cell growth, to levels near that of parental (Figure 5F, day 

5 and Supplementary Figure 4A, day 3 and 7). Whereas trametinib did not reduce the 

number of cells, nor the formation of colonies, compared to control (DMSO, no treatment) 

in ST8814 (R) with GFP control, both cell number and colony formation were reduced by 

trametinib by at least 40% and by at least 66% (cell number and colony formation, 

respectively) in each of the knockdown cells, shHGF and shMET (Figure 5G, H and 

Supplementary Figure 4B).

Likewise, the phenotype of ST8814(R) was partially recapitulated by exogenous 

administration or ectopic overexpression of HGF in parental cells. Under serum-starved 

conditions, ST8814 (P) cells dosed with HGF (100 ng/ml, 1 hr), exhibited relative resistance 

to trametinib, with 3- to 10-fold higher dose of trametinib required to achieve similar 

reduction in p-ERK. Base-line levels of p-AKT, p-S6K and p-S6 were increased in the 

presence of HGF, and did not change in response to trametinib at 1 hr (Figure 5I). Similarly, 

we generated doxycycline-inducible constructs expressing V5-tagged HGF (or GFP as 

control) and expressed these in ST8814 parental cells. Under low serum conditions, 

inducible expression of HGF with doxycycline pretreatment for 24 hrs followed by short-

term (1 hr) trametinib treatment again resulted in an increase in the amount of trametinib 

required to inhibit p-ERK by similar levels, and led to enhanced AKT signaling (Figure 5J 

and Supplementary Figure 4C). These results are consistent with a previous study that HGF 

promotes drug resistance by re-activating both PI3K/AKT and ERK signaling in the 

presence of the drug (22). In these cells, measurement of proliferation in response to 

trametinib over 5 days resulted in a shift to the right of the IC50 curve for both ST8814 (P) 

and (P_GFP) with either exogenous recombinant human HGF (rhHGF) or doxycycline-

inducible HGF-V5 (Figure 5K, day 5 and Supplementary Figure 4D, day 3 and 7).
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mTORi alone or MEKi plus mTORi exhibit variability against groups of MPNST cells, 
defined by their sensitivity to MEK inhibition

We hypothesized that given the central role of RAS signaling, its ability to modulate 

multiple downstream effector pathways, and its regulation by a large number of upstream 

RTK, which may change in an unpredictable fashion in this diverse group of tumors, that 

targeting the common downstream effector mTOR would likely work in concert with 

targeting the MEK-ERK signaling axis. We therefore tested the dual mTOR kinase inhibitors 

GSK2126458 and AZD2014, first as single agents in each of the parental/resistant pairs 

(PDGFRβ and HGF/MET upregulated, respectively), and found that the mTOR kinase 

inhibitors were no more effective as single agents in the resistant lines compared to the 

parental, nor were the combinations more effective than the mTOR kinase inhibitors alone – 

this was true in both the NF90.8 (R) and ST8814 (R) resistant cells (Figure 6A–D and 

Supplementary Figure 5A–F). Reasoning that PI3K/mTOR activity, either basal or adaptive, 

could mediate the partial sensitivity to MEKi seen in native MPNST cells, we tested the 

mTOR kinase inhibitor GSK2126458 in all ten MPNST cell lines as well, and found that all 

ten were in fact similarly sensitive to this compound (Figure 6E). We then tested whether 

more potent inhibition of cell proliferation could be achieved using trametinib in 

combination with GSK2126458, and found that the combination was more effective in 

reducing cell number and cyclin D1 expression than either agent alone in two cell lines 

(ST8814 and NF11.1) with partial sensitivity to trametinib alone (Figure 6F, cell number and 

immunoblot), but the effect was not additive in a cell line (NF96.2) insensitive to MEKi 

(Supplementary Figure 5G), despite inhibition of both PI3K/AKT and ERK signaling by the 

combination (Supplementary Figure 5H). Using the percent of cell growth inhibition 

achieved by either agent alone (trametinib 20 nM and GSK2126458 10 nM), we classified 

the twelve cell lines into three clusters: cluster 1, those most sensitive to MEKi; cluster 3, 

those most sensitive to mTORi but least sensitive to MEKi; and cluster 2, those modestly 

sensitive to each (Figure 6G, Supplementary Table 4 and Supplementary Figure 5I). The 

combined effect of MEKi/mTORi was most pronounced in clusters 1 and 2, whereas mTORi 

alone was most effective in cluster 3, including the two MEKi-resistant cell lines 

(Supplementary Figure 5A–D and J). These findings may provide insights to the ongoing 

phase 2 clinical trial (NCT03433183), using the MEKi selumetinib in combination with the 

mTORi sirolimus, in treating patients with MPNST.

Given the reported toxicity seen in clinical trials of such combinations to date, we sought an 

alternate combination approach, using selective inhibitors of RTK activity, to overcome the 

adaptive and acquired resistance we observed. As PDGFRβ was the most commonly 

upregulated RTK in response to MEKi in nine native cell lines and one MEKi-resistant 

model, we next tested the effects of the multi-targeted tyrosine kinase inhibitor (TKI) 

imatinib (39), alone or in combination with MEKi, on downstream signaling in the MEKi-

resistant model and a panel of native cells, and found no marked or additive inhibition in 

PI3K/AKT or ERK signaling pathway from either imatinib, or imatinib combined with 

trametinib (Supplementary Figure 5K–N). Moreover, we also tested the single agent activity 

of the pan-TRK inhibitor LOXO-101 and the pan-FGFR inhibitor LY2874455, respectively, 

in ST8814 (P) and (R) cells (NTRK1- and FGFR4-amplified in resistant cells), and found no 

inhibitory effect of either drug on signaling, indicating that these two genomic alterations 
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may not be the sole causative mediators of acquired resistance to MEKi (Supplementary 

Figure 5O).

MEKi plus METi demonstrates additive activity in MPNST parental and MEKi-resistant 
models

Combined treatment with MET and MEK inhibitors could represent a potential strategy to 

overcome both adaptive and acquired resistance to MEK inhibition in MPNST cells, given 

that we observed MET signaling upregulation as a feature present both in early adaptive 

responses to MEK inhibition, as well as one model of acquired resistance. We first tested the 

activity of a MET inhibitor (BMS777607; other inhibitors of MET included in 

Supplementary Figure 6) as a single agent in the ST8814 parental and resistant pair, and 

noted only modest activity of the compound against either ST8814 line, with MET inhibition 

suppressing the signaling molecules involved in both ERK and AKT pathways, and in 

particular reducing p-AKT levels to a similar extent in both cell lines (Figure 7A, B and 

Supplementary Figure 6A, B). When combined with trametinib, the MET inhibitor resulted 

in significant growth inhibition in (P) and (R) cells (Figure 7C and Supplementary Figure 

6C). No additive effects on ERK signaling but more inhibition of p-AKT were detected in 

(P) cells. In (R) cells, the addition of METi resulted in greater inhibition of p-ERK 

compared to trametinib alone, accompanied by a decrease in p-AKT and cyclin D1, not seen 

with trametinib (Figure 7D, E and Supplementary Figure 6D, E). In an effort to identify the 

most effective TKI to inhibit RAS effector pathways in ST8814 (R) cells, we tested a panel 

of drugs, including multi-targeted kinase inhibitors pazopanib, imatinib, sunitinib, 

AZD2932, crizotinib, the TrkA inhibitor GW441756 and the FGFR4 inhibitor BLU-554, 

and found that crizotinib (which also targets MET), most significantly inhibited RAS 

activity and downstream PI3K/AKT and ERK signaling, in further support of the 

dependency of the resistant cells on MET signaling (Supplementary Figure 6F–H). 

Reasoning that adaptive signaling responses to MEK inhibition were also diverse and 

unpredictable in MPNST cell lines, we tested the MET inhibitors in the entire panel of 

native MPNST cells, and found only modest in vitro sensitivity to BMS777607, and little 

single agent activity of INC280 (capmatinib) in all lines (Figure 7F, G). Modest inhibition of 

RAS effector signaling was observed with METi alone in a panel of native cells 

(Supplementary Figure 6I), but MEKi plus METi effectively inhibited downstream survival 

signaling (Supplementary Figure 6J–M). Given together with MEKi, there was a significant 

growth-inhibitory response for both MET inhibitors (BMS777607 and INC280/capmatinib), 

compared to either single agent alone when analyzing the seven NF1-MPNST cell lines in 

aggregate (Figure 7H, I). In particular, we observed a synergistic growth inhibition of 

trametinib plus the METi in ST8814, NF90.8, NF11.1 and JH-2–009 (Figure 7C and 

Supplementary Figure 6C, N and O). We further found that the combined use of MEKi and 

METi leads to more profound inhibition of p-ERK and cyclin D1 for at least 96 hrs of drug 

treatment, indicative of more sustained suppression of downstream signaling, relative to 

either agent alone (Figure 7J). The additive combined effect was also seen when using 

trametinib and INC280 (capmatinib, a METi recently approved for NSCLC, and in clinical 

development for glioblastoma, melanoma, kidney cancer, triple negative breast cancer, 

advanced hepatocellular carcinoma and other solid tumors) in two in vivo models, PDX 

JH-2–009 (Figure 7K and Supplementary Figure 6P), the model with the least overall degree 
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of RTK upregulation; and the cell-line-derived xenograft model NF11.1 (Figure 7L), the 

model with adaptive MET upregulation, suggesting that the combination would be effective 

in a broad range of heterogeneous MPNST models, as previously suggested (25, 26).

Discussion

The development of novel therapeutic combinations for NF1-MPNST has been limited by a 

number of challenges, and among these are: 1) complex karyotypes and a tendency to the 

loss of tumor suppressor function, rather than activating mutations in protein kinases (10, 40, 

41); 2) diverse heterogeneity among tumors; and 3) difficulty in predicting the ways in 

which tumors will evade inhibition by the most compelling class of targeted agents, the 

MEK inhibitors. The clinical trials to date, utilizing single agent TKI, including erlotinib, 

sorafenib, imatinib and dasatinib, have failed in treating MPNST (42). An abundance of data 

suggests that inhibition of MEK, a key effector pathway in tumors with dysregulated RAS 

via loss of NF1, should have anti-tumor activity, but to date, preclinical studies have 

suggested that MEK inhibition alone is insufficient (12, 13, 38). Identification of targeted 

therapies that hold potential for therapeutic efficacy in MPNST has been the focus of several 

clinical trials, including those testing inhibitors of Hsp90/mTOR (no responses), MEK/

mTOR (ongoing) and BET family proteins, based on preclinical data suggesting a role for 

these molecules in MPNST (1, 38, 43–47).

We reasoned that the short-term adaptive response to MEK inhibition in NF1-MPNST tumor 

cells would include loss of physiologic negative feedback from activated ERK to upstream 

tyrosine kinases, resulting in rebound reactivation of ERK and other pathways, and that 

identification of upstream pathways upregulated in response to MEK inhibition would 

predict targets for combined therapy. Further, we set out to identify actionable alterations in 

signaling that underlie acquired resistance to MEK inhibition. By observation of the adaptive 

changes in signaling when a diverse panel of MPNST cell lines were exposed to MEK 

inhibitor, and by selecting for cells that had acquired resistance following prolonged therapy, 

we confirmed that multiple RTK become activated by MEK inhibition, and therefore 

hypothesized that these adaptive changes represent targets for combination therapy. We 

tested two distinct approaches of such combination therapies.

RAS signaling maintains a central oncogenic role in NF1-deficient cancers, and given its 

ability to modulate multiple downstream effector pathways, and its regulation by a numerous 

upstream RTK, we hypothesized that targeting the common downstream effector mTOR 

would likely work in concert with targeting the MEK-ERK signaling axis. We tested two 

ATP-competitive dual mTOR kinase inhibitors, and while no unique pattern of differential 

sensitivity to these drugs was seen in the panel of MPNST cell lines, the combined effect of 

MEK/mTOR inhibition could be stratified into clusters, defined by baseline sensitivity to 

single agent MEK inhibitor. In fact, in those cells which were only moderately sensitive to 

MEKi, the combination of MEK/mTOR inhibition resulted in a profound synergistic effect 

in vitro. The future of this class of agents, however, remains to be defined, as early human 

trials have been complicated by toxicity, and multiple agents in this class to date have not 

met safety and efficacy endpoints to advance further (48, 49).
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There is an abundance of evidence demonstrating the importance of genomic alterations in 

critical driver genes in mediating therapy response, such as NF1 loss and NRAS mutation 

that lead to resistance to RAF inhibition in melanoma (20, 50); and NF1 loss and MET 
amplification in mediating resistance to EGFR inhibition in lung cancer (51, 52). Here, we 

indeed observed amplification of the RTK genes NTRK1 and FGFR4, and single copy loss 

of the tumor suppressor genes TP53, NCOR1 and FLCN specifically in ST8814 resistant 

cells; and RAF1 amplification, RECQL4 splicing variant (69.57% VAF) and KMT2D 
P2948Q (21.66% VAF) particularly in NF90.8 resistant cells. However, further evidence 

demonstrated the inability of the pan-TRKi LOXO-101 and the pan-FGFRi LY2874455 to 

effectively inhibit either ERK or AKT signaling in the corresponding resistant model. 

Among these alterations, RAF1 was previously reported to drive resistance to RAF 

inhibition in BRAF V600E melanoma through reactivation of ERK signaling (53). As such, 

in addition to PDGFRβ upregulation, RAF1 amplification and enhanced expression in 

NF90.8 resistant cells would also drive acquired resistance to trametinib, necessitating 

vertical co-targeting MEK and CRAF to overcome the resistance. Future studies are needed 

to explore the efficacy of combination pan-RAF and MEK inhibition, and to address the 

potential roles of NCOR1, FLCN, RECQL4 and KMT2D in pathogenesis and therapy 

response, in MPNST.

MET and PDGFRβ emerged specifically as the driver RTK in our models of acquired 

resistance, suggesting also that early targeting of these molecules would allow for enhanced 

therapeutic activity. We tested the combination of MEK plus imatinib but observed no 

additive benefit with this relatively non-selective molecule. These results are consistent with 

the observation that no responses to imatinib were achieved in patients with MPNST, with 

one stable disease as the best response reported in this early clinical trial (54). Similarly, 

PDGFRβ-upregulated, PLX4032-resistant melanoma cells were shown to be resistant not 

only to the MEKi AZD6244 but also to imatinib as a single agent (20), suggestive of 

reactivation of compensatory survival signaling and a need for combined use of MEKi with 

a new generation of small-molecule inhibitors targeting PDGFRβ.

The activity of MEK and MET inhibition was observed previously in preclinical models of 

MET-amplified non-small cell lung cancer, KRAS-mutant colorectal cancer, and metastatic 

uveal melanoma, the latter two with HGF/MET upregulation as a mediator of resistance to 

MEKi (55–57). In our ST8814 acquired resistance model, MET phosphorylation was 

upregulated nearly three-fold. Given that MET and its ligand HGF are amplified and 

implicated in MPNST growth and metastasis (10, 24, 58, 59), their upregulation as an escape 

from MEK inhibition is perhaps not surprising, and in fact has been observed in a 

longitudinal study of MPNST progression on chemotherapy and radiation in a single patient 

(25). In our experiments, the resistant cells became dependent on MET signaling, such that 

when either MET or HGF were reduced by short-hairpin intervening sequences, cell growth 

was reduced, irrespective of exposure to the MEKi. Upregulation of MET signaling was 

associated with reduced sensitivity of ERK to the MEKi, as well as upregulation of AKT-

mTOR-S6 signaling. The fact that cells could acquire dependency on a single RTK for their 

growth, suggests an underlying lineage specificity, enabling emergence of the normally 

quiescent kinase under selective pressure. With this in mind, we tested the combination of 

MEK and MET inhibition not only in cells which had acquired resistance to MEKi through 
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upregulation of HGF/MET, but rather in a broad panel of native MPNST cells, to explore 

whether MET is a vulnerable RTK in this tumor type in general. Despite relative 

insensitivity of all NF1-MPNST cell lines to two MET inhibitors, the combination was 

additive in most models tested, consistent with two recent reports demonstrating additive 

activity of trametinib and capmatinib in genetically-engineered mouse (GEM) models of 

MPNST (NF1/TP53/MET) (25, 26). While the in vivo efficacy of this regimen has been 

previously reported, our data provide additional mechanistic insight regarding both short-

term and long-term adaptation to MEK inhibition, including adaptive upregulation of MET 

and other RTK, upregulation of AKT signaling, and reduced sensitivity of ERK to the 

MEKi, in the more complex and heterogenous genetic contexts relative to GEM models. 

These effects were present in multiple models tested, including native and MEKi-resistant 

cell lines, and a novel patient-derived and a cell line-derived xenograft models of NF1-

MPNST (28). Among these, NF96.2 was found a copy number gain in MET (4), and was 

observed a more potent inhibition of cell growth by MEKi plus METi, relative to either 

single agent alone. Other than NF1, our knowledge of the genomic alterations including 

HGF and MET on the panel of these cell lines is quite limited. In our study, we indeed 

observed synergistic/additive inhibitory effect of MEKi plus METi on tumor cell growth, 

mechanistically through greater suppression of both ERK and AKT signaling, and cyclin 

D1. Further studies are therefore needed to correlate the genomic status of MET and HGF 
with the response to MEKi plus METi, using paired PDX models that more faithfully 

represent human tumors and predict drug response in corresponding patients. These studies 

will help validate whether genomic alterations in MET and HGF will serve as effective 

biomarkers and facilitate the selection of patients who may benefit the combination therapy. 

Our findings suggest that the combination of MET and MEK inhibitors hold promise for 

enhancing the therapeutic efficacy of MEK inhibition in MPNST, by preventing the common 

mechanisms of signaling network adaptation, as well as delaying or preventing the 

emergence of resistance by co-targeting receptors which are critical signaling moieties in 

this disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

This work demonstrates that MEKi plus MET inhibitor may delay or prevent a novel 

mechanism of acquired MEKi resistance, with clinical implications for MPNST patients 

harboring NF1 alterations.
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Figure 1. Genomic and biochemical characterization of a panel of MPNST cell lines including 
sensitivity to MEK inhibition.
A. Genomic alterations in NF1 were detected by targeted gene sequencing or whole exome 

sequencing (WES) in ten MPNST cell lines. LOH = Loss of heterozygosity. B. Steady state 

expression level of the indicated proteins was determined by immunoblot in the ten MPNST 

cell lines. HEK-293T and SKMEL-103 cells were used as positive and negative controls for 

NF1 protein expression, respectively. C. An active Ras pull-down assay, using 

immunoprecipitation with GST-RAF1-RBD, was used to isolate GTP-bound RAS, and 

isoform-specific activity was determined using antibodies against pan-RAS, NRAS, HRAS 

and KRAS, as shown. A375 (BRAF V600E melanoma), RD (NRAS Q61H, 

rhabdomyosarcoma), SMS-CTR (HRAS Q61K, rhabdomyosarcoma), and A549 (KRAS 
G12S, NSCLC) were used as negative control (A375), and positive controls for NRAS (RD), 

HRAS (SMS-CTR) and KRAS (A549). The signal intensity of RAS-GTP was quantified 

using densitometry analysis. N-/H-/K-RAS-GTP levels in MPNST cells were normalized to 
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the levels in N-/H-/K-RAS mutant cells, respectively. Pan-RAS-GTP level in MPNST was 

normalized to the average level of N-/H-/K-RAS mutant cells. D. Cell viability in response 

to the MEK inhibitor trametinib was evaluated by high-throughput colorimetric assay and 

graphed as percent viability relative to untreated cells. E. ST8814, NF90.8 and NF96.2 cells 

were treated with increasing concentrations of trametinib for 1 hr. phospho-MEK, phospho-

ERK and total ERK were detected by immunoblot. F. Phospho-ERK signal intensity in E 

was quantified using densitometry analysis and graphed as a function of trametinib dose. G. 

Six MPNST cell lines were treated with trametinib (20 nM) over a time course. The 

indicated proteins were detected by immunoblot. H. Phospho-ERK signal intensity in G was 

quantified using densitometry analysis. I. Real-time PCR was used to measure mRNA levels 

of representative genes in the ERK-dependent transcriptional output profile in response to 

trametinib (20 nM) in the ST8814 cell line. Results were from the average of three 

independent biological replicates. Phospho-proteins and total proteins were from separate 

blots in B, C, E and G.
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Figure 2. Global activation of receptor tyrosine kinases drives adaptive resistance to MEKi in 
MPNST cells.
A. Nine MPNST cell lines were treated with DMSO (control) or trametinib (20 nM) for 24 

hrs. Phospho-RTK levels were determined using a human phospho-RTK array kit. Mean 

signal intensity for significantly altered RTKs from technical duplicates was quantified using 

densitometry analysis. Data represent mean ± SEM. B. The frequency with which individual 

RTKs were significantly upregulated by MEKi (from A) shown as total out those tested 

(n=9). C. Nine MPNST cell lines were treated with trametinib (20 nM) or DMSO over a 

time course as shown. Protein levels were determined by immunoblot, as indicated. 

Phospho-proteins and total proteins were from separate blots.
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Figure 3. PDGFRβ signaling and CRAF are upregulated in a MEKi-resistant model.
A. Phospho-RTK expression in NF90.8 parental (P) and resistant (R) cells was detected 

using a human phospho-RTK array kit. Mean signal intensity from technical duplicates was 

quantified using densitometry analysis and significantly altered RTKs are shown. B. NF90.8 

parental (P) and resistant (R) cells were cultured overnight in medium without or with 

trametinib (20 nM). Expression and activity of RTKs and signaling intermediates in ERK 

and PI3K/AKT pathways were determined by immunoblot, as indicated. C. mRNA 

expression levels of PDGFRβ and c-Kit were determined by real-time PCR in cells cultured 

overnight with or without trametinib, as in B. Results were from the average of three 

independent biological replicates. D. NF90.8 parental (P) and resistant (R) cells were 

exposed to increasing concentrations of trametinib for 72 hrs and cell viability was evaluated 

using the CCK-8 assay, plotted relative to untreated controls. E. NF90.8 parental (P) and 

resistant (R) cells were plated overnight under regular growth conditions (parental without 

trametinib; resistant with trametinib). The following day, medium was replaced with drug-

free regular growth medium for 2 hrs and then treated with DMSO or trametinib (20 nM) for 

1 hr. F. NF90.8 parental (P) and resistant (R) cells (plated either without or with trametinib) 

were exposed to increasing concentrations of trametinib for 1 hr. G. NF90.8 parental (P) or 
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resistant (R) cells were treated with trametinib (20 nM) over a time course, as shown. H. 

NF90.8 parental cells were treated with vehicle or 100 ng/ml PDGF together with increasing 

dose of trametinib for 1 hr. I. NF90.8 resistant cells transduced with doxycycline-inducible 

shPDGFRβ #2, #3 and #4 respectively, were treated with vehicle or 1000 ng/ml doxycycline 

for 72 hrs. Total PDGFRβ expression was assessed by immunoblot. J. NF90.8 resistant cells 

transduced with shPDGFRβ #4 were pretreated as in I and then 3,000 cells/well were seeded 

into 96-well plates. Relative cell viability was evaluated using CCK-8 assay on day 3. (T −) 

= seeding cells without trametinib; (T +) = seeding cells with trametinib. Phospho-proteins 

and total proteins were from separate blots in B, E, F, G, H and I.
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Figure 4. HGF/MET signaling is elevated in a MEKi-resistant model.
A. Phospho-RTK expression in ST8814 parental (P) and resistant (R) cells was detected 

using a human phospho-RTK array kit. Mean signal intensity from technical duplicates was 

quantified using densitometry analysis and significantly altered RTKs are shown. Data 

represent mean ± SEM. B. ST8814 parental (P) and resistant (R) cells were cultured 

overnight in medium without or with trametinib (20 nM). C. mRNA expression of HGF was 

determined by real-time PCR in cells cultured overnight with or without trametinib, as in B. 

Results were from the average of two independent biological replicates. D. ST8814 parental 

(P) and resistant (R) cells were exposed to increasing concentrations of trametinib for 72 hrs 

and cell viability was evaluated using the CCK-8 assay, plotted relative to untreated controls. 

E. ST8814 parental (P) and resistant (R) cells in 96-well plates were exposed to increasing 

concentrations of trametinib (T). The phase object confluence (%) is shown as a function of 

time, determined using the Incucyte imaging system. Representative replicate was shown 

Wang et al. Page 25

Cancer Res. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



from two biological repeats. F. ST8814 parental (P) and resistant (R) cells were plated 

overnight under regular growth conditions (parental without trametinib; resistant with 

trametinib). The following day, medium was replaced with drug-free regular growth medium 

for 2 hrs and then treated with DMSO or trametinib (20 nM) for 1 hr. G. ST8814 parental 

(P) and resistant (R) cells were exposed to increasing concentrations of trametinib or 

SCH772984 for 1 hr. H. ST8814 parental (P) and resistant (R) cells were treated with 

trametinib (20 nM) over a time course, as shown. I. ST8814 resistant cells were seeded with 

trametinib overnight (R, T+), followed by drug washout for the indicated time. B, F, G, H, I. 

Expression and activity of RTK and signaling intermediates in the ERK and PI3K/AKT 

pathways were determined by immunoblot. (T −) = seeding cells without trametinib; (T +) = 

seeding cells with trametinib. Phospho-proteins and total proteins were from separate blots 

in B, F, G, H, and I.
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Figure 5. Autocrine upregulation of HGF/MET signaling contributes to MEKi resistance in a 
model with acquired resistance to trametinib.
A. ST8814 resistant (R) cells inducibly expressing shRNA targeting GFP, HGF or MET 
were pretreated with doxycycline at 100 ng/ml, 100 ng/ml, or 1000 ng/ml, respectively for 

48 hrs, and then 75,000 cells/ well were seeded in 6-well plate on day (–1). Cell number was 

counted on days 0, 3, 5, and 7. Result was from the average of two biological replicates. B. 

ST8814 resistant (R) cells as in A were seeded at 3,000 cells/ well in 96-well plates. The cell 

growth was monitored for 120 hrs using the Incucyte imaging system, and data are 

represented as relative phase area confluence normalized to the 0 hr scan, plotted as a 

function of time. The experiment was performed once with four technical replicates. C. 

ST8814 resistant (R) cells transduced with HGF shRNA or MET shRNA were exposed to 

increasing dose of doxycycline (Dox) for 48 hrs and then the indicated proteins were 

evaluated by immunoblot. D and E. ST8814 resistant (R) cells transduced with HGF shRNA 
(D) or MET shRNA (E) were plated in growth medium with 5% FBS and pretreated with 
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vehicle or doxycycline at 100 ng/ml and 1000 ng/ml, respectively for 48 hrs and then 

exposed to increasing dose of trametinib for 1 hr. F. ST8814 parental (P) cells, and resistant 

(R) cells inducibly expressing shRNA targeting GFP, HGF or MET pretreated with 

doxycycline at 100 ng/ml, 100 ng/ml, or 1000 ng/ml, respectively for 48 hrs, were seeded at 

2,000 cells/well in 96-well plates and exposed to increasing concentrations of trametinib. 

Cell viability was assessed on day 5 using the CCK-8 assay and plotted relative to untreated 

controls. G. ST8814 resistant (R) cells expressing shRNA targeting GFP, HGF or MET as in 

A were treated with −/+ trametinib (20 nM) on day 0 and cell number was counted on day 7. 

The percent change in cell number between trametinib and control is shown. H. ST8814 

resistant (R) cells as in A were seeded at 100,000 cells/well in 6-well soft agar plates, three 

wells per condition, and were treated with −/+ trametinib (20 nM) for four weeks. Colonies 

were counted, using an average of five fields per well, under the microscope and are 

represented relative to DMSO controls for each cell line. I. ST8814 parental (P) cells were 

serum starved for 4 hrs, followed by concurrent treatment with increasing dose of trametinib 

and HGF (100 ng/ml) or vehicle control for 1 hr. J. ST8814 parental (P) cells inducibly 

expressing empty vector (GFP) or HGF-V5 were plated in growth medium with 2% FBS 

and pretreated with doxycycline (300 ng/ml) for 24 hrs, and then exposed to increasing dose 

of trametinib for 1 hr. K. ST8814 parental cells, parental cells treated with 50 ng/ml of 

recombinant human HGF (rhHGF), parental cells inducibly expressing empty vector (GFP) 

or HGF-V5, and ST8814 resistant (R) cells transduced with empty vector (GFP) were 

seeded at 2,000 cells/well in 96-well plates and exposed to increasing concentrations of 

trametinib. Cell viability was assessed on day 5 using the CCK-8 assay and plotted relative 

to untreated controls. A, B, F, G, H, K. 50% doxycycline was replenished every 24 hrs for 

doxycycline-inducible stable cell lines. C, D, E, I and J. Proteins as indicated were detected 

by immunoblot. Phospho-proteins and total proteins were from separate blots, with the 

exception in D, E, I and J that the blots for p-ERK Thr202/Tyr204 (42/44 kDa) were used to 

re-probe GAPDH (below 37 kDa).
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Figure 6. mTORi alone or MEKi plus mTORi exhibit variability against groups of MPNST cells, 
defined by their sensitivity to MEK inhibition.
A and C. NF90.8 (A) and ST8814 (C) parental (P) and resistant (R) cells were exposed to 

increasing concentrations of GSK2126458. Cell viability was assessed on day 3 using the 

CCK-8 assay, and plotted relative to untreated controls. B and D. NF90.8 (B) and ST8814 

(D) parental (P) and resistant (R) cells were exposed to DMSO, trametinib (T, 20 nM), 

GSK2126458 (G, 10 nM) or both drugs in combination (T+G). Cell viability was assessed 

on day 3 using the CCK-8 assay. (T −) = seeding cells without trametinib (A-D). E. Ten 

MPNST cell lines were exposed to increasing concentrations of GSK2126458 for 72 hrs. 

Cell viability was assessed using the CCK-8 assay, and plotted relative to untreated controls. 

F. ST8814 and NF11.1 were treated with DMSO, trametinib (T, 20 nM), GSK2126458 (G, 

50 nM) or their combination (T+G), for 72 hrs. Cell number was counted and normalized to 

DMSO control (top). ST8814 and NF11.1 cells were treated with trametinib (20 nM) −/+ 

GSK2126458 (50 nM) over a time course. Proteins as indicated were detected by 
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immunoblot (bottom). Phospho-proteins and total proteins were from separate blots. G. The 

correlation between the percent of growth inhibition across MPNST cells in response to 

either MEKi trametinib (20 nM) or PI3K/mTORi GSK2126458 (10 nM). The plot clusters 

cell lines into groups sensitive to “MEKi only” (STS26T and JH-2–009), to “PI3K/mTORi 

only” (NF96.2, NF10.1, JH-2–031, ST8814R and NF90.8R), or to both (ST8814, NF90.8, 

NF94.3, NF11.1 and JH-2–002). Data represent mean ± SEM. Unpaired t-test. n.s.= not 

significant, ** < 0.01, *** < 0.001, **** < 0.0001. All experiments were performed at least 

with two biological replicates.
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Figure 7. MEKi plus METi demonstrates additive activity in MPNST parental and MEKi-
resistant models.
A. ST8814 parental (P) and resistant (R) cells were exposed to increasing concentrations of 

the MET inhibitor BMS777607 for 72 hrs. B. ST8814 parental (P) and resistant (R) cells 

were treated with increasing concentrations of BMS777607 for 1 hr. C. ST8814 parental (P) 

and resistant (R) cells were treated with DMSO, trametinib (T, 20 nM), BMS777607 (B, 3 

μM and 10 μM) or the combination (T+B) for 72 hrs. Data represent mean ± SEM. Unpaired 

t-test. D and E. ST8814 parental (D) or resistant (E) cells were treated with trametinib (20 

nM) and/or BMS777607 (300 nM) over a time course. F and G. Nine NF1-MPNST cell 

lines were exposed to increasing concentrations of BMS777607 (F) and INC280 (G) for 72 

hrs. H and I. Seven NF1-MPNST cell lines were exposed to DMSO, trametinib (T, 20 nM), 

BMS777607 (B, 3 μM and 10 μM) (H) or INC280 (I, 3 μM and 10 μM) (I) and their 

combination. Paired t-test. J. JH-2–009 was treated with DMSO, trametinib (20 nM), 

INC280 (30 nM) or their combination for 48 hrs, 72 hrs and 96 hrs. K and L. NSG female 
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mice bearing PDX JH-2–009 (K, some mice were euthanized before the endpoint due to 

tumor size reaching the protocol limit and the plot for individual tumor growth was shown as 

Supplementary. Fig 6P) and NF11.1 (L, all mice, 9–10/ cohort, were on study until the 

endpoint) were treated with vehicle, trametinib (0.3 mg/kg), INC280 (capmatinib, 25 mg/

kg), or their combination via oral gavage once daily. The fold-change tumor growth was 

graphed as a function of time on treatment, plotted as an average of the mice on study per 

cohort. A, C, F, G, H and I. Cell viability was evaluated using the CCK-8 assay, and plotted 

relative to untreated controls. B, D, E and J. Proteins as indicated were detected by 

immunoblot. * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001. Phospho-proteins and total 

proteins were from separate blots in B, D, E and J.
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