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ABSTRACT

Malignant peripheral nerve sheath tumor (MPNST) is a type of soft-tissue 
sarcoma strongly associated with dysfunction in neurofibromin; an inhibitor of the 
RAS pathway. We performed high-throughput screening of an array of FDA approved 
and promising agents in clinical development both alone and in combination at 
physiologically achievable concentrations against a panel of established MPNST cell 
line models. We found that drugs targeting a variety of factors in the RAS pathway can 
effectively lead to cell death in vitro with considerable drug combination synergy in 
regimens that target MEK or mTOR. We observed that the degree of relative sensitivity 
to chemotherapeutic agents was associated with the status of neurofibromin in these 
cell line models. Using a combination of agents that target MEK and mTORC1/2, we 
effectively silenced RAS/PI3K/MEK/mTOR signaling in vitro. Moreover, we employed 
RNAi against NF1 to establish that MPNST drug sensitivity is directly proportional to 
relative level of intracellular neurofibromin. Thus, two-drug combinations that target 
MEK and mTORC1/2 are most effective in halting the RAS signaling cascade, and the 
relative success of this and related small molecule interventions in MPNSTs may be 
predicated upon the molecular status of neurofibromin.
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INTRODUCTION

Inactivating mutations in a copy of the NF1 gene 
cause neurofibromatosis type 1 (NF1), an autosomal 
dominant condition characterized by formation of benign 
tumors and an increased risk of developing Malignant 
Peripheral Nerve Sheath Tumors (MPNST) [1–3]. MPNST 
is a devastating sarcoma subtype with 5-year, 10-year, and 

metastatic survival rates of approximately 50%, 30%, and 
8%, respectively [4, 5]. Unresectable MPNSTs remain 
relatively refractory to chemotherapies despite recent 
advances, particularly when arising in NF1 patients [6].

The NF1 gene encodes the protein neurofibromin 
that functions as a negative regulator of RAS signaling 
through its GTPase activating protein (GAP) activity, 
converting active RAS-GTP to inactive RAS-GDP, 
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which is essential for the regulation of cell proliferation 
and differentiation [7–9]. Consequently, inactivating 
mutations in NF1 lead to elevated levels of RAS-GTP 
and thus increased RAS signaling [10, 11]. Both benign 
neurofibromas (Schwann cell tumors) and MPNSTs 
(also Schwann lineage) are thought to follow the two-
hit mechanism, where the initiating tumor cell has most 
commonly lost the other NF1 allele by somatic mutation, 
rendering the cell deficient in neurofibromin activity. 
Because such cells have increased RAS activity, most 
approaches to developing treatments for MPNSTs have 
been focused on inhibiting targets downstream of RAS 
such as pathways associated with mTOR or MEK/MAPK 
[12–15]. Effective targeting of RAS activation directly has 
proven elusive despite large efforts in other RAS driven 
malignancies such as colorectal carcinoma and pancreatic 
adenocarcinoma [16, 17]. This has been in part due to the 
difficulty in directly targeting the three major isoforms of 
RAS (HRAS, KRAS and NRAS), clinical toxicity when 
inhibiting multiple downstream pathways of RAS, and the 
lack of a clear single node to block [12, 13, 18–21].

Utilizing an array of FDA approved drugs or 
agents in clinical development that included current 
standard of care for MPNST and those that target factors 
downstream of RAS, we sought to evaluate if these 
small molecules, alone or in combination, could not only 
reduce downstream RAS signaling in cell line models of 
MPNST, but also whether that blockade would lead to 
cell death to support further translation towards clinical 
trials. Moreover, we sought to examine the association of 
residual neurofibromin with the phosphorylation cascade 
downstream of RAS and determine the role played in the 
sensitivity of MPNST cells to chemotherapeutic agents. 
This study is novel in its approach to interpreting drug 
screening results in the context of genomic findings 
revealing a neurofibromin level contextual mechanism for 
RAS pathway drug sensitivity in MPNSTs.

RESULTS

MPNSTs are variably sensitive to individual 
chemotherapeutic agents at clinically achievable 
concentrations 

We screened 59 agents with diverse mechanisms of 
action at multiple clinically achievable concentrations with 
the use of high throughput assays of cell viability with CT-
Glo, which provides a luminescence signal in proportion 
to ATP concentration (Supplementary Table 1). Fraction 
affected (FA), obtained by normalizing the luminescence 
signal of a treatment condition against an untreated control 
condition on the same plate, is reported.  The agents 
leading to the top 25% FA were mostly clinically used 
cytotoxic agents, RAS pathway targeting agents, HDAC’s, 
and microtubule inhibitors (Figure 1A, Supplementary 

Table 2). The current standard of care, doxorubicin, 
performed second best following the proteasome inhibitor 
bortezomib, both demonstrating FA values over 0.90 
(equivalent to 90% cell death) on average across the 4 
cell lines at the top concentrations tested. The alkylating 
agent palifosfamide, an analogue of ifosfamide, frequently 
used with doxorubicin clinically in the treatment of 
MPNST [22] was also active with an average FA above 
0.80. Importantly, 6 drugs that impact the RAS pathway 
members MEK1/2, mTORC1/2, and PI3K (pan-Class 
I) produced FA’s of 0.70–0.85 at the top concentrations 
tested. These agents, in order of efficacy, are: BAY 80-
6946 (copanlisib), BKM-120 (buparlisib), TAK-228 (INK-
128), BEZ235 (dactolisib), GSK2126458 (omipalisib), 
and trametinib. Agents with specificity towards one or 
two PI3K members – idelalisib and duvelisib, which target 
the δ and δ&γ isoforms, respectively – had relatively poor 
activity. Additionally, our screen presented 3 HDAC 
inhibitors in the top 25% most active agents (romidepsin, 
panobinostat, and belinostat). Other high activity drug 
classes include microtubule inhibitors (ixabepilone and 
docetaxel), the CDK1/2/9 inhibitor dinaciclib, and the 
nucleoside analogue, gemcitabine. Notably, where our 
single agent data overlap, results were highly concordant 
with a recent study [23]. Additional past in vitro and 
animal studies have identified several of these agents – 
bortezomib [24], gemcitabine [25], romidepsin [26], and 
trametinib [27] – as promising candidates in the treatment 
of MPNST. Interestingly, when assessing cell line specific 
response to individual chemotherapeutic agents, a trend 
became apparent, particularly when focusing on drugs 
that target factors in the RAS/PI3K/mTOR axis (Figure 
2A). Upon calculation of the median and average across 
all FA values observed in the analysis (Figure 1B), a 
significant difference in response was observed between 
two groups of cell lines - SNF02.2 and SNF94.3 compared 
to SNF10.1 and SNF96.2 (p < 0.00001, Mann–Whitney–
Wilcoxon test).

Inhibitors of factors downstream of RAS act 
synergistically to reduce viability of MPNST cells

From amongst the active single agents, we focused 
on those that either demonstrated high efficacy or acted 
upon targets of the RAS pathway. Seventy-two two-drug 
combinations were tested at 25 concentrations across the 
4 MPNST cell lines. (Figure 2A, Supplementary Table 3). 
All drugs were assessed at or below published Cmax 
values (Figure 2B). Broadly, following the trend observed 
in the single agent studies, SNF02.2 and SNF94.3 
demonstrated similar tolerances with median FA values of 
0.49 and 0.41, respectively. SNF10.1 and SNF96.2 were 
overall more sensitive to the tested treatments with median 
FA values of 0.82 and 0.62, respectively (Figure 2C). 

The efficacy and synergy for two-drug 
combinations against MPNST cell lines fell into a few 
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distinct groups. The most highly synergistic combinations 
contained HDAC, mTOR, MEK, PI3K, inhibitors. 
Of particular interest clinically are combinations that 
demonstrate strong synergism and efficacy at lower 
concentrations relative to Cmax. Translating such agents 
to the clinic could minimize toxicity and maximize the 
combination opportunities. The strongest synergism 
observed in this study involved combinations that 
included the dual pan-PI3K/mTORC1/2 inhibitor 
GSK2126458 (omipalisib) and the HDAC inhibitor 
romidepsin. Though certainly active, we chose not to 
follow-up with GSK2126458 due to clinical evidence 
that the drug cannot be tolerated at effective dosages. 
Romidepsin, like other potent HDAC inhibitors, is 
frequently active in cell line models, and also because of 
this class’s pleotropic effects we did not chose to further 
explore this compound. However, because romidepsin 
continues to demonstrate activity and synergistic 
potentiation of INK128 at concentrations that are <0.1% 
of Cmax, we believe that further work should be done to 
investigate this potential relationship.

With regard to combinations that inhibit the RAS 
pathway, we focused in on pan-PI3K inhibition with 
BKM120, MEK inhibition with cobimetinib or trametinib, 
and dual mTORC1/2 inhibition with INK128. We 
initially hypothesized that the RAS pathway in MPNSTs 
was balanced between the flux of PI3K and MEK. We 
were surprised to see that combinations of PI3K+MEK 
inhibitors demonstrated, at best, additive effects (Figure 
2A). Indeed, the strongest synergism was identified in 
combinations of INK128 with cobimetinib or trametinib. 
The activity and mechanisms of action represented by 
these small molecules are consistent with effects seen 
in previous studies both in vitro and in animal models, 
particularly with regard to observed synergism in 
combinations that target mTOR or MEK, though prior 
literature is limited regarding mechanistic effects of this 
dual inhibition [14, 24, 27–29].

As suggested by the relative response differences 
between cell lines, for many of the two-drug combinations, 
there were striking sensitivity differences between the 
cell lines. Indeed, with few exceptions, we were able to 

Figure 1: Results of single agent screening in MPNST cell lines. (A) FA values of selected high performing agents and putative 
RAS-pathway inhibitors in 4 MPNST cell lines at Cmax. (B) Contrast of relative response to all drugs tested between cell lines, ***P <  
0.00001. Error bars represent SEM. See Supplementary Table 1 and Supplementary Figure 1 for all single agent data.
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reach FAs between 0.8 and 1.0 in 2 out of 4 cell lines at 
concentrations well below Cmax. However, the FA values 
for the other two cell lines reached values of at most 
0.6, with relatively minimal treatment effects observed 
with some combinations (Supplementary Table 3). The 
relative sensitivity observed for single agents (Figure 1A) 
is conserved in the combinations – without exception, 
SNF10.1 and SNF96.2 were more impacted by each 
treatment than SNF02.2 and SNF94.3 (Figure 2C).

The genetic status of NF1 is associated with 
MPNST response to small molecules

With the goal of identifying a biomarker for the 
observed drug sensitivity differences within our cell 

lines, we performed whole exome sequencing and single 
nucleotide polymorphism (SNP) arrays of each of the 
tested cell lines.  We additionally performed genomic 
characterization of the sporadic MPNST cell line STS26T 
which was utilized as a comparator in later functional 
experiments. We found mutation of NF1 in all cell lines 
except STS26T, confirming those already reported for 
SNF94.3 and SNF96.2 (Figure 3A). Specifically, SNF02.2 
has a missense mutation D1623V for transcript variant 
1 NM_001042492 (also known as D1644V depending 
on the transcript reported) with no detectable second 
mutation; SNF94.3 has a microdeletion spanning the entire 
NF1 locus plus flanking loci (including SUZ12), but again 
no additional NF1 mutation was found; SNF10.1 has a 
R1276X nonsense mutation and hemizygous deletion 

Figure 2: Drug-combination screening in MPNST cell line models. (A) FA-CI heat maps for two-drug combinations targeting 
PI3K+MEK, PI3K+mTORC1/2, and MEK+mTORC1/2 from top to bottom, respectively. Drug concentrations increase from top to bottom 
(B, Lowest to Highest).  The color of each bar represents the number of cell lines meeting the given criteria for FA or CI (see color bars 
below and horizontal axes on top and bottom). FA panels (red, orange, and yellow): bars further left indicate higher FA in response to 
treatment. Darker red signifies more cell lines meeting the denoted FA. CI panels (blue and pink): bars further right indicate lower CI/
greater synergism between drug combinations. Darker blue signifies percentage greater number of cell lines meeting the denoted CI. 
The relative importance of each drug in a combination can be determined by the pattern of the heatmap. A right triangle-like pattern with 
a mostly flat hypotenuse implies that the drugs are contributing mostly equally to the response. A stepwise increase in signal, starting 
with little or no color with a sudden burst follow down suggests that, for each Drug A + Drug B, Drug A is more greatly contributing 
to the response. Peaks and valleys imply that Drug B is more greatly contributing to the response. Drug treatment was concurrent.  
(C) Comparison of average and median relative response values for all tested drug combinations across each cell line.
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of the other allele; and SNF96.2 has two null alleles 
(1-bp frameshift mutation plus loss of heterozygosity). 
Heterozygous copy number loss of SUZ12 was identified 
in SNF10.1, SNF94.3, and STS26T. A missense variant 
in SUZ12 with loss of heterozygosity was identified in 
SNF96.2. Homozygous deletion of CDKN2A was detected 
in SNF10.1 and SNF96.2. Copy neutral LOH was present 
in much of the genome in SNF96.2 including chromosome 
17 which contains the TP53 transcript. Overall, these 
mutations are analogous to the lesions also observed in 
sequencing data obtained from MPNST patient tumor 
samples [30, 31]. Importantly, the genetic feature most 
pertinent to MPNSTs, the varying status of NF1 between 
cell lines, is delineated along the two groups defined 
by the observed phenotypic differences. The lines with 
homozygous loss of NF1 (SNF10.1 and SNF96.2), were 
significantly more sensitive to chemotherapeutic and RAS 
targeted treatments than those without complete NF1 loss, 
SNF02.2 and SNF94.3. 

RAS activation is inversely proportional to the 
presence of NF1

To assess the impact of the different NF1 genotypes 
at the protein level, we performed Western blots with 
lysates from the MPNST cell lines. At approximately 240 
kD, the predicted MW of neurofibromin, we observed two 
distinct bands for SNF02.2, SNF94.3 and STS26T and no 

bands for SNF10.1 and SNF96.2. This is in accordance 
with the latter cell lines having homozygous loss of the 
NF1 gene and is consistent with that previously observed 
in other labs (Figure 3B) [32–34]. The appearance of 
two bands in cells with remaining neurofibromin likely 
corresponds to the existence of two isoforms obtained 
via alternative splicing, type I and type II. Of the cell 
lines showing neurofibromin expression, the lower 
MW type I isoform trends toward predominance. As no 
additional mutations were found in NF1, we can infer that 
the neurofibromin evident by Western blot has normal 
function. However, we have not ruled out the contribution 
of posttranslational modifications to the apparent 
molecular weight shift [35–37].

To further explore the impact of the observed NF1 
variation on RAS activity, we performed a pull-down of 
GST-tagged Raf1-Ras-Binding Domain (Raf1-RBD). The 
in vitro Raf1-RBD binding affinity for the active RAS-GTP 
is 20 nM. Thus, an Anti-RAS blot of the resulting pull-down 
allows active RAS to be visualized with high specificity. 
Upon treatment of STS26T lysates with saturating amounts 
of GTP, we observed a remarkable increase in active RAS-
GTP compared to GDP treated or untreated STS26T lysates. 
Bands similar to the positive control appear in SNF10.1 
and SNF96.2, while considerably lower signal is observed 
in SNF02.2 and SNF94.3 demonstrating that the residual 
NF1 levels lead to an increase in RAS activation in these 
cell line models. This is consistent with the dogma that 

Figure 3: Genetics and biochemical activity of NF1 and RAS in MPNST cell lines. (A) Oncoprint of genetic background of 
5 MPNST cell line models revealed by whole-exome sequencing and CNV analysis (*no CNV data for STS26T). Black box indicates no 
mutation found. (B) Western blots of neurofibromin in 5 MPNST cell lines and the Ewing Sarcoma line A673. (C) Western blot of total 
RAS following pull-down of GST-Raf1-Ras binding domain, which only interacts with GTP-bound (active) RAS. As a positive control, 
high concentration GTP treatment of STS26T lysate was used to activate RAS in vitro. GDP treatment, which leads to the opposite, 
provided as negative control.
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neurofibromin has a large role in meditating RAS activity 
in Schwann lineage cells (Figure 3C). 

Small molecule inhibition of factors in the RAS/
PI3K/MEK/mTOR pathway correlates with the 
status of NF1 in MPNST

We hypothesized that the varying levels of 
neurofibromin/RAS-GTP activity in each cell line may 
play a role in the observed drug sensitivity differences 
specifically with regard to MEK activation. We sought 
to obtain a steady-state view of the RAS-activated 
phosphorylation cascade for the sake of making 
comparisons between cell lines in response to different 
drug treatments. We employed phospho-specific 
antibody arrays that allow concurrent quantification of 16 
phosphorylation sites in the RAS pathway (Supplementary 
Figure 2). Though we identified many promising two-drug 
combinations with activity, we focused on agents that target 
three pivotal nodes – the PI3K inhibitor BKM-120, the 
MEK inhibitor trametinib, and the dual mTORC inhibitor 
INK128 (MLN0128, TAK-228). These agents were tested 
both alone and in a series of two-drug combinations. To 
determine if agent inhibition of the pathway would affect 
phosphorylation signaling differently, we selected one 
hemizygous and one homozygous affected NF1 cell line, 
SNF94.3 and SNF96.2, respectively.

Broadly, the phosphorylation antibody array 
consistently showed higher phosphorylation of factors 
in SNF94.3 than those in SNF96.2. Two notable 
distinctions to this overall pattern were the baseline 
values of the phosphosites 4E-BP1(Thr37/46) and p70 
S6 Kinase(Thr421/Ser424) (S6K) which were higher 
in SNF96.2 than SNF94.3 with p-values of 0.0164 and 
0.0037, respectively (Figure 4, Supplementary Figure 3). 
As expected, targeting PI3K, MEK, or mTOR resulted 
in a decrease in AKT, ERK, or mTOR phosphorylation, 
respectively (Supplementary Figure 3). However, the 
most provocative factor measured was PRAS40, a highly 
regulated target that putatively provides an additional bridge 
between AKT and mTOR. The relative phosphorylation 
signal of PRAS40 was consistently higher than any other 
phosphosite measured in our analysis, regardless of cell 
line or drug treatment. This extreme PRAS40 signal is 
not observed in other cell types (e.g. MCF7 cells) [38]. 
Notably, the overall signaling cascades in SNF94.3 were 
considerably more resistant to perturbation by the tested 
agents than SNF96.2, in effect corroborating the sensitivity 
differences observed in the cell viability assays.

We achieved effective suppression of pathway 
signaling relative to control following the treatment with 
the use of two-drug combinations. A striking difference 
between the two cell lines revealed itself under those 
conditions. While the signaling cascades in SNF96.2 could 
be equally reduced when combining BKM-120+INK128, 
BKM-120+trametinib, or INK128+trametinib, SNF94.3 
resisted profound changes to pathway flux in all cases 

aside from INK128+trametinib (Figure 4, Supplementary 
Figure 3). Interestingly, this corresponds well with 
our cell viability data where we observed that of these 
combinations, INK128+trametinib demonstrated the 
strongest synergism (Figure 2). We focused our analysis 
on the INK128+trametinib combination and endeavored 
to elucidate the statistical relationship between SNF94.3 
and SNF96.2 in response to these agents. For each 
of the five antibody targets in our final investigation, 
the most parsimonious ANOVA model was obtained 
(Supplementary Statistics). 

Overall, we found that the mean phosphorylation 
signals for SNF 94.3 were higher than those for SNF 96.2 
with some exceptions (Figure 4, Supplementary Figure 
2). As alluded to above, phosphorylation of 4E-BP1 
(Thr37/46) in response to DMSO and INK128+trametinib 
treatment was relatively higher in SNF96.2 than SNF94.3 
(Figure 4, bottom vs top) with statistical significance (p = 
0.0164 and 0.0026, respectively). Similarly, S6K (Thr421/
Ser424) had significantly greater phosphorylation signal 
at baseline in SNF96.2 (p = 0.0037). S6K in SNF96.2 
was far more sensitive to trametinib than in SNF94.3 (p < 
0.0001). Phosphorylation of Akt (Ser473) was considerably 
higher in SNF94.3 at baseline compared to SNF96.2 (p = 
0.0001). Interestingly, in response to trametinib treatment, 
phosphorylation of AKT was increased relative to DMSO 
in SNF94.3; this response was significant compared to 
SNF96.2 where no increase in AKT was observed (p < 
0.0001). This apparent compensatory response to reduction 
in MEK signaling may play a role in the overall tolerance 
to perturbation observed in SNF94.3. Indeed, even though 
phosphorylation of Erk1/2 (Thr202/Tyr204) was reduced 
in response to trametinib for both SNF94.3 and SNF96.2, 
the other factors in SNF94.3 were essentially unchanged 
compared to control. This is not the case for SNF96.2 
where a decrease in phosphorylation was detected in the 
downstream factors. Phosphorylation signal of mTOR 
(Ser2481) was significantly higher in SNF94.3 overall 
regardless of treatment (p < .0001). INK128 was effective 
in reducing mTOR phosphorylation in both cell lines 
relative to control. It’s notable that AKT and ERK were also 
substantially impacted by inhibition of mTOR in both cell 
lines, though ERK was impacted to a slightly greater degree 
in SNF96.2 when compared to SNF94.3. The pathway is 
essentially shut down with treatment of both INK128 and 
trametinib when comparing phosphorylation signals to 
baseline. While the absolute difference seems relatively 
minor, the percentage difference between INK128 and 
INK128+trametinib is considerable, particularly when 
considering the phosphorylation levels at baseline.

MPNST sensitivity to MEK and mTOR 
inhibition is proportional to neurofibromin 
abundance

Having established an association between the 
relative level of residual full-length neurofibromin and 
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the difference in S6K signaling downstream of RAS we 
wanted to determine the degree of causality via siRNA 
targeting of NF1. Following transfection of SNF02.2, 
SNF94.3, and STS26T with an siRNA construct mapped to 
the NF1 gene, we were able to observe a notable reduction 
in the neurofibromin band relative to siRNA control 
construct as detected on Western blot. This indicates that 
NF1 expression is indeed reduced in response to siRNA 
transfection.

Following confirmation that the siRNA could 
cause knockdown, SNF94.3, SNF96.2, and STS26T were 
subjected to transfection with siRNA. After cells were 
returned to serum-containing media and briefly allowed 
to equilibrate, dose response curves were generated for 
trametinib, INK128, and BKM-120. Because SNF96.2 
already had loss of both NF1 alleles, further knockdown 
of this gene would not be expected to cause further impact 
on the cell line’s phenotype. As anticipated, depletion of 
NF1 in SNF94.3 and STS26T resulted in a considerable 
decrease in IC50s relative to control siRNA treatment 

(Figure 5A, 5B). NF1 RNAi had no effect on the response 
to trametinib by SNF96.2 (Figure 5B). However, the 
dose response curves for both SNF94.3 and STS26T 
demonstrated a leftward shift when subjected to NF1 
siRNA (Figure 5C). As depletion of NF1 in cell lines 
with residual neurofibromin results in greater sensitivity 
to tested agents, partially mimicking the phenotype of the 
NF1-null line SNF96.2, this suggests that the relatively 
greater drug sensitivity phenotype observed in NF1-/- cells 
may be partly caused by the NF1 status in these lines.

DISCUSSION

Despite concerted study, we continue to lack 
effective agents in the clinic for patients with advanced 
or metastatic MPNST [39]. In addition to the clinical 
needs, MPNST remains a good model for targeting RAS 
activated malignancies, the most common oncogenic 
transformation in human cancers [40]. While targeting 
RAS has proven elusive, we believed a combination 

Figure 4: RAS pathway signaling differences between MPNST cell lines. The phosphorylation of selected factors downstream 
of RAS was quantified in SNF94.3 (top) and SNF96.2 (bottom) following treatment with putative inhibitors of targets downstream 
using an antibody array. The node size and font size denoting a given factor in a simplified schematic of the PI3K/MEK/mTOR axis are 
directly proportional to the measured relative fluorescent signal, which is proportional to the amount of phosphorylation for a given target. 
Due to differences in antibody affinities, relative phosphorylation signal differences can only be remarked upon in contrasting the same 
target between treatment conditions. The specific treatment (or DMSO control) associated with each schematic is listed on the bottom, 
and inhibitor lines point to the primary factor targeted. The color of each box represents the statistical significance for each given factor, 
suggesting that the phosphorylation levels are significantly different between the two cell lines. The associated p-values are provided on the 
color bar. Broadly, red indicates very strong significance (p < 0.00001), purple indicates significance (p < 0.002), cyan indicates borderline 
significance (p < 0.004), and white indicates low confidence in significance (p > 0.05).



Oncotarget22578www.oncotarget.com

strategy with clinically investigated compounds would 
be the most immediately translatable. Importantly, all 
screens performed in this effort were at concentrations 
achievable in human serum based on completed clinical 
trials. In addition to the novelty of high-throughput drug 
combination screening against multiple MPNST models, 
this study is also the most comprehensive to explore the 
genotype-phenotype association between NF1 loss, the 
primary oncogenic driver of MPNST, and the quantifiable 
response to relevant chemotherapeutic agents.

Our findings in the context of single agent activity 
against MPNST cell lines both corroborate and expand 
upon what has already been published. Where our work 
overlaps with another recent single agent screening 
finding activity of the proteasome inhibitor bortezomib; 
MEK inhibitors cobimetinib, selumetinib, and trametinib 
(compared with a relative lack of activity for binimetinib); 
the PI3K inhibitor BKM120; the microtubule inhibitor 
docetaxel; the HDAC inhibitor panobinostat; and the 
CDK inhibitor palbociclib there is little deviation [23]. 

Their primary conclusions regarding MEK sensitivity 
are also corroborated by this work. We further expand on 
these findings by assessing the most promising agents in 
combination at concentrations well below published Cmax 
values in order to evaluate two-drug activity and synergy 
in MPNSTs.

We found that two-drug combinations can 
significantly dampen phosphorylation downstream of 
RAS and effectively reduce cell viability, but single 
agents were not nearly as effective in diminishing 
downstream pathway phosphorylation or cell proliferation 
to any considerable degree. Amongst the active agents 
are INK128 (Sapanisertib), a dual mTORC1/2 inhibitor 
which is currently being explored in a phase II trial 
(NCT02601209) with an MPNST cohort and with 
additional preclinical data [41]. INK128 in combination 
with a MEK inhibitor, either cobimetinib or trametinib, 
was found to have remarkably strong synergism at a 
broad array of concentrations, including the lowest tested 
concentrations, which are well below physiological 

Figure 5: Drug sensitivity alterations in response to NF1 knockdown. (A) Relative abundance of neurofibromin protein in 
response to control siRNA and NF1 siRNA in SNF94.3 and STS26T, normalized to α-actinin. (B) Shift in IC50 for indicated drug treatment 
in given cell lines in response to NF1 RNAi compared to control siRNA. (C) Full dose response curves for trametinib in SNF94.3, 
SNF96.2, and STS26T. Ctrl siRNA and NF1 siRNA are represented by unfilled and filled shapes, respectively.
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maximums. This may prove to be indispensable in the 
future development of therapeutic treatments utilizing 
these agents, as such a synergistic relationship would 
potentially allow for clinically relevant efficacy at 
relatively low concentrations. This could be essential for 
agents whose mechanisms commonly result in adverse 
events. As two-drug regimens including inhibition of MEK 
or mTOR have demonstrated significant toxicities, assay 
development including optimal order of addition, peak 
levels and durations needed for effectively targeting these 
pathways in cancer cells will likely be needed to optimize 
the therapeutic index for patients. Our characterization of 
INK128 in combination with trametinib or cobimetinib in 
multiple cell line models of MPNST suggests a clinical 
trial that specifically aims to investigate this agent 
in patients with NF1-associated tumors may prove a 
promising avenue for investigation. 

The drug synergism we have observed when 
combining MEK inhibitors with other drugs in addition 
to INK128 (Supplementary Table 3) lends further support 
to the burgeoning model that suggests exposing both 
plexiform neurofibromas and MPNST cells to MEK 
inhibition sensitizes them to other strategies that might 
not demonstrate noticeable activity alone. Several recent 
studies have characterized individual therapies that 
contain a MEK inhibitor along with other interventions 
such as nanoparticle-based photothermal therapy [42], 
all trans retinoic acid (ATRA) [43], BMP-2 inhibitors 
[44], the BRD4 inhibitor JQ1 [45], inhibition of MAPK-
interacting kinases (MNKs) with cabozantinib [46], and 
other targets that lie downstream of RAS [15]. Altogether, 
these findings suggest that MEK-targeting strategies will 
be indispensable in the development of combinatorial 
therapies for MPNST and other NF1-associated diseases. 
The current study not only supports this model but 
also opens up new possibilities for exploration of the 
mechanisms underlying the variable sensitivity of 
MPNSTs to drugs that target MEK and associated factors.

In addition to MEK inhibition, combinations of 
agents that contained the dual mTORC1/2 inhibitor 
INK128 demonstrated considerable synergism. The 
likely importance of mTOR in our MPNST models is 
bolstered by the remarkably strong signal we observed 
for the mTOR repressor PRAS40 when assaying the 
phosphorylation status of an array of factors in the RAS/
AKT/MEK/mTOR axis. Recent advances in understanding 
PRAS40 suggest this factor plays a significant role in 
regulation of mTOR in normal cellular homeostasis 
as well as disease contexts. A newly resolved crystal 
structure of Arabidopsis mTORC1 shows direct binding 
of PRAS40 to mTOR at multiple residues including the 
rapamycin-binding pocket [47]. Abnormal PRAS40 
activation and high levels of phospho-PRAS40 have been 
indicated as putative biomarkers in melanoma, prostate 
cancer, and NSCLC [48], but the role of PRAS40 in 
MPNST or neurofibromatosis has yet to be explored. 

Hyperphosphorylation of PRAS40 may be a major conduit 
through which the RAS signal is able to reach mTOR in 
the context of dysfunctional neurofibromin. Interestingly, 
PRAS40 has also been implicated in the regulation of 
TP53 by way of the E3 ubiquitin ligase MDM2, suggesting 
that PRAS40 may have a role in tying in both of these 
pathways that are critical to so many sarcomas.

Given additional oncogenic mutations outside of 
the RAS/MEK/mTOR axis, it may still prove necessary 
to combine agents that target pathways parallel or 
perpendicular to the RAS signaling cascade for truly 
effective clinical outcomes. Thus, this relatively 
homogenous malignancy may need 3+ agents to address 
its pathophysiology. As the importance of PRC2 subunits 
SUZ12 and EED are further revealed in the context of 
MPNST, treatment strategies that include targeting of 
epigenetic regulatory factors may be of interest. We 
included the Class I/II HDAC inhibitor romidepsin in our 
screens and observed fairly strong effects, particularly 
with regard to synergism when combined with INK128. 
This provides some credence to one model of MPNST 
oncogenesis, which primarily involves a combination of 
RAS deregulation and epigenetic dysregulation, due to 
lesions in NF1 and PRC2, respectively. Of course, due to 
the multitude of targets affected by HDAC inhibitors, more 
specific studies are required to realize this mechanism [49].

We extensively investigated mechanisms underlying 
drug sensitivity at both the genetic and the protein level. 
Importantly, NF1 status, in terms of levels of function, 
appears to mediate the optimal downstream pathway targets 
with MEK inhibition being notably important in the case of 
NF1 heterozygous loss. Relatedly, we expected that due to 
the putative parallelism of MEK and PI3K in the canonical 
RAS pathway, PI3K inhibition and MEK inhibition might 
be interchangeable as long as a related factor, such as 
mTOR, was being sufficiently targeted. However, at both 
the level of drug synergism and RAS pathway modulation, 
PI3K inhibition was insufficient in providing notable effects 
in cells with heterozygous NF1 loss. Throughout this study, 
we observed a series of correlations between response and 
the observed state of NF1 and the proportional impact on 
RAS activation. We did not directly rule out the possibility 
that CDKN2A, which also differed in status between cell 
lines, may also play a role in these sensitivity differences. 
However, it has been previously reported that mutations 
in CDKN2A (among others) plays a role in resistance to 
paclitaxel [50]. We do not see a significant difference in 
the activity of the analogous drug docetaxel in the context 
of CDKN2A mutation. Moreover, the central role of NF1 
in regards to drug sensitivity differences was supported by 
siRNA knockdown experiments. Indeed, we observed that, 
particularly in the case of the MEK inhibitor trametinib, 
knockdown of NF1 in cell lines either wildtype for or with 
het-loss of this gene resulted in a shift in the sensitivity 
phenotype toward that of the tumor cells with complete 
ablation. However, due to the incomplete knockdown of 
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NF1 with RNAi, more complex molecular tools may be 
essential for further confirmation of this causal relationship. 
Nonetheless, we hypothesize that residual NF1 plays a 
more significant role in MPNST drug resistance than other 
identified factors based on these findings.

The experimental conditions of this study potentially 
provide the foundation of a model system for assessing 
the impact of small molecule treatment regimens on 
two different cell types that may simultaneously exist in 
MPNST and/or neurofibromatosis patients. The lack of a 
second NF1 mutation in SNF02.2 and SNF94.3 is unusual 
given that both were derived from metastatic sites from 
high-grade MPNSTs; this challenges the paradigm that 
NF1 MPNSTs have both NF1 alleles mutated. However, 
it could be that the residual neurofibromin has somewhat 
reduced GAP activity due to its inclusion of the alternative 
exon within the GAP domain, failing to meet a high 
enough level of RAS control [51]. Or, additional genetic 
or epigenetic changes at other loci could compensate 
for NF1 heterozygosity, to allow MPNST development. 
Such a model may prove useful for the evaluation of 
novel treatment regimens and provide a glimpse into how 
systemic chemotherapy may impact non-tumor cells. 
Relatedly, the importance of MEK targeting observed 
in this study is particularly timely with the recent 
identification of single agent MEK inhibition being the 
most active therapy for plexiform neurofibromas, precursor 
lesions for MPNST [52]. Selumetinib was included in the 
current study but provided the least promising activity in 
the MPNST models we tested.  We have also observed 
that more potent MEK inhibitors such as trametinib have 
had more than expected toxicity when used off label in 
plexiform neurofibroma patients perhaps suggesting that 
there is an optimal level of MEK suppression to allow for 
antitumor activity without toxicity in MPNST patients that 
would be lower than the maximally tolerated single agent 
dose (AB, personal communication).  This could facilitate 
combination therapy.  Overall, we believe our data further 
supports RAS blockade as a strategy for MPNST through 
combination inhibition of MEK and dual mTOR.

MATERIALS AND METHODS

Investigational agents 

Agents used included both cytotoxic and 
targeted agents, most obtained directly from Selleck 
Chemicals (Houston, TX, USA), Sequoia Research 
Products (Pangbourne, UK), and Sigma-Aldrich (St. 
Louis, MO, USA). Agents were assessed at clinically 
achievable concentrations, which were extrapolated from 
published human pharmacokinetic data, with a focus 
on Phase I trials, ideally containing pediatric patients 
- see Supplementary Table 1 for a full listing, including 
pharmacokinetic details of all agents used in this study. 
Stock solutions were typically made for each compound in 

DMSO, unless solubility properties required an alternative 
solvent, and were stored at –20° C. Structures for all 
agents are available in public databases.

Cell lines and culture conditions

The MPNST cell lines SNF02.2, SNF94.3 and 
SNF96.2 have been previously published by M. Wallace 
and are available at ATCC [20, 21]; SNF10.1, gifted 
to us by M. Wallace (unpublished), is an MPNST cell 
line more recently established from a recurrent tumor. 
Sporadic MPNST cell line STS26T (not from an NF1 
patient) was gifted from Daniel Scoles at the University 
of Utah Health Sciences Center. Cells were cultured in 
DMEM with glutamine, glucose, pyruvate and 10% FBS. 
Cells were maintained at 37° C and 5% CO2. Cell lines 
were tested for absence of mycoplasma quarterly using 
the MycoAlert test kit (Lonza Rockland, Rockland, ME, 
USA). Cell line identities for SNF02.2, SNF94.3, and 
SNF96.2 were authenticated, showing a 100% match to 
known STR profiles in the ATCC database. STR Profiles 
for SNF10.1 and STS26T have not yet been entered into 
any of the standard databases. Nevertheless, the lack of 
significant partial STR matches suggests an absence of 
any cross-contamination, and growth rate and morphology 
is consistent with known properties of these lines. 

Cell viability assays

Screening methodology developed previously 
[53, 54] was used to analyze single agent and two-drug 
combinations for MPNST. Prior to any assay containing 
drug treatment, growth characterization profiles for 
each cell line were determined in 384 well plates with a 
dilution series of starting cell number. Log-phase growth 
was observed after 24 hours when plated at several 
different starting numbers, but 1800 cells per well was 
found to be optimal for all cell lines in this study. Cells 
were subjected to treatment for 72 hours. Cell-Titer Glo 
(Promega, Madison, WI, USA) was added to 384-well 
plates containing drugged cells with the Precision XS 
liquid handling station (Bio-Tek Instruments, Winooski, 
VT, USA). Luminescence was measured after 30 minutes 
on a shaker at room temperature using a Cytation 3 plate 
reader (Bio-Tek Instruments). Raw data were transferred 
to custom-built Microsoft Excel workbooks, where 
subsequent background subtraction, normalization, and 
processing were conducted.

Single-agent screening

Individual agents were screened across at least 4 
cell lines. Candidates were characterized at a minimum 
of 3 concentrations – one near physiological maximum 
(Cmax), one at 20% this level, and another at 4%. 
For drugs of interest, full dose response curves were 
generated, and IC50 values were determined using a 
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suitable sigmoidal equilibrium model regression fit using 
the XLfit Excel add-in version 5.5 (IDBS, Guildford, 
Surrey, England).

Two-drug combination screening

Two-drug combinations were screened in 384-well 
plates and evaluated at 25 discrete concentration ratios in 
a 5 × 5 matrix to assess efficacy and synergy, as described 
previously [53]. Drug synergism was determined using the 
Chou-Talalay/Combination Index method. Combination 
indices (CIs) provide a measure of drug synergy where 
a CI = 1 indicates pure additivity of drug effects, a CI<1 
indicates synergistic effects, and a CI>1 indicates drug 
antagonism. Dose response for each drug was measured 
in each subsequent experiment to control for batch effects 
and to mitigate technical artifacts. Single agent dose 
response was compared with 2-drug combination efficacy 
to derive a CI value using the median-effect principle. In 
this method, dose-effect curves for each single agent are 
generated using the median-effect equation: FA/FU= (D/
Dm)m, where FA and FU = fraction affected and fraction 
unaffected, respectively (FU = 1–FA), D = dose of the drug, 
Dm = dose required for 50% effect (analogous to the IC50), 
and m = exponent signifying each dose response curve’s 
sigmoidicity. CIs were determined by the isobologram 
equation for mutually nonexclusive drugs with different 
modes of action: For x% inhibition, CI = (D)1/(Dx)1 + 
(D)2/(Dx)2 + (D)1(D)2/(Dx)1(Dx)2, where (Dx) and (D) 
represent the single agent concentration and the two-
drug combination concentration, respectively, at which 
Drug1 and Drug2 are isoeffective, inhibiting by x%. All 
FA and CI calculations were performed in a custom built 
Microsoft Excel template using the XLfit (IDBS) add-in 
for fitting linear regressions to dose response data and for 
calculating Dm and m.

Genomics

Whole-exome sequencing

Sequencing libraries were generated from 1 µg 
of DNA using the Kapa Library Preparation Kit (Kapa 
Biosystems, Inc., Wilmington, MA, USA). Library 
DNA size and quality parameters were evaluated with 
the Agilent BioAnalzyer (Agilent Technologies, Santa 
Clara, CA, USA), and equimolar amounts were used for 
whole-exome enrichment using the Roche NimbleGen 
SeqCap EZ Exome Library v3.0 kit, which targets 64 Mb 
of genomic DNA, covering over 20,000 genes (Roche 
NimbleGen, Inc., Madison, WI, USA). Each library was 
quantitated with the Kapa Library Quantification Kit and 
each enriched DNA library was sequenced on an Illumina 
NextSeq 500 v2 sequencer to generate approximately 100 
million 75-base paired-end reads for a final average target 
coverage depth of 100X. The raw sequence data were 

demultiplexed using the Illumina bcl2fastq2 software 
(Illumina, Inc., San Diego, CA, USA).

Whole-exome sequencing data analysis

Sequence reads were aligned to the reference human 
genome (hs37d5) with the Burrows-Wheeler Alignment 
Tool (BWA), and duplicate identification, insertion/
deletion realignment, quality score recalibration, and 
variant identification were performed with the Picard toolkit 
and  Genome Analysis ToolKit (GATK, Broad Institute, 
Cambridge, MA, USA). Sequence variants were annotated 
to determine genic context (i.e., non-synonymous, missense, 
splicing) using ANNOVAR. Additional contextual 
information was incorporated, including allele frequency 
in other studies such as 1000 Genomes, the NHLBI Exome 
Sequence Project, in silico functional impact predictions, 
and observed impacts from databases like ClinVar (http://
www.ncbi.nlm.nih.gov/clinvar/) and the Collection Of 
Somatic Mutations In Cancer (COSMIC) [55–57].

Copy Number Variation (CNV) Analysis

Copy number variation (CNV) and loss-of-
heterozygosity (LOH) status were obtained with the 
CytoScan HD Assay (Affymetrix, Santa Clara, CA, USA), 
which was performed on each cell line starting with 250 
ng of DNA. The CytoScan HD assay uses 750,000 SNP 
probes and 1.9 million non-polymorphic probes to report 
genome-wide copy number aberrations at a resolution of 
25-50 Kb. In addition, the assay reports genome-wide 
LOH, including copy-neutral LOH when applicable. 
The data generated from the assay were normalized, 
copy number status calculated, and the data reviewed for 
quality using the Chromosome Analysis Suite (ChAS) 
v3.0 (Affymetrix). 

Western blots

Western blots were performed using Novex 
and NuPAGE SDS-PAGE gel systems (Invitrogen, 
ThermoFisher, Waltham, MA, USA). NuPAGE 3-8% 
Tris-Acetate gels were used to resolve the 240kD 
neurofibromin. RAS was visualized on Novex 4-12% 
Tris-Glycine gels. Proteins were transferred from gels to 
nitrocellulose membranes using a wet transfer system. 
Membranes were blocked and antibodies were diluted 
using Odyssey® Blocking Buffer (TBS) (LI-COR, Lincoln, 
Nebraska, USA). 

Primary antibodies – Neurofibromin Antibody 
(D) (sc-67, rabbit polyclonal to a C-terminal epitope; 
discontinued product), Neurofibromin Antibody (H-
12) (sc-376886, mouse monoclonal to AA241-540 near 
N-terminus), and Neurofibromin Antibody (McNFn27a) 
(sc-20017, mouse monoclonal made to N-terminal 
peptide) - were used to detect neurofibromin at a 1:200 
dilution (Santa Cruz Biotechnology, Inc., Dallas, Texas, 
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USA). Primary antibodies - β-Actin D6A8 (#8457, 
rabbit monoclonal to N-terminal peptide) (Cell Signaling 
Technology, Danvers, MA, USA) and α-actinin Antibody 
(H-2) Alexa Fluor® 647 (sc-17829 AF647, mouse 
monoclonal to AA593-892) (Santa Cruz Biotechnology) 
- were used as loading controls. Secondary antibodies – to 
rabbit IgG (H&L, IRDye® 800 Conjugated; discontinued 
product) (Rockland, Limerick, PA, USA), and mouse 
IgG (H&L, IRDye® 700 Conjugated) (Rockland) allowed 
fluorescent visualization with the Odyssey® Imaging 
System (LI-COR). Western blot bands were quantified 
using Image Studio Lite Ver 5.2 (LI-COR). 

Antibody array

Antibody array experiments were performed using 
the PathScan® Akt Signaling Antibody Array Kit (#9474, 
Chemiluminescent Readout) (Cell Signaling Technology). 
Array slides were visualized using the Odyssey® Imaging 
System (LI-COR) and signals were quantified using 
Image Studio Lite Ver 5.2 (LI-COR). Subsequent data 
normalization was conducted in a custom-built Microsoft 
Excel template. Pathway diagrams were generated using 
Cytoscape v 3.2.1 (San Diego, CA, USA).

Statistical analysis

Antibody array

For each phosphosite, relative fluorescent signal was 
normalized by division of the average of three positive 
control values. A further normalization was conducted 
between the two antibody array experiments by subtracting 
the mean and dividing by the standard deviation of all 
expression values of each antibody within each experiment 
in order to make the antibody expression values consistent 
and comparable between the two experiments for subsequent 
analysis. We next fitted an ANOVA model for each antibody 
expression with three covariates: drug treatment, cell 
line, and experiment. Backward elimination was used to 
obtain the most parsimonious ANOVA model. Statistical 
comparison between cell lines SNF94.3 and SNF96.2 was 
made by examining significance of each contrast test of the 
two cell lines based on the final ANOVA model of each 
antibody target. Bonferroni correction was used to correct 
for multiple comparisons from the combinations among four 
different treatments and five antibodies we closely examined 
for our study. That is, statistical significance level ≤0.0025 
was used for inferring the cases with a significant expression 
difference between the two cell lines for each combination 
of drug treatment and antibody. Statistical analysis was 
conducted with SAS 9.4 (Cary, NC, USA).

Drug sensitivity comparison

Relative response was determined by normalizing 
fraction affected (FA) values against LOG(concentration). 

Statistical comparison between drug relative response 
values for cell lines SNF02.2, SNF94.3, SNF10.1, and 
SNF96.2 was made through application of the Mann–
Whitney–Wilcoxon test (two-tailed). The z-statistic was 
obtained and p-value determined, which allowed inference 
of significant sensitivity differences between cell lines.

RNAi Transfection

Cells were grown under serum starved conditions 
in modified EMEM with minimal supplements (siRNA 
Transfection Medium, sc-36868), and siRNA constructs 
were introduced using a polycationic lipid-based 
transfection reagent (siRNA Transfection Reagent, sc-
36868) which were both obtained from Santa Cruz 
Biotechnology, Dallas, Texas, USA. Neurofibromin was 
targeted with neurofibromin siRNA (h) (sc-36036, pool of 
3 proprietary NF1-specific constructs).  As a control, cells 
were treated with Control siRNA (FITC Conjugate)-A (sc-
36869, scrambled proprietary sequence with no known 
targets). All reagents were obtained from Santa Cruz 
Biotechnology.

Author contributions

E.K., D.Y., and D.R. conceived the study. E.K., 
D.Y., C.C, J.T. and D.R. designed the experiments. 
E.K., D.Y, and D.W. performed the drug screening. E.K. 
performed western blots, phosphoantibody arrays, and 
siRNA experiments. E.K., A.B., J. T., and C.C. developed 
the data analysis templates. J.L. and Y.C. developed 
the statistical models. E.K., J.T., A.B., M.W. and D.R. 
analyzed and processed the data. E.K. A.B., J.T, S.Y., J.L., 
Y.D., M.W., and D.R. wrote the manuscript. All authors 
reviewed and authorized the manuscript.

ACKNOWLEDGMENTS

This study was generously supported by the 
National Pediatric Cancer Foundation (www.nationalpcf.
org) and the V Foundation. This work has been supported 
in part by the Translational Research Core, the Molecular 
Genomics Core, and the Cancer Informatics Core at the 
H. Lee Moffitt Cancer Center & Research Institute, an 
NCI designated Comprehensive Cancer Center (P30-
CA076292).

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

Editorial note

This paper has been accepted based in part on peer-
review conducted by another journal and the authors’ 



Oncotarget22583www.oncotarget.com

response and revisions as well as expedited peer-review 
in Oncotarget.

REFERENCES

 1. Korf BR. Malignancy in Neurofibromatosis Type 1. The 
Oncologist. 2000; 5:477–85. https://doi.org/10.1634/
theoncologist.5-6-477.

 2. Meany H, Widemann BC, Ratner N. Malignant Peripheral 
Nerve Sheath Tumors: Prognostic and Diagnostic Markers 
and Therapeutic Targets. In: Upadhyaya M and Cooper DN, 
eds. Neurofibromatosis Type 1: Molecular and Cellular 
Biology. Springer Berlin, Heidelberg. 2012; 445–67. 

 3. Ferner RE, Gutmann DH. International consensus 
statement on malignant peripheral nerve sheath tumors in 
neurofibromatosis. Cancer Res. 2002; 62:1573–7.

 4. Wong WW, Hirose T, Scheithauer BW, Schild SE, 
Gunderson LL. Malignant peripheral nerve sheath 
tumor: analysis of treatment outcome. Int J Radiat Oncol 
Biol Phys. 1998; 42:351–60. http://dx.doi.org/10.1016/
S0360-3016(98)00223-5.

 5. Zou C, Smith KD, Liu J, Lahat G, Myers S, Wang WL, 
Zhang W, McCutcheon IE, Slopis JM, Lazar AJ, Pollock 
RE, Lev D. Clinical, Pathological, and Molecular Variables 
Predictive of Malignant Peripheral Nerve Sheath Tumor 
Outcome. Annals of Surgery. 2009; 249:1014–22. https://
doi.org/10.1097/SLA.0b013e3181a77e9a.

 6. Zehou O, Fabre E, Zelek L, Sbidian E, Ortonne N, Banu 
E, Wolkenstein P, Valeyrie-Allanore L. Chemotherapy for 
the treatment of malignant peripheral nerve sheath tumors 
in neurofibromatosis 1: a 10-year institutional review. 
Orphanet Journal of Rare Diseases. 2013; 8:127. https://
doi.org/10.1186/1750-1172-8-127.

 7. Martin GA, Viskoohil D, Bollag G, McCabe PC, Crosier 
WJ, Haubruck H, Conroy L, Clark R, O'Connell P, 
Cawthon RM, Innis MA, McCormick F. The GAP-related 
domain of the neurofibromatosis type 1 gene product 
interacts with ras p21. Cell. 1990; 63:843–9. http://dx.doi.
org/10.1016/0092-8674(90)90150-D.

 8. Yunoue S, Tokuo H, Fukunaga K, Feng L, Ozawa T, Nishi 
T, Kikuchi A, Hattori S, Kuratsu J, Saya H, Araki N. 
Neurofibromatosis type I tumor suppressor neurofibromin 
regulates neuronal differentiation via its GTPase-
activating protein function toward Ras. J Biol Chem. 2003; 
278:26958–69. https://doi.org/10.1074/jbc.M209413200.

 9. Chen YH, Gianino SM, Gutmann DH. Neurofibromatosis-1 
regulation of neural stem cell proliferation and multilineage 
differentiation operates through distinct RAS effector 
pathways. Genes Dev. 2015; 29:1677–82. https://doi.
org/10.1101/gad.261677.115.

10. Guha A, Lau N, Huvar I, Gutmann D, Provias J, Pawson 
T, Boss G. Ras-GTP levels are elevated in human NF1 
peripheral nerve tumors. Oncogene. 1996; 12:507–13. 

11. Bollag G, Clapp DW, Shih S, Adler F, Zhang YY, 
Thompson P, Lange BJ, Freedman MH, McCormick F, 
Jacks T, Shannon K. Loss of NF1 results in activation of 
the Ras signaling pathway and leads to aberrant growth in 
haematopoietic cells. Nat Genet. 1996; 12:144–8. 

12. Ghadimi MP, Lopez G, Torres KE, Belousov R, Young ED, 
Liu J, Brewer KJ, Hoffman A, Lusby K, Lazar AJ, Pollock 
RE, Lev D. Targeting the PI3K/mTOR Axis, Alone and in 
Combination with Autophagy Blockade, for the Treatment 
of Malignant Peripheral Nerve Sheath Tumors. Molecular 
Cancer Therapeutics. 2012; 11:1758. 

13. Johansson G, Mahller YY, Collins MH, Kim MO, Nobukuni 
T, Perentesis J, Cripe TP, Lane HA, Kozma SC, Thomas 
G, Ratner N. Effective in vivo targeting of the mammalian 
target of rapamycin pathway in malignant peripheral nerve 
sheath tumors. Molecular Cancer Therapeutics. 2008; 
7:1237. 

14. Jessen WJ, Miller SJ, Jousma E, Wu J, Rizvi TA, 
Brundage ME, Eaves D, Widemann B, Kim MO, Dombi 
E, Sabo J, Hardiman Dudley A, Niwa-Kawakita M, et al. 
MEK inhibition exhibits efficacy in human and mouse 
neurofibromatosis tumors. J Clin Invest. 2013; 123:340–7.  
https://doi.org/10.1172/jci60578.

15. Watson AL, Anderson LK, Greeley AD, Keng VW, 
Rahrmann EP, Halfond AL, Powell NM, Collins MH, Rizvi 
T, Moertel CL, Ratner N, Largaespada DA. Co-targeting the 
MAPK and PI3K/AKT/mTOR pathways in two genetically 
engineered mouse models of schwann cell tumors reduces 
tumor grade and multiplicity. Oncotarget. 2014; 5:1502–14. 
https://doi.org/10.18632/oncotarget.1609. 

16. Eser S, Schnieke A, Schneider G, Saur D. Oncogenic KRAS 
signalling in pancreatic cancer. Br J Cancer. 2014; 111:817–
22. https://doi.org/10.1038/bjc.2014.215.

17. Samatar AA, Poulikakos PI. Targeting RAS-ERK signalling 
in cancer: promises and challenges. Nat Rev Drug Discov. 
2014; 13:928–42. https://doi.org/10.1038/nrd4281.

18. Endo M, Yamamoto H, Setsu N, Kohashi K, Takahashi 
Y, Ishii T, Iida KI, Matsumoto Y, Hakozaki M, Aoki M, 
Iwasaki H, Dobashi Y, Nishiyama K, et al. Prognostic 
Significance of AKT/mTOR and MAPK Pathways and 
Antitumor Effect of mTOR Inhibitor in NF1-Related and 
Sporadic Malignant Peripheral Nerve Sheath Tumors. 
Clinical Cancer Research. 2013; 19:450. 

19. Bhola P, Banerjee S, Mukherjee J, Balasubramanium A, 
Arun V, Karim Z, Burrell K, Croul S, Gutmann DH, Guha 
A. Preclinical in vivo evaluation of rapamycin in human 
malignant peripheral nerve sheath explant xenograft. 
International Journal of Cancer. 2010; 126:563–71. https://
doi.org/10.1002/ijc.24783.

20. Fieber LA, González DM, Wallace MR, Muir D. 
Delayed rectifier K currents in NF1 Schwann cells: 
Pharmacological block inhibits proliferation. Neurobiology 
of Disease. 2003; 13:136–46. http://dx.doi.org/10.1016/
S0969-9961(03)00031-7.



Oncotarget22584www.oncotarget.com

21. Li Y, Rao PK, Wen R, Song Y, Muir D, Wallace P, van 
Horne SJ, Tennekoon GI, Kadesch T. Notch and Schwann 
cell transformation. Oncogene. 2004; 23:1146–52. 

22. Kroep JR, Ouali M, Gelderblom H, Le Cesne A, Dekker 
TJ, Van Glabbeke M, Hogendoorn PC, Hohenberger P. 
First-line chemotherapy for malignant peripheral nerve 
sheath tumor (MPNST) versus other histological soft tissue 
sarcoma subtypes and as a prognostic factor for MPNST: 
an EORTC soft tissue and bone sarcoma group study. Ann 
Oncol. 2011; 22:207–14. https://doi.org/10.1093/annonc/
mdq338.

23. Guo J, Grovola MR, Xie H, Coggins GE, Duggan P, Hasan 
R, Huang J, Lin DW, Song C, Witek GM, Berritt S, Schultz 
DC, Field J. Comprehensive pharmacological profiling 
of neurofibromatosis cell lines. Am J Cancer Res. 2017; 
7:923–34. 

24. Yamashita AS, Baia GS, Ho JS, Velarde E, Wong J, Gallia 
GL, Belzberg AJ, Kimura ET, Riggins GJ. Preclinical 
evaluation of the combination of mTOR and proteasome 
inhibitors with radiotherapy in malignant peripheral nerve 
sheath tumors. J Neurooncol. 2014; 118:83–92. https://doi.
org/10.1007/s11060-014-1422-5.

25. Kolberg M, Bruun J, Murumagi A, Mpindi JP, Bergsland 
CH, Holand M, Eilertsen IA, Danielsen SA, Kallioniemi O, 
Lothe RA. Drug sensitivity and resistance testing identifies 
PLK1 inhibitors and gemcitabine as potent drugs for 
malignant peripheral nerve sheath tumors. Mol Oncol. 2017; 
11:1156–71. https://doi.org/10.1002/1878-0261.12086.

26. Hirokawa Y, Nakajima H, Hanemann CO, Kurtz A, Frahm 
S, Mautner V, Maruta H. Signal therapy of NF1-deficient 
tumor xenograft in mice by the anti-PAK1 drug FK228. 
Cancer Biol Ther. 2005; 4:379–81. 

27. Ki DH, He S, Rodig S, Look AT. Overexpression of 
PDGFRA cooperates with loss of NF1 and p53 to accelerate 
the molecular pathogenesis of malignant peripheral nerve 
sheath tumors. Oncogene. 2017; 36:1058–68. https://doi.
org/10.1038/onc.2016.269.

28. Gregorian C, Nakashima J, Dry SM, Nghiemphu PL, 
Smith KB, Ao Y, Dang J, Lawson G, Mellinghoff IK, 
Mischel PS, Phelps M, Parada LF, Liu X, et al. PTEN 
dosage is essential for neurofibroma development and 
malignant transformation. Proc Natl Acad Sci U S A. 2009; 
106:19479–84. https://doi.org/10.1073/pnas.0910398106.

29. De Raedt T, Walton Z, Yecies JL, Li D, Chen Y, Malone 
CF, Maertens O, Jeong SM, Bronson RT, Lebleu V, Kalluri 
R, Normant E, Haigis MC, et al. Exploiting cancer cell 
vulnerabilities to develop a combination therapy for ras-
driven tumors. Cancer Cell. 2011; 20:400–13. https://doi.
org/10.1016/j.ccr.2011.08.014.

30. Lee W, Teckie S, Wiesner T, Ran L, Prieto Granada CN, 
Lin M, Zhu S, Cao Z, Liang Y, Sboner A, Tap WD, Fletcher 
JA, Huberman KH, et al. PRC2 is recurrently inactivated 
through EED or SUZ12 loss in malignant peripheral nerve 
sheath tumors. Nat Genet. 2014; 46:1227–32. https://doi.

org/10.1038/ng.3095. http://www.nature.com/ng/journal/
v46/n11/abs/ng.3095.html#supplementary-information.

31. Brohl AS, Kahen E, Yoder SJ, Teer JK, Reed DR. The 
genomic landscape of malignant peripheral nerve sheath 
tumors: diverse drivers of Ras pathway activation. 
Scientific Reports. 2017; 7:14992. https://doi.org/10.1038/
s41598-017-15183-1.

32. Perrin GQ, Fishbein L, Thomson SA, Thomas SL, Stephens 
K, Garbern JY, DeVries GH, Yachnis AT, Wallace MR, Muir 
D. Plexiform-like neurofibromas develop in the mouse by 
intraneural xenograft of an NF1 tumor-derived Schwann 
cell line. J Neurosci Res. 2007; 85:1347–57. https://doi.
org/10.1002/jnr.21226.

33. Kweh F, Zheng M, Kurenova E, Wallace M, Golubovskaya 
V, Cance WG. Neurofibromin physically interacts with the 
N-terminal domain of focal adhesion kinase. Mol Carcinog. 
2009; 48:1005–17. https://doi.org/10.1002/mc.20552.

34. Dai C, Santagata S, Tang Z, Shi J, Cao J, Kwon H, Bronson 
RT, Whitesell L, Lindquist S. Loss of tumor suppressor NF1 
activates HSF1 to promote carcinogenesis. J Clin Invest. 
2012; 122:3742–54. https://doi.org/10.1172/jci62727.

35. Ars E, Serra E, Garcia J, Kruyer H, Gaona A, Lazaro 
C, Estivill X. Mutations affecting mRNA splicing are 
the most common molecular defects in patients with 
neurofibromatosis type 1. Hum Mol Genet. 2000; 9:237–47. 

36. Messiaen LM, Callens T, Mortier G, Beysen D, 
Vandenbroucke I, Van Roy N, Speleman F, Paepe 
AD. Exhaustive mutation analysis of the NF1 gene 
allows identification of 95% of mutations and reveals 
a high frequency of unusual splicing defects. Hum 
Mutat. 2000; 15:541–55. https://doi.org/10.1002/1098-
1004(200006)15:6<541::aid-humu6>3.0.co;2-n.

37. Alkindy A, Chuzhanova N, Kini U, Cooper DN, Upadhyaya 
M. Genotype-phenotype associations in neurofibromatosis 
type 1 (NF1): an increased risk of tumor complications in 
patients with NF1 splice-site mutations? Human Genomics. 
2012; 6:12. https://doi.org/10.1186/1479-7364-6-12.

38. Cell Signaling Technology Pathscan® Ak t Signaling 
Antibody Array Kit (Chemiluminscent Readout) #9474. 
Data Sheet: Figures 2, 3. 2015. 

39. Kim A, Stewart DR, Reilly KM, Viskochil D, Miettinen 
MM, Widemann BC. Malignant Peripheral Nerve Sheath 
Tumors State of the Science: Leveraging Clinical and 
Biological Insights into Effective Therapies. Sarcoma. 2017; 
2017:7429697. https://doi.org/10.1155/2017/7429697.

40. Fernandez-Medarde A, Santos E. Ras in cancer and 
developmental diseases. Genes Cancer. 2011; 2:344–58. 
https://doi.org/10.1177/1947601911411084.

41. Varin J, Poulain L, Hivelin M, Nusbaum P, Hubas A, 
Laurendeau I, Lantieri L, Wolkenstein P, Vidaud M, 
Pasmant E, Chapuis N, Parfait B. Dual mTORC1/2 
inhibition induces anti-proliferative effect in NF1-associated 
plexiform neurofibroma and malignant peripheral nerve 



Oncotarget22585www.oncotarget.com

sheath tumor cells. Oncotarget. 2016; 7:35753–67. https://
doi.org/10.18632/oncotarget.7099.

42. Sweeney EE, Burga RA, Li C, Zhu Y, Fernandes R. 
Photothermal therapy improves the efficacy of a MEK 
inhibitor in neurofibromatosis type 1-associated malignant 
peripheral nerve sheath tumors. Scientific Reports. 2016; 
6:37035. https://doi.org/10.1038/srep37035. https://www.
nature.com/articles/srep37035#supplementary-information.

43. Fischer-Huchzermeyer S, Dombrowski A, Wilke G, Stahn 
V, Streubel A, Mautner VF, Harder A. MEK inhibitors 
enhance therapeutic response towards ATRA in NF1 
associated malignant peripheral nerve sheath tumors 
(MPNST) in-vitro. PLoS One. 2017; 12:e0187700. https://
doi.org/10.1371/journal.pone.0187700.

44. Ahsan S, Ge Y, Tainsky MA. Combinatorial therapeutic 
targeting of BMP2 and MEK-ERK pathways in NF1-
associated malignant peripheral nerve sheath tumors. 
Oncotarget. 2016; 7:57171–85. https://doi.org/10.18632/
oncotarget.11036.

45. De Raedt T, Beert E, Pasmant E, Luscan A, Brems H, 
Ortonne N, Helin K, Hornick JL, Mautner V, Kehrer-
Sawatzki H, Clapp W, Bradner J, Vidaud M, et al. PRC2 loss 
amplifies Ras-driven transcription and confers sensitivity to 
BRD4-based therapies. Nature. 2014; 514:247. https://doi.
org/10.1038/nature13561. https://www.nature.com/articles/
nature13561#supplementary-information.

46. Lock R, Ingraham R, Maertens O, Miller AL, Weledji N, 
Legius E, Konicek BM, Yan SC, Graff JR, Cichowski 
K. Cotargeting MNK and MEK kinases induces the 
regression of NF1-mutant cancers. The Journal of Clinical 
Investigation. 2016; 126:2181–90. https://doi.org/10.1172/
JCI85183.

47. Yang H, Jiang X, Li B, Yang HJ, Miller M, Yang A, Dhar 
A, Pavletich NP. Mechanisms of mTORC1 activation by 
RHEB and inhibition by PRAS40. Nature. 2017; 552:368–
73. https://doi.org/10.1038/nature25023.

48. Lv D, Guo L, Zhang T, Huang L. PRAS40 signaling 
in tumor. Oncotarget. 2017; 8:69076–85. https://doi.
org/10.18632/oncotarget.17299.

49. Sato T, Cesaroni M, Chung W, Panjarian S, Tran A, 
Madzo J, Okamoto Y, Zhang H, Chen X, Jelinek J, Issa 
JP. Transcriptional Selectivity of Epigenetic Therapy in 
Cancer. Cancer Research. 2017; 77:470–81. https://doi.
org/10.1158/0008-5472.can-16-0834.

50. Xu JH, Hu SL, Shen GD, Shen G. Tumor suppressor genes 
and their underlying interactions in paclitaxel resistance 
in cancer therapy. Cancer Cell International. 2016; 16:13. 
https://doi.org/10.1186/s12935-016-0290-9.

51. Uchida T, Matozaki T, Suzuki T, Matsuda K, Wada K, 
Nakano O, Konda Y, Nishisaki H, Nagao M, Sakamoto C, 
Kasuga M. Expression of two types of neurofibromatosis 
type 1 gene transcripts in gastric cancers and comparison 
of gap activities. Biochemical and Biophysical Research 
Communications. 1992; 187:332–9. https://doi.org/10.1016/
S0006-291X(05)81497-4.

52. Dombi E, Baldwin A, Marcus LJ, Fisher MJ, Weiss B, Kim 
A, Whitcomb P, Martin S, Aschbacher-Smith LE, Rizvi TA, 
Wu J, Ershler R, Wolters P, et al. Activity of Selumetinib 
in Neurofibromatosis Type 1-Related Plexiform 
Neurofibromas. N Engl J Med. 2016; 375:2550–60. https://
doi.org/10.1056/NEJMoa1605943.

53. Yu D, Kahen E, Cubitt CL, McGuire J, Kreahling J, Lee J, 
Altiok S, Lynch CC, Sullivan DM, Reed DR. Identification 
of Synergistic, Clinically Achievable, Combination 
Therapies for Osteosarcoma. Scientific Reports. 2015; 
5:16991. https://doi.org/10.1038/srep16991. http://www.
nature.com/articles/srep16991#supplementary-information.

54. Kahen E, Yu D, Harrison DJ, Clark J, Hingorani P, Cubitt 
CL, Reed DR. Identification of clinically achievable 
combination therapies in childhood rhabdomyosarcoma. 
Cancer Chemotherapy and Pharmacology. 2016; 78:313–
23. https://doi.org/10.1007/s00280-016-3077-8.

55. Wang K, Li M, Hakonarson H. ANNOVAR: functional 
annotation of genetic variants from high-throughput 
sequencing data. Nucleic Acids Research. 2010; 38:e164-e. 
https://doi.org/10.1093/nar/gkq603.

56. Li H, Durbin R. Fast and accurate short read alignment 
with Burrows-Wheeler transform. Bioinformatics. 2009; 
25:1754–60. https://doi.org/10.093/bioinformatics/btp324.  

57. DePristo MA, Banks E, Poplin R, Garimella KV, Maguire 
JR, Hartl C, Philippakis AA, del Angel G, Rivas MA, 
Hanna M, McKenna A, Fennell TJ, Kernytsky AM, et al. 
A framework for variation discovery and genotyping using 
next-generation DNA sequencing data. Nat Genet. 2011; 
43:491–8. https://doi.org/10.1038/ng.806. 


