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Abstract

Purpose: Ras-GTPase–activating proteins (RasGAP), notably
NF1 and RASA1, mediate negative control of the RAS/MAPK
pathway. We evaluated clinical and molecular characteristics of
non–small cell lung carcinoma (NSCLC) with RASA1 mutations
in comparison with NF1-mutated cases.

ExperimentalDesign: Large genomic datasets ofNSCLC [MSK-
IMPACT dataset at MSKCC (n ¼ 2,004), TCGA combined lung
cancer dataset (n ¼ 1,144)] were analyzed to define concurrent
mutations and clinical features ofRASA1-mutatedNSCLCs. Func-
tional studies were performed using immortalized human bron-
chial epithelial cells (HBEC) and NSCLC lines with truncating
mutations in RASA1, NF1, or both.

Results: Overall, approximately 2% of NSCLCs had RASA1-
truncating mutations, and this alteration was statistically, but
not completely, mutually exclusive with known activating
EGFR (P ¼ 0.02) and KRAS (P ¼ 0.02) mutations. Unexpectedly,
RASA1-truncating mutations had a strong tendency to co-occur

with NF1-truncating mutations (P < 0.001). Furthermore, all
patients (16/16) with concurrent RASA1/NF1-truncating muta-
tions lacked other known lung cancer drivers. Knockdown of
RASA1 in HBECs activated signaling downstream of RAS and
promoted cell growth. Conversely, restoration of RASA1 expres-
sion in RASA1-mutated cells reduced MAPK and PI3K signaling.
Although growth of cell lines with inactivation of only one of
these two RasGAPs showed moderate and variable sensitivity to
inhibitors of MEK or PI3K, cells with concurrent RASA1/NF1
mutations were profoundly more sensitive (IC50: 0.040 mmol/L
trametinib). Finally, simultaneous genetic silencing ofRASA1 and
NF1 sensitized both HBECs and NSCLC cells to MEK inhibition.

Conclusions: Cancer genomic and functional data nominate
concurrent RASA1/NF1 loss-of-function mutations as a strong
mitogenic driver in NSCLC, which may sensitize to trametinib.
Clin Cancer Res; 24(6); 1436–47. �2017 AACR.

See related commentary by Kitajima and Barbie, p. 1243

Introduction
Lung cancer is the most frequently diagnosed cancer and a

leading cause of cancer-related mortality worldwide, accounting
for nearly 1.4 million deaths each year (1, 2). It has become
standard practice to profile non–small cell lung carcinomas
(NSCLC), especially adenocarcinomas, for recurrent targetable
alterations such as mutant EGFR, MAP2K1, BRAF, NRAS, or
rearrangedALK,RET,ROS1,NTRK1,NTRK2,NTRK3, or amplified
ERBB2 or MET exon 14 skipping (3–9), which, as strong mito-
genic drivers, are mutually exclusive. Routine clinical genomic

profiling of lung adenocarcinoma to comprehensively detect all
known targetable alterations has been recently shown to result in
use of matched therapy in a substantial proportion of patients
(10). Despite these encouraging data, not allmitogenic drivers are
readily targetable (e.g., KRAS, NRAS), and there remain at least
12% of patients with lung adenocarcinoma with no clear mito-
genic driver (10).

RAS proteins are predominantly localized to the inner surface
of the plasma membrane and act as binary switches cycling
between an inactive RAS-GDP and an active RAS-GTP. GTP-
bound RAS is able to bind and activate effector pathways, includ-
ing the RAF/mitogen-activated protein kinase (MAPK) and PI3K/
AKT signaling cascades, which play central roles in cell growth and
survival. Ras-GTPase–activating proteins (RasGAPs), notablyNF1
and RASA1, terminate the active state of RAS by stimulating GTP
hydrolysis, thereby mediating negative control of the RAS path-
way (11). NF1 and RASA1 are ubiquitously expressed; the former
is abundant in neurons, Schwann cells, astrocytes, and leukocytes
(12); and the latter plays an important role as a regulator of blood
and lymphatic vessel growth (13). Accordingly, germline muta-
tions of NF1 or RASA1 cause neurofibromatosis type I and
capillary malformation-arteriovenous malformation, respective-
ly. Currently, various RasGAPs with overlapping patterns of tissue
distribution but with nonredundant functions have been identi-
fied (14, 15), and the tumor-suppressive functions of RasGAPs
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have been shown in several cancer types such as neuroblastoma,
glioblastoma, melanoma, prostate cancer, and breast cancer
(16–24). With respect to lung cancer,NF1-inactivatingmutations
are enriched in NSCLCs lacking KRAS alterations; however, they
are not completely mutually exclusive (25, 26). Furthermore,
the clinical and molecular characteristics of NSCLC with RASA1
mutations have not been defined. The Cancer Genome Atlas
(TCGA) studies showed that RASA1 and NF1 mutations are
frequently detected in both lung adenocarcinoma (1.7% for
RASA1; 11% for NF1) and squamous cell carcinoma (4% for
RASA1; 11% for NF1; refs. 25, 26).

The link between RasGAPs and RAS signaling, and clinical
genomic data suggest that RASA1 andNF1 loss-of-functionmuta-
tions may be mitogenic drivers in NSCLCs. Recent studies have
demonstrated that inhibition of MAPK signaling can be effective
in RAF/MAPK-activated cancers, such as BRAF-mutant melano-
mas. Trametinib, which acts downstream of RAS to suppress
signaling through the MAPK cascade, is approved by the FDA for
the treatment ofBRAFV600E-mutantmelanomas. Trametinib has
superior pharmacological properties compared with other MEK
inhibitors because it impairs feedback reactivation of ERK (27),
suggesting that trametinib may have greater clinical activity in
RAF/MAPK-activated tumors. Importantly, NSCLCs with RASA1-
or NF1-inactivating mutations may also be sensitive to this
strategy of downstream inhibition because of the negative regu-
lation of RAS activity associated with RasGAPs.

Here, we evaluate the clinical and molecular characteristics of
NSCLCswithRASA1mutations in comparisonwithNF1-mutated
cases. Our findings identify concurrent RASA1/NF1 loss-of-unc-
tionmutations as a strongmitogenic driver inNSCLC, and suggest
that therapeutic strategies for RAF/MAPK-activated tumors may
also have efficacy in patients whose tumors show this distinctive
genotype.

Materials and Methods
MSK-IMPACT assay

TheMSK-IMPACT assay was conducted as previously described
(28, 29). In brief, DNA from formalin-fixed paraffin-embedded
primary or metastatic lung tumors and patient-matched normal
blood sampleswas extracted and sheared. Barcoded libraries from

tumor and normal samples were captured, sequenced, and sub-
jected to a custom pipeline to identify somatic mutations.
Sequencing consisted of deep sequencing of all exons and selected
introns of a custom 341 cancer-associated gene panel, with
updated versions containing 410 or 468 genes. All exons tested
had a minimum depth of coverage of �100. The alterations
detected were all confirmed to be somatic, because mutations
were called against the patient's matched normal sample.

Cell lines and cell culture
EPLC272H and LCLC103H were purchased from German

Resource Center for Biological Materials (DSMZ). RERFLCKJ
and RERFLCAI were purchased from RIKEN BRC Cell Bank, and
ABC-1 was purchased from JCRB Cell Bank. The human bron-
chial epithelial cells were immortalized with CDK4 and hTERT
(HBEC3KT cell line) and were obtained from Dr. John Minna
(UT South Western; ref. 30). Other cells were purchased from
the ATCC. HBEC3KT cells were cultured in keratinocyte serum-
free media supplemented with EGF and 2% bovine pituitary
extract. All cell lines were cultured in RPMI-1640 supplemented
with 10% FBS, 1% penicillin–streptomycin in 5% CO2 atmo-
sphere at 37�C. All cell lines were routinely tested for Myco-
plasma and were found to be negative and the NF1 and RASA1
status of all cell lines was confirmed to be consistent with the
data from the CCLE.

Plasmids
The lentiviral pLKO.1 MISSION shRNA constructs targeting

RASA1, KRAS or non-target control (NT) were purchased from
Sigma-Aldrich. The lentiviral full-length RASA1 expressing con-
struct (#Ex-T0725-Lv102) and empty vector control were pur-
chased from GeneCopoeia. For packaging, we used psPAX2
(Addgene) and VSV-G/pMD2 (Addgene).

Western-blot assays
RAS-GTP levels were detected using an Active Ras detection

kit, following the manufacturer instructions (Cell Signaling
Technology). Cells were lysed in RIPA lysis buffer (Thermo
Fisher Scientific). Lysates were denatured in 2 � sample buffer
at 55�C for 5 minutes, resolved on 4% to 12% NuPAGE gels
(Invitrogen) and transferred onto PVDF (polyvinylidene fluo-
ride) membranes. Membranes were blocked in 3% BSA in TBST
buffer (TBS with Tween-20) for 1 hour at room temperature
and probed with primary antibodies (Supplementary Table
S1). Bound antibodies were detected with peroxidase-labeled
goat anti-mouse IgG or goat anti-rabbit IgG (R&D Systems)
and developed with ECL western blotting detection reagents
(GE Healthcare).

Phospho-kinase array analysis
We used a human Phospho-Kinase Array Kit containing

duplicate validated controls and capture antibodies specific for
phosphorylation of 43 human kinases (R&D Systems) to
simultaneously detect relative kinase phosphorylation levels,
according to the manufacturer's protocol. A total of 5 � 106

cells were plated in 10-cm dishes, then deprived of serum for
24 hours. In brief, the array membranes were blocked, incu-
bated with each cell lysate overnight at 4�C, washed, incubated
with biotinylated antibodies for 2 hours at room temperature,
washed again, incubated with streptavidin-HRP for 30 minutes
at room temperature, washed again and developed with ECL

Translational Relevance

Approximately 2% of non–small cell lung carcinomas
(NSCLC) harbor RASA1-truncating mutations. Here, we show
thatRASA1-truncatingmutationshave a strong tendency to co-
occur with NF1-truncating mutations, and that alterations of
these two negative regulators of RAS signaling, when concur-
rent, are mutually exclusive with other lung cancer mitogenic
drivers. This is notable because the major mitogenic drivers
defined to date in NSCLC have been oncogenes activated by
mutation or gene fusion, not tumor suppressors. NSCLC cells
with concurrent RASA1/NF1 mutations show profound sen-
sitivity to MEK inhibition. Taken together, cancer genomic
data andour functional data nominate concurrentRASA1/NF1
loss-of-function mutations as a strong mitogenic driver in
NSCLCs. Patients whose tumors show this distinctive geno-
type should be considered for clinical trials of MEK inhibitors.

RASA1 and NF1 Co-mutation as a Lung Cancer Driver
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western blotting detection reagents. The kinase spots were
visualized with X-ray films (Ewen-Parker X-ray). The average
pixel densities of duplicate spots were determined using the
ImageJ software (http://imagej.nih.gov/ij/).

Phospho-RTK and apoptosis array analyses
A human Phospho-RTK Array Kit and a Human Apoptosis

Antibody Array Kit containing duplicate validated controls and
capture antibodies specific for phosphorylation of 49 RTKs or
35 apoptosis-related proteins (R&D Systems) were used to simul-
taneously detect the relative kinase phosphorylation levels and
apoptosis-related protein levels, respectively. A total of 5 � 106

cells were plated in 10-cm dishes, then deprived of serum for
24 hours. In a Human Apoptosis Antibody Array, cells were
treated with inhibitors for 96 hours, and after treatment, cells
were lysed in lysis buffer. Both phospho-RTK and apoptosis array
analyseswere performed according to themanufacture's protocol.
The spots were visualized with X-ray films (Ewen-Parker X-ray).
The average pixel densities of duplicate spots were determined
using the ImageJ software (http://imagej.nih.gov/ij/).

Cell proliferation assay
A total of 2.5� 104 cells were plated in 6-well plates. Cells were

counted the day after plating and at 48 hours intervals using a
Countess Automated Cell Counter (Invitrogen).

Cell viability assay
Cell viability of HBEC3KT with RASA1 knockdown or non-

target control was assessed using a CellTiter-Blue Cell Viability
Assay (Promega). Cells were plated at a density of 3,000 per well
in a 96-well plate in medium containing 10% FBS, and incubate
for 3 days. Viable cell numbers were determined using the
CellTiter-Glo assay kit according to the manufacturer's protocol
(Promega). Each assay consisted of duplicate samples and the
experiments were repeated in triplicate at minimum. Data were
expressed as relative luciferase activity (percentages relative to
control cells).

Growth inhibition assay
Cells were seeded in white walled 96-well plates at a density of

1,500 to 7,000 cells per well and exposed to drug alone or
combination the following day. At 120 hours after drug addition,
alamarBlue Reagent (Promega) was added, and fluorescence was
measured on a Spectramax spectrophotometer (Molecular
Devices). The data were fitted to dose–response Inhibition and
IC50 valuewas calculated usingGraphpadPrism software (version
7.0a). All inhibitors were obtained from Selleckchem.

Statistical analysis
Data are expressed as mean� SEM unless indicated otherwise.

Statistical significance was determined by ANOVA using the
Dunnett's multiple-comparison post-test with GraphPad Prism
software version 7.0a unless otherwise noted.

Results
RASA1- and NF1-truncating mutations preferentially co-occur
in patients with NSCLC

Genomic data from theMSK-IMPACT clinical cohort consisting
of 2,900 patients with NSCLC (data from 01/01/2014 to
9/24/2017) revealed truncating mutations of RASA1 and NF1 in

1.5% and 5% of cases, respectively (Fig. 1A). Analysis performed
through the cBioPortal (31) demonstrated a statistically
significant tendency toward co-occurrence of RASA1- and NF1-
truncating mutations or homozygous deletion (P < 0.001;
Fig. 1C). In contrast, the presence of these two mutations, seen
in 16/2,900 patients (0.6%), was completely mutually exclusive
with known activating EGFR or KRAS mutations (P < 0.001 and
0.002, respectively; Fig. 1C), as well as other common lung cancer
mitogenic drivers such ALK/RET/ROS1 fusions, ERBB2 exon 20
insertions,BRAFmutations, andMET exon14 skippingmutations
(not shown). Among other common lung cancer tumor suppres-
sors, cases with RASA1-truncating mutations were significantly
enriched for TP53 alterations (P < 0.001) whereas STK11 and
CDKN2A alterations were not overrepresented (not shown).
RASA1 and NF1 mutation rates were slightly higher in the
TCGA-combined squamous carcinoma and adenocarcinoma
dataset (ref. 32; n ¼ 1144 patients; Fig. 1B), where truncating
mutations (or homozygous deletions) were identified in 3% and
6% of NSCLC, respectively (Fig. 1B), likely due to a higher
proportion of squamous cell carcinoma (42% in the TCGA
analysis vs 10% in the MSKCC cohort). Analysis of the TCGA
data also confirmed the significant tendency toward co-
occurrence of truncating mutations (or homozygous deletions)
of RASA1 and NF1, seen in 8/1144 TCGA cases (0.7%), and the
mutual exclusivity of their co-inactivation with canonical EGFR
andKRASmutations (Fig. 1C) and other knownmitogenic drivers
(not shown). An integrated analysis of copy number data, mRNA
expression data, and mutations was performed using the TCGA
squamous carcinoma and adenocarcinomadatasets (25, 26). This
confirmed that truncating mutations and deep (likely homozy-
gous) deletions of both genes are associated with low mRNA
expression levels (Supplementary Fig. S1). The mutation details,
smokinghistories, andbasic demographic andpathologic data for
24 patients (16 MSK-IMPACT, 8 TCGA) with co-inactivation of
RASA1 and NF1 are provided in Supplementary Table S2.

Tumor-suppressive function of RASA1 in lung tumorigenesis
in vitro

To evaluate the function of RASA1 in human lung cells, we
suppressed RASA1 expression with lentiviral shRNA in immor-
talized humanbronchial epithelial cells (HBEC3KT cells).We first
analyzed the effect of RASA1 knockdown on the phosphorylation
state of 43 proteins and total amounts of 2 related proteins using a
human phospho-kinase array, which revealed a significant
increase in the phosphorylation of proteins associatedwithMAPK
and PI3K signaling in HBEC3KT cells (Fig. 2A). We further tested
RAS-GTP levels, phosphorylation of AKT and ERK, as well as
expression of various nucleotide exchange factors (GEFs), includ-
ing SOS1, RasGRP1, and RasGRP3, because the activity of RAS is
controlled by the ratio of boundGTP toGDP, and these processes
are regulated by RasGEFs and RasGAPs. RASA1 knockdown
activated downstream signaling of RAS via an increase in RAS-
GTP (Fig. 2B), which promoted cell growth in HBEC3KT cells
(Fig. 2C). Interestingly, there was more prominent elevation in
pERK levels compared with pAKT upon RASA1 knockdown
in HBEC3KT cells.

Loss of RasGAPs expression in NSCLC lines with RasGAP-
truncating mutations

To identify human lung cancer cell lines with endogenous
loss of RASA1, we evaluated RASA1 expression in a panel of
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26 lung cancer cell lines. Only two cell lines exhibited no
RASA1 expression, both of which harbored RASA1 truncating
mutations (pE155� in EPLC272H cells and pL904fs in
RERFLCKJ cells). EPLC272H cell also contained an NF1 trun-
cating mutation (pE2608�) and exhibited no NF1 expression
(as did other cell lines with NF1-truncating mutations; Fig. 3A
and B). To confirm a functional role for RASA1 inactivation in
human lung cancers, we reintroduced RASA1 in two RASA1-
null cell lines, EPLC272H, and RERFLCKJ. Ectopic RASA1
expression suppressed signaling through the MAPK and AKT

pathways in RERFLCKJ cells; there were stronger reductions in
pERK levels compared with pAKT levels. In contrast, no effect
was detected in either HBEC3KT cells that express RASA1
endogenously, suggesting that its supraphysiologic overex-
pression does not further suppress downstream signaling or
EPLC272H cells that lack both RASA1 and NF1 expression,
suggesting that restoration of RASA1 function alone may not
be sufficient to restore normal downstream signaling in lung
cancer cells with co-inactivation of NF1 (Fig. 3C). To verify
further the dependency of RASA1-mutant cells on RAS

Figure 1.

RASA1-truncating mutations display a strong tendency to co-occur with NF1-truncating mutations. Oncoprint of RASA1- and NF1-truncating mutations in
NSCLC (each column represents one patient) as identified in theMSK-IMPACT dataset (A) and TCGA combined lung cancer dataset (B). Only the RASA1-inactivated
subset of each dataset is shown; percentages are based on each entire NSCLC dataset (see text). Summary table of P values and log odd ratio showing
significant tendency for co-occurrence of RASA1 and NF1 mutations and mutual exclusivity with EGFR and KRAS alterations for both genes in the
MSK-IMPACT NSCLC cohort (C).

RASA1 and NF1 Co-mutation as a Lung Cancer Driver
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Figure 2.

Tumor-suppressive function of RASA1 in lung tumorigenesis in vitro. A, Phospho-Kinase array showing RASA1 knockdown effects on the phosphorylation
state of multiple kinases in HBEC3KT cells (left). Average of the mean pixel densities in duplicate spots were measured and normalized to non-target
shRNA control (NT). The bar graph shows significantly increased (P < 0.01) phosphoproteins, such as ERK1/2 and AKT1/2 (right). B, In HBEC3KT cells that
retain RASA1 expression, RNAi-mediated suppression of RASA1 (shRNA1 and shRNA2) resulted in the activation of RAS and its downstream signaling (left).
Average of the mean pixel densities of RAS-GTP in three independent experiments are shown for each shRNAs. The relative levels of RAS-GTP to RAS were
normalized to that of non-targeting shRNA (NT). Inactivation of RASA1 induced a statistically significant increase in RAS-GTP level (right). C, Growth
curves of HBEC3KT cells with RNAi-mediated suppression of RASA1. Data points show triplicate averages � SEM (left). Inactivation of RASA1 induced statistically
significant decreases in doubling times (HBEC3KT-NT: 2.6 � 0.8 days; HBEC3KT-shRNA1: 1.1 � 0.1 days; HBEC3KT-shRNA2: 1.6 � 0.83 days; center). Cell
viability of HBEC3KT with RASA1 knockdown or non-target control (NT) was assessed using a CellTiter-Blue Cell Viability Assay. Inactivation of RASA1 induced
a statistically significant increase in cell viability (right).
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Figure 3.

Identification of RASA1- and NF1-mutated lung cancer cell lines in the CCLE dataset (accessed via the cBioPortal for Cancer Genomics at https://cbioportal.mskcc.
org/). A, Oncoprint (top) of CCLE lung cancer cell lines with alterations in one of the 6 genes indicated (percentages based on total of 181 lines) and table
(bottom) of subset with truncating alterations in RASA1 and/or NF1 (copy number and expression data from cBioPortal; expression percentile relative to
entire CCLE dataset based on mRNA z-score). B, RASA1 and NF1 protein levels in a panel of 26 human lung cancer cell lines, as determined by Western blotting.
Lung cancer cell lines commonly retain RASA1 expression; the exceptions were EPLC272H and RERFLCKJ. C, Western blots of phosho (p)-AKT and pERK
levels in HBEC3KT (left), RERFLCKJ (center), and EPLC272H (right) cells following expression of control vector or RASA1. Restoration of RASA1 expression
resulted in reduced signaling of MAPK pathway only in RASA1-mutated cells (RERFLCKJ), but not in RASA1/NF1 co-mutated NSCLC lines (EPLC272H).

RASA1 and NF1 Co-mutation as a Lung Cancer Driver

www.aacrjournals.org Clin Cancer Res; 24(6) March 15, 2018 1441

D
ow

nloaded from
 http://aacrjournals.org/clincancerres/article-pdf/24/6/1436/2050159/1436.pdf by guest on 19 M

ay 2023

https://cbioportal.mskcc.org/
https://cbioportal.mskcc.org/


signaling, we carried out shRNA-mediated knockdown
experiments. As expected, KRAS knockdown with 2 different
shRNAs led to growth inhibition in both EPLC272 and
RERFLCKJ cells (data not shown).

Modulation of MAPK and PI3K/AKT signaling pathways upon
MEK or PI3K inhibition

Given that the loss of the RASGAP protein NF1 has been
shown to lead to sensitivity to inhibition downstream of RAS
(15, 33), we next examined whether RASA1 loss has a similar
effect. Specifically, to assess how RASA1-mutated NSCLC lines
respond to the MEK inhibitor trametinib (GSK1120212), we
analyzed effects of trametinib on the signaling of MAPK and
PI3K/AKT pathways by Western blot in comparison with
PI3K inhibitor (GDC0941). In both RASA1 mutated NSCLC
lines (EPLC272H and RERFLCKJ), trametinib induced a potent
dose-dependent decrease of pERK1/2 levels. In contrast,
GDC0941 reduced pAKT levels only at higher doses. Further-
more, RASA1/NF1 co-mutated cells (EPLC272H) were more
sensitive to trametinib than RASA1-mutated/NF1 wild type

cells (RERFLCKJ), showing a 10-fold decrease in pERK levels
(Fig. 4A and B). We further analyzed the co-administration
of MEK inhibitor with inhibitors of PI3K or EGFR (afatinib).
This showed that combining trametinib and GDC0941 induc-
ed a dose-dependent decrease of both pERK and pAKT levels
(Fig. 4C). Furthermore, inhibition of pERK levels was more
prominent when cells were exposed to a combination of tra-
metinib and afatinib, showing a greater than 10-fold decrease
in pERK, compared with trametinib alone (Fig. 4D).

Profound dependence of growth of RASA1/NF1 co-mutated
NSCLC lines on MAPK signaling

Because previous studies (15–21) and our results show that
loss of RasGAPs, including RASA1, trigger activation of the
MAPK and PI3K/AKT signaling through RAS, we next tested the
sensitivity of RASA1-mutated NSCLC cells against variety of
kinase inhibitors with in vitro cell growth inhibition assays.
Kinase inhibitors included MEK inhibitor (trametinib), PI3K
inhibitor (GDC0941), and EGFR inhibitor (afatinib). A panel
of NSCLC cells were cultured in vitro in the presence of

Figure 4.

Inhibition of MAPK and PI3K/AKT signaling in RASA1-mutated NSCLC cell lines. Inhibition of phosphorylation of ERK or AKT in EPLC272H and RERFLCKJ
cells by trametinib (A), GDC0941 (B), co-administration of trametinib and GDC0941 (C), and co-administration of trametinib and afatinib (D).
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increasing concentrations of kinase inhibitors for 120 hours to
determine the half maximal inhibitory concentration (IC50).
The panel included RASA1/NF1 co-mutated (EPLC272H),
RASA1-mutated (RERFLCKJ), NF1-mutated (RERFLCAI,
LCLC103H, H1838), KRAS-mutated (H2030) and EGFR-
mutated (H3255) NSCLC lines. KRAS-mutated cells were resis-
tant to all inhibitors examined. EGFR mutated cells were
moderately sensitive to combination of MEK and PI3K inhibi-
tors, and sensitive to combined inhibition of MEK and EGFR, as
expected. NSCLC lines with only RASA1 or NF1 mutation (but
not both) showed moderate and variable sensitivity to all
inhibitors examined. Surprisingly, RASA1/NF1 co-mutated
cells showed profound sensitivity to the same inhibitors
(IC50: 0.040mmol/L trametinib; 0.036mmol/L GDC0941;
0.0044mmol/L combination of GSK1120201/GDC0941;
0.00089 mmol/L combination of trametinib/afatinib; Fig. 5A).

MAPK inhibition induces cell-cycle arrest and apoptosis in
RASA1/NF1 co-mutated NSCLC lines

To determine whether or not the decrease in cell survival was
due to apoptosis and cell-cycle arrest, we investigated the expres-
sion level of key cell-cycle and apoptotic signalingmolecules over
time after administration of trametinib (0.1 mmol/L) in both
EPLC272H and RERFLCKJ cells by Western blot (Fig. 5B). Our
experiments provide evidence of cell-cycle arrest (e.g., elevated
p27, anddecreasedCDK2andCDK4, and subsequently decreased
pRB) after 48 hours and evidence of apoptosis (e.g. cleaved PARP)
after 72 hours in EPLC272H cells, but not in RERFLCKJ cells,
suggesting that inhibition of MAPK signaling is sufficient to
induce cell-cycle arrest and apoptosis in RASA1/NF1 co-mutated
NSCLC lines, but not in RASA1-only mutated NSCLC lines
(Fig. 5B). To further investigate the involvement of apoptotic
signaling molecules following trametinib and afatinib co-
administration in EPLC272H and RERFLCKJ cells, we performed
apoptosis array hybridizations using a human apoptosis array
from R&D Systems. This showed that a number of apoptotic
signaling proteins, such as cleaved caspase-3 are modulated
following co-administration of trametinib and afatinib in both
EPLC272H and RERFLCKJ cells (Supplementary Fig. S2A). Next,
the time course of PARP cleavage after administration of combi-
nation of trametinib and afatinib was investigated in both
EPLC272H and RERFLCKJ cells by Western blot. Our results
showed that cleaved PARP was increased in both cell lines after
48hours (Supplementary Fig. S2B). These data suggest that single-
agent trametinib may be sufficient to induce cell-cycle arrest and
apoptosis in RASA1/NF1 co-inactivated NSCLC, but not in lung
cancers where one of these two RasGAPs is still functional but this
will need to be confirmed if additional RASA1/NF1 co-inactivated
NSCLC cell lines become available.

Simultaneous knockdown of RASA1 and NF1 induces
sensitivity to trametinib

Because our analysis of large cancer genomic datasets showed
that RASA1 mutations tend to co-occur with NF1 mutations in
NSCLCs, and our studies of native NSCLC cell lines showed that
the RASA1/NF1 co-mutated EPLC272H cells are highly sensitive
to MEK inhibition, we further investigated whether experimental
inactivation of both RASA1 and NF1 confers sensitivity to trame-
tinib in other cell lines. We first performed cell-based sensitivity
profiling using HBEC3KT cells stably expressing both RASA1 and
NF1 shRNAs. Trametinib treatment markedly reduced growth of

HBEC3KT cells with both RASA1 and NF1 knockdown compared
with cells with only RASA1 knockdown (Fig. 5C). Furthermore,
we found that trametinib could inhibit the growth ofNF1mutat-
ed NSCLC cells (RERFLCAI) when RASA1 is also knockdown
(Fig. 5C). Thus, the simultaneous loss of RASA1 and NF1 induces
sensitivity to trametinib both in immortalized bronchial epithe-
lial cells and NSCLC lines.

Clinicopathological features of patients with concurrent
RASA1/NF1-truncating mutations

Finally, we reviewed the characteristics of patients whose
NSCLCs show co-inactivation of RASA1 and NF1. Patients with
truncatingmutations in bothRASA1 andNF1 (or deep deletion of
RASA1 and truncating mutation of NF1, n ¼ 1) had a mean and
median age of 69 (range, 46–81), 50%were female and consisted
entirely of former or current heavy smokers (Supplementary Table
S3). RASA1-only mutated tumors were more often squamous cell
carcinoma (63%; c2P < 0.0001) than tumors withNF1 alterations
onlywhichwere predominantly adenocarcinomas (81%); 50%of
tumors with RASA1/NF1 co-mutations were squamous. Other
clinical and pathological features did not differ between these
three subgroups (Supplementary Table S3). Focusing on patients
with longer follow-up data, survival analysis was performed on
thefirst 109MSK-IMPACTpatientswith inactivating alterations in
one or both genes, a cohort with a median follow up of
13.3 months. Patients with RASA1, NF1, and RASA1/NF1 co-
mutated tumors, had a median overall survival of 64, 39, and
18 months, respectively, suggesting that the latter may be an
aggressive subset of NSCLC but these differences did not reach
statistical significance (Supplementary Fig. S3).

Discussion
NSCLCs, particularly lung adenocarcinomas, have emerged as

striking examples of cancers that have beenmolecularly redefined
by the discovery of activating oncogene mutations that serve as
strong mitogenic drivers and, as such, are largely mutually exclu-
sive. Although inactivating mutations in the NF1 and RASA1
tumor suppressors are expected to increase MAPK signaling
and cell proliferation, it has been less clear how they fit into the
"molecular pie chart" classification of lung adenocarcinoma as
they are, individually, not as consistently mutually exclusive with
strong mitogenic drivers such as EGFR and KRAS mutations (10,
25, 26, 32). Approximately 1.5% and 3% of NSCLCs harbor
RASA1-truncating mutations in the MSK-IMPACT and TCGA
cohorts, respectively (32). Our analysis of these genomic data
reveals that RASA1-truncating mutations display a strong tenden-
cy to co-occur with NF1-truncating mutations, and that concur-
rent RASA1/NF1-truncating mutations are completely mutually
exclusivewith other strongmitogenic drivers, suggesting that their
redundant functions as RasGAPs provide a selective pressure for
dual inactivation in order to achieve a level of activated RAS
signaling that could substitute for other lung cancer drivers such as
KRAS or EGFR mutations, as well as other known mitogenic
drivers in lung cancer. Strong mitogenic drivers are expected to
be early, "truncal" events in studies ofNSCLCevolution. Thus, it is
notable that a recent analysis of NSCLC evolution in 100 patients
found that some RASA1 mutations occurred early in evolution,
and one patient (1%) had both RASA1 and NF1 inactivation as
early events in the absence of another strong driver (34). Further-
more, there is also evidence for increased co-occurrence of NF1
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mutations with alterations of other RasGAPs (including RASA1)
and RasGEFs across a wide range of human cancers (35). Finally,
whereas T-cell–lineage knockouts of NF1 or RASA1 show only a
minor phenotype and do not result in T-cell acute lymphoblastic
leukemia/lymphoma (T-ALL), their combined deletion leads to
the development of T-ALL (36), suggesting that, in some cellular
settings, loss of both NF1 and RASA1 is needed to produce
the high levels of signaling downstream of RAS necessary for
malignant transformation. Such data, along with our analysis
of the cancer genomic data nominate concurrent RASA1/NF1-
truncating mutations as a strong mitogenic driver in NSCLC, a
nomination for which we now provide functional data in NSCLC
cell lines.

We demonstrate that loss of RASA1 expression activates down-
stream signaling of RAS via an increase of RAS-GTP, which
promotes cell growth in immortalized bronchial epithelial cells.
Conversely, restoration of RASA1 expression reduces signaling
through the MAPK and PI3K pathways in NSCLC lines harboring
RASA1-truncating mutation. Moreover, NSCLC lines with con-
current RASA1/NF1mutations showmore profound sensitivity to
inhibitors of MEK, both in western blots and cell growth inhibi-
tion assays, as compared with only RASA1 mutated lines. Like-
wise, simultaneous knockdown of RASA1 and NF1 enhances
sensitivity to the MEK inhibitor trametinib, suggesting that more
complete cellular loss of RasGAP function induced sensitivity to
inhibitors that act downstream of RAS.

In comparison with patients with only RASA1- or NF1-
mutated tumors, RASA/NF1–co-mutated patients showed sim-
ilar demographic features and smoking histories (Supplemen-
tary Table S3). However, there was a significant difference seen
in the histologic type observed in each cohort: RASA1- or NF1-
truncating mutations were enriched among squamous cell
carcinomas and adenocarcinomas, respectively, whereas
RASA1/NF1 co-mutated tumors were more evenly distributed.
Targeted therapy is commonly used in patients with select
driver-positive lung adenocarcinomas, but there remains a
dearth of effective targeted agents for molecular subsets of lung
squamous cell carcinoma. This study indicates that inhibition
of MEK in NSCLC lines harboring concurrent RASA1/NF1-
truncating mutations dramatically inhibits cell growth in vitro.
Notably, these findings have potential therapeutic implications
for patients with not only lung adenocarcinoma but also
squamous cell carcinoma with concurrent RASA1/NF1-truncat-
ing mutations, providing a preclinical rationale for the evalu-
ation of MEK inhibitors in this molecular subset of NSCLC that
lacks other targetable alterations.

The preferential co-inactivation of NF1 and RASA1 that
we have identified suggests that partial redundancy between
NF1 and RASA1 requires that both be inactivated to obtain an
oncogenic level of MAPK pathway activation in lung cancer.
Whether this concept of co-inactivation of negative regulators
of a pathway leading to striking sensitivity to pathway inhi-
bition extends beyond these RASGAPs is presently unclear,
but there are mounting data supporting its broader relevance.
For instance, detailed genomic analysis of a bladder cancer
patient with exceptional response to an mTORC1 inhibitor
revealed nonsense mutations in TSC1 and NF2, both negative
regulators of mTORC1 (37). Likewise, a recent analysis in
malignant pleural mesothelioma identified a small subset
with co-inactivation of LATS2 and NF2 that is associated with
increased sensitivity to mTOR inhibition (38). Finally, a
recent study found that cell lines with co-inactivation of
ARID1A and RNF43, both alterations known to activate
beta-catenin signaling, are exquisitely sensitive to aurora
kinase inhibition (39). Thus, in several settings or pathways,
the specific co- occurrence of loss-of-function mutations may
lead to vulnerabilities that can be exploited as potential
therapeutic targets.

In summary, our cancer genomic and functional data nominate
concurrent RASA1/NF1 loss-of-function mutations as a strong
mitogenic driver in NSCLC. Patients whose tumors show that this
distinctive genotype should be considered for trials of MEK
inhibitors. Because of the relatively high background mutation
rate of smoking-associated NSCLC, we have focused our data
analyses on truncating mutations of RASA1 and NF1, reasoning
that a high proportion of missense mutations in these two genes
may be passenger mutations of uncertain functional significance
and would add noise to the genomic data analysis. However, it is
likely that a subset of missense mutations in these genes, for
instance in their RasGAP domains, may be functionally inactivat-
ing, potentially expanding the size of this small but targetable
molecular subset of NSCLC. Finally, although targetable altera-
tions are generally much more common in never-smokers, it is
notable that patients whose NSCLC harbor concurrent RASA1/
NF1 loss-of-function mutations, along with patients with
MAP2K1-activating mutations (40), represent strongly smok-
ing-associated subsets that are potentially targetable, opening
new therapeutic avenues for somepatientswith smoking-induced
NSCLC.
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Figure 5.
The MAPK pathway as a potential target in RASA1/NF1 co-mutated NSCLCs. A, A panel of NSCLC lines, including RASA1/NF1–co-mutated (EPLC272H),
RASA1-mutated (RERFLCKJ), NF1-mutated (RERFLCAI, LCLC103H, and H1838), KRAS-mutated (H2030), and EGFR-mutated (H3255) NSCLC lines were grown
in the presence of each drug, and IC50 values were determined using AlamarBlue assay. KRAS and EGFR-mutated NSCLC lines were used as control.
Error bars denote SEM. The RASA1/NF1–co-mutated cell line EPLC272H was the most sensitive to MEK (trametinib) and PI3K (GDC0941) inhibitors.
RERFLCKJ cells were moderately sensitive to MEK inhibitor. Among 3 NF1-mutated NSCLC cells, only H1838 cells were moderately sensitive to MEK inhibitor.
NF1-mutated NSCLC cells showed similar sensitivity to PI3K inhibitor. Overall, all cells except KRAS-mutated NSCLC lines showed increased sensitivity
to co-administration of trametinibwith either a PI3K or EGFR inhibitor.B,Western blot analyseswere performed to analyze the expression level of key cell-cycle and
apoptotic signaling molecules in EPLC272 and RERFLCKJ cells. Elevated p27 and cleaved PARP, and decreased CDK2, CDK4, and pRB were observed only in
EPLC272H cells in a time-dependent manner (numbers represent minutes). C, HBEC3KT cells with RASA1 knockdown were stably infected with non-targeting
shRNA (NT) or NF1-targeting sequences (shNF1#1 to #4). Conversely, NF1-mutated RERFLCAI cells were stably infected with non-targeting shRNA (NT) or
RASA1-targeting sequences (shRNA1 and shRNA2). Knockdown by each shRNA was confirmed using Western blotting (top, right, and center). The simultaneous
inactivation of RASA1 and NF1 induced sensitivity to trametinib in both cell lines (top, right, and bottom).
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