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Abstract

Purpose: Ras-GTPase activating proteins (RasGAPS), notably NF1 and RASAL, mediate
negative control of the RAS/MAPK pathway. We evaluated clinical and molecular characteristics
of NSCLC with RASAI mutations in comparison with AV/FZ-mutated cases.

Experimental Design: Large genomic datasets of NSCLC [MSK-IMPACT™ dataset at
MSKCC (n=2004), TCGA combined lung cancer dataset (n=1144)] were analyzed to define
concurrent mutations and clinical features of RFASAZ-mutated NSCLCs. Functional studies were
performed using immortalized human bronchial epithelial cells (HBECs) and NSCLC lines with
RasGAP truncating mutations in RASAI, NF1, or both.

Results: Overall, approximately 2% of NSCLCs had RASAI truncating mutations, and this
alteration was statistically, but not completely, mutually exclusive with known activating £EGFR
(p=0.02) and KRAS (p=0.02) mutations. Unexpectedly, RASAI truncating mutations had a strong
tendency to co-occur with NI truncating mutations (p<0.001). Furthermore, all patients (16/16)
with concurrent RASAI/NFI truncating mutations lacked other known lung cancer drivers.
Knockdown of RASAL in HBECs activated signaling downstream of RAS and promoted cell
growth. Conversely, restoration of RASAL expression in RASAZ-mutated cells reduced MAPK
and P13K signaling. While 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/NFI mutations were profoundly more sensitive (ICgg: 0.040uM trametinib).
Finally, simultaneous genetic silencing of RASAIZ and NFI sensitized both HBECs and NSCLC
cells to MEK inhibition.
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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.
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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 (NSCLCs), especially
adenocarcinomas, for recurrent targetable alterations such as mutant EGFR, MAPZK1,
BRAF, NRAS, or rearranged ALK, RET, ROS1, NTRKI1, NTRKZ, NTRKS3, or amplified
ERBBZ or MET exon 14 skipping (3-9), which, as strong mitogenic 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 all
mitogenic drivers are readily targetable (e.g. KRAS, NRAS) and there remain at least 12%
of patients with lung adenocarcinoma with no clear mitogenic 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, including the RAF/mitogen-
activated protein kinase (MAPK) and phosphatidylinositol-3-kinase (P13K)/AKT signaling
cascades, which play central roles in cell growth and survival. Ras-GTPase activating
proteins (RasGAPs), notably NF1 and RASA1, terminate the active state of RAS by
stimulating GTP hydrolysis, thereby mediating negative control of the RAS pathway (11).
NF1 and RASAL 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 mutations of NFI or RASA1
cause neurofibromatosis type | and capillary malformation-arteriovenous malformation,
respectively. Currently, various RasGAPs with overlapping patterns of tissue distribution but
with nonredundant functions have been identified (14, 15), and the tumor-suppressive
functions of RasGAPs have been shown in several cancer types such as neuroblastoma,
glioblastoma, melanoma, prostate cancer, and breast cancer (16—24). With respect to lung
cancer, VFI inactivating mutations 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 FASAZ mutations have not been defined. The
Cancer Genome Atlas (TCGA) studies showed that RASAZ and NFI mutations are
frequently detected in both lung adenocarcinoma (1.7% for RASAZ; 11% for NFI) and
squamous cell carcinoma (4% for RASAI; 11% for NFI) (25, 26).

The link between RasGAPs and RAS signaling, and clinical genomic data suggest that
RASA1 and NFI loss of function mutations may be mitogenic drivers in NSCLCs. Recent
studies have demonstrated that inhibition of MAPK signaling can be effective in RAF/
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MAPK activated cancers, such as BRAF~mutant melanomas. Trametinib, which acts
downstream of RAS to suppress signaling through the MAPK cascade, is approved by the
FDA for the treatment of BRAFV600E-mutant melanomas. 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 RASAI or NF1
inactivating mutations may also be sensitive to this strategy of downstream inhibition
because of the negative regulation of RAS activity associated with RasGAPs.

Here, we evaluate the clinical and molecular characteristics of NSCLCs with RASAI
mutations in comparison with AVFZ-mutated cases. Our findings identify concurrent
RASA1/NF1 loss of function mutations as a strong mitogenic driver in NSCLC, 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

The MSK-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 samples was extracted and sheared. Barcoded libraries from tumor
and normal samples were captured, sequenced, and subjected 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 an updated panel
containing 410 genes. All exons tested had a minimum depth of coverage of 100x. 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

Plasmids

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 bronchial epithelial
cells were immortalized with CDK4 and hTERT (HBEC3KT cell line) and were obtained
from Dr. John Minna (UT South Western) (30). Other cells were purchased from the
American Type Culture Collection. 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%
CO, atmosphere at 37°C. All cell lines were routinely tested for mycoplasma and were
found to be negative and the NF1 and RASAL status of all cell lines was confirmed to be
consistent with the data from the CCLE.

The lentiviral pLKO.1 MISSION shRNA constructs targeting RASA1, KRAS or non-target
control (NT) were purchased from Sigma-Aldrich. The lentiviral full-length RASAZ
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expressing construct (#Ex-T0725-Lv102) and empty vector control were purchased 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). Cells were lysed in RIPA lysis buffer
(ThermoFisher Scientific). Lysates were denatured in 2x sample buffer at 55 °C for 5 min,
resolved on 4-12% NuPAGE gels (Invitrogen) and transferred onto PVVDF (polyvinylidene
fluoride) membranes. Membranes were blocked in 3% BSA in TBST buffer (TBS with
Tween-20) for 1 h at room temperature and probed with primary antibodies (Table S1).
Bound antibodies were detected with peroxidase-labeled goat anti-mouse IgG or goat anti-
rabbit 19G (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 5x106 cells were plated in 10 cm dishes, then deprived of
serum for 24 hours. In brief, the array membranes were blocked, incubated 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 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 simultaneously detect the
relative kinase phosphorylation levels and apoptosis-related protein levels, respectively. A
total of 5x106 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 analyses
were performed according to the manufacture’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 2.5x10* cells were plated in six-well plates. Cells were counted the day after
plating and at 48 h intervals using a Countess Automated Cell Counter (Invitrogen).
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Cell Viability Assay

Cell viability of HBEC3KT with RASAL knock down or non-target control was assessed
using a CellTiter-Blue® Cell Viability Assay (Promega). Cells were plated at a density of
3,000/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 1Cgg was calculated using Graphpad Prism® software (version 7.0a). All
inhibitors were obtained from Selleckchem.

Statistical analysis

RESULTS

Data are expressed as mean £ SEM unless indicated otherwise. Statistical significance was
determined by analysis of variance (ANOVA) using Dunnett’s multiple-comparison post-test
with GraphPad Prism® software version 7.0a unless otherwise noted.

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

Genomic data from the MSK-IMPACT clinical cohort consisting of 2900 patients with
NSCLC (data from 01/01/2014 to 9/24/2017) revealed truncating mutations of RASAZ and
NF1in 1.5% and 5% of cases, respectively (Figure 1a). Analysis performed through the
cBioPortal (31) demonstrated a statistically significant tendency toward co-occurrence of
RASA1 and NFItruncating mutations or homozygous deletion (p < 0.001; Figure 1c). In
contrast, the presence of these two mutations, seen in 16/2900 patients (0.6%), was
completely mutually exclusive with known activating EGFR or KRAS mutations (p<0.001
and 0.002, respectively; Figure 1c), as well as other common lung cancer mitogenic drivers
such ALK/RET/ROSI1 fusions, ERBBZ exon 20 insertions, BRAF mutations, and MET exon
14 skipping mutations (not shown). Among other common lung cancer tumor suppressors,
cases with RASA1 truncating mutations were significantly enriched for 7P53alterations
(p<0.001) while STK11and CDKNZA alterations were not over-represented (not shown).
RASA1 and NVFI mutation rates were slightly higher in the TCGA combined squamous
carcinoma and adenocarcinoma dataset (32) (n = 1144 patients; Figure 1b), where truncating
mutations (or homozygous deletions) were identified in 3% and 6% of NSCLC, respectively
(Figure 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 RASAI and NVF1, seen in 8/1144 TCGA cases (0.7%), and the mutual
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exclusivity of their co-inactivation with canonical EGFRand KRAS mutations (Figure 1C)
and other known mitogenic drivers (not shown). An integrated analysis of copy number data,
MRNA expression data, and mutations was performed using the TCGA squamous carcinoma
and adenocarcinoma datasets (25,26). This confirmed that truncating mutations and deep
(likely homozygous) deletions of both genes are associated with low mRNA expression
levels (Figure S1). The mutation details, smoking histories, and basic demographic and
pathologic data for 24 patients (16 MSK-IMPACT, 8 TCGA) with co-inactivation of RASAI
and NVF1 are provided in Table S2.

Tumor suppressive function of RASAL in lung tumorigenesis in vitro

To evaluate the function of RFASAZ in human lung cells, we suppressed RASAI expression
with lentiviral ShRNA in immortalized human bronchial 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 associated with MAPK and
PI13K signaling in HBEC3KT cells (Figure 2a). We further tested RAS-GTP levels,
phosphorylation of AKT and ERK, as well as expression of various nucleotide exchange
factors (GEFs) including SOS1, RasGRP1 and RasGRP3 since the activity of RAS is
controlled by the ratio of bound GTP to GDP, and these processes are regulated by RasGEFs
and RasGAPs. RASA1 knockdown activated downstream signaling of RAS via an increase
in RAS-GTP (Figure 2b), which promoted cell growth in HBEC3KT cells (Figure 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 RASAL, we evaluated
RASAL1 expression in a panel of 26 lung cancer cell lines. Only two cell lines exhibited no
RASAL1 expression, both of which harbored RASAI truncating mutations (pE155% in
EPLC272H cells and pL904fs in RERFLCKJ cells). EPLC272H cell also contained an NVFI
truncating mutation (pE2608*) and exhibited no NF1 expression (as did other cell lines with
NF1 truncating mutations) (Figure 3a, b). To confirm a functional role for RASA1
inactivation in human lung cancers, we reintroduced RASAL in two RASAL-null cell lines,
EPLC272H, and RERFLCKJ. Ectopic RASAL 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 overexpression
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. (Figure 3c). To verify further the dependency of RASAZ-mutant cells on RAS
signaling, we carried out sShRNA-mediated knockdown experiments. As expected, KRAS
knockdown with 2 different ShRNAs led to growth inhibition in both EPLC272 and
RERFLCKJ cells (data not shown).
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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 RASAL loss has a
similar effect. Specifically, to assess how RASAI 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 RASAI mutated NSCLC lines (EPLC272H and RERFLCKJ),
trametinib induced a potent dose-dependent decrease of pERK1/2 levels. In contrast,
GDCO0941 reduced pAKT levels only at higher doses. Furthermore, RASA1/NF1 co-mutated
cells (EPLC272H) were more sensitive to trametinib than RASAI-mutated/ VFZ wild type
cells (RERFLCKJ), showing a 10-fold decrease in pERK levels (Figure 4a, b). We further
analyzed the co-administration of MEK inhibitor with inhibitors of PI3K or EGFR
(afatinib). This showed that combining trametinib and GDC0941 induced a dose-dependent
decrease of both pERK and pAKT levels (Figure 4c). Furthermore, inhibition of pERK
levels was more prominent when cells were exposed to a combination of trametinib and
afatinib, showing a greater than 10-fold decrease in pERK, compared to trametinib alone.
(Figure 4d).

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

signaling

Since 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 RASAI mutated NSCLC cells against variety of kinase inhibitors with /n 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 vitroin the presence of increasing concentrations of kinase inhibitors for 120 hours to
determine the half maximal inhibitory concentration (1Csp). The panel included
RASA1/NF1 co-mutated (EPLC272H), RASAI-mutated (RERFLCKJ), NFI-mutated
(RERFLCAI, LCLC103H, H1838), KRAS mutated (H2030) and £GFR-mutated (H3255)
NSCLC lines. KRAS-mutated cells were resistant to all inhibitors examined. EGFR mutated
cells were moderately sensitive to combination of MEK and PI3K inhibitors, and sensitive to
combined inhibition of MEK and EGFR, as expected. NSCLC lines with only RASAI or
NFI mutation (but not both) showed moderate and variable sensitivity to all inhibitors
examined. Surprisingly, RASAI/NF1 co-mutated cells showed profound sensitivity to the
same inhibitors (ICg: 0.040uM trametinib; 0.036uM GDC0941; 0.0044uM combination of
GSK1120201/GDC0941; 0.00089 uM combination of trametinib/afatinib) (Figure 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 expression level of key cell-cycle and apoptotic signaling
molecules over time after administration of trametinib (0.1 uM) in both EPLC272H and
RERFLCKJ cells by western blot. (Figure 5b) Our experiments provide evidence of cell
cycle arrest (e.g. elevated p27, and decreased CDK?2 and CDK4, and subsequently decreased
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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 RASAZ-only mutated NSCLC lines. (Figure 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
(Figure S2a). Next, the time course of PARP cleavage after administration of combination 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 48
hours (Figure S2b). These data suggest that single agent trametinib may be sufficient to
induce cell cycle arrest and apoptosis in RASA1/NFI 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

Since our analysis of large cancer genomic datasets showed that RASAI mutations tend to
co-occur with MFZ mutations in NSCLCs, and our studies of native NSCLC cell lines
showed that the RASA1/NFI co-mutated EPLC272H cells are highly sensitive to MEK
inhibition, we further investigated whether experimental inactivation of both RASA1 and
NF1 confers sensitivity to trametinib in other cell lines. We first performed cell-based
sensitivity profiling using HBEC3KT cells stably expressing both RASAZ and NFI
shRNAs. Trametinib treatment markedly reduced growth of HBEC3KT cells with both
RASAZI and NF1 knockdown compared with cells with only RASA1 knockdown (Figure
5c¢). Furthermore, we found that trametinib could inhibit the growth of A/FZ mutated NSCLC
cells (RERFLCAI) when RASAL1 is also knockdown (Figure 5c¢). Thus, the simultaneous
loss of RASAL and NF1 induces sensitivity to trametinib both in immortalized bronchial
epithelial 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
RASAI and NF1. Patients with truncating mutations in both RASAZ and NFI (or deep
deletion of RASAL and truncating mutation of NF1, n=1) had a mean and median age of 69
(range 46-81), 50% were female and consisted entirely of former or current heavy smokers
(Table S3). RASAI-only mutated tumors were more often squamous cell carcinoma (63%;
Chi-square p<0.0001) than tumors with A/FI alterations only which were predominantly
adenocarcinomas (81%); 50% of tumors with RASA1/NFI co-mutations were squamous.
Other clinical and pathological features did not differ between these three subgroups (Table
S3). Focusing on patients with longer follow up data, survival analysis was performed on the
first 109 MSK-IMPACT patients with inactivating alterations in one or both genes, a cohort
with a median follow up of 13.3 months. Patients with RASAI, NF1and RASA1/NFI co-
mutated tumors, had a median overall survival of 64, 39 and 18 months respectively,
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suggesting that the latter may be an aggressive subset of NSCLC but these differences did
not reach statistical significance (Figure S3).

DISCUSSION

NSCLCs, particularly lung adenocarcinomas, have emerged as striking examples of cancers
that have been molecularly redefined by the discovery of activating oncogene mutations that
serve as strong mitogenic drivers and, as such, are largely mutually exclusive. While
inactivating mutations in the MVFZand RASAI tumor suppressors are expected to increase
MAPK signaling and cell proliferation be mitogenic, 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 EGFRand KRAS
mutations (10, 25, 26, 32). Approximately 1.5% and 3% of NSCLCs harbor RASAI
truncating mutations in the MSK-IMPACT and TCGA cohorts, respectively (32). Our
analysis of these genomic data reveals that RASAI truncating mutations display a strong
tendency to co-occur with NVFI truncating mutations, and that concurrent RASA1/NF1
truncating mutations are completely mutually exclusive with other strong mitogenic 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 of NSCLC evolution. Thus, it is notable that a recent analysis of NSCLC
evolution in 100 patients found that some RASAI mutations occurred early in evolution, and
one patient (1%) had both RASAI and NFI1 inactivation as early events in the absence of
another strong driver (34). Furthermore, there is also evidence for increased co-occurrence
of NMFI 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 RASAL 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 RASAL 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/NFI 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 RASAL expression activates downstream 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 PI13K pathways in NSCLC lines harboring RASA1 truncating mutation. Moreover,
NSCLC lines with concurrent RASAI/NFI mutations show more profound sensitivity to
inhibitors of MEK, both in western blots and cell growth inhibition assays, as compared to
only RASAI mutated lines. Likewise, simultaneous knockdown of RASAL and NF1
enhances sensitivity to the MEK inhibitor trametinib, suggesting that more complete cellular
loss of RasGAP function induced sensitivity to inhibitors which act downstream of RAS.
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In comparison with patients with only RASAZ or NFI mutated tumors, RASA/NF1 co-
mutated patients showed similar demographic features and smoking histories (Table S3).
However, there was a significant difference seen in the histologic type observed in each
cohort: RASAI or NFI truncating mutations were enriched among squamous cell
carcinomas and adenocarcinomas, respectively, whereas RASA1/NFI 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 inhibit 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 truncating mutations, providing a preclinical
rationale for the evaluation of MEK inhibitors in this molecular subset of NSCLC that lacks
other targetable alterations.

The preferential co-inactivation of NF1 and RASAL that we have identified suggests that
partial redundancy between NF1 and RASAL 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
inhibition 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 mTORCL1 inhibitor revealed nonsense mutations in
7SC1and NF2Z, both negative regulators of mMTORC1 (37). Likewise, a recent analysis in
malignant pleural mesothelioma identified a small subset with co-inactivation of LA7S2and
NF2that 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
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 RASAZ and NFI, 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 inactivating, potentially expanding the size of this
small but targetable molecular subset of NSCLC. Finally, while targetable alterations are
generally much more common in never-smokers, it is notable that patients whose NSCLC
harbor concurrent RASA1/NFI loss of function mutations, along with patients with
MAPZK1 activating mutations (40), represent strongly smoking-associated subsets that are
potentially targetable, opening new therapeutic avenues for some patients with smoking-
induced NSCLC.
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Translational Relevance

Approximately 2% of non-small cell lung carcinomas (NSCLCs) harbor RASA1
truncating mutations. Here, we show that RASAZ truncating mutations have a strong
tendency to co-occur with NVFI truncating mutations, and that alterations of these two
negative regulators of RAS signaling, when concurrent, 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 RASAI/NFI mutations show profound
sensitivity to MEK inhibition. Taken together, cancer genomic data and our functional
data nominate concurrent RASAI/NF1 loss of function mutations as a strong mitogenic
driver in NSCLCs. Patients whose tumors show this distinctive genotype should be
considered for clinical trials of MEK inhibitors.
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Figure 1. RASA1 truncating mutations display a strong tendency to co-occur with NF1
truncating mutations.

Distribution and frequency of RASAI and NVFI truncating mutations in non-small cell lung
carcinoma (NSCLC) as identified by MSK-IMPACT dataset (a) and TCGA combined lung
cancer dataset (b). Summary table of p-values and log odd ratio showing significant
tendency for co-occurrence of RASAZ and NVFI mutations and mutual exclusivity with
EGFRand KRAS alterations for both genes in the MSK-IMPACT NSCLC cohort (c).
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Figure 2. Tumor suppressive function of RASA1 in lung tumorigenesisin vitro.
(a) Phospho-Kinase array showing RASAL knockdown effects on the phosphorylation state

of multiple kinases in HBEC3KT cells (left panel). 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 panel). (b) In HBEC3KT cells that retain RASAL expression, RNAi-mediated
suppression of RASAL (shRNA1 and shRNAZ2) resulted in the activation of RAS and its
downstream signaling (left panel). Average of the mean pixel densities of RAS-GTP in three
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independent experiments are shown for each ShRNAs. The relative levels of RAS-GTP to
RAS were normalized to that of non-targeting sShRNA (NT). Inactivation of RASA1 induced
a statistically significant increase in RAS-GTP level (right panel). (c) Growth curves of
HBEC3KT cells with RNAi-mediated suppression of RASAI. Data points show triplicate
averages + SEM (left panel). Inactivation of RASAZ induced statistically significant
decreases in doubling times (HBEC3KT-NT: 2.6+0.8 days; HBEC3KT-shRNA1:
1.1+0.1days; HBEC3KT-shRNA2: 1.6+0.83 days) (center panel). Cell viability of
HBEC3KT with RASA1 knockdown or non-target control (NT) was assessed using a
CellTiter-Blue® Cell Viability Assay. Inactivation of RASAL induced a statistically
significant increase in cell viability (right panel).
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Case Set: Tumor type: Lung cancer: Lung cencer cell lines (181 sample

a Altered in 103 (57%) of cases.

Total All 181 cases
altered
NF1 11% Illl-.'--l-.lllll-ll
RasAl 4% |18 | B
ecrr 12% ||| 11 THERIINIT T s snenen

] Ampification | Homozygous Deletion @ Mutation

Copy number alterations are putative
Cell line (Histologic type) Mutation (Copy number, mRNA Expression)
EPLC272H (Squamous cell carcinoma) RASA1 E155* (Diploid, 0%)
NF1E2608* (Gain, 13%)
RERFLCKJ (Adenocarcinoma) RASA1 L904fs (Shallow Del, 0%)
LCLC103H (Large cell carcinoma) NF1K918* (Gain, 13%)
RERFLCAI (Squamous cell carcinoma) NF1 E1720* (Deep Del, 0% )
NCIH1838 (Non-small cell carcinoma) NF1 N184Qfs*17 (Diploid, 4%)
NCIH1435 (Non-small cell carcinoma) NF1 K615N (Shallowdel, 7%)
ABC1 (Non-small cell carcinoma) NF1 E1043* (DeepDel, 0%)
S
b EGFR mutant KRAS mutant KRAS mutant \g&f’ \}gl\\ Pan-negative
A S O o 4 )
S LR A SRS DPSE
s F FLE o Ko f S PSP LS
Qoé,%@é;u‘g&%&&& R PR

RASA| LS e o~ | pop e — — e — e
T e e T LT rr——p—

NF1 mutant RASA1 mutant

NF1 mutant RASA1 mutant

c HBECIK RERFLCKJ EPLCZ7ZH
0.1 % FBS 10% FBS 0.’\?83\ 10% FBS 2 0.1% FBS N 10% FBS %
\‘pé- Q\V%'\ \\"a‘ QV?Y\ \'f @'9' o« i e"%v « F ch} \#“ ‘*‘q

RASA1 RASA1 RASA1

PAKTIASTY) PAKT($473) PAKT($473)

AKT AKT AKT

PERK172 PERK1/2 PERK1/2

(T202/Y204) (T202/Y204) (T202/Y204)

ERK1/2 ERK1/2 ERK172

GAPDH GAPDH GAPDH

Figure 3.
Identification of RASAZ-mutated lung cancer cell lines in the CCLE dataset. (a) RASAI-

mutated lung cancer cell lines and 20 A/FZ-mutated lung cancer cell lines were identified. (b)
RASAL1 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 RASAL expression; the
exceptions were EPLC272H and RERFLCKJ. (c) Western blots of phosho (p)-AKT and
pERK levels in HBEC3KT (left), EPLC272H (center), and RERFLCKJ (right) cells
following expression of control vector or RASAL. Restoration of RASAL expression
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resulted in reduced signaling of MAPK pathway only in RASAZ-mutated cells
(RERFLCKJ), but not in RASA1/NFI co-mutated NSCLC lines (EPLC272H).
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Figure 4. Inhibition of MAPK and PI3K/AKT signaling in RASA1-mutated NSCL C cdll lines.
Inhibition of phosphorylation of ERK or AKT in EPLC272H and RERFLCKJ cells by

trametinib (a), GDC0941, co-administration of trametinib and GDC0941, and co-
administration of trametinib and afatinib (d).
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Figure5. MAPK pathway as a potential target in RASAL/NF1 co-mutated NSCLCs.
(a) A panel of NSCLC lines including RASA1/ NFI-co-mutated (EPLC272H), RASAI-

mutated (RERFLCKJ), NFI-mutated (RERFLCAI, LCLC103H, and H1838), KRAS-
mutated (H2030) and EGFR-mutated (H3233) NSCLC lines were grown in the presence of
each drug, and ICgq values were determined using AlamarBlue assay. KRAS and EGFR
mutated NSCLC lines were used as control. Error bars denote SEM. The RASA1/ NFI-co-
mutated cell line EPLC272H was the most sensitive to MEK (trametinib) and PI3K
(GDCO0941) inhibitors. RERFLCKJ cells were moderately sensitive to MEK inhibitor.
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Among 3 NVFI mutated NSCLC cells, only H1838 cells were moderately sensitive to MEK
inhibitor. MVF1 mutated NSCLC cells showed similar sensitivity to PI3K inhibitor. Overall,
all cells except KRAS-mutated NSCLC lines showed increased sensitivity to co-
administration of trametinib with either a PI3K or EGFR inhibitor. (b) Western blot analyses
were performed to analyzed 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. (¢) HBEC3KT cells with RASA1 knockdown were stably infected with
non-targeting ShRNA (NT) or NVF1-targeting sequences (ShNF1#1 to #4). Conversely, NFI1-
mutated RERFLCAI cells were stably infected with non-targeting ShRNA (NT) or RASAI-
targeting sequences (ShRNA1 and shRNA2). Knockdown by each shRNA was confirmed
using Western blotting (upper, right and center). The simultaneous inactivation of RASA1
and NF1 induced sensitivity to trametinib in both cell lines (upper, right and lower).
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