1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Mol Cancer Res. Author manuscript; available in PMC 2020 April 01.

-, HHS Public Access
«

Published in final edited form as:
Mol Cancer Res. 2019 April ; 17(4): 1002-1012. doi:10.1158/1541-7786.MCR-18-0316.

Identification and characterization of oncogenic SOS1 mutations
in lung adenocarcinoma

Diana Cail:2:3, Peter S. Choil2, Maya Gelbard12, and Matthew Meyerson?1:2
1Department of Medical Oncology, Dana Farber Cancer Institute, Boston, MA 02215, USA

°The Broad Institute of MIT and Harvard, Cambridge, MA 02142, USA

3Program in Genetics and Genomics, Harvard University, Boston, MA 02446, USA

Abstract

Lung adenocarcinomas are characterized by mutations in the receptor tyrosine kinase
(RTK)/Ras/Raf pathway, with up to 75% of cases containing mutations in known driver genes.
However, the driver alterations in the remaining cases are yet to be determined. Recent exome
sequencing analysis has identified SOSZ, encoding a guanine nucleotide exchange factor, as
significantly mutated in lung adenocarcinomas lacking canonical oncogenic RTK/Ras/Raf
pathway mutations. Here, we demonstrate that ectopic expression of lung adenocarcinoma-derived
mutants of SOSZ induces anchorage-independent cell growth /n vitro and tumor formation /n vive.
Biochemical experiments suggest that these mutations lead to over-activation of the Ras pathway,
which can be suppressed by mutations that disrupt either the Ras-GEF or putative Rac-GEF
activity of SOS1. Transcriptional profiling reveals that the expression of mutant SOS1 leads to the
upregulation of MYC target genes and genes associated with Ras transformation. Furthermore, we
demonstrate that an AML cancer cell line harboring a lung adenocarcinoma-associated mutant
SOS1 is dependent on SOSI for survival and is also sensitive to MEK inhibition. Our work
provides experimental evidence for the role of SOS7 as an oncogene and suggests a possible
therapeutic strategy to target SOSZ-mutated cancers.
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Introduction

Lung cancers, the second most common form of cancer and the leading cause of cancer
death in men and women, are marked by mutations along the receptor tyrosine kinase
(RTK)/Ras/Raf pathway. In lung adenocarcinoma, which comprises approximately 40% of
lung cancer, mutations and amplifications in the EGFRand KRAS genes alone are found in
~50% of cases and are generally mutually exclusive (1-3). Other genetic aberrations in the
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RTK/Ras/Raf pathway include lower-frequency NRAS, HRAS, BRAF, and MAPZK1
mutations (1, 3-5), MET amplifications and mutations (6, 7), as well as EML4-ALK (8),
ROS1 (9-11), RET (11-13), and NTRK fusions (14).

In the most comprehensive study to date, whole exome sequencing of 660 lung
adenocarcinoma/normal paired DNA samples revealed 242 cases without a canonical
oncogenic driver (15). Analysis of these oncogene-negative cases for significantly mutated
genes revealed recurrent mutations in additional genes with a clear linkage to the
RTK/Ras/Raf pathway, such as ARHGAP35 RASAIL SOSI1, and VAVI (15). The discovery
of recurrent SOSI mutations was a testament to the statistical discovery power of a larger
sample set, as a previous sequencing study of lung adenocarcinomas had failed to reveal
mutations in this candidate oncogene (16). Furthermore, a recent TCGA paper also reports
the discovery of SOSI mutations in 1% of lung adenocarcinoma samples, 1% of uterine
carcinomas, and <1% in other cancers, highlighting the potential to discover rarer oncogenic
events through additional sequencing of samples (17).

In this study, we analyzed the functional impact of mutations in Son of Sevenless 1 (SOSJ)
identified in oncogene-negative lung adenocarcinoma on oncogenic growth and signaling.
SOS1 is a guanine nucleotide exchange factor (GEF) for Ras proteins and catalyzes the
exchange of GDP for GTP, activating Ras (18, 19). The SOS1 protein is composed of several
domains: a Dbl homology (DH) domain with putative Rac-GEF activity (20, 21); a
pleckstrin homology (PH) domain, which forms an autoinhibitory domain together with DH;
a Ras exchange motif (REM), which acts as an allosteric activator; and a CDC25-
homologous catalytic domain (Figure 1A) (22). SOS1 mutations found in oncogene-negative
lung adenocarcinomas span all domains of the gene, with a hotspot mutation at the
asparagine 233 residue (Figure 1A). Germline SOSI mutations are also found in
RASopathies, including Noonan syndrome (Figure 1A) (23, 24) as well as hereditary
gingival fibromatosis type 1 (25). In both of these inherited diseases, mutations in SOSZ are
believed to be gain-of-function and lead to greater activation of the Ras pathway.

Although SOS1 somatic mutations are statistically significant in lung adenocarcinoma, it has
remained to be established experimentally whether these mutations are driver or merely
passenger events. In addition, the mechanism of action of any potentially dominantly acting
SOS1 mutants has remained unclear. Here, we use a combination of /n vitroand in vivo
models to study the phenotypic effects of SOSI mutations, undertake biochemical and
transcriptomic studies to better understand the mechanism by which mutant SOS1 acts, and
test an inhibitor against cells expressing mutant SOSZ to examine potential therapeutic
strategies. Altogether, our study implicates SOSZ as an oncogenic driver in human cancer,
suggests a targeted therapeutic opportunity for patients with SOSZ mutations, and increases
our understanding of how tumors may develop from normal cells.

Materials and Methods:

Cell culture:

NIH-3T3 cells were purchased from the American Type Culture Collection, were grown in
DMEM supplemented with 10% bovine calf serum (BCS) and Antibiotic-Antimycotic from
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Gibco, and were not used past the 10t passage. OCI-AML3, OCI-AMLS5, and PC-9 cells
were obtained from the Cancer Cell Line Encyclopedia (26). OCI-AML3 and OCI-AML5
were grown in MEM-a supplemented with 20% FBS and Antibiotic-Antimycotic. OCI-
AMLS5 were additionally supplemented with 10 ng/mL of GM-CSF as suggested by the
Leibniz Institute DSMZ—German Collection of Microorganisms and Cell Cultures. PC-9
cells were grown in RPMI 1640 supplemented with 10% FBS and Antibiotic-Antimycotic.
AALE cells were grown in Small Airway Epithelial Growth Media (SAGM) from Lonza.

Antibodies against SOS1 (12409), vinculin (4650), MEK 1/2 (4694), p-MEK 1/2 (9121),
ERK 1/2 (9107), p-ERK (4370), AKT1 (2967), and p-AKT (4058) were purchased from
Cell Signaling Technology. The B-actin (sc47778) antibody was purchased from Santa Cruz
Biotechnology.

Erlotinib (S1023) and trametinib (52673) were purchased from Selleck Chemicals and
reconstituted in DMSO.

Mutagenesis:

SOS1 cDNA was originally obtained from the Harvard PlasmID Database in a pENTR223.1
vector. The full-length cDNA was confirmed by sequencing. Gateway cloning was
performed to insert SOSZ into the pLEX_307 expression vector (Addgene 41392), where it
is expressed from the EF1a promoter.

Mutagenesis primers were designed using the Agilent QuickChange Primer Design tool. The
sequences can be found in Table S1. Site-directed mutagenesis using the QuickChange Il XL
or QuickChange Lightning from Agilent was performed on SOSZ in pENTR223.1 which
was then transferred into the pLEX 307 expression vector by Gateway cloning.

Cellular transfection and infection:

Plasmids were co-transfected with psPAX2 and pMD2.G vectors into HEK-293T cells using
the CalPhos Mammalian Transfection Kit (Takara) to make lentivirus. Cells were infected
with the virus and selected with 2 ug/mL puromycin beginning two days after infection.

SOS1 plasmid transfection into NIH-3T3 cells was performed using either the CalPhos
Mammalian Transfection Kit (Takara) or the Lipofectamine LTX Reagent with PLUS
Reagent (ThermoFisher Scientific 15338100).

Ras pull-down assays:

Plasmids were transfected into NIH-3T3 cells using either the CalPhos Mammalian
Transfection Kit (Takara) or the Lipofectamine LTX with Plus Reagent (Thermo Fisher
Scientific 15338100). Cells were allowed to recover ~24 hours after transfection and serum-
starved for ~24 hours, after which total lysates were collected and processed for Ras-GTP
pull-down following the Ras Pull-down Activation Assay Biochem Kit from Cytoskeleton
(BK008).
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Anchorage-independent growth assay:

For NIH-3T3 cells, 2 mL of 0.75% select agar in DMEM, 10% BCS, Antibiotic-
Antimycotic were used to fill the base of 6-well plates and allowed to solidify.
Approximately 25,000 cells were resuspended in 1 mL of 0.33% select agar in DMEM, 10%
BCS, Antibiotic-Antimycotic, which was then added on top of the base layer. For AALE
cells, 2 mL of 0.75% select agar in SAGM minus EGF were used to fill the base of 6-well
plates and allowed to solidify. Approximately 40,000 cells were resuspended in 1mL of
0.33% select agar in SAGM minus EGF, which was then added on top of the base layer.
Three weeks after seeding cells in soft agar, wells were imaged at 6.3x and the number of
colonies was quantified using CellProfiler.

Allograft experiments:

All animal experiments were compliant with institutional requirements. Cohorts of three 4-
week old Nu/J female mice were injected subcutaneously into both flanks with 200,000
NIH-3T3 parental cells or cells expressing SOSI WT, SOS1 N233Y, SOS1 D309Y, SOS1
PA78L, or SOS1 G604V. Tumors were measured every three days using calipers and tumor
volume was calculated as 0.5 x (longer diameter) x (shorter diameter)2.

Western blots:

Lysates were collected in 1% NP-40, 150 mM NaCl, 50 mM Tris-HCI pH 8.0, 10% glycerol,
0.1% SDS, and 0.5% Na-deoxycholate supplemented with the protease and phosphatase
inhibitor HALT (Thermo Fisher Scientific). Pre-aliquoted SDS and DTT from New England
Biolabs (B7703) were added to the lysate, and proteins were denatured at 100°C for five
minutes. Proteins were then separated by SDS-PAGE and transferred to a nitrocellulose
membrane via either the iBlot dry transfer system (Invitrogen) or overnight at 30 V in
transfer buffer containing 10% MeOH and 1x Tris-Glycine. Antibody binding was detected
using the LI-COR Odyssey IR imaging system (LI-COR Biosciences).

RNA sequencing and analysis:

RNA was extracted from stably-infected cell lines using the Qiagen RNeasy kit with on-
column DNase I treatment. One microgram of total RNA was used for poly-A selection with
the NEBNext PolyA mRNA Magnetic Isolation Module (E7490) followed by library
construction using the NEBNext Ultra Directional RNA Library Prep kit (E7420).

Paired-end sequencing was performed on an Illumina MiSeq using a 150 cycle V3 kit
(MS-102-3001). Alignment against the mouse genome (GRCm38) was performed using the
STAR aligner (27), and reads were quantified using HTSeq (28). Each gene was then fit with
a generalized linear model (GLM) using DESeq?2 (29). Gene set enrichment analysis was
performed with normalized gene expression values using GenePattern (30).

S0OS1 knockdown:

RNA hairpins (ShRNASs) were designed based on SOSI target sequences from the Broad
Institute’s Genetics Perturbations Platform. The sequences can be found in Table S2. The
shRNAs were cloned into the pLKO.1 expression vector and were transfected with psPAX2
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and pMD2.G into HEK-293T cells to make lentivirus. Cells were infected with the virus and
were selected with puromycin beginning two days post-infection. Cell viability was assessed
eight days post infection.

Drug treatment of cells:

Cells were seeded in 96-well Corning Costar assay white clear-bottom microplates overnight
in 50 uL media. The following day, 50 uL of drug (erlotinib or trametinib) at varying
concentrations were added to the cells. Cell viability was assessed three days after drug
treatment.

Cell viability measurements:

ATP concentration measured using the CellTiter-Glo (CTG) luminescence assay from
Promega (PAG7572) was used as a proxy for cell viability. Briefly, cells were seeded in 96-
well Corning Costar assay white clear-bottom microplates in 100 uL per well. CTG solution
was diluted at 4x in PBS and 100 pL of the diluted solution was added to each well. The
plate was then left in the dark for 10 minutes, after which luminescence was assessed using
the Infinite 200 Pro plate reader from Tecan Life Sciences. Integration time was one second.

Data availability:

RNA sequencing data are deposited at NCBI Gene Expression Omnibus (accession number
GSE122132).

Results

Lung cancer-derived SOS1 mutants induce transformation in vitro and in vivo

To better understand the effects of SOSZ mutations identified in oncogene-negative lung
adenocarcinomas (Figure 1A), we generated NIH-3T3 cell lines expressing lentivirally
transduced wild-type or mutant SOS1. We noticed a change in the morphology of cells
expressing some of the SOSI mutants; for example, NIH-3T3 cells harboring the recurrent
N233Y mutation closely resembled cells expressing KRAS G12V with more refractive cell
bodies, suggesting the cells are rounder, and with thinner projections compared to control
cells expressing vector or wildtype SOS1 (Figure 1B). Among the other SOSZ mutants, cells
expressing the D309Y mutant were also morphologically similar to KRAS G12V cells,
whereas cells expressing the 1733V mutant did not undergo a morphological change and
resembled control cells (Figure 1B).

In order to determine whether NIH-3T3 cells expressing SOSZ mutants exhibit an oncogenic
phenotype, we tested their ability to undergo anchorage-independent colony formation in
soft agar. We observed that cells expressing several of the mutants, including the recurrent
N233Y mutation as well as the D309Y, P478L, and G604V mutations, formed significantly
more colonies compared to wildtype cells in soft agar, ranging from a 48- to 100-fold
increase over cells expressing a vector control (Figure 1C; see Figure 2B for expression
levels). Overexpression of wildtype SOSZ in NIH-3T3 cells resulted in a smaller 10-fold
increase in soft agar colony formation relative to vector control, with similar results for the
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other SOS1 mutants tested: D265N, 1327T, N535S, 1733V, L938F, and R1051G (Figures 1C
and 2B).

To test the ability of mutant SOSZ to transform human lung epithelial cells, we also
generated immortalized tracheobronchial epithelial cells (AALE cells) expressing
lentivirally transduced wild-type or mutant SOSZ and tested their ability to undergo
anchorage-independent growth in soft agar. We observed a similar trend in soft agar colony
formation in AALE cells as in NIH-3T3 cells, with SOSZ N233Y cells forming the most
number of colonies (Figure S1A). These results suggest that SOSZ has properties of a proto-
oncogene and that the N233Y, D309Y, P478L, and G604V mutations exhibit phenotypic
characteristics of oncogenic mutants.

Next, we tested the ability of cells expressing SOSI mutants to form tumors /in vivo. We
injected nude mice subcutaneously with NIH-3T3 cells expressing the SOSZ mutants that
induced colony formation in soft agar and measured the tumor volume every 3-4 days. Cells
expressing the SOSZ N233Y mutant showed the fastest growth, with palpable tumors
appearing ten days after injection. The other SOSI mutants tested /n vivo also formed
visible tumors, though at a later 19 to 23 days after injection (Figure 1D). In contrast, the
parental cells never formed tumors within the 76 days that the mice were monitored, while
cells expressing wild-type SOS1 started to form tumors only after 41 days. From these
results, we conclude that SOSZ is a potent oncogene and that several mutations, including
the recurrent N233Y mutation, can drive tumor formation /n vivo.

Analysis of effector pathways associated with oncogenic SOS1 mutants

We next sought to better understand the signaling pathways that may promote
tumorigenicity in SOSZ mutant cells. Since SOS1 is a guanine nucleotide exchange factor
for RAS, we assessed for RAS activity by performing a pulldown of RAS-GTP with the
Ras-binding domain of RAF1. Under serum-starved conditions, we observed that SOS1
N233Y cells have higher levels of RAS-GTP compared to both the parental and SOSI WT
cells (Figure 2A). We then analyzed the activity of kinases downstream of the Ras pathway
and found that MEK and ERK were more highly phosphorylated in SOSZ N233Y cells
compared to the parental and SOSI WT cells.

We next assessed the activity of kinases downstream of the Ras pathway across all NIH-3T3
cell lines under normal serum conditions (10%) and observed that SOSZ mutants that were
able to promote anchorage-independent growth also induced higher levels of MEK
phosphorylation (Figure 2B). We also observed increased MEK phosphorylation from
AALE cells grown in SAGM media (Figure S1B). Altogether, our pulldown of RAS-GTP in
control and SOSZ N233Y cells, as well as our subsequent analysis of phosphorylation of
kinases downstream of RAS in all SOSZ mutant NIH-3T3 and AALE cells, are consistent
with the possibility that the tumorigenic phenotype of specific SOSZ mutants is due to an
increased activation of RAS by SOS1.

We then assessed the transcriptional consequences of ectopic expression of activated SOS1.
We performed RNA-sequencing of NIH-3T3 cells transduced with vector control, SOSI
wildtype (WT), SOS1 N233Y, and KRAS G12V, with three biological replicates for each
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condition. Clustering the samples based on gene expression, we observed that cells
expressing SOSI N233Y have a transcriptional profile that resembles cells expressing
KRAS G12V more than cells transduced with SOSZ WT or vector control (Figure 3A). To
assess pathway differences between cells expressing SOSZ N233Y versus wild-type SOSJZ,
we performed gene set enrichment analysis of the RNA-sequencing data. We observed that
in SOS1 N233Y cells, there is an enrichment for gene signatures associated with Kras
transformation and MYC targets (Figure 3B). Other gene sets enriched in the SOSZ N233Y
cells include the KEGG Ribosome and Reactome peptide chain elongation sets (Table S3).
This differential expression can be confirmed on the level of specific genes, including
HmgaZz, Tgfb1, and Ganf, which are upregulated in NIH-3T3 cells transformed with active
Kras, and Eiffde, Eif2s1, and UbaZ, which are targets of MYC (Figure 3C). Taken together,
our RNA sequencing results indicate the SOS7 N233Y mutation has a transcriptional effect
on cells that is similar to that of the KRAS G12V mutation, and SOSZ N233Y cells likely
drive tumorigenesis by upregulating similar pathways and genes as RAS-mutant cells.

The RAS-GEF and RAC-GEF activity of SOS1 is required for oncogenic transformation

To better understand the mechanism by which SOS7 mutations drive an oncogenic
phenotype, we decided to test the domains required for transformation by the SOS7 N233Y
mutant. We introduced second-site mutations in three locations: F929A, which disrupts the
catalytic CDC25 domain (31); W729E, which disrupts the allosteric REM domain (22); and
351-LHYFELL-357—351-11IRDII-357, which disrupts the putative Rac-GEF region in
SOS1 (32) (Figure 4A). Our results indicate that second-site mutations at all three sites
abolish the ability of the SOSZ N233Y mutant to induce anchorage-independent growth of
NIH-3T3 in soft agar (Figure 4B). Due to the known and putative functions of the secondary
sites, we were interested in whether there were alterations in the activity of kinases
downstream of Ras in the cells. We observed a decrease in the level of p-MEK and p-ERK in
the double mutant cells compared to cells with the N233Y mutation alone (Figure 4C). For
control, we also performed second-site mutagenesis at H349Q, a site in the DH domain that
is conserved across other species (Figure S2A). We observed similar numbers of colonies
formed for SOS1 N233Y H349Q compared to SOSI N233Y alone (Figure S2B).
Furthermore, we observed similar levels of MEK phosphorylation in SOSZ N233Y H349Q
cells as in SOS7 N233Y cells (Figure S2C). Altogether, our experiments disrupting
functional sites in SOS1 as well as our control experiment suggest the ability of SOS1 to act
as both a RAS-GEF and putative RAC-GEF is potentially critical to its oncogenic potential
and further support our observations that the oncogenic phenotype we observe is a result of
increased RAS activity.

SOS1 mutant cells depend on SOS1 for growth and are sensitive to MEK inhibition

Given the oncogenic impact of SOSZ mutations, we sought to determine whether patient-
derived human cancer cells harboring SOSZ mutations are dependent on SOSZ for growth.
To address this question, we first analyzed SOSI dependency across cell lines using recently
published data from a large-scale effort to identify cancer vulnerabilities using genome-wide
short-hairpin RNA (shRNA) screens in 501 cell lines (33). We identified an acute myeloid
leukemia (AML) cell line, OCI-AMLS5, with a SOSZ N233Y mutation, as having a
significant dependency on SOSI (Figure 5A; only AML cell lines are shown). We proceeded
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to validate this result using OCI-AML3, an AML line that is wildtype for SOSZ1 but harbors
an NRAS Q61L mutation, as a control. We observed that SOSI mutant OCI-AMLS5 cells are
significantly more sensitive to ShRNA knockdown of SOSZ compared to the SOSZ wildtype
OCI-AML3 cells (Figure 5B) and that there is a slight decrease in the levels of p-MEK in
OCI-AMLS5 cells upon SOSI knockdown (Figure 5C). These results indicate that cancer
cells with SOS7 N233Y mutation may be dependent on SOSZ for growth and that this
dependency may be due to a decrease in MAPK signaling.

Next, we hypothesized that SOSI mutant OCI-AMLS5 cells may also be dependent on
kinases downstream of SOS1 and RAS. To test this hypothesis, we treated cells with the
MEK inhibitor trametinib or, as a negative control, with the EGFR inhibitor erlotinib. OCI-
AML3 and PC-9 cells, a lung adenocarcinoma cell line with an activating EGFR AE746-
AT750 mutation, were also treated as controls. We observed that only PC-9 cells were
sensitive to erlotinib while all three cell lines were sensitive to trametinib (Figure 5D). Our
findings indicate that SOSZ mutant cancer cells can be dependent on the activity of kinases
downstream of RAS for growth and suggest the possibility of using trametinib to reduce the
growth of such cells.

While OCI-AMLS5 cells are sensitive to trametinib, we wondered whether the sensitivity was
specific to the SOSZ N233Y mutation. To learn more, we decided to test the anchorage-
independent growth ability of SOSZ N233Y or control KRAS G12V NIH-3T3 cells under
different concentrations of trametinib. We observed that while trametinib can abolish
anchorage-independent growth in both cell types, SOSZ N233Y cells appeared to be more
trametinib-sensitive compared to KRAS G12V cells (Figure 5E). In contrast, both cell lines
continued to form colonies in soft agar in the presence of erlotinib (Figure S3). From these
studies, we conclude that cells whose transformation is dependent on the SOSZ N233Y
mutation are sensitive to the MEK inhibitor trametinib.

Discussion:

In this study, we demonstrate that SOSZ mutations identified in oncogene-negative lung
adenocarcinoma patients promote a tumorigenic phenotype, activate the Ras pathway, and
upregulate MYC target genes. We further demonstrate that SOSZ mutant cells are dependent
on SOS1 for growth and that they are sensitive to the MEK inhibitor trametinib. Previous
studies of SOSI mutations have primarily focused on germline mutations found in Noonan
syndrome (23, 24) and hereditary gingival fibromatosis type | (25). The connection between
activating SOSI mutations and Noonan syndrome previously led our laboratory to perform a
study where targeted sequencing of SOSI was performed on 810 primary cancers of various
histologies; however, SOSI was not significantly mutated in this cohort (16). We find here
that SOS1, which is significantly mutated in lung adenocarcinoma (15), is an oncogene and
that mutations in SOSZ are capable of driving tumor formation.

SOS1 is a highly conserved guanine nucleotide exchange factor with multiple domains,
including the DH, PH, REM, and CDC25 domains. The H, DH, and PH domains form an
autoinhibitory module that blocks the allosteric REM domain, suppressing activation of the
catalytic CDC25 domain and thereby inhibiting SOS1 function (22). The SOS1 N233Y
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mutation in the DH domain could activate the SOS1 protein by relieving this autoinhibition
and allowing effector RAS-GTP molecules to bind more efficiently to the REM domain,
activating the CDC25 domain to exchange GDP for GTP on Ras. Activation of SOS1 then
leads to the oncogenic phenotype we observe, including greater activation of RAS (Figure
2A) and greater phosphorylation of MEK downstream of RAS (Figures 2B and S1B). Our
experiments demonstrating loss of anchorage-independent growth due to second-site
mutations at F929A, which eliminates the catalytic activity in the CDC25 domain (31), and
W729E, which prevents REM from allosterically binding RAS-GTP (22), further support
the notion that functional Ras-GEF activity is necessary for mutant SOSZ oncogenicity
(Figures 4B and 4C).

Alternatively, previous studies suggest another mechanism for the oncogenic phenotype:
One mechanism reported to be responsible for SOS1 recruitment to the membrane is PIP,
tethering by the PH domain of SOS1 (34, 35). Membrane localization aids in the release of
the autoinhibitory domain of SOS1 and leads to downstream signaling. This leads to the
possibility that SOSZ N233Y mutant protein may localize to the membrane with greater
affinity compared to the SOSZ wildtype protein, thereby enabling greater activation of RAS
and downstream pathways, leading to the observed phenotypes. Nonetheless, regardless of
the precise mechanism by which SOS1 N233Y leads to an oncogenic phenotype, our
experiments indicate that it does so by activating the Ras pathway.

In addition to the established functions of the DH, PH, REM, and CDC25 domains, SOS1
also contains putative Rac guanine nucleotide exchange factor (Rac-GEF) activity within the
DH domain (20, 21). Though direct contact between SOS1 and Rac has not been
established, previous studies have revealed that a complex consisting of SOS1, E3B1 and
EPS8 has Rac-GEF activity /n vitro (36). Furthermore, it has been hypothesized that
mutating amino acids 351-357 (LHYFELL) in the SOS1 DH domain would disrupt Rac-
GEF activity (32), as it does in corresponding sites of the Db/ proto-oncogene (37) as well as
in the Rac-GEF Vav (38). Our second-site mutagenesis results (LHYFELL—I1IRDII)
suggest SOS1 Rac-GEF function is necessary for the oncogenic properties of the SOS1
N233Y mutation (Figure 4B and 4C) and that Ras-GEF activity alone may not be sufficient
for tumorigenesis. This result is in agreement with previous studies showing the Rac-GEF
region to be necessary for the transforming abilities of myristoylated SOS1 (21), the
necessity for Racl in Kras-driven lung cancer models (39), and the necessity for the Rac-
GEF Tiam1 in Ras-driven skin cancer (40). Previous studies have also demonstrated that Rac
signals downstream to the MAPK pathway through PAK (41-43) and that this signal is
required for Ras-driven skin tumors (44). Therefore, the increased p-MEK levels we observe
in the SOSI mutant NIH-3T3 cells compared to control cells may be a result of both Ras and
Rac signaling. The results from our second-site mutagenesis experiments of SOSZ N233Y
support this hypothesis as disruptions to the RAS-GEF catalytic site (F929A), allosteric site
(WT729E), or putative RAC-GEF site (LHYFELL—IIIRDII) are associated with a decreased
level of p-MEK in the SOSZ N233Y mutant NIH-3T3 cells (Figure 4C).

A potential confounder for the results observed in our second-site mutation experiments in
the Rac-GEF domain may be that the SOS1 LHYFELL mutant protein has an abnormal
conformation, especially since the mutation in this domain stretches across several (seven)
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amino acids. No structural studies have yet been performed to determine the conformation of
this mutant protein, so it is also possible that the phenotype we observe from the double
mutant is a result of protein misfolding rather than an indication of SOS1 RAC-GEF activity
being required for the oncogenic phenotype observed.

While our study did not focus on mutations found in Noonan Syndrome (NS), two of the
mutations we studied, D309Y and 1733V, are shared between cancer and NS (with 1733V
being 1733F in NS). The D309Y mutation is oncogenic in our assays whereas the 1733V
mutation is not (Figures 1C, 1D, 2B, S1A, and S1B), suggesting that a subset of SOSZ
mutations found in Noonan Syndrome are capable of driving tumor formation. This result is
consistent with the increased incidence of cancer in patients with Noonan Syndrome (45—
47).

The upregulation of KRASand MYCtarget genes that we observe in the transcriptional
profile of SOS1I N233Y cells is consistent with the function of SOS1 as a regulator of RAS
and the ability of RAS signaling to enhance MYC protein stability (48, 49). The genes
upregulated in SOSZ N233Y cells include £if4e and Eif2s1, which encode translation
initiation factors that are regulated by MYC. It is particularly interesting that £/if4eis
normally the least abundant translation initiation factor in most cell types (50-52) but has
been shown to be overexpressed in many cancers, including breast (53-55), head and neck
(56, 57), and colorectal cancers (58, 59). It is proposed that £/f4e overexpression causes
enhanced translation of mRNAs with a high degree of secondary structure (52, 60). Hence,
further studies using ribosomal profiling or mass spectrometry could determine the
differences in translated protein levels between SOSZ-mutant and wildtype cells and could
further help us understand the mechanisms by which SOS1-mutant cells are tumorigenic.

Our results showing the dependency of SOSZ-mutant OCI-AMLS5 cells on SOS? and their
sensitivity to the MEK inhibitor trametinib opens up the possibility of treatment options for
SOS1-mutant cancers in the future (Figures 5B, 5C, and 5D). This is further supported by
the ability of trametinib to suppress SOS1-mutant induced transformation in NIH-3T3 cells
(Figure 5E). Interestingly, we observed that RAS-mutant OCI-AMLS3 cells are more
sensitive to trametinib than SOSZ-mutant OCI-AMLS cells, which, in turn, are more
sensitive than EGFR-mutant PC-9 cells. This is in agreement with previous studies
demonstrating the sensitivity of OCI-AML3 cells to MEK inhibitors (61, 62). Additionally,
this pattern may be explained by the fact that, relative to MEK, both SOS1 and EGFR are
further upstream in the MAPK signaling pathway.

Though the RTK/Ras/Raf pathway is frequently mutated across cancers, the genetic and
molecular underpinnings of a large percentage of cancers have yet to be uncovered. Our
study allows us to better understand the biology and impact of SOSZ mutations in cancer,
which could enable more targeted therapies for individuals harboring these mutations,
including the possibility of treatment with MEK inhibitors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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This study demonstrates that SOSZ mutations found in lung adenocarcinoma are
oncogenic and that MEK inhibition may be a therapeutic avenue for the treatment of

SOSI-mutant cancers.

Implications:
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Figure 1: SOS1 mutations drive anchorage-independent growth in vitro and in vivo
A: SOSI1 mutations found in oncogene-negative lung adenocarcinomas and Noonan

Syndrome.

B: NIH-3T3 cells expressing different SOSI mutants were imaged at 40x.

C: NIH-3T3 cells expressing SOSI mutants were grown in soft agar and imaged after 3
weeks at 6.3%. Colonies were quantified using Cell Profiler. Images are representative of at
least three biological replicates, with three technical replicates each. Error bars show SEM
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from at least three biological replicates. Western blots of SOS7 expression levels across all
cells are shown in Figure 2B.

D: NIH-3T3 cells expressing different SOS1 mutants were injected into 4-week old Nu/J
female mice. Tumor size was measured every three days using calipers. Tumor volume was
calculated as 0.5 x (longer diameter) x (shorter diameter)2. KRAS G12V mutant cells were
included as a positive control.
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Figure 2: Rasand MAPK pathway are more highly activein SOS1 mutant cells
A: Western blot showing RAS-GTP pulldown in serum-starved SOSZ wildtype and N233Y

mutant cells, together with total RAS control. Levels of MEK, p-MEK, ERK, and p-ERK
are also shown, together with SOS1 and beta-actin controls.

B: Western blot showing levels of MEK, p-MEK, ERK and p-ERK across SOSZ-mutant
NIH-3T3 cells, together with SOS1 and vinculin controls.
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Figure 3: The expression profile of SOS1 N233Y NIH-3T3 cellsresembles KRAS G12V NIH-3T3
cells.

A: RNA sequencing was performed on three biological replicates of vector-control, SOSZ
wildtype, SOS51 N233Y, and KRAS G12V NIH-3T3 cells. Normalized read counts were
used to compute the distance between the samples based on Pearson correlation coefficient,
and complete linkage was used to create clusters for the dendrogram.

B: Gene set enrichment analysis was performed using normalized read counts. “Kras up” is
the dataset from (63). “Myc targets up” is the dataset from the Molecular Signatures
Database Hallmark MY C V1 collection (64).
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C: Heat map showing standardized t-statistics ( 7;) of normalized expression values for each

X..—X .
sample per gene. T, = ”/ L, where x;=normalized expression value for sample i and gene
J

=7

Js Ej:sample mean for normalized expression of gene j, s=sample standard deviation for

normalized expression of gene j, n=number of samples. “Kras up” refers to the set of genes
shown that are also in the “Kras up” set from Figure 3B and (63). “Myc target” refers to the
set of genes shown that are also in the “Myc targets up set” from Figure 3B and (64).
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Figure 4: Ras-GEF and putative Rac-GEF function are required for SOS1 N233Y to transform

NIH-3T3 cells

A: Model of SOS1 domain organization and interactions with partner signaling molecules.
Second-site mutations were generated at the catalytic CDC25 (F929A), allosteric activating
REM (W729E), and putative RacGEF (351LHYFELL357—35111IRDI11357) domains. Color

scheme matches Figure 1A. Diagrams based on (22).

B: NIH-3T3 cells expressing SOS1 single and double mutants were grown in soft agar and
imaged after 3 weeks at 6.3x. Colonies were quantified using Cell Profiler. Images are
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representative of at least three biological replicates, with three technical replicates each.
Error bars show SEM from at least three biological replicates.

C: Western blot of MAP kinase signaling in NIH-3T3 cells expressing single and double
mutants of SOS1.
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Figure 5: SOS1 N233Y mutant OCIAMLS5 cells are dependent on SOSL for growth, and are

sensitiveto the MEK inhibitor trametinib

A: 5051 dependency scores from shRNA knockdown in AML cell lines were ranked (data
from (33)). Cell lines with scores <=-2 are considered dependent on SOS1. OCI-AMLS5 has
a SOS1N233Y mutation and is labeled in red. OCI-AML3 has an NRAS Q61L mutation

and is third from top.

B: SOS1 knockdown using shRNAs. Three different ShRNAs targeting SOSZ were used,
with at least three biological replicates performed for each shRNA. Cell viability is

normalized to shGFP control.
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C: Western blot of SOS1, p-MEK, and MEK, with vinculin control, in parental and SOS1-
knockdown OCI-AML3 (NRAS mutant) and OCI-AMLS5 (SOSI mutant) cells.

D: OCI-AML3, OCI-AMLS5, and PC-9 (EGFR mutant) cells were tested for their sensitivity
to erlotinib (1074 to 10 pM) and trametinib (107 to 10 pM). Cell viability is normalized to
DMSO-treated cells. Error bars represent SEM from at least three biological replicates, with
six technical replicates each.

E: NIH-3T3 cells expressing the SOSZ N233Y mutant were grown in soft agar under
different concentrations of trametinib and imaged after 3 weeks at 6.3x, with cells
expressing KRAS G12V as a control. Colonies were quantified using Cell Profiler and
normalized to DMSO-treated colonies. Error bars represent SEM.
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