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Abstract

About a third of tumors harbor activating mutations in HRAS, NRAS, or KRAS, genes encoding
guanine triphosphatases (GTPases) of the RAS family. In these tumors, wild-type RAS signaling
cooperates with mutant RAS to promote downstream effector activation. This cooperation between
wild-type and mutant RAS drives proliferation and transformation, suggesting that upstream
activators of wild-type RAS are important modulators of mutant RAS-driven oncogenesis.
Previous studies investigated the role of the guanine nucleotide exchange factor (GEF) SOSL1 in
KRAS-driven proliferation, but little is understood about the role of SOS2. Here, we found that
RAS family members have a hierarchical requirement for SOS2 expression and activity to drive
transformation. In Sos27~ mouse embryonic fibroblasts, SOS2 critically mediated mutant KRAS-
driven transformation, but was dispensable for transformation driven by HRAS. Sos2 deletion
reduced EGF-dependent wild-type HRAS activation and phosphorylation of the kinase AKT in
cells expressing mutant RAS, and assays using pharmacological inhibition revealed a hierarchical
requirement for signaling by the kinase PI3K in promoting RAS-driven transformation that
mirrored the requirement for SOS2. KRAS-driven transformation required the GEF activity of
SOS2 and was restored in Sos27~ MEFs by expression of constitutively activated PI3K. Finally,
CRISPR/Cas9-mediated deletion of SOSZreduced EGF-stimulated AKT phosphorylation and
synergized with MEK inhibition to block transformation of KRAS-mutant tumor cells. These
results indicate that SOS2-dependent PI3K signaling plays an important role in mutant KRAS-
driven transformation; hence, SOS2 may be a therapeutic target in KRAS-driven cancers.
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Additionally, our data reveal the importance of 3D-culture systems in investigating important
mediators of mutant KRAS.

Introduction

The RAS family of small GTPases includes three genes, HRAS, NRAS, and KRAS, whose
protein products (HRAS, NRAS, KRAS4A, and KRAS4B) are activated by multiple
physiological inputs to regulate different cellular outcomes depending on the specific
context, including proliferation, differentiation, growth, apoptosis, and cell survival (1, 2).
RAS proteins are molecular switches that are active when they are GTP-bound and inactive
when they are GDP-bound. They are activated by RAS Guanine Nucleotide Exchange
Factors (RASGEFs) that exchange GDP for GTP on RAS, and are inactivated by their own
intrinsic GTPase activity, which is facilitated by RASGTPase-activating proteins
(RASGAPS). Receptor tyrosine kinase (RTK) engagement recruits the RASGEFs Son of
Sevenless 1 and 2 (SOS1 and SOS2) to the plasma membrane, where they induce nucleotide
exchange and activate RAS. Active RAS then signals via multiple effectors to initiate
downstream signaling cascades important for proliferation and survival, including the
Raf/MEK/ERK Kkinase cascade and the PI3BK/AKT pathway.

In addition to the role of RAS in RTK-dependent signaling, somatic mutations in HRAS,
NRAS, or KRAS drive oncogenesis in approximately 30% of human tumors. These
oncogenic RAS mutations, which most commonly cause amino acid substitutions at codons
12, 13, or 61, impair RASGAP-mediated GTP hydrolysis leading to constitutive GTP
binding and activation. While this constitutive RAS activation was originally thought to
make RAS mutant tumors independent of upstream signaling, we now know that activation
of non-mutated wild-type RAS plays an important role in modulating downstream effector
signaling during mutant RAS-driven tumorigenesis. The wild-type allele of the
corresponding mutated RAS isoform is frequently deleted in RAS-driven tumors, suggesting
that it may have a tumor suppressor role (3-5). This hypothesis is supported by observations
in vitro (6) and in vivo with mouse models (7, 8). In contrast, the other two non-mutated
wild-type RAS family members are necessary for mutant RAS-driven proliferation and
transformation in some contexts (9-12). The wild-type RAS isoforms potentially contribute
through their ability to activate effector pathways that the mutant isoform does not strongly
activate, making the cellular outcome a product of signaling by wild-type and mutant RAS
(13).

Two models have been proposed to explain how wild-type RAS signaling cooperates with
mutant RAS to promote downstream effector activation and RAS-driven oncogenesis. In the
first model, RTK-dependent activation of wild-type RAS supplements the basal oncogenic
signaling from mutant RAS to fully activate downstream effector pathways and promote
proliferation in RAS mutant tumor cell lines (11, 14, 15). In the second model, mutant
RASCTP binds an allosteric pocket on the RASGEF SOS1 that relieves SOS1 autoinhibition,
increasing its catalytic activity up to 80-fold (16). Relief of SOS1 autoinhibition then sets up
a RASCTP-s0S1-wild-type RAS positive feedback loop that enhances activation of
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downstream effectors and is important for proliferation of KRAS mutant pancreatic cancer
cells (17).

While a role for SOS1 in KRAS mutant pancreatic cancer proliferation has been established,
a role for SOS2 in mutant RAS driven oncogenesis has not been investigated. Here, we use
immortalized Sos2~ mouse embryo fibroblasts (MEFs) to determine the role of SOS2 in
H-, N-, and KRAS-driven transformation. We found that there was a hierarchal requirement
for SOS2 in RAS-driven transformation (KRAS > NRAS > HRAS), with KRAS being the
most SOS2-dependent RAS isoform. Using mutated SOS2 constructs, we found that KRAS-
driven transformation was dependent on SOS2 RASGEF activity, but not on putative SOS2
allosteric activation. SOS2 was required for EGF-stimulated, but not basal, wild-type HRAS
activation in cells expressing mutant KRAS. At the level of effector signaling, Sos2 deletion
reduced RTK-dependent AKT phosphorylation in cells expressing all mutant RAS isoforms.
However, we also found that there was a hierarchical requirement for PI3K signaling in
promoting RAS-driven transformation (KRAS = NRAS > HRAS) that mirrored the
hierarchical requirement for SOS2. Furthermore, KRAS-driven transformation could be
rescued in Sos27~ MEFs by introduction of an activated PI3K catalytic subunit. Finally,
deletion of SOSZreduced RTK-dependent AKT phosphorylation and synergized with the
MEK inhibitor trametinib to block transformation of KRAS-mutant tumor cell lines. These
results indicate that SOS2-dependent PI3K signaling plays an important role in mutant
KRAS-driven transformation, and that SOS2 may be a therapeutic target in KRAS-driven
cancers. Additionally, the specific requirement for SOS2 to promote mutant KRAS-driven
proliferation in 3D, but not 2D, culture suggests that anchorage-independent screens must be
used to supplement current 2D screening efforts when investigating therapeutic interventions
to treat KRAS mutant tumors.

Mutant RAS isoforms show a hierarchical requirement for Sos2 to drive transformation

Previous work has shown that activation of wild-type RAS promotes mutant RAS-dependent
oncogenesis by at least two mechanisms. First, RTK-dependent wild-type RAS activation,
presumably via the RASGEFs SOS1 and/or SOS2, cooperates with mutant H-, N-, and
KRAS to promote RAS effector activation and cancer cell proliferation (11, 15). Second,
mutant KRAS allosterically activates SOS1 (16), generating a KRASCTP-S0OS1-wild-type
RAS feedback loop that is required for proliferation of pancreatic cancer cells (17). While
this contribution of SOS1 in mutant KRAS-driven cancer cell proliferation has been
established, the specific role of SOS2 in RAS mutated tumors is not yet clear.

Previous work has shown a role for SOS1, but not SOS2, in anchorage-dependent (2D)
proliferation in primary MEFs (18); however, we wanted to specifically assess the role of
SOS2 in mutant RAS-dependent transformation. Since primary MEFs require cooperating
oncogenes in addition to mutant RAS to promote transformation (19), we first generated
immortalized MEFs which can be transformed by mutant RAS alone (20). To establish a
model system to allow us to examine the specific role of SOS2 in oncogenic transformation,
we immortalized Sos17fand Sos17fSos2/~ MEFs by a 3T6 protocol (21, 22) to generate
stable cell lines (hereafter referred to as S0s2*/* and Sos2”~ MEFs). To assess the role of
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SOS2 in mutant RAS-driven proliferation and transformation, we then stably expressed HA-
tagged HRASC12Y NRASC12V| or KRAS4BCL2V (hereafter referred to as KRASC12Y) in
the Sos2*/* and Sos2”~ MEFs at 0.2-3 times total endogenous RAS protein abundance (Fig.
1A). While neither Sos2 deletion nor mutant RAS expression altered SOS1 protein
abundance, expression of mutant RAS family members did decrease expression of EGFR to
different extents, potentially due to feedback regulation on the signaling pathway (Fig. 1A).

As expected, expression of oncogenic H-, N-, or KRASG12Y enhanced cell proliferation over
vector controls in immortalized MEFs (fig. S1); Sos2 deletion did not affect GTP loading of
the mutant RAS protein (Fig. 1A), did not alter proliferation driven by mutant NRAS or
KRAS, and only modestly reduced proliferation by driven mutant HRAS on the last day of a
5-day growth curve (Fig. 1B and fig. S1). These data suggest that SOS2 is not a critical
mediator of mutant KRAS or NRAS-driven proliferation and has a minimal effect on
proliferation driven by HRAS, in agreement with a previous study in primary MEFs showing
that SOS1, but not SOS2, is a critical mediator of proliferation (18). To assess RAS-driven
transformation we examined two common features of transformed cells: anchorage-
independent growth (soft agar assay, Fig. 1C) and loss of contact inhibition (focus-forming
assay, Fig. 1D). The effect of Sos2deletion on RAS-driven transformation differed
depending on which mutant RAS isoform was expressed. Sos2 deletion did not affect HRAS
G12V_induced anchorage-independent growth (Fig. 1C), loss of contact inhibition (Fig. 1D),
or morphologic transformation (Fig. 1E), indicating that SOS2 was dispensable for
HRASCG12V_induced transformation. In contrast, Sos2 deletion reduced the transforming
capacity of NRASCG12V and critically mediated transformation driven by KRASG12V (Fig.
1C-E). Sos27~ MEFs expressing NRAS 12V showed a 50% reduction in colony formation
in soft agar (Fig. 1C) and qualitatively reduced the proportion of cells showing loss-or-
contact inhibition (Fig. 1D), indicating that SOS2 promoted, but was not required for,
transformation by NRASG12V, Sps27~ MEFs expressing KRASG12Y exhibited minimal
anchorage-independent growth (Fig. 1C), remained contact inhibited (Fig. 1D), and did not
show any signs of morphologic transformation (Fig. 1E). These data suggest that there is a
hierarchical requirement for SOS2 in mutant RAS-driven transformation.

Within the pool of RAS-mutant tumors, KRAS is the most frequently mutated RAS family
member (85%). Most KRAS mutations occur at codons G12, G13, or Q61, with the
frequency of specific mutations varying depending on the tumor type (23, 24). Since our
data indicated that Sos2 deletion has a larger effect on transformation driven by mutant
KRAS compared to mutant H- or NRAS, we further investigated the requirement of SOS2 in
mutant KRAS-driven transformation. To determine whether this requirement is mutation-
specific, we expressed either wild-type KRAS or one of six common KRAS oncogenic
mutants (G12C, G12D, G12V, G13D, Q61L, or Q61R) in S0s2*/* and Sos2”~ MEFs (Fig.
2A). For all KRAS G12 and G13 oncogenic mutants examined, SOS?2 critically mediated
mutant KRAS-induced anchorage-independent growth (Fig. 2B) and loss of contact
inhibition (Fig. 2C). In contrast, for the KRAS Q61 mutants, low levels of KRAS-induced
loss of contact inhibition were detectable in the absence of SOS2, indicating that while Q61
mutants require SOS2 for full transformation, they can induce low levels of transformation
without SOS2 present. These data suggest that SOS2 is required for full KRAS-driven
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transformation in MEFs, regardless of the specific KRAS oncogenic mutation, and that it is
particularly required for transformation driven by G12 and G13 mutations.

S0OS2 RASGEF activity is required for KRAS-driven transformation

KRAS Q61 mutants have lower levels of GTPase activity than the already reduced levels in
G12 and G13 mutants, potentially making them less dependent on GEF activity to restore
GTP binding (25). Because of this, we first assessed whether KRAS GTP loading was
dependent on SOS2 for KRASC12C, KRASC12V and KRASRQEIR mutant proteins. We did
not observe any significant alterations in KRASCTP abundance upon Sos2 deletion for any
of the mutant KRAS proteins (fig. S2), indicating that the activation of mutant KRAS is not
dependent on SOS2.

Next, we examined the mechanism by which SOS2 contributes to KRAS-driven
transformation by restoring SOS2 expression in Sos27~ MEFs, using either wild-type or
mutated SOS2 constructs to distinguish the relative contributions of RTK-SOS2-wild-type
RAS and KRASCTP-S0S2-wild-type RAS signaling. However, due to the hypothesized
dynamics of SOS signaling, we first created a construct that would allow us to restore SOS2
in Sos2~ MEFs at near endogenous (S0s2%%) protein abundance. In a quantitative
proteomic analysis of the core components in the RTK/RAS/MAPK signaling pathway, Shi
et al. (26) showed that the absolute abundance of SOS1 and SOS2 are extremely low relative
to the other core proteins in the RTK/RAS signaling pathway, leading them to hypothesize
that SOS1 and SOS2 may be ‘stoichiometric bottlenecks’ for signal transduction through
this pathway. Their findings suggest that exogenous introduction of SOS2 at super-
physiologic protein abundance could result in aberrant RAS-dependent signaling, making
rescue experiments difficult to interpret. To circumvent this, SOS2was cloned into lentiviral
vectors containing one of five different promoters, each with different predicted expression
levels, and then stably expressed in S0s27~ MEFs (fig. S3A). The high activity EFla and
UbC promoters, and the moderate activity PGK promotor, lead to SOS2 protein abundance
>30-fold and 18-fold higher than endogenous SOS2 found in So0s2*/* MEFs, respectively,
indicating that these promoters are not optimal for expressing SOS2 at physiologic protein
abundances. In contrast, using either an SV40 or a minimal CMV (mCMV) promoter to
drive SOS2expression lead to SOS2 abundance at only 2-5-fold above that of endogenous
SOS2. This near-endogenous SOS2 abundance restored transformation in Sos2”~ MEFs
expressing KRASC12V (fig. S3B). Since the SV40 promoter gave more consistent near-
endogenous SOS2 abundance across multiple experiments, we used this promoter for
subsequent SOS2 rescue experiments.

Bentley et al (15) previously showed that wild-type N- and HRAS are required for
transformation of KRAS mutant cancer cells. We hypothesized that SOS2 potentially
promotes KRAS driven transformation by one of two mechanisms: either by RTK-dependent
activation of downstream effectors, or as a part of an allosteric KRASCTP-S0S2-wild-type
RAS feedback loop similar to the one previously described for SOS1 (16, 17). To
differentiate between these two possibilities, we made constructs with point mutations in
S50S2that are homologous to mutations previously identified in SOSZ: SOS2F927A which is
homologous to the SOS1F929A mutant that ablates RASGEF activity (27); and SOS2W727E,
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which is homologous to the SOS1W729E mutant that renders SOS1 unable to be allosterically
activated by RASCTP (16, 28). If the major contribution of SOS2 is to promote RTK
-S0S2-wild-type RAS signaling, then only the SOS2F927A mutant will fail to restore
transformation in S0s2”~ MEFs expressing mutant KRAS. In contrast, if KRASCGTP
—-S0S2-wild-type RAS signaling is important for mutant KRAS-driven transformation, then
neither the SOS2F927A nor the SOS2W727E mutants will restore transformation in Sos27~
MEFs expressing mutant KRAS (Fig. 3A).

We stably introduced wild-type SOS2, SOS2F927A or SOS2W727E into in Sos2”~ MEFs
expressing KRASG12C, KRASCI2V or KRASQBIR (Fig. 3B). Wild-type SOS2 restored
KRAS-driven anchorage independent growth (Fig. 3C), loss of contact inhibition (Fig. 3D),
and morphologic transformation (Fig. 3E) in Sos27~ MEFs expressing each of the mutant
RAS constructs. In contrast, RASGEF-dead SOS2 (SOS2F927A) could not restore KRAS-
driven transformation in cells expressing either KRASG12C or KRASC12V (Fig. 3C-E). In
cells expressing KRASQ6IR  however, we observed that SOS2F927A enhanced the low level
of transformation we had observed in Sos27~ MEFs expressing KRASQ6IR suggesting that
although SOS2 did not alter the global GTP loading of KRASRQEIR, the GTPase activity of
different oncogenic KRAS mutants may modulate their dependence on SOS2. However,
while KRASQ6IR exhibited lower dependence on SOS2 for transformation than either
KRASC12C or KRASC12V SOS2 GEF activity was still required for full KRASQ8IR-driven
transformation. On the other hand, a SOS2 mutant construct resistant to RASCTP-dependent
feedback activation (SOS2W727E) restored KRAS-driven transformation similarly to wild-
type SOS2. Since SOS2 RASGEF activity, but not allosteric RASGTP-dependent SOS2
activation, was required for mutant KRAS to fully transform MEFs, these data suggest that
RTK-dependent SOS2 signaling to wild-type RAS cooperates with basal signaling from
mutant KRAS to promote the transformed phenotype.

To directly examine the role of SOS2 in activation of wild-type RAS, we expressed V5-
tagged wild-type HRAS in Sos2*/* and S0s27~ MEFs expressing HA-KRASG12C and
performed GST-RBD pulldowns to directly assess HRASCTP in both actively cycling cells
and upon EGF stimulation after an overnight starve (Fig. 3F). Activation of wild type HRAS
was significantly decreased in actively cycling Sos27~ MEFs compared to the Sos2*/*
MEFs, indicating that SOS2 is important for full wild-type HRAS activation (Fig. 3F, left).
In serum starved cells, the abundance of HRASCSTP was unchanged upon Sos2deletion,
indicating that basal KRASG12C.dependent activation of wild-type HRAS was independent
of SOS2. EGF-stimulation after an overnight starve showed increased wild-type HRAS
activation in Sos2/* MEFs, but not Sos2~~ MEFs, suggesting that SOS2-dependent
activation of wild-type HRAS is downstream of RTK signaling in cells with mutant KRAS
(Fig. 3F, right). Furthermore, assessment of V5-HRAS activation in KRASC12C §ps27~
MEFs expressing wild-type SOS2, SOS2F927A or SOS2W727E showed that activation of
wild-type HRAS was increased in S0s27~ MEFs expressing wild-type SOS2 and
S0S2W727E compared to either vector controls or S0s27~ MEFs expressing SOS2F927A
(Fig. 3G). These data indicate that SOS2 GEF activity, but not allosteric feedback activation
of SOS2 by oncogenic KRAS, is key to SOS2-dependent activation of wild-type HRAS
downstream of RTKs.
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SOS2 promotes EGF-stimulated AKT phosphorylation in cells expressing mutant RAS

The data presented in Fig. 3 suggest that RTK-SOS2 signaling through wild-type RAS to
downstream Raf/MEK/ERK and PI3K/AKT effector pathways augments basal KRASG12Y
signaling to promote oncogenic transformation. To test this possibility, we assessed EGF-
stimulated phosphorylation of ERK and AKT in Sos2*/* and Sos2”~ MEFs expressing each
RASC12V jsoform (Fig. 4). Although mutant RAS expression reduced EGFR expression
(Fig. 1A), Sos2deletion did not have any further effects on EGFR protein abundance, so
comparisons of EGF-stimulated signaling in Sos2*/* or Sos2”~ MEFs expressing any
individual mutant RAS isoform were not confounded by alterations in EGFR abundance
(Fig. 4A). Sos2 deletion did not significantly alter EGF-stimulated ERK phosphorylation in
cells expressing mutant H-, N-, or KRAS, as both peak ERK phosphorylation and prolonged
Raf/MEK/ERK signaling were not significantly reduced by Sos2deletion (Fig. 4A, B). In
contrast, Sos2 deletion significantly reduced EGF-stimulated AKT phosphorylation in cells
expressing mutant H-, N-, or KRAS (Fig. 4A, B). Loss of SOS2 reduced peak AKT
phosphorylation and blocked prolonged PI3K/AKT signaling. These data suggest that SOS2
is important for RTK-stimulated PI3K/AKT, but not Raf/MEK/ERK, signaling. However,
these data do not sufficiently explain the differential requirement for SOS2 in RAS isoform-
driven transformation, since the reduction in AKT phosphorylation was similar in cells
expressing each of the mutant RAS isoforms.

Mutant RAS isoforms show a differential requirement for PI3K for transformation

To reconcile the hierarchical effect of Sos2 deletion on mutant RAS-dependent
transformation with the equivalent decrease in RTK-stimulated AKT phosphorylation, we
examined whether MEFs expressing each mutant RAS isoform showed differential
sensitivity to PI3BK/AKT or Raf/MEK/ERK effector pathway inhibition. Since our initial
observation showed that Sos2 deletion altered transformation but not proliferation, we
assessed effector pathway inhibition under both anchorage-dependent and anchorage-
independent (transforming) conditions. Sos2*/* MEFs expressing H-, N-, or KRASG12Y
were seeded on cell-culture treated (anchorage-dependent) and ultra-low attachment
(anchorage-independent) 96-well plates and treated with increasing doses of the PI3K
inhibitor LY294002 (Fig. 5A), the AKT inhibitor AZD5363 (Fig. 5B), or the MEK inhibitor
trametinib (Fig. 5C). We confirmed that these inhibitors blocked signaling downstream of
their intended target by comparing the phosphorylation of downstream targets in treated and
untreated MEFs (fig. S4). We then assessed two measurements of drug potency: the 1Csy,
which measures the drug concentration at half maximal inhibition, and the area under the
viability curve (AUC), which takes into account both the potency and total level of growth
inhibition by a given compound. Cells expressing the different mutant RAS isoforms did not
show any differences in their responses to PI3K, AKT, or MEK inhibition under anchorage-
dependent growth conditions (Fig. 5A-C, left). These data suggest that mutant H-, N-, and
KRAS-driven anchorage-dependent proliferation depends on these RAS effector pathways
to a similar extent.

In contrast to the equivalent effects of effector pathway inhibition on mutant RAS-driven
anchorage-dependent growth, RAS-expressing cells showed a hierarchical requirement for
PI3K (Fig. 5A, right) to promote anchorage-independent growth, mirroring the requirement
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for SOS2, with KRAS = NRAS > HRAS. When mutant RAS-expressing MEFs were treated
with increasing concentrations of LY294002, anchorage-independent proliferation was
inhibited at lower drug concentrations in KRASCG12V expressing MEFs compared to
HRASGC12V expressing MEFs, with a significant shift in the dose response curve to lower
drug concentrations, resulting in significant decrease in the AUC and a 5-fold decrease in the
ICsq for LY294002 (Fig. 5A). Furthermore, NRAS®12V expressing MEFs showing an
intermediate phenotype between MEFs expressing the other two RAS family members.
NRASCG12V expressing MEFs showed a 2-fold decrease in the 1Csq for LY 294002 but no
difference in the AUC compared to HRASG12Y expressing MEFs.

To confirm that these differences were due to inhibition of the PI3K/AKT pathway and not
off-target effects of LY294002, RAS G12V_expressing MEFs were treated with the AKT
inhibitor AZD5363 (Fig. 5B). Similar to what was observed for PI3K inhibition, RAS-
isoform expressing MEFs showed a differential requirement for AKT to promote anchorage-
independent growth, with KRAS = NRAS > HRAS. Here again, KRASCG12V expressing
MEFs showed a decrease in the AUC and a 5-fold decrease in the 1Cgq for the AKT inhibitor
AZD5363 compared to HRASG12Y expressing MEFs. However, unlike the intermediate
phenotype the NRASC12V expressing cells showed for PI3K inhibition, NRASC12Y
expressing MEFs were as sensitive to AKT inhibition as KRASG12V expressing cells.

In contrast to the increased sensitivity of KRASC12V_expressing cells to PI3K/AKT
inhibition, treatment of mutant RAS-expressing MEFs with the MEK inhibitor trametinib
revealed that HRASCG12V_expressing MEFs were more sensitive to MEK inhibition
compared to either N- or KRASG12V_expressing MEFs. HRASG12V-expressing MEFs
showed a 2-fold decrease in the ICsq for trametinib compared to N- and KRASG12V-
expressing MEFs. These data suggest that mutant HRAS may have a slightly increased
requirement for Raf/MEK/ERK signaling to drive transformation compared to mutant N- or
KRAS expressing cells. (Fig. 5C).

To further examine the role of PI3K in mutant RAS-isoform driven transformation, we
assessed cancer spheroid formation in $0s2*/* MEFs expressing H-, N- or KRASG12V
treated with increasing doses of LY294002 (Fig. 5D). Cells were seeded in 96-well ultra-low
attachment round-bottomed plates, and imaged 16 hours after plating (Day 0) and again
seven days later. In untreated cells, spheroid size increased in all RASC12V_expressing MEFs
over the 7-day period but not in vector controls (Fig. 5D), indicating the RAS®G12V can
induce cancer spheroid growth in MEFs. Mutant RAS-dependent spheroid growth showed
the same hierarchical dependence on SOS2 that had been observed in other transformation
assays (Fig. 5D, right and fig. S5). Furthermore, when we assessed the effects of LY 294002
treatment on cancer spheroid growth in Sos2*/* MEFs, we observed a similar hierarchical
requirement for PI3K signaling to the one observed in the anchorage-independent
proliferation assay, with KRAS > NRAS > HRAS. The LY294002 concentration that
inhibited spheroid growth for each mutant RAS isoform corresponded to the ICsq value we
observed for inhibiting anchorage-independent proliferation. These data further support the
existence of a hierarchical requirement for PI3K signaling to promote RAS-driven
transformation that correlates with the requirement for SOS2 expression.
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Activated PI3K rescues KRAS-driven transformation in Sos2~/~ MEFs

The data presented up to this point suggest that RTK-SOS2-dependent PI3K signaling is
required for mutant KRAS-induced transformation in MEFs. To determine if restoring
PI3K/AKT signaling is sufficient to restore mutant KRAS-dependent transformation in
S0s2™~ MEFs, we expressed an activated form of the p110a catalytic subunit
(p110a.H1047R) at near-endogenous levels, alone or in combination with KRASG12Y | in
S0s2** and Sos27~ MEFs (Fig. 6A). We then assessed transformation using focus forming
assays (Fig. 6B, C) and by assessing morphologic transformation (fig. S6). Expression of
activated p110aH1947R alone modestly transformed Sos2*/* MEFs as previously reported
(29). This p110aH1047R_griven transformation was unaffected by Sos2deletion (Fig. 6B),
suggesting that PI3K is downstream of, or parallel to, SOS2 in these cells. KRASG12Y
robustly transformed immortalized Sos2*/* MEFs (Fig. 6B), and this transformation was
further enhanced by combining p110aH1047R with KRASC12V (Fig. 6B,C), confirming
previous reports of synergic transformation between KRASG12V and either p110a (30) or
AKT (31). As shown previously, KRASG12Y was unable to transform Sos27~ MEFs alone
(Fig. 1 and 6B, C). In contrast, combined p110aH1047R and KRASCG12V expression robustly
transformed Sos27~ MEFs similar to the transformation observed in Sos2** MEFs (Fig.
6B). These data suggest that constitutively activated PI3K can substitute for SOS2 to
promote KRAS-driven transformation.

SOS2 promotes transformation of KRAS-mutant tumor cells

We next tested whether the requirement of Sos2for mutant KRAS-driven transformation in
MEFs could be replicated in KRAS mutant human tumor cells. Since transformation assays
typically grow for 2-4 weeks, we used CRISPR/Cas9 to delete SOSZrather than using a
transient siRNA approach. We cloned several candidate sgRNAs that were previously used
to target SOS2in a genome-wide CRISPR/Cas9 screen (32) into the lentiCRISPRV2 vector,
which allows for simultaneous expression of the sgRNA and Cas9 (33). Lentiviruses were
then produced from these constructs and used to evaluate the efficiency of SOS2deletion by
each sgRNA in 293T cells. We found seven different sgRNAs that deleted SOS2in >80% of
293T cells (fig. S7). Three of these sgRNAS that target non-overlapping regions of SOS2
(#1, #9, and #16) were selected and used to examine the role of SOS2 in transformation
KRAS (G12V) mutant YAPC pancreatic cancer cells.

YAPC cells were infected with either a non-targeting SgRNA (NT), an sgRNA targeting
KRAS, or one of three sgRNAs targeting SOS2 (#1, #9, or #16). The resulting cells were
then selected for 10 days post-infection to allow for CRISPR/Cas9-mediated gene deletion.
The effect of SOS2deletion was examined in pooled cultures to avoid any effects of clonal
selection. KRAS sgRNA expression reduced KRAS abundance by >95%, and each SOS2
SgRNA reduced SOS2 protein abundance by >80% compared to NT controls, indicating that
SOS2had been deleted in at least 80% of cells (Fig. 7A). KRAS deletion completely
inhibited anchorage-independent growth of YAPC pancreatic cancer cells, confirming the
KRAS dependence of this cell line. Each of the three SOS2sgRNAs reduced the number of
transformed colonies by >70%, and the colonies that did form were generally smaller than
the colonies in NT controls. These data suggest that SOS2 is required for full mutant KRAS-
driven oncogenic transformation in KRAS mutant pancreatic cancer cells.
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To test whether the requirement for SOS2 to promote mutant KRAS-driven transformation
might hold true in a KRAS mutant tumor cell line from another anatomical site, we assessed
whether SOS2 was required for transformation in KRAS (G12C) mutant H358 lung cancer
cells. These cells have been used to show the specificity of covalent KRASG12C.gspecific
inhibitors, and are highly dependent on KRAS signaling for proliferation and transformation
(34). Similar to what we observed in YAPC cells, KRAS deletion inhibited cancer spheroid
growth in H358 lung cancer cells (Fig. 7B). Furthermore, deletion of SOS2 using two
different sgRNAs blocked spheroid growth to a similar extent as deleting KRAS itself.
These data suggest that SOS2 is an important modulator of mutant KRAS-driven
transformation in human tumor cells from multiple anatomic sites.

To determine whether the mechanism of SOS2-dependence in KRAS mutant cancer cells
may be similar to the mechanism in mutant KRAS-expressing MEFs, we tested the
activation of the Raf/MEK/ERK and the PI3K/AKT pathways in YAPC pancreatic cancer
cells after deletion of SOSZ2. Deletion of SOS2with any of the three sgRNAS (#1, #9, or
#16) had no effect on ERK phosphorylation in actively cycling cells (Fig. 7C), or after EGF
stimulation (Fig. 7D). These data suggest that, similar to our assessment of the role of Sos2
in MEFs, deletion of SOS2alone does not alter EGF-dependent ERK phosphorylation in
KRAS mutant cancer cells. In contrast, deletion of SOSZsignificantly decreased AKT
phosphorylation in actively cycling cells (Fig. 7C) and after EGF stimulation (Fig. 7D).
These data indicate that, similar to the mechanism we had observed in Sos27~ MEFs, SOS2
is required for full RTK-stimulated AKT phosphorylation in a KRAS mutant cancer cell
line.

With the notable exception of covalent KRAS G12C-specific inhibitors (34), single agent
approaches have been broadly unsuccessful in limiting growth of KRAS mutant tumors. In
contrast, combined inhibition of KRAS effector pathways, such as the combination of MEK
and PI3K inhibitors, has shown marked benefit over single agents alone (35-37). Since
SOS2 deletion reduced AKT phosphorylation in KRAS mutant pancreatic cancer cells (Fig.
7C-D), we hypothesized that SOS2 deletion might act similarly to a PI3K inhibitor and
synergize with MEK inhibition to block proliferation and transformation in KRAS mutant
tumor cells. To understand whether SOSZ2 deletion would alter the response of KRAS mutant
tumor cells to effector pathway inhibition, we assessed the combination of either SOS2 or
KRAS deletion with either the PI3K inhibitor buparlisib (Fig. 8A,B) or the MEK inhibitor
trametinib (Fig. 8C,D) under both anchorage-dependent and anchorage-independent
(transforming) conditions. We confirmed that these inhibitors blocked signaling downstream
of their intended target by comparing the phosphorylation of downstream targets in treated
and untreated YAPC cells (fig. S8). Deletion of SOSZhad no significant effect on the 1Cgq
of buparlisib in either YAPC cells (Fig. 8A) or H358 cells (Fig. 8B), consistent with the idea
that SOS2 deletion and buparlisib treatment both act on the PI13K pathway. While SOS2
deletion did significantly decrease the area under the curve (AUC), especially under
anchorage-independent conditions (Fig. 8A-B, right), this decrease was due to a decrease in
the overall cell number after 5 days in culture in cells with SOS2 deleted (see untreated
cells). In contrast, we observed a synergistic effect between SOS2deletion and trametinib
treatment in inhibiting both anchorage-dependent and anchorage-independent growth. SOS2
deletion reduced the ICgq for trametinib by 2—-3-fold under anchorage-dependent conditions
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(Fig. 8C-D, left) and 5-fold under anchorage-independent growth conditions (Fig. 8C-D,
right).

To determine if SOSZ2deletion had a similar effect to PI3K inhibition in synergizing with
trametinib to block KRAS mutant tumor cell growth, YAPC or H358 cells expressing a non-
targeting sgRNA were treated with 100 nM buparlisib, a dose just below the threshold for
inhibiting cell growth with buparlisib alone (Fig. 8A-B, red arrows), in combination with
trametinib. The effect of combining trametinib with low dose buparlisib were similar to the
effects of combining trametinib with SOSZ2 deletion (Fig. 8C-D, compare red and blue
curves). These data indicate that, similar to PI3K inhibition, SOS2 deletion can synergize
with MEK inhibition to block proliferation and transformation of KRAS mutant tumor cell
lines. Further, these data suggest that SOS2 is an unappreciated therapeutic target for the
treatment of KRAS mutant tumors.

Discussion

Driver mutations in the RAS family of GTPases occur in ~30% of human tumors (38, 39).
Although these tumors were originally thought to proliferate independently of upstream
signaling inputs, we now know that signaling through wild-type RAS cooperates with
mutant RAS to activate downstream effector pathways and drive oncogenic proliferation
(12). Here, we demonstrated that there is a hierarchical requirement for the RASGEF SOS2
in RAS isoform-driven transformation, with KRAS > NRAS > HRAS. This requirement for
SOS2 parallels a differential requirement for PI3K signaling to maintain the RAS-
transformed phenotype, and in doing so, reveals a previously unappreciated RTK-SOS2-
RAS-PI3K signaling pathway that supplements mutant KRAS-driven PI3K activation to
drive oncogenic transformation.

Why is wild-type RAS signaling required for mutant RAS-driven proliferation and
transformation?

Mutant H-, N-, and KRAS can all interact with the major RAS effectors PI3K and Raf,
thereby constitutively activating the PI3BK/AKT and Raf/MEK/ERK pathways. Why, then,
would wild-type RAS signaling be required to cooperate with mutant RAS to promote
proliferation and oncogenic transformation? Though RAS isoforms interact with the same
signaling effectors, they activate these effectors to different extents (40, 41), which are not
correlated with a difference in binding affinity (42) or isoform stability (43). A potential
role, then, for wild-type RAS is to activate the effector pathways that mutant RAS does not
strongly activate, making the cellular outcome a product of signaling by wild-type and
mutant RAS (13). For RAS-dependent activation of Raf and PI3K, multiple groups have
shown an inverse relationship in the ability of mutant RAS isoforms to activate these
effectors: mutant HRAS is a potent activator of PI3K but a poor activator of Raf, and
conversely KRAS potently activates Raf but poorly activates PI3K (31, 40, 41). In fact, in
KRAS mutant colon cancer cells, ERK signaling is mutant KRAS-dependent, but PI3K
signaling is mutant KRAS-independent, and instead depends on RTK signaling for
activation (35).
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Our study revealed that cells expressing mutant RAS isoforms exhibit differential sensitivity
to effector inhibition in maintaining their transformed phenotype. In cells expressing mutant
N- or KRAS, isoforms that are relatively poor activators of PI13K, anchorage-independent
growth was inhibited at lower doses of either the PI3K or AKT inhibitor than the dose
required to inhibit growth in cells expressing mutant HRAS (Fig. 5). The converse was also
true: in cells expressing mutant HRAS, an isoform that poorly activates Raf, anchorage-
independent growth was inhibited at lower doses of the MEK inhibitor than the dose
required in cells expressing mutant NRAS or KRAS. These data suggest that cells
expressing mutant RAS isoforms are particularly sensitive to inhibition of RAS effectors that
the oncogene poorly activates. Notably, this differential sensitivity to effector pathway
inhibition was only observed in anchorage-independent growth assays, not in assays
assessing anchorage-dependent (2D) growth, demonstrating that the appropriate culture
system must be use to tease apart these drug sensitivities. Multiple studies have shown that
KRAS-mutant cancer cell lines show a range of KRAS dependency for survival in 2D
culture (44-48). However, many of these “KRAS-independent” cell lines still require KRAS
for anchorage-independent growth (49-52). This finding suggests that we must take care in
choosing the appropriate culture system to identify and test novel therapeutic targets to treat
RAS mutant tumors, and that anchorage-independent 3D growth screens should be used to
supplement current 2D screening efforts (50).

How are wild-type RAS isoforms activated in the context of mutant RAS?

Wild-type RAS isoforms cooperate with oncogenic RAS mutants to promote downstream
effector activation and cell proliferation; however, the mechanistic underpinnings of this
cooperation are unclear, as previous reports have shown two interconnected mechanisms of
wild-type RAS activation in cells expressing mutant RAS. Both mechanisms involve
RASGEFs as the direct activators of wild-type RAS, which raises the question: which
mechanism underlies RASGEF-dependent wild-type RAS activation in the context of
mutant RAS? For the first model, studies have shown that RTK-dependent activation of
wild-type RAS acts in an interconnected network with basal mutant RASCTP signaling to
promote G2 checkpoint integrity (53) and proliferation of RAS mutant cancer cells (11). Our
data here support this model, and suggest that in cells expressing mutant RAS, robust RTK-
dependent PI3K/AKT signaling is dependent on SOS2 (Fig. 4), and this RTK-SOS2-AKT
signaling is important for transformation driven by KRAS, but not HRAS. Alternatively, for
the second model, crystallographic studies of the RAS:SOS1 complexes show that SOS1
contains an allosteric RASCTP binding site, distinct from its catalytic RASGEF domain, that
relieves SOS1 autoinhibition when occupied (16). This allosteric binding of RASCTP to
SOS1 sets up a potential RASCGTP-SOS1-RAS positive feedback loop that can potentiate
EGF signaling to downstream effectors (54), support prolonged T-cell and B-cell receptor-
dependent RAS/ERK activation (28, 55), and promote proliferation of KRAS mutant cancer
cells (17). Our data show that wild-type RAS is activated in cells expressing mutant KRAS
independently of RTK signaling and SOS2 expression, suggesting that a SOS1-dependent
positive feedback loop plays a role in basal mutant RAS signaling to wild-type RAS (Fig.
3F).
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What is the mechanism underlying the different contributions of SOS1 and SOS2 to wild-
type RAS activation in RAS mutant tumors? SOS1 and SOS2 hoth interact with Grb2 via
their proline-rich regions, where their sequences diverge. SOS2 has a much higher affinity
for Grb2 than SOS1 does (56). Additionally, SOS1 is subject to ERK-dependent negative
feedback phosphorylation that can regulate either dissociation of the Grb2/SOS1 complex or
release of this complex from the EGFR (57-59), and this ERK-dependent feedback
phosphorylation does not occur on SOS2 (60). These properties potentially make SOS2 a
more suitable candidate for RTK-Grb2-dependent signaling in the presence of oncogenic
RAS, where basal ERK signaling might phosphorylate SOS1 and cause its dissociation from
receptor complexes. In contrast, the proline-rich region of SOS1 is not required for RASCTP-
SOS1-RAS feedback signaling (61), and may inhibit engagement of the SOS1 allosteric site
by RASCTP (62). However, the mechanism by which the proline-rich region of SOS1
regulates engagement of the allosteric site, and whether ERK-dependent phosphorylation of
the SOS1 would inhibit or potentiate allosteric site engagement, remains to be tested.

Together, these findings may help explain why Sos2 deletion has a differential effect on
RAS-isoform driven transformation. We found that cells expressing any of the three mutant
RAS isoforms are reliant on Sos2expression for maximal RTK-stimulated AKT
phosphorylation (Fig. 4). However, since mutant KRAS is a relatively weak activator of
PI3K compared to HRAS, it was more reliant on this RTK-SOS2-AKT signaling pathway to
supplement its basal PI3K activation, and thus Sos2 deletion had a more profound effect on
mutant KRAS-driven transformation compared to HRAS (Fig. 1). A similar argument may
explain why Sos2 deletion preferentially affected transformation, but not proliferation, in
cells expressing mutated KRAS. While the requirement for Sos2to promote KRAS-driven
transformation depends on its supplementing the relatively weak PI3K activation by mutant
KRAS, proliferation predominantly depends on ERK signaling, which is not defective in
either primary Sos2”~ MEFs (18) or immortalized So0s2”~ MEFs expressing oncogenic
RAS (Fig. 1B and 4).

The importance of PI3K signaling in KRAS tumors is widely established (63), as is the
efficacy of combined MEK and PI3K inhibition in blocking KRAS-driven transformation,
since inhibiting either pathway alone leads to activation of the other through relief of
negative feedback (64, 65). Unfortunately, this treatment strategy has a high risk of toxicity,
since the Raf/MEK/ERK and PI3K/AKT pathways are both key players in normal cell
function. To avoid this toxicity, many studies have investigated the efficacy of blocking the
PI13K pathway indirectly, or finding other pathways that synergize with MEK or PI3K
inhibition (35, 66). For example, Ebi et al (35) show that PI3K signaling is downstream of
IGFR in KRAS-mutant colon cancer cells, and that IGFR inhibition can indirectly block
PI13K signaling. They also show that this indirect block coordinates with MEK inhibition to
limit mutant tumor growth and promote apoptosis to the same extent as direct PI3K
inhibition. When we compared the effects of SOS2 deletion in combination with either PI3K
inhibition (buparlisib) or MEK inhibition (trametinib) (Fig. 8), we found that SOS2 deletion
had the same effect as an intermediate dose of buparlisib when combined with trametinib.
Coupled with the decrease in AKT phosphorylation we observed in the absence of SOS2,
our findings point to SOS2 as an alternate target to indirectly block RTK-mediated PI3K
signaling in KRAS-mutant cancer cells. SOS2 inhibition may be more broadly applicable
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than inhibition of individual RTKs, since different RTKs are predominant in different types
of KRAS-mutant cancers. Additionally, SOS2 is not necessary for development and normal
adult cell function in the presence of SOS1 (67-69), so inhibition of SOS2 may have lower
toxicity in non-tumor cells than inhibition of PI3K or RTKSs. Overall, our findings point to a
more complex role of RASGEF signaling in discriminating the effects of RAS isoform-
driven transformation than has previously been appreciated and underline the importance of
comprehensive examinations of the role of each RASGEF in RAS-driven transformation
across RAS isoforms. In addition, our findings suggest that SOS2 inhibition should be
pursued as a potential therapeutic option in KRAS-driven cancers.

Materials and Methods

Cell culture.

MEFs were maintained in Dulbecco’s modified Eagle’s medium (DMEM) and YAPC and
H358 cells were maintained in Roswell Park Memorial Institute medium (RPMI), each
supplemented with 10% fetal bovine serum, 2 mM I-glutamine, 0.1 mM minimum essential
medium with nonessential amino acids, and 1% penicillin-streptomycin.

RAS construct cloning.

HA-HRASC12V was PCR amplified from pBabePuro and cloned into EcoRI/BamHI
digested pCDH-CMV-MCS-EF1-Puro (System Biosciences) using the GeneArt Seamless
Cloning and Assembly Kit (Invitrogen). To clone in wild-type KRAS and wild-type NRAS,
pCDH-HA-HRASCG12Y was digest with BamHI/Notl to remove HRAS but maintain the HA
tag, and wild-type KRAS or NRAS were PCR amplified and cloned in using GeneArt.
Oncogenic point mutations (NRAS®12Y and KRAS (G12C, G12D, G12V, G13D, Q61L, and
Q61R)) were then introduced by site-directed mutagenesis. To produce V5-tagged wild-type
HRAS, Hs.HRAS (attL1-attl 2 clone R999-E10) was cloned into pDest-658 (Blasticidin-
resistant, attR4-attR2 lentiviral vector), along with the CMV51p promotor (C453-04, attL4-
attL5 sites) and the V5 tag (C514-E24, attR5-attR1 sites) by Gateway Cloning (Invitrogen).
All gateway clones were gifts from Dominic Esposito (RAS Project, Frederick National
Laboratory).

SOS2 construct cloning.

Hs.SOS2 (attL1-attL.2 clone 777-E319) was cloned into pDest-658 (Blasticidin-resistant,
attR4-attR2 lentiviral vector) along with one of 5 different promoters (attL4-attR1 clones
C413-E15 EF1p, C413-E33 UbCp, C413-E21 PGKp, C413-E34 mCMVp, C413-E26
SV40p) by Gateway Cloning (Invitrogen). All gateway clones were gifts from Dominic
Esposito (RAS Project, Frederick National Laboratory). SOS2 W727E and F927A point
mutations were introduced by site-directed mutagenesis of the wild-type SOS2 entry clone.

Production of recombinant lentiviruses.

Lentiviruses were produced by co-transfecting MISSION lentiviral packaging mix (Sigma)
into 293T cells using calcium phosphate. Ecotropic p110a retrovirus was produced by
calcium phosphate transfection of pBabePuro (p110a H1947) into Phoenix-Eco cells. At 48
to 72 h post-transfection, viral supernatants were collected and filtered. Viral supernatants
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were then either stored at —80°C or used immediately to infect cells in combination with
polybrene at 8 pg/mL. MEFs were selected with 4 ug/mL Puromycin (Invitrogen) or 2.5
pg/mL Blasticidin (Invitrogen). YAPC and H358 cells were selected with 6 pg/mL
Puromycin.

Generation of cell lines.

Nonimmortalized MEFs were generated from 13.5-day Sos1”fand S0s177S0s2~~ embryos
using a previously described protocol. Cells were maintained in culture according to a 3T6
protocol until immortalized populations of cells emerged (21, 22).

Cell lysis and Western blot analysis.

For whole cell lysate (WCL) analysis, cells were either lysed while cycling or starved
overnight prior to stimulation with 100 ng/mL EGF for the indicated times. Cells were then
lysed in RIPA buffer (1% NP-40, 0.1% SDS, 0.1% Na-deoxycholate, 10% glycerol, 0.137 M
NacCl, 20 mM Tris pH [8.0], protease and phosphatase inhibitor cocktails (Biotool)) for 20
minutes at 4°C and spun at 10,000 RPM for 10 minutes. Clarified lysates were boiled in
SDS sample buffer containing 100 mM DTT for 10 minutes prior to Western blotting.
Proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to nitrocellulose or PVDF membranes. Western blots were developed by
multiplex Western blotting using anti-SOS1 (Santa Cruz sc-256; 1:500), anti-SOS2 (Santa
Cruz sc-258; 1:500), anti-p-actin (Sigma AC-15; 1:5,000), anti-HA (Santa Cruz sc-805;
1:1000), anti-RAS (Cell Signaling 3965; 1:500), anti-V5 (Cell Signaling 13202; 1:1000),
anti-pERK1/2 (Cell Signaling 4370; 1:2,000), anti-ERK1/2 (Cell Signaling 4696; 1:1000),
anti-pAKT (Thr3%8 [Cell Signaling 2965; 1:1000] or Ser473 [Cell Signaling 4060; 1:1000]),
anti-AKT (Cell Signaling 2920; 1:1000), anti-p110a PI3K (Cell Signaling 4249; 1:1000),
anti-KRAS (Sigma WH0003845M1; 1:200), or anti-Tubulin (Cell Signaling; 1:1000)
primary antibodies. Anti-mouse and anti-rabbit secondary antibodies conjugated to
IRDye680 or IRDye800 (LI-COR; 1:10,000) were used to probe primary antibodies. Protein
bands were detected and quantified by Western blotting with the Odyssey system (LI-COR).
For quantification of SOS2 abundance, samples were normalized to either B-actin or tubulin.
For quantification of pERK and pAKT, samples were normalized to a weighted average of
B-actin, total ERK1/2, and total AKT (70).

RAS pull-downs.

For RAS pull-downs, cells were lysed on ice for 20 minutes in RAS-PD lysis buffer (1%
NP-40, 50 mM Tris pH 7.5, 200 mM NacCl, 2.5 mM MgCl,, protease and phosphatase
inhibitor cocktails (Biotool)), and spun at 10,000 RPM for 10 minutes. GST-RBD bound to
glutathione-sepharose beads was either prepared as previously described (71) or purchased
(Millipore) and used to isolate RAS-GTP from lysates by rotating incubation for one hour at
4°C. Samples were washed four times in RAS-PD lysis buffer. All samples were boiled in
2x SDS sample buffer containing 100 mM DTT for 10 minutes prior to Western blotting.
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Proliferation Studies.

For growth assays, 2 x 103 cells were seeded on cell culture-coated 96-well plates
(CellTreat). Cells were lysed with CellTitre-Glo 2.0 Reagent (Promega), and luminescence
was read using a GloMax Discover Plate Reader (Promega). Cell number was assessed 2
hours after plating to account for any discrepancies in plating, and then every 24 hours for 5
days. Data were analyzed as an increase in luminescence over Day 0. For inhibitor studies, 4
x 103 cells were seeded on cell-culture treated 96-well plates (CellTreat) to assess
anchorage-dependent growth, and on ultra-low attachment 96-well plates (Corning Costar
#3474) to assess anchorage-independent growth (49). On Day 4, cells were assessed using
CellTitre-Glo 2.0 Reagent as described. Inhibitor data are plotted as a scaled dose-response
curve for each cell line (E grug— E max)/(Eo — Emax), Where E grq is the effect of the drug at a
given concentration, E 4y is the maximal effect of the drug, and Eg is the effect seen in the
DMSO control (72, 73). Data were analyzed and 1C5p and AUC values were calculated
using Prism 7.

Transformation Studies:

Cells were seeded in 0.32% Nobel agar at 2 x 10* cells per 35-mm dish to assess anchorage-
independent growth (soft agar assays) or at 10° cells per 6-cm dish to assess the loss of
contact inhibition (focus forming assays). Soft agar colonies were counted 21-28 days after
seeding; 10x images of focus forming assays were taken 14-21 days after seeding, and then
the dishes were stained with 1% bromophenol blue (74). Stained focus forming assay dishes
were scanned on a Biorad Chemidoc Imaging System and cell density was quantified using
Image Lab software. For spheroid growth in ultra-low attachment 96-well round bottomed
plates (Corning Costar #7007), cells were seeded at 500 cells per well with the indicated
concentration of inhibitor or DMSO. Images were taken 16 hours after plating to assess
initial spheroid size, and then 7 or 14 days later to assess the effects of drug treatment on
spheroid growth (75). Spheroid size was quantified using ImageJ. In parallel plates, cell
number was assessed at day 0, 7, and 14 using CellTitre-Glo 2.0 reagent.

sgRNA studies:

A non-targeting (NT) single guide RNA (sgRNA), a KRAS-targeted sgRNA, and the 16
potential SOS2-targeted sgRNAS were each cloned into pLentiCRISPRv2 as previously
described (33). sgRNA sequences are given in supplemental table S1. Lentiviruses were
produced as described above. 48 hours post-infection, cells were selected for 4 days in 6
pg/mL Puromycin, and then shifted into 3 pg/mL Puromycin for an additional 6 days. Ten
days after selection, cells were analyzed for KRAS and SOS2 expression and plated for
signaling and transformation assays.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Oncogenic mutant RAS isoforms show a hierarchical requirement for SOS2 to drive
transformation in MEFs.

(A) Sos2*”* and Sos27~ MEFs were transduced with lentiviruses expressing either empty
vector (V) or the indicated HA-tagged mutant RAS isoform (H, N, and K: HRASG12V,
NRASCG12V and KRASC12V respectively). Whole cell lysates (WCLs) were analyzed by
Western blotting with antibodies specific for EGFR, SOS1, SOS2, HA (for RASC12Y), total
RAS, or B-actin to assess total protein. GST-RAS binding domain pulldowns were analyzed
by Western blotting with an antibody specific for the HA epitope to assess activation of
mutant HA-RASCG12V_ Blots are representative of three independent experiments. (B-D)
S0s2** and Sos2”~ MEFs expressing the indicated mutant RAS isoform were assessed for
(B) proliferation in 2D culture plates, (C) colony growth in soft agar to assess anchorage-
independent growth, and (D) loss of contact inhibition as assessed by a focus forming assay.
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Data are mean + SD from three independent experiments. ** P<0.01 by ANOVA using the
Tukey’s method to correct for multiple comparisons. (E) 10x images of post-confluent
MEFs from D. Images are representative from three independent experiments. See also fig.
S1 for an overlay of the proliferation curves in B.
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Fig. 2. Sos2 is required for mutant KRAS driven transformation in MEFs.
(A) Sos2* (+) and Sos27~ (=) MEFs were transduced with lentiviruses expressing either

empty vector (V), wild-type KRAS, or the indicated HA-tagged mutant KRAS constructs.
Whole cell lysates (WCLs) were analyzed by Western blotting with antibodies specific for
SOS2, HA (KRAS), or p-actin. Blots are representative of three independent experiments.
(B-C) Sos2** and Sos2~/~ MEFs expressing the indicated KRAS constructs were assessed
for (B) colony growth in soft agar to assess anchorage independent growth, and (C) loss of
contact inhibition as assessed by focus forming assay. Data are mean + SD from three
independent experiments. Statistical significance was determined by ANOVA using the
Tukey’s method to correct for multiple comparisons. ** P<0.01; *** P<0.001.
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Fig. 3. Sos2 RASGEF activity contributes to KRAS4B—-driven transformation.
(A) Schematic showing potential routes of SOS2-dependent wild-type RAS activation in the

presence of mutant KRAS. SOS2 point mutants block either RASGEF activity (F927A) or
putative allosteric SOS2 activation by KRAS (W727E). (B) Sos2”~ MEFs expressing
KRASC12C KRASC12V or KRASRQEIR were transduced with lentiviruses expressing either
empty vector (V), wild-type SOS2, RASGEF-dead (F927A) SOS2, or feedback-defective
(W727E) SOS2. Whole cell lysates (WCLS) were analyzed by Western blotting with
antibodies specific for SOS2 or pB-actin. Blots are representative of three independent
experiments. (C-D) Sos2** MEFs, Sos2™/~ MEFs, or S0s2”~ MEFs expressing the
indicated SOS2 constructs along with either KRASG12C (closed), KRASC12V (hashed), or
KRASQSIR (open) were assessed for (C) colony growth in soft agar to assess anchorage

vector
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independent growth, and (D) loss of contact inhibition by focus forming assay. Data are
mean + SD from three independent experiments. Statistical significance was determined by
ANOVA using the Tukey’s method to correct for multiple comparisons. For C, ** P<0.01
versus Sos2*/* and WT. (E) 10 x images of post-confluent MEFs from D. Images are
representative of 3 independent experiments. (F-G) Western blotting for activated V5-HRAS
from GST-RBD pulldowns (middle, quantified above) or for total V5-HRAS from WCLs
(below) from (F) Sos2*/* or S0s27/~ MEFs expressing HA-KRASG12C and V5-wild-type
HRAS in either actively cycling cells (left) or cells serum starved overnight and then lysed
or stimulated with 100 pg/mL EGF for 5 minutes (right) or (G) Sos27~ MEFs expressing
HA-KRASC12C v5.wild-type HRAS, and the indicated SOS2 construct. Data are mean +
SD from three independent experiments. Blots are representative of three independent
experiments. Statistical significance was determined by ANOVA using the Tukey’s method
to correct for multiple comparisons. For F, * P<0.05; ** P<0.01. For G, **P<0.01 versus
vector and SOS2F927A,
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Fig. 4: SOS2 is required for optimal RTK-dependent AKT phosphorylation in cells expressing
mutant RAS.

S0s2** and S0s2”~ MEFs expressing the indicated mutant RAS isoforms were placed in
serum-free media overnight, and then stimulated with 100 pg/mL EGF for the indicated
times. (A) WCLs were analyzed by multiplex Western blotting for pERK1/2, ERK1/2,
PAKT (Ser473), pAKT (Thr308) AKT, and B-actin on a LI-COR Odyssey machine. Blots are
representative of three independent experiments. (B) Quantification of pERK1/2, pAKT
(Ser#73), and pAKT (Thr398) Jevels versus a weighted average of total proteins (ERK1/2,
AKT, and B-actin). Data are mean + SD from three independent experiments. Statistical
significance was determined by ANOVA using the Tukey’s method to correct for multiple
comparisons. * P<0.05; ** P<0.01; *** P<0.001; **** P<0.0001.
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Fig. 5: Mutant RAS isoforms show a hierarchical requirement for PI3K signaling to drive

transformation in MEFs.

S0s2*"* MEFs expressing the indicated mutant RAS isoforms were seeded onto either
tissue-culture treated 96-well plates to assess anchorage-dependent growth or low-
attachment 96-well plates to assess anchorage-independent growth. Cells were treated with
the indicated concentrations of (A) the PI3K inhibitor LY294002, (B) the AKT inhibitor
AZD5363, or (C) the MEK1/2 inhibitor trametinib for four days, and cell number was
assessed. Data are expressed relative to vehicle-treated controls and are expressed as mean +
SD four independent experiments. ICsqg values and AUC measurements are shown.
Statistical significance was determined by ANOVA using the Tukey’s method to correct for
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multiple comparisons. ** P<0.01 versus HRASC12V, HRASC12V (salmon triangles),
NRASC12V (purple inverted triangles), KRASC12V (blue diamonds). (D) Sos2*/* MEFs
expressing the indicated mutant RAS isoforms were seeded in low-attachment 96-well
round-bottomed plates and treated with the indicated concentrations of the PI3K inhibitor
LY294002 to assess the effects of PI3K inhibition on RAS-induced cancer spheroid
formation (left). Sos27~ MEFs expressing the indicated mutant RAS isoforms were seeded
in parallel and left untreated for comparison (right). Images of spheroids were taken 16
hours after plating (Day 0) and again seven days later. Data are representative of three
independent experiments. The outlined image for each cell line represents the LY294002
concentration where cancer spheroid size did not increase relative to Day 0. Images are
representative of three independent experiments. See fig. S4 for inhibition of downstream
protein phosphorylation by specific inhibitors, and fig. S5 for quantification of spheroid
growth between Sos2*/* and Sos27~ MEFs expressing mutant RAS.
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Fig. 6: Activated PI3K (p110a) cooperates with mutant KRAS4B to transform So0s2~/~ MEFs.
(A) Sos2*”* and Sos2~ MEFs were transduced with lentiviruses expressing KRASG12V +/-

p110aH1047R ‘Whole cell lysates (WCLs) were analyzed by Western blotting with
antibodies specific for SOS2, p110a, HA (KRASG12Y) or p-actin. Blots are representative
of three independent experiments. (B) Sos2*/* and S0s2”~ MEFs expressing KRASCG12V +/
- p110aH1047R \were assessed for loss of contact inhibition by focus forming assay (stained
dishes below, quantified above). Images are representative from three independent
experiments. See fig. S6 for 10 x images of cells from B.
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Fig. 7: SOS2 is required for transformation of KRAS mutated tumor cells.
(A) YAPC pancreatic cancer cells (harboring a KRASCG12Y mutation) were transduced with

lentiviruses expressing Cas9 and either a non-targeting SgRNA (NT), an sgRNA targeting
KRAS, or one of three different sSgRNAs targeting SOSZ. WCLs were analyzed by Western
blotting with antibodies specific for KRAS, SOS2, SOS1, or tubulin (left). The SOS2
protein abundance relative to the NT sgRNA control in the SOS2 CRISPR samples is given.
Cells were assessed for colony growth in soft agar 21 days after plating to assess anchorage
independent growth (right), and 10x images showing transformed colonies growing in soft
agar were taken (bottom). Data are mean + SD from three independent experiments. Blots
and images are representative of 3 independent experiments. Statistical significance was
determined by ANOVA using the Tukey’s method to correct for multiple comparisons. *

P<0.05; *** P<0.001; **** P<0.0001.
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(B) H358 NSCLC cells (harboring a KRASG12C mutation) were transduced with lentiviruses
expressing Cas9 and either a non-targeting SgRNA (NT), an sgRNA targeting KRAS, or one
of two different sgRNAS targeting SOS2. WCLs were analyzed by Western blotting with
antibodies specific for KRAS, SOS2, SOS1, or tubulin (left). The SOS2 protein abundance
relative to the NT sgRNA control in the SOS2 CRISPR samples is given. Cells were
assessed for anchorage independent growth by cancer spheroid assay (right), and cancer
spheroid growth 16 hours after plating (day 0) or 14 days later (10x images below). Data are
mean + SD from three independent experiments. Blots and images are representative of 3
independent experiments. Statistical significance was determined by ANOVA using the
Tukey’s method to correct for multiple comparisons. * P<0.05; *** P<0.001; ****
P<0.0001. (C-D) YAPC cells from A were either lysed actively cycling (C) or starved
overnight and then stimulated with EGF 100 ng/mL for 5 minutes (D) prior to lysis.
Multiplex Western blotting for pERK1/2, ERK1/2, pAKT (Ser473), AKT, and B-actin was
performed on a LI-COR Odyssey machine. Quantification of pERK1/2 and pAKT (Ser473)
levels versus a weighted average of total proteins (ERK1/2, AKT, and B-actin) are shown
above. Data are mean + SD from three independent experiments. Blots and images are
representative of 3 independent experiments. Statistical significance was determined by
ANOVA using the Tukey’s method to correct for multiple comparisons. * P<0.05; ***
P<0.001; **** P<0.0001.
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Fig. 8: SOS2 deletion synergizes with MEK inhibition to inhibit transformation of KRAS mutant

tumor cells.

(A-D) KRAS mutant YAPC pancreatic cancer cells (A, C) or H358 NSCLC cells (B, D)
transduced with lentiviruses expressing Cas9 and either a non-targeting SgRNA (NT), an
SgRNA targeting KRAS, or an sgRNAS targeting SOS2were seeded onto either tissue-
culture treated 96-well plates to assess anchorage-dependent growth (left) or low-attachment
96-well plates to assess anchorage-independent growth (right). Cells were treated with the
indicated concentrations of the PI3K inhibitor buparlisib (A-B) or the MEK1/2 inhibitor

trametinib (C-D) for five days, and cell number was assessed. For C-D, NT cells were either
treated with the indicated concentration of trametinib alone or in the presence of 100 ng/mL
buparlisib. Data are expressed relative to vehicle-treated controls and are expressed as mean
+ SD for three independent experiments. ICsg values and AUC measurements are shown.
Statistical significance was determined by ANOVA using the Tukey’s method to correct for
multiple comparisons. * P<0.05 versus NT. # P<0.05 versus KRAS deletion. NT (grey
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squares), KRAS deleted (black circles), SOSZ2 deleted (blue triangles), NT + 100 ng/mL
buparlisib (red diamonds).
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