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Abstract

Missense mutations at the three hotspots in the guanosine triphosphatase (GTPase) RAS—Gly12,
Gly!3, and GIn81 (commonly known as G12, G13 and Q61, respectively)—occur differentially
among the three RAS isoforms. Q61 mutations in KRAS are infrequent and differ markedly

in occurrence. Q61H is the predominant mutant (at 57%), followed by Q61R/L/K (collectively
40%), and Q61P and Q61E are the rarest (2% and 1%, respectively). Probability analysis
suggested that mutational susceptibility to different DNA base changes cannot account for

this distribution. Therefore, we investigated whether these frequencies might be explained

by differences in the biochemical, structural, and biological properties of KRASQ®1 mutants.
Expression of KRASQ6L mutants in NIH/3T3 fibroblasts and RIE-1 epithelial cells caused
various alterations in morphology, growth transformation, effector signaling, and metabolism.
The relatively rare KRASQ81E mutant stimulated actin stress fiber formation, a phenotype
distinct from that of KRASQEIH/RILIP \which disrupted actin cytoskeletal organization. The crystal
structure of KRASQ®1E was unexpectedly similar to that of wild-type KRAS, a potential basis
for its weak oncogenicity. KRASQEIH/L/R. mytant pancreatic ductal adenocarcinoma (PDAC) cell
lines exhibited KRAS-dependent growth and, as observed with KRASG12-mutant PDAC, were
susceptible to concurrent inhibition of ERK-MAPK signaling and of autophagy. Our results
uncover phenotypic heterogeneity among KRASQ81 mutants and support the potential utility of
therapeutic strategies that target KRASQ61 mutant-specific signaling and cellular output.

INTRODUCTION

The three RAS family genes (HRAS, KRAS and NRAS) comprise the most frequently
mutated oncogene family in human cancer (~19%) and have been a major focus of cancer
research for more than four decades (1). The encoded proteins—guanosine triphosphatases
(GTPases) HRAS, KRAS4A/4B, and NRAS—function as molecular switches that cycle
between active guanosine triphosphate (GTP)-bound and inactive guanosine diphosphate
(GDP)-bound states (2). In the activated state, RAS proteins interact with a host of
downstream effectors and act as key regulators of signal transduction pathways mediating
cellular growth and proliferation. As GTPases, RAS proteins bind guanine nucleotides with
high affinity and are capable of hydrolyzing GTP to GDP. Activation of RAS by cycling
of bound GDP for GTP is mediated by guanine nucleotide exchange factors (RASGEFs).
GTP hydrolysis results in RAS inactivation and is aided by GTPase-activating proteins
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(RASGAPs) that engage with RAS and greatly stimulate the slow intrinsic rate of nucleotide
hydrolysis. Within the protein, RAS contains two regions called switch | (residues 30-40)
and switch 11 (residues 60-76) that are conformationally dynamic, taking on different
conformations depending on whether RAS is GDP- or GTP-bound. Dysregulation of RAS
by oncogenic mutations results in aberrant activation of the protein and its downstream
signaling pathways, leading to unchecked cellular growth and tumorigenesis (3).

Cancer-associated missense mutations in RAS genes are clustered predominantly at codons
Gly12 (commonly referred to as G12), Gly13 (G13), and GInB1 (Q61), collectively at 99%
(4). Based largely on the study of HRASG12V| the widely held perception is that these
mutant RAS proteins are impaired in GTPase-activating protein (GAP)-mediated GTP
hydrolysis, thereby disrupting the GDP-GTP cycle and populating RAS in the active GTP-
bound state (5). However, studies have demonstrated that different point mutations, even at
the same hotspot residue, do not have the same structural and biochemical consequences (6).
Understanding how these mutant-specific biochemical consequences translate to differences
in RAS signaling and oncogenic potential may yield new therapeutic opportunities.

There are striking differences in the frequencies of occurrence of specific mutations across
the RAS isoforms, both with respect to mutated residue and to amino acid substitution (7).
Across all cancer types, the predominant mutation hotspot in KRAS is at codon G12, which
accounts for 83% of all KRAS mutations, but only 23% of all NRAS mutations (4). Further,
though mutations at Q61 are extremely rare in KRAS (2%), Q61 is the predominant hotspot
for cancer-associated mutations in NRAS (62%). In KRAS, the predominant substitution

at Q61 is Q61H (57%), which appears rarely in both HRASand NRAS (5% and 6%
respectively). Instead, the dominant Q61 substitution in both NRASand HRASis Q61R
(47% and 43% respectively).

Unlike for KRASC12 mutations, studies evaluating the role of KRASQ6! mutations in
oncogenesis have been far more limited (8). Analyses in NIH/3T3 mouse fibroblasts

found that KRASQ61H was reduced in transforming activity compared with KRASG12D/VIC
and caused a substantially different gene transcription profile (9). Ectopic expression of
different KRAS mutants in the zebrafish pancreas showed that KRASQEIL/R potently
caused tumorigenesis, but also determined that KRAS mutants that are not found in
pancreatic cancer (for example, A146T) were equally potent (10). An evaluation of KRAS-
mutant PDAC patients demonstrated that KRASQSIH/R/K mytants correlated strikingly with
more favorable survival and lower levels of activated ERK, yet paradoxically showed
histologic features of PDAC with poor survival (11). A mouse model of carcinogen-
induced lung cancer initiation, normally associated with Kras Q61R/K mutations, shifted
to G12D/V mutations when Kraswas overexpressed (12). It was concluded that Q61
mutants more potently activated ERK and ineffectively initiated lung cancer formation when
overexpressed due to induction of cellular senescence.

Given the limited assessment and inconsistent observations regarding KRAS?6! mutations
to date, in this study we evaluated the role of KRASQ61 mutants in supporting cancer
growth. We compared the effects of frequent (Q61H, Q61L, and Q61R) and rare (Q61E and
Q61P) mutations on KRAS-dependent growth and signaling. Our results suggest that the
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cancer-associated frequencies of specific Q61 mutations are driven more by their functional
consequences for KRAS biological activities than by the probability of specific DNA
mutations.

RESULTS

The observed incidence of KRAS Q61 mutations in cancer differs from the expected
incidence

The six possible single base missense substitutions at KRAS codon 61 in all cancers occur
at highly variable frequencies (COSMIC v92). Q61H mutations alone comprise 57% of
all Q61 mutations, followed by Q61R, Q61L and Q61K; Q61E and Q61P are rare in
comparison (fig. S1, A and B).

One possible explanation for these differences is that they represent the probabilistic results
of the activity of latent mutational processes in the affected tissues. To address this, we
used mutational signatures to estimate the activity of various mutagenic processes in human
tumor samples of the four cancer types with the highest frequency of KRAS mutations:
colon adenocarcinoma (COAD), lung adenocarcinoma (LUAD), multiple myeloma (MM)
and pancreatic ductal adenocarcinoma (PDAC) (13). The compositions of the mutational
signatures identified in each tumor sample were used to calculate a probability for each
possible Q61 mutation in the tumor (Fig. 1A). In COAD, MM and PDAC, the most probable
mutation on average was Q61H, which can occur via two different single-nucleotide base
substitutions. In LUAD, Q61E, H, and K all had, on average, similar probabilities and were
more probable than Q61L, P, and R in most tumor samples.

From these probabilities, we calculated the expected frequency of each KRAS Q61 mutation
relative to all Q61 mutations in a given cancer type by averaging over the population

and then determined whether these matched the frequencies observed in that cancer (Fig.

1B and fig. S1C). This analysis demonstrated that some mutations occurred at the same
frequency as expected from the mutational signatures, whereas others deviated substantially.
For example, the expected frequencies of Q61P were at only single-digit levels, and this
mutation was rarely (COAD) or never observed (LUAD, MM and PDAC). In contrast, the
observed frequencies for Q61L were significantly higher than expected in COAD and LUAD
(20 vs. 4%, 25 vs. 8%, respectively). Likewise, the observed frequencies for Q61H were
twice the expected rates in LUAD, MM and PDAC (67 vs. 27%, 74 vs. 41% and 71 vs.
37%, respectively). Moreover, whereas Q61E was predicted to occur at rates between 12%
(COAD) and 25% (LUAD), it was observed only rarely (2%) in COAD and MM and was
not observed in LUAD or PDAC. The frequency of Q61K was well estimated in COAD and
MM (24 vs. 21% and 17 vs. 15%, respectively), but poorly in LUAD and PDAC (3 vs. 30%
and 4 vs. 26%, respectively). We conclude that the observed frequencies likely result from a
combination of the probability of occurrence and oncogenic fitness.

KRASQ6IE gnd KRASQSIP exhibit impaired morphologic and growth transforming activities

We then evaluated the possibility that the frequencies of different Q61 mutations are driven
strongly by distinct biological consequences of each amino acid substitution. To address
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this hypothesis, we evaluated the biological properties of the three most prevalent (Q61H,
Q61R and Q61L) and the two most infrequent (Q61P and Q61E) KRASQ81 mutants. We
previously reported that the activities of the atypical mutant KRASG12R were masked by
co-occurring events when evaluated in PDAC cell lines and revealed only when evaluated in
a clean genetic background (6). Furthermore, not all Q61 mutants are found in established
cancer cell lines. Therefore, we chose to evaluate the biological properties of KRASQ61
mutants in two well-characterized cell models that are highly sensitive to mutant RAS-
driven growth and morphologic transformation (15, 16).

We stably expressed each KRASQ6! mutant in spontaneously immortalized NIH/3T3 mouse
fibroblasts, a model that enabled the first identification of activated KRAS oncogenes

in human cancer cells (15). For comparison, we also established NIH/3T3 cells stably
expressing wild-type KRAS (KRASWT) and the most frequent KRAS mutation, G12D.
After selecting for puromycin-resistant cells, expression of each KRAS protein was
confirmed by immunoblot analyses (fig. S1D). The steady-state protein level of KRASWT
was substantially lower than the Q61 mutant proteins, and KRASQ®1E was expressed

lower than the other mutants. All the resulting NIH/3T3 cell lines exhibited similar rates

of anchorage-dependent proliferation (fig. S1E). As expected, expression of activated
KRASC12D resylted in robust morphological transformation to an elongated and highly
refractile phenotype (fig. S1F). Ectopic expression of the more prevalent KRASQ61H,
KRASQSIL and KRASQEIR mutants induced morphological transformation similar to
KRASC12D |n contrast, cells expressing the infrequent KRASQ61E and KRASQ62P proteins
resembled empty vector control or cells expressing exogeneous KRASWT. The relative
potencies of the KRASQ61 mutants to cause morphological transformation are similar to
those we reported previously in our focus formation analyses of 17 different Q61 mutants of
HRAS when stably expressed in NIH/3T3 cells (17). In that study, of the six possible single
base substitutions at Q61, only HRASQ61E and HRASQ6IP were similar to HRASWT.

We next determined if the ability of each KRAS mutant to cause morphologic
transformation correlated with activation of the key KRAS effector pathway, the RAF-MEK-
ERK MAPK cascade (fig. S1D). We observed no direct relationship between morphological
transformation and steady-state levels of phosphorylated and activated ERK (pERK).
Although the common KRAS®12D mutant, which is highly transforming, did not cause
substantial ERK activation, cells expressing the KRASQ61 mutants exhibited increased
PERK levels regardless of morphological transforming ability. That Q61 mutants more
potently activate ERK is consistent with analyses of carcinogen-induced lung tumor
formation in mouse models, where K7rasR61L/R mutants exhibited stronger induction of ERK
activation compared with KrasS12D/V (12).

We showed previously that mutant RAS can potently cause transformed and tumorigenic
growth transformation of RIE-1 rat intestinal epithelial cells (16). To determine if the
variable potencies of the different KRASQ61 mutants to cause morphologic transformation
in NIH/3T3 cells were seen in another cell type, we ectopically expressed the panel of
KRAS mutants in RIE-1 cells and confirmed expression by immunoblot (fig. S1G). As
we observed in NIH/3T3 cells, only RIE-1 cells expressing KRASQ61H KRASQ6LL or
KRASQEIR exhibited morphological transformation, whereas the morphologies of cells
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expressing KRASRQELE or KRASQBIP were indistinguishable from KRASWT and empty
vector cells (Fig. 1C). However, as we also observed in NIH/3T3 cells, KRASQ®1E was
expressed at a substantially lower level than the other Q61 mutants. This reduced expression,
which may be due to decreased protein stability (18), could contribute to the inability of this
mutant to cause morphologic transformation.

RIE-1 cells stably expressing KRASC12D and all five of the KRASQ6L mutants proliferated
at similar rates under anchorage-dependent conditions (fig. S1H). However, when suspended
in soft agar, KRASQ6IH KRASQEIL and KRASQEIR, but not KRASQS1E or KRASRQELP,
enhanced multicellular colony formation compared with empty vector or ectopic KRASWT
(Fig. 1D), correlating with their relative ability to cause morphological transformation.

KRAS Q61 mutants also displayed heterogeneity in effector signaling similar to the growth
phenotypes observed, as assessed by immunoblot analyses (fig. S1G). Like NIH/3T3 cells,
RIE-1 cells expressing KRASG12D did not exhibit a substantial increase in pERK. In
contrast, cells stably expressing KRASQ61L and KRASRQEIR displayed increased levels of
pERK and of phosphorylated and activated AKT (pAKT) compared with cells expressing
KRASQS1E Notably, as we also found in NIH/3T3 cells, KRASQ®1E was expressed at a
level more comparable to KRASWT and substantially lower compared to the other Q61
mutants, again supporting that its reduced potency may be attributable in part to reduced
steady-state levels.

KRASQ6IE and KRASQSIP exhibit reduced formation of GTP-bound protein in live cells

The Q61 residue in KRAS is the catalytic residue essential for proper coordination of

GTP hydrolysis (19). Accordingly, it has been reported that RASQ®1 mutants demonstrate
decreased intrinsic GTPase activity (17, 20), and all substitutions at this position are
expected to result in impaired intrinsic and GAP-stimulated GTP hydrolysis (21). Therefore,
we addressed the possibility that the distinct functional consequences of KRASQ81E and
KRASQ8IP may instead reflect differential perturbations in nucleotide exchange. To this
end, we measured both the intrinsic and GEF-stimulated rates of nucleotide dissociation

in vitro of £. coli-expressed recombinant KRAS4B proteins with or without recombinant
protein corresponding to the isolated catalytic domain of the RASGEF RASGRPL. Similar
to what has been described previously for Q61L and Q61H mutations in KRAS (22), all Q61
mutant proteins exhibited small changes in their rates of intrinsic nucleotide exchange as
compared to KRASWT (Fig. 2A). KRASRQEIR nycleotide exchange was not stimulated upon
GEF addition. However, the remaining Q61 mutants were responsive to GEF stimulation,
comparably to KRASWT. Thus, differences in intrinsic and GEF-stimulated nucleotide
exchange do not account for the impaired transforming activities of KRASQE and
KRASQSIP,

Given that KRAS GDP-GTP regulation in vivo is dictated by the activities of multiple GEFs
and GAPs, the consequences of Q61 mutations on the activity of any one GEF or GAP in
vitro will not reliably predict steady-state levels of KRAS-GTP in the cellular environment.
Therefore, to determine the GTP-bound state of KRASR61 mutants in cells, we performed
RAS-GTP pulldown analyses in RIE-1 cells ectopically expressing each KRASQ6! mutant
(Fig. 2B). We found increased levels of GTP-bound protein in all KRASQ6! mutants
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compared with KRAS WT. However, those levels were increased ~10-fold relative to WT in

the more potent Q61 mutants, comparable to G12D, whereas they were increased ~5-fold in

both Q61E and Q61P. Thus, the ineffective transforming potencies of these two mutants may
be due, in part, to reduced formation and/or maintenance of the active GTP-bound state.

The reduced level of steady state GTP-bound KRASR61E in cells compared to the more
potent Q61 mutants was not expected, given that any substitution at Q61 will disrupt

both intrinsic and GAP-stimulated GTP hydrolysis activities and favor formation of GTP-
bound protein. To elucidate a molecular basis for this difference, we determined the crystal
structure of KRASRQE1E (PDB accession code 7L.Z5) bound to the nonhydrolyzable GTP
analog guanosine-5'-[(B,y)-methyleno]triphosphate (GMPPCP) (Fig. 2C and table S1). In
agreement with their similar biochemical characteristics, we found that the overall structure
of KRASRELE gverlaid well on that of KRASWT (PDB accession code 4DSO). Despite

the location of the Q61E mutation in the flexible Switch 11 region of RAS, the structures
of GTP-bound Q61E and WT display similar conformations at these switch regions. The
full GIuB! (E61) sidechain could not be resolved in the crystal structure, with electron
density only supporting the coordinates for the CP atom, suggesting that the E61 sidechain
is conformationally dynamic. In agreement with these data, 2°N-H HSQC nuclear magnetic
resonance (NMR) analysis also revealed a similar overall signature of cross-peaks between
KRASWT and KRASQS1E in both active GMPPCP-bound and inactive GDP-bound states
(Fig. 2D). In contrast, we found that there were large spectral perturbations between
KRASWT and KRASQ®IH 15N-1H HSQC analysis in both the GMPPCP- and GDP-bound
states (fig. S2A). Though this crystal structure captures only one of the conformations that
the KRASQE1E protein samples, similarities to the KRASWT structure and biochemical
characteristics suggest that the limited structural perturbations caused by the Q61E
substitution may contribute to the weaker biological potency of KRASQS1E,

KRASQ61 mutations cause heterogeneous signaling activities

Another potential basis for the differential consequences of Q61 mutations to signaling and
transforming activities may be distinct consequences for interactions with and activation of
downstream effectors. To address this possibility, we first measured the binding affinities
of KRAS mutants to the isolated RAS binding (RBD) and RAS-associating (RA) domains
of KRAS effectors RAF, RALGDS and PLCe. Although the different G12/Q61 mutants
displayed variable degrees of binding affinities compared to KRASWT, no substantial order-
of-magnitude alterations (>10-fold decrease) were observed among the different KRASQ61
mutants (Fig. 2E and fig. S2B). We conclude that the reduced transforming potencies of
KRASQS1E and KRASQSIP are not associated with impaired interactions with the RBD or
RA domains of these RAS effectors. Furthermore, the variable affinities for RAF RBDs do
not correlate with the differential activation of ERK1/2 by the mutants (figs. S1, D and G).

Next, we utilized reverse phase protein array (RPPA) analyses to profile signaling
activities in RIE-1 cells expressing the different KRASQ61 mutants (Fig. 3A and fig.
S3A). Unexpectedly, we found substantial heterogeneity in signaling activities among
the KRASQ®1 mutants tested despite the similar in vitro binding affinities to known
RAS effectors (Fig. 2E). Generally, clustering analyses associated with our analyses of
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morphologic and growth transformation, but with significant divergence as well. The
strongly transforming mutants, G12D, Q61R, and Q61L, clustered together. In contrast,
despite their shared nontransforming phenotypes, Q61P and Q61E showed distinct signaling
profiles, with Q61P more similar with the strongly transforming mutant Q61H. Thus, though
signaling differences likely contribute to the differential transforming activities of Q61
mutants, additional functional differences likely contribute to the overall biological potency.

Consistent with the immunoblot analyses, RPPA data showed greater levels of
phosphorylation of MEK1/2 and ERK1/2 in cells expressing KRASQELL/R than in those
expressing KRAS®12D and KRASQELEP (Fig. 3B and fig. S3B). However, because we
have previously found that pERK levels may not accurately reflect ERK-dependent
signaling activity (23, 24), we also evaluated ERK substrate phosphorylation. ERK directly
phosphorylates the cytoplasmic p90RSK serine/threonine kinases, promoting their nuclear
translocation. KRAS promotes increased levels of MY C protein, in part through ERK-
stimulated increases in gene transcription and in part through increased protein stability
upon ERK phosphorylation of MYC at residue Ser®2 (25). Despite variable MEK-ERK
activation, we observed increased phosphorylation of p90RSK, increased MYC protein
levels, and correspondingly increased phosphorylation of MYC at Ser82 in RIE-1 cells
stably expressing all KRASQ6! mutants, including KRASQELE and KRASRQELP (Fig. 3C).
Thus, differences in ERK signaling alone cannot account for the inability of KRASQS1E and
KRASQELP to transform RIE-1 cells.

KRASQ61 mutants cause distinct alterations in metabolic functions

Oncogenic KRAS drives cancer growth, in part, through upregulating metabolic activities
that support the enhanced metabolic needs of cancer cells (26). We therefore determined
whether the various KRASQ®1 mutants drive variable metabolic perturbations. First, we
evaluated mitochondrial morphology. Oncogenic RAS causes mitochondrial fragmentation
through ERK phosphorylation of DRP1 (27, 28), and loss of DRP1 function causes
accumulation of fused mitochondria and impairs cancer cell growth. Despite their

different abilities to stimulate ERK activation, cells expressing KRASQ6IH KRASQGIL

or KRASQEIR exhibited fragmented mitochondria, similar to KRASG12D_ In contrast, cells
expressing KRASRQE1E or KRASQBIP exhibited fused mitochondria, comparable to that of
control empty vector cells (Fig. 4A). Consistent with the different degrees of mitochondrial
fragmentation, we observed increased oxygen consumption as well as ATP production in
cells expressing KRASQ6IL or KRASQSIR compared to KRASRQELE or KRASQELP (fig,
S4). Thus, reduced upregulation of metabolic activities may also contribute to the impaired
oncogenic potential of Q61E and Q61P.

We showed recently that KRASG12D and KRASC12Y put not KRASC12R can drive PI3K-
dependent macropinocytosis (6). We therefore evaluated the macropinocytotic activity in
NIH/3T3 cells expressing different KRAS mutants by monitoring the uptake of fluorescein
isothiocyanate (FITC)-tagged dextran (Fig. 4, B and C). As we determined previously,
KRASC12D stimulated a robust increase in macropinocytosis compared with control cells
(~13-fold). Although all the Q61 mutants also stimulated macropinocytosis, they did so

to a significantly lower extent than G12D, particularly Q61E. Because macropinocytosis
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is a metabolic activity essential for PDAC tumorigenic growth (6, 29), the reduced
macropinocytotic capabilities of the Q61 mutants may provide an additional mechanistic
basis for their infrequent occurrence in PDAC.

KRASQ6IE promotes F-actin formation and cell adhesion and reduces migration

Previously, it has been shown that some of the morphological changes induced by RAS
transformation of NIH/3T3 fibroblasts result from suppression of F-actin stress fiber
formation (30). This cytoskeletal rearrangement is classically linked to activation of RHOA,
and overexpression of activated RHOA mutants results in a potent increase in stress fiber
formation (30, 31). Based on the morphological differences observed upon KRASQ6LE and
KRASQSIP expression in NIH/3T3 cells and the cytoskeletal signaling changes revealed by
RPPA, we performed immunofluorescence imaging to interrogate the levels and organization
of F-actin. Consistent with their similar transformed phenotype, KRASQ®1H KRASQ6IL
and KRASQEIR al| caused similar suppression of F-actin stress fibers (Fig. 5, A and B). In
contrast, KRASRQEE ynexpectedly and uniquely caused an increase in stress fiber formation;
despite the morphological similarities between cells expressing KRASQ61E and KRASQ6LP,
KRASQSIP did not. Cells expressing KRASRQ6E also displayed increased levels of vinculin
(Fig. 5, C and D), a marker for focal adhesions that connect the actin cytoskeleton

with the extracellular matrix (32). Moreover, the elevated vinculin signal was associated
with increased actin organization and a corresponding increase in cell area in KRASQ61E.
transformed cells (Fig. 5E). This gain-of-function phenotype of KRASQ61E while opposite
of that seen in highly oncogenic KRAS mutants, is similar to the gain-of-function phenotype
that we described recently for the gastric cancer-associated oncogenic mutant RHOAY42C
(33).

Stress fiber formation promotes cell adhesion, which in turn can cause reduced cell motility
(32). To determine if KRASQE1E.induced actin reorganization impacted these cellular
properties, we performed analyses of random cell migration. NIH/3T3 cells expressing
KRASQSIE displayed reduced random migration compared with empty vector cells, whereas
all other Q61 mutants drove increased cell migration (Fig. 5, F and G). Further, this
decreased cell motility was correlated with increased cell adhesion (Fig. 5H), providing
additional defective phenotypes for Q61E and providing additional rationale for why this
mutant is so rare in cancer.

KRASQ61-mutant PDAC cell lines are dependent on KRAS for growth

We next evaluated the activities of endogenous KRASREL mutations in supporting the
growth of PDAC cell lines. Q61 mutations comprise ~5% of KRAS mutations in

PDAC, where Q61H is the predominant mutation (~80%) at this residue (34). Therefore,
we obtained four cell lines harboring KRASQ61H one harboring KRASRQE1R and one
harboring KRASQE1L for these analyses (fig. S5A). We determined previously that all
KRASC12.mutant PDAC cell lines evaluated exhibited KRAS-dependent growth (23, 35).
Likewise, siRNA suppression of KRAS also reduced the proliferation and clonogenic
growth of KRASQ61-mutant PDAC lines (Fig. 6, A and B). We have previously showed
that knockdown of KRAS in KRASC12-mutant PDAC cell lines caused loss of MYC
protein through the impaired ERK-dependent suppression of MY C protein degradation
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(23). In the four cell lines where KRAS siRNA strongly suppressed KRAS expression,

we observed substantial reductions in pERK as well as in MYC protein levels (Fig. 6C),
indicating a shared role of MYC in the oncogenic function of both G12 and Q61 mutants.
Furthermore, consistent with the relative ability of KRAS?6! mutants to drive mitochondrial
fragmentation in model cell lines, we observed differential induction of mitochondrial fusion
upon silencing of endogenous KRASQ61 mutants in PDAC cell lines (Fig. 6D). Finally, we
evaluated data from Project Achilles reported at the Cancer Dependency Map (DepMap),
where CRISPR-based KRAS and MYC knockouts showed comparable dependencies in
KRAS Q61 and non-Q61 mutant cancers (Fig. 6E and data file S1). Thus, the degree of
KRAS dependency cannot account for the low frequency of Q61 mutations in these cancers.

Combined inhibition of ERK and autophagy potently suppresses proliferation of KRASQ61-
mutant PDAC cell lines

Our previous analyses of KRASG12DV_mytant PDAC lines showed that pharmacologic
inhibition of ERK suppressed glycolysis and mitochondrial function, leading to
compensatory upregulation of autophagy (36). Exploiting this greater dependency on
autophagy, we then found that concurrent inhibition of ERK1/2 and autophagy significantly
suppressed the proliferation of KRAS-mutant PDAC cell lines, leading to our initiation of
Phase I/11 clinical trial evaluations of this combination in PDAC patients (NCT04132505
and NCT04386057). We therefore extended these analyses to KRASQ61-mutant PDAC
lines. First, to determine if ERKi treatment also enhanced autophagy in these lines, we
stably expressed the tandem fluorescence reporter mCherry-EGFP-LC3B in PDAC cell lines
to assess autophagic flux, as previously described (36). As we observed in KRASG12D/V.
mutant PDAC (36), short-term ERKi treatment also increased autophagic flux in KRASQ61-
mutant PDAC lines (Fig. 7A).

Next, in agreement with the critical role of ERK1/2 in the proliferation of KRASC12-mutant
PDAC (23), we observed that treatment with the ERK1/2-selective inhibitor SCH772984
(ERKIi) caused potent dose-dependent reduction in proliferation (Fig. 7B). We then
determined that the autophagy inhibitor chloroquine (CQ) reduced viability of most of

the cell lines tested (Fig. 7B and fig. S5A). Concurrent ERKi and CQ treatment showed
enhanced growth suppression in all lines, as indicated by the decreased Glgq for ERKi.
Bliss analyses indicated modest synergy between the two agents (fig. S5B), largely due

to the efficacy of single agent treatment with CQ alone. In UM2 and UM147 cells this
effect was particularly strong, resulting in comparatively poor synergy with concurrent ERKi
treatment. In summary, the therapeutic approach of using concurrent ERK MAPK blockade
and autophagy inhibition can be effective in both KRASG12- and KRASQ61-mutant PDAC.

DISCUSSION

The three mutational hotspots at codons 12, 13, and 61 are shared among the three RAS
genes, but there are strikingly distinct cancer- and RAS isoform-specific patterns in the
observed frequencies of the six possible single base missense mutations at each hotspot

(4). One simple explanation may be that the distinct occurrences of these mutations simply
reflect tissue-specific DNA accessibility and/or carcinogen-specific mutagenicity. However,
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emerging evidence supports a substantial contribution of the biological potency of specific
RAS mutations in driving the initiation, progression, and maintenance of cancer (37-41). In
the present study, we focused on mutations at Q61, the least frequent hotspot for KRAS,
representing only 2% of KRAS mutations in all cancers (COSMIC v92) and only 5% in
PDAC (34). We found that different Q61 mutants exhibit surprisingly divergent properties,
and we observed distinct functional differences between G12 and Q61 mutants (summarized
in table S2) that may provide a rationale for the lower frequency occurrence of Q61
mutations in cancer. We conclude that oncogenic potency provides a strong basis for the
limited occurrence of different KRASQ61 mutations in cancer. Finally, we determined that
the rare KRASQ81-mutant PDAC are, like the common KRAS®12-mutant PDAC, KRAS-
addicted and responsive to ERK and autophagy inhibition.

To address a role for DNA mutational frequencies, we applied a computational approach
that we described recently to evaluate the most prevalent cancer-associated mutations at
G12, G13, and Q61 (42). We utilized the composition of the mutational signatures identified
in the four cancer types with the highest frequency of KRAS mutations (lung, colon,
pancreatic adenocarcinoma, and multiple myeloma) to calculate a probability for the six
possible single-base missense mutations at codon 61 in each cancer type and compared these
predicted frequencies with the observed frequencies. Although some predicted frequencies
coincided strongly with the observed frequencies, there were significant outliers. Particularly
striking, the KRASQ®1E mutation was predicted to occur at rates between 12% to 25%, yet

it appears rarely in colon or myeloid cancers and is not seen in lung and pancreatic cancers.
Our previous studies comparing mutational profiles suggested that biological selection

plays a substantial role in the underlying tissue-specific mutation frequencies observed

(42). KRASROLE represents a mutation that is expected but not observed. In agreement

with biology driving mutational selection, ectopic expression of KRASRQE1E failed to drive
morphological transformation or anchorage independent proliferation, suggesting that the
impaired biological function limits the prevalence of this mutation in human cancers. We
determined that KRASRQEE exhibits structural, biochemical, and biological properties that
are distinct from the highly transforming KRASQEIH/L/R mytants and instead are more
similar to those of KRAS WT. Conversely, KRASR®LE displayed an unanticipated gain-of-
function phenotype, promotion of actin stress fibers and focal adhesion assembly, an activity
that is the polar opposite of that seen in highly oncogenic KRASC12/KRASQ6I mutants.
Notably, this phenotype is similar to that we have described for a gain-of-function oncogenic
phenotype of the gastric cancer-associated RHOAY42C mutant (33). Together, these findings
support the poor oncogenic potency of KRASRQEIE as a basis for its rare occurrence in
cancer.

The biochemical properties of RASQ6IE are unique among RAS mutants. HRASQS1E

was originally described to have a slow hydrolysis rate (17). Notably, HRASQ61E has

been described as having increased exchange and hydrolysis rates when treated with
increasing concentrations of free nucleotide, making these observations difficult to compare
to the single-turnover experiments that are typically performed. To our knowledge, no
reported study has evaluated KRASRQBIE hydrolysis rates or (as done here) intrinsic and
GEF-mediated exchange. Interestingly, whereas £.coli-expressed HRASQ81E was described
previously as unstable when purified for biochemical studies (18), we did not observe
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this with KRASQS1E purified from £. colifor our biochemical analysis. However, we did
observe that the KRASQ®LE mutant was poorly expressed in cells, when compared with all
other KRAS mutants, which may also contribute to its rarity in cancer.

In contrast to the predicted occurrence of the Q61E missense mutation, the Q61P missense
mutation has a very low predicted frequency of occurrence. However, although our analyses
found that the Q61P mutant is biochemically similar to strongly transforming Q61 mutants,
we found that KRASQ®1P was, like KRASQS1E nontransforming in our assays. This
suggests that these mutants require appropriate co-occurring mutations to drive human
cancers. Thus, the rarity of KRASQ81P may be driven by both low mutational frequency and
poor oncogenic strength.

Our functional comparison of the potently transforming KRASQEIH/L/R mytants with the
most frequent KRASCG12D mutant provides another possible mechanistic basis for the lower
occurrence of KRAS®Q6! mutations in cancer overall. The highly transforming KRASQ61
mutants caused greater ERK activation in NIH/3T3 and RIE-1 cells than did KRASG12D,
In agreement with cellular ERK activation and our biochemical studies, a recent structural
analysis of KRASQ8IR interaction with the RAF RBD-CRD showed that the Q61R side
chain sits within an empty pocket and does not interfere with the binding interface (43).
These findings are also consistent with the observations of Counter and colleagues (12): that
KrasQ81L/R mutants exhibited more potent ERK activation compared with the Kras¢12D
mutant in @ mouse model of urethane-induced lung cancer and that higher levels of

KRAS expression favored induction of tumors harboring the more weakly ERK-activating
KRASC12D mutant. The more potent ERK activation by KrasQ61L/R was proposed to
increase senescence, which may select against these mutations during cancer initiation

and progression. That more robust ERK activation is deleterious to cancer development

is also supported by the nonoverlapping occurrence of RAS mutations with mutations in
BRAF, NF1, or EGFR (cBioPortal). The Goldilocks principle of ERK signaling, which is
well-supported by genetic studies in mouse models of cancer (44), proposes that there is a
sweet spot for driving cancer growth, and overactivation can lead to senescence or apoptosis.
Thus, strong ERK activation by KRASQEIH/L/R may contribute to the rarity of KRASQ61
mutations in cancer. Conversely, it was observed that pERK levels in KRASQ61 mutant
PDAC patient tumors was lower (11), suggesting an alternative basis where Q61 mutant
proteins lack potent ERK activation to effectively drive PDAC growth.

Of note, all KRASRQ6! mutants tested herein showed markedly weaker stimulation of
macropinocytosis compared to KRASCG12D_ The ability to induce this metabolic process

is critical for sustained tumor growth in pancreatic cancer (29). This may be another aspect
of KRASRE distinctive biology that contributes to the rarity of these mutations in PDAC,
where instead KRAS®12 mutations are nearly universal.

As we found previously for KRAS®12 mutant PDAC cell lines (6, 36), we found here

that KRASQ81-mutant PDAC lines also demonstrated KRAS dependency. We speculated
that our recently identified therapeutic strategy combining inhibition of ERK MAPK and
autophagy (36, 45) may also prove effective for KRASQ®1-mutant PDAC. That we observed
potent growth suppression with concurrent ERKi and autophagy inhibition, as well as
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ERKi-dependent changes in autophagic flux, suggest that Q61 mutation status may not be
a criterion for exclusion from this treatment. However, we have lower statistical power for
Q61 versus G12 mutants due to the rarity of KRASQ6L-mutant PDAC cell lines, and further
studies will be required to reliably address this notion.

In summary, our study further emphasizes that there are consequences of different Q61
mutations on KRAS function that drive their overall and specific frequencies of occurrence
in cancer. We note that our study was limited to in vitro analyses and therefore does

not factor in the influence of the tumor microenvironment on the oncogenic potency of
KRASQ8L mutant KRAS. To date, the vast majority of studies evaluating the ability of
KRAS to initiate cancer development have focused on G12 mutations. Extension of such
studies to evaluate the oncogenic potency of Q61 mutants in vivo will be needed to address
the possibility that Q61 mutants may be too potent, or alternatively too weak, and are
consequently “poor” oncogenes.

MATERIALS AND METHODS
Calculating the probabilities of KRAS alleles

The data collection and methods for calculating the probabilities of the different KRAS
mutations were conducted as described previously (42). The mutational signatures are linear
combinations of the 96-dimension spectrum of possible single-nucleotide base substitution
(SBS) mutations (13). Thus, assuming that the prevalence of active mutational processes
alone determines the frequency of KRAS alleles and the processes act uniformly throughout
the genome, the probability of a tumor sample to acquire a specific KRASQE! allele was
calculated as the frequency of the same mutation across the entire genome.

Predicting KRAS allele frequency

Cell culture

The expected frequencies of the KRAS alleles were calculated as the mean probability of
obtaining the KRAS allele across all tumor samples of a cancer type (see “Calculating the
probabilities of KRAS alleles” above). The 95% confidence intervals around the mean were
bootstrapped using the “boot” R package and the “percentile” method (46, 47). A y-squared
test was used to test the null hypothesis that there is no difference between the predicted
and observed frequency for each KRASallele. The p-values were adjusted for multiple
hypothesis testing using the Benjamini—-Hochberg method (14).

UM2 (RRID:CVCL_VHO01) and UM147 are human pancreatic cancer patient-derived
(PDX) cell lines (University of Michigan) (48). Pa02C, Pal14C and Pal6C cell lines
were provided by A. Maitra (MD Anderson Cancer Center). NIH/3T3 mouse cells
(RRID:CVCL_0594) were provided by G. Cooper (Dana-Farber Cancer Institute) and
RIE-1 rat cells (RRID:CVCL_6723) were provided by R. Coffey (Vanderbilt University).
The remaining PDAC cell lines and human HEK293T cells (RRID:CVCL_0063) were
obtained from the American Type Culture Collection (ATCC) and were maintained in
either Dulbecco’s Modified Eagle Medium (DMEM) or RPMI 1640 supplemented with
fetal bovine serum (FBS) at either 15% [for Hs766T cells (RRID:CVCL_0334) and Panc
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02.13 cells (RRID:CVCL_1634)] or 10% (for all other lines). RIE-1 were all maintained in
DMEM supplemented with 10% FBS. NIH/3T3 was maintained in DMEM supplemented
with 10% calf serum (Colorado Serum Company). All cell lines were maintained in a
humidified chamber with 5% CO, at 37°C. All cell line identities were verified by short
tandem-repeat (STR) profiling and all lines were regularly monitored for mycoplasma
contamination.

Antibodies and reagents

For immunoblot analysis, the following phospho-specific and total protein antibodies
were obtained from Cell Signaling Technology: pAKT (9271, RRID:AB_329825),

AKT (9272, RRID:AB_329827), pERK1/2 (4370, RRID:AB_2315112), ERK1/2 (9102,
RRID:AB_330744), MYC (5605, RRID:AB_1903938), GST (2625, RRID:AB_490796).
Antibodies to HA (H3663, RRID:AB_262051) and vinculin (V9131, RRID:AB_477629)
were obtained from Sigma Aldrich. For immunofluorescence staining, the monoclonal
antibody against vinculin (V9131) was obtained from Sigma Aldrich and the Alexa-
Fluor-568 secondary antibody (A-11004, RRID:AB_2534072) was from Invitrogen. DAPI
stain was obtained from ThermoFisher. F-actin was visualized by Phalloidin-conjugated
with an Alexa-488 fluorophore (Invitrogen, A12379). For immunochemical labeling

of mitochondria, MitoTracker CMXRos (ThermoFisher) was applied following the
manufacturer’s recommended protocol. siRNA against scrambled (Negative Control No.
1) and KRAS (57940, s7939) sequences were obtained from Invitrogen and transfected
into cells by using Lipofectamine RNAIMAX following the manufacturer’s recommended
protocol. Additional chemical reagents used included bafilomycin A1, oligomycin A,
rotenone, antimycin, FCCP, CCP, doxycycline, MTT, chloroquine diphosphate (Sigma
Aldrich) and SCH772984 (provided by Merck).

Retroviral and lentiviral vector infections

Human KRAS4B mutant proteins were ectopically expressed from the pBabe retroviral
expression vector in RIE-1 and NIH/3T3 cells. The pBabe vector encoding mCherry-EGFP-
LC3B was provided by J. Debnath (University of California at San Francisco, Addgene
plasmid #22418) (49). Viral particles were generated by transient transfection of each
expression vector into HEK293T cells using Fugene6 (Promega) with the PCL-10A1
packaging system for retrovirus or the psPAX2 and pMD2.G packaging system for
lentivirus according to the manufacturer’s recommended protocol. Infection of cell lines
was performed in growth medium supplemented with 8 mg/ml polybrene, with antibiotic
selection beginning 48 hours after transduction.

Growth assays

To assess the effect of KRAS knockdown on growth, cells were treated for 48 hours with
a KRAS-specific siRNA. To measure growth on plastic, cells were plated in duplicate in
6-well dishes. Plates were developed after seven days by removing the medium, washing
and fixing cells with a 4% paraformaldehyde and crystal violet solution. To monitor 3D
growth, 50 uL 0.6% bacto agar per well was placed into clear-bottom 96-well plates. Cells
were mixed into a 1% SeaPrep agarose solution and plated. To quantify cell number, cell
viability was determined by staining with AlamarBlue after seven days according to the
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manufacturer’s protocol. A matched 6-well plate was seeded for immunoblot analysis to
confirm KRAS knockdown.

Immunoblot analyses

Cells were washed twice with ice-cold PBS and lysed in 1% NP-40 buffer (25 mM Tris-HCI,
pH 7.4, 100 mM NaCl, 10 mM MgCI2, 1% NP-40) supplemented with phosphatase (Sigma)
and protease (Roche) inhibitors. Lysates were scraped, collected in chilled Eppendorf tubes
and clarified by centrifugation at 15,000 g for 15 min at 4°C. Protein concentrations

were determined using Bradford reagent (Bio-Rad). Standard immunoblotting procedures
were performed. Membranes were blocked in 5% milk diluted in TBS with 0.05% Tween

20 (TBST). To determine the levels of activated proteins, blot analyses utilized phospho-
specific antibodies as described above with corresponding antibodies recognizing total
proteins.

Protein purification

The cDNA sequence encoding truncated human KRAS4B (residues 2-169) was cloned

into a pET21 bacterial expression vector containing an amino-terminal 6x-His purification
tag followed by a Tobacco Etch Virus (TEV) protease cleavage site. The recombinant
catalytic fragment of RASGRP1 (residues 50-468, pET28a) was described previously (50).
Bacterial expression vectors encoding KRAS-GTP effector interacting domains included
BRAF-RBD (residues 149-232, pET28a), CRAF-RBD (residues 54-131, pQlinkH), RGL2-
RA (residues 647-736, pGEX3T-2) (51) and PLCe-RA (residues 2113-2221, pTriEx4) (52).
All 6x-His-tagged proteins were expressed in BL21 (DE3) Rosetta2 cells and purified
following the Qiagen Nickel NTA purification protocol with the 6x-His tags removed

using TEV protease. For pGEX vectors, proteins were purified following the Glutathione
Sepharose™ 4B purification protocol (Amersham Pharmacia Biotech) with the GST-tag
removed using thrombin protease. If necessary, the proteins were further purified by size
exclusion chromatography (Superdex-75 10/300 GL column; GE Life Sciences) and judged
greater than 95% pure by SDS-PAGE analysis.

Guanine nucleotide exchange and protein binding assays

For nucleotide exchange and effector binding assays, KRAS was loaded with various
nucleotide analogs. For the loading of GTPyS, the nonhydrolyzable GTP analog
guanosine-5'-[(B,y)-methyleno]triphosphate (GMPPCP), or mGMPPCP (Jena Biosciences),
KRAS was incubated with alkaline phosphatase beads and 5-fold excess nucleotide for
three hours with gentle rotation. Alkaline phosphatase and excess nucleotide removed with
buffer exchange through a desalting column. The purified protein was checked for >95%
nucleotide loading by HPLC (53). Exchange for mGDP (Jena Biosciences) was performed
following previously published methods (54). Nucleotide exchange assays were performed
using a Cary Eclipse Fluorescence Spectrophotometer (Agilent), as previously described
(54). The minimal catalytic fragment of the RASGEF RASGRP1¢ was used to stimulate
nucleotide dissociation with the addition of 1000-fold excess of unlabeled nucleotide. All
experiments were performed in triplicate.
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For quantitative binding to isolated RAS effector RBD and RA domains, the fluorescent
RAS-GTP-binding assay was adapted from a previous protocol (55). Briefly, KRAS
loaded with mGMPPCP (1.5 uM) was incubated with increasing concentrations of effector
proteins in reaction buffer (20 mM HEPES, 50 mM NaCl and 5 mM MgCl, at pH 7.4).
Nucleotide dissociation was initiated by the addition of 1000-fold excess of unlabeled
GDP at 25°C. The rate of dissociation was monitored by the change in fluorescence at

an excitation wavelength of 365 nm and emission at 435 nm using a SpectraMax M5

plate reader. Fluorescent nucleotide dissociation curves were fit to a one-phase exponential
decay equation using GraphPad Prism. The dissociation rates were fit against the ligand
concentration using previously published methods (56). All experiments were performed in
triplicate.

NMR analyses

To generate 1N-enriched KRASRQE1E the protein was recombinantly expressed as above,
using minimal media containing 1 g/L 1®NH,CI (Cambridge Isotope Laboratories) as the
sole source of nitrogen. Purification of 15N-enriched KRASR®LE required no modifications
to the purification protocol described above. To produce the nonhydrolyzable GTP analog
GMPPCP-bound KRASQSIE protein, nucleotide loading was performed utilizing the
alkaline phosphatase bead incubation method, as described above. Nucleotide loading was
verified via HPLC analysis to exceed 95% for the desired state. For NMR analysis, 1°N-
enriched KRASQS1E (100 pM) was equilibrated in a buffer containing 20 mM NaH,PO,4 (pH
6.8), 50 mM NaCl and 5 mM MgCl,, supplemented with 5% (v/v) D,0O. Two-dimensional
NMR 1H-15N HSQC spectra of 15N-labelled KRASRQS1E were acquired on a Bruker Avance
850 MHz (19.97 T field strength) spectrometer at 25°C, using a cryogenic (TCI) 5 mm
triple-resonance probe equipped with z-axis gradient. NMR data were collected using a
spectral width of 16 ppm and 38 ppm and complex points of 2048 and 128 along the H and
15N dimension, respectively. The NMR data were processed using TopSpin (v3.6.1, Bruker)
and the spectra were visualized using SPARKY (57). These NMR data were collected on
both the inactive GDP- and active GMPPCP-bound states.

Protein crystallization and X-ray diffraction studies

The KRASRQE1E GMPPCP-bound protein was brought to a concentration of 1.0 mM in
crystallization buffer (20 MM HEPES, 50 mM NaCl, 5 mM MgCls, pH 7.4). Crystals were
obtained through the sitting-drop vapor diffusion method. Using a 96-well plate set-up, three
0.3 pL drops were equilibrated against a reservoir volume of 30 pL. KRASQEIE.GMPPCP
crystals were obtained from a mother liquor solution of 0.2 M ammonium sulfate, 25%
(w/v) PEG 3350 and 0.1 M HEPES-NaOH at pH 7.5, equilibrated against an identical
reservoir solution at 20 °C for 6 weeks. The crystals were cryo-protected by briefly dipping
them in reservoir solution enhanced with 15% ethylene glycol and then flash frozen in
liquid N,. Data were collected at 100 K on the SER-CAT 1D22 beamline at the APS
synchrotron facility, utilizing a wavelength of 1.00 A. All data were scaled and integrated
using HKL2000 (59), molecular replacement was performed with Phaser-MR (60) from the
PHENIX (61) suite of programs, utilizing protomer A of the KRASWT GTP-bound crystal
structure (PDB accession code 5VQ2 (62)) as the search model for MR. Model building,
manual placement of waters and alignment calculations utilized COOT (63) and refinement
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was carried out using phenix.refine (64). X-ray data collection and refinement statistics are
provided in table S1.

Sample preparation and reverse phase protein microarray (RPPA)

Samples for RPPA analyses were prepared and arrays were constructed as previously
described (65). In brief, cells were grown in 6-well plates, lysed, and immobilized

alongside internal controls onto nitrocellulose-coated glass slides using an Aushon 2470
automated system (Quanterix). Total protein concentration was quantified in selected

arrays using Sypro Ruby Protein Blot Stain (Molecular Probes) following manufacturer’s
instructions. The remaining arrays were pre-treated with Reblot Antibody Stripping solution
(MilliporeSigma) for 15 min at RT, followed by two washes with PBS and incubated

for 5 hours in I-block (Applied Biosystems) before antibody staining (66). Using an
automated system (DakoCytomation), arrays were incubated with 3% hydrogen peroxide,
blocked in biotin and subsequently treated with an additional serum-free protein block

to reduce nonspecific protein binding. Each array was probed for 30 min with one

antibody targeting the protein of interest. Arrays were probed with >160 antibodies
targeting phospho- and total proteins. All antibodies were evaluated previously for their
specificity (67). Biotinylated anti-rabbit (\Vector Laboratories, Inc.), anti-mouse secondary
antibody (DakoCytomation) and a commercially available tyramide-based avidin/biotin
amplification system (Catalyzed Signal Amplification System (CSA), DakoCytomation)
were used for signal amplification. Fluorescent detection was read out using the IRDye
680RD Streptavidin (LI-COR Biosciences) system. Sypro Ruby- and antibody-stained slides
were scanned on a Tecan laser scanner (TECAN) using the 580 nm and 620 nm channels.
Images were analyzed using commercially available software (MicroVigene Version 5.1.0.0,
Vigenetech) as previously described (68). Supervised hierarchical clustering was performed
using R (version 3.4.1). Heatmaps were generated using the ComplexHeatmap package from
Bioconductor. The RPPA standardized intensity data were log2 transformed, and the median
of four independent biological replicates was determined for each feature.

Macropinocytosis

Macropinocytosis was performed as previously described (29). Cells were incubated for

30 min with 100 pg/ml FITC-dextran followed by a 90-min chase in serum-free DMEM/
RPMI before fixation. Approximately 50-100 cells in >10 fields-of-view per condition were
imaged on a Zeiss 700 confocal microscope (63x, 1.4 numerical aperture objective). For
overall macropinocytosis levels, power and gain levels were set using the KRAS G12D
condition in each experiment. The cell outline was mapped using a differential interference
contrast image. Macropinocytotic index was quantified using ImageJ by taking the total
macropinosome particle area divided by the total cell area and multiplying by 1000 (69).

Immunofluorescence studies

All cells were plated in glass-bottom dishes (MatTEK Corporation) or glass coverslips
and imaged on a Zeiss 700 confocal microscope (63x, 1.4 numerical aperture objective).
For antibody staining, cells were washed with room temperature (RT) PBS containing 1
mM CaCl, and 0.5 mM MgCl,, and fixed with 3.7% (w/v) formaldehyde for 15 min.
After fixation, cells were permeabilized in PBS with 0.5% Triton-X 100 (v/v) for 2 min.
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Non-specific signals were blocked using 2% BSA (Sigma) in PBS for 30 min at RT. Cells
were incubated with indicated primary antibodies diluted in 2% BSA-PBS for 60 min at

RT. After washing three times with PBS, cells were incubated with indicated secondary
antibodies diluted in 2% BSA-PBS for 45 min at RT and washed three times with PBS. Cells
on glass coverslips were mounted with Mowiol (Sigma). For quantification of F-actin and
vinculin fluorescence, total cell fluorescence corrected for background was quantified and
normalized to cell area using ImageJ. For each biological replicate, >5 representative images
were collected with 10 cells per image for each indicated condition.

Cell migration assays

Cells were seeded at low density and cultured on fibronectin-coated (10 pg/ml) glass bottom
dishes (MatTEK Corporation) and allowed to adhere overnight. For long-term time lapse
imaging, cells were imaged on an Olympus VivaView Incubator fluorescence microscope
(10x magnification) over a 16-hour period with 1 frame collected every 10 min. Single cells
were tracked. Cells were excluded if they collided with other cells or debris, underwent
mitosis, or migrated out of the field of view. For each biological replicate, >5 fields of view
were imaged per cell line. The average distance and velocity of each KRAS cell lines was
quantified based on the average of >60 individual cells per condition in ImageJ.

Cell adhesion assays

Prior to incubation, 96-well plates were coated with 10 ug/ml fibronectin and blocked

with 1% BSA/PBS for 30 min. Cells were incubated with 2 uM CellTracker CMFDA
(5-chloromethylfluorescein diacetate) for 10 min, added to wells (2.5 x 10% cells per well)
in triplicate, allowed to adhere for one hour, and washed with PBS. The fluorescence signal
from adhered cells was quantified using a SpectraMax i3x plate reader (Molecular Devices)
at an excitation wavelength of 485 nm and emission of 535 nm.

Oxygen consumption assay

Cells were harvested and seeded in XF96 cell culture microplates (Seahorse Bioscience).
To measure oxygen consumption rate (OCR), culture medium was exchanged for Seahorse
assay medium containing 25 mM glucose, 1 mM glutamine and 1 mM sodium pyruvate.
Oligomycin, FCCP, antimycin and rotenone (XF Cell Mito Stress Test Kit, Seahorse
Bioscience) were injected sequentially. Experiments were performed using an XF96
analyzer, with raw data normalized to cell number as measured by live cell counting and
imaging with a SpectraMax MiniMax 300 imaging cytometer (Molecular Devices).

Flow cytometry

To quantify autophagic flux, cells expressing mCherry-EGFP-LC3B were cultured and
treated with 1 UM SCH772984 for 24 hours. Cells were trypsinized and washed with growth
medium after centrifugation at 500 x g for 5 min. Samples were analyzed on a Beckman
Coulter tabletop flow cytometer, with data collected and exported using Kaluza. Forward
scatter and side scatter were used to gate for live and single cells in addition to setting an
“autophagy” gate for cells expressing the fluorescent LC3B reporter. The ratio of the gated
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fluorescence of mCherry to the total fluorescence of EGFP is reported as the autophagic
index.

Drug response testing

Cells (1,000-2,500 cells per well depending on cell line) were seeded in 96-well plates and
incubated for 24 hours before addition of inhibitor. Increasing concentrations of drug, with
DMSO as a negative control, were added to the wells in three replicates using a digital
dispenser liquid handling device (TECAN D300e). Plates were incubated at 37 °C for 5 days
after the addition of drug, stained and analyzed with Calcein AM (Invitrogen) according to
the manufacturers recommended protocol, and counted using a SpectraMax MiniMax 300
imaging cytometer. For normalization to day O conditions, the average of six DMSO-treated
wells at day 5 was used to determine maximum viability. All data were analyzed using
SoftMax version 5 and GraphPad Prism using a 4-parameter drug response curve.

DepMap analyses

Genetic dependency scores for KRAS and MYC after CRISPR gene silencing were obtained
from DepMap (21Q2 Public+Score, CERES). Mutation data for KRAS was also obtained
from DepMap (21Q2) (70). All pancreas, lung, and colorectal cancer-derived cell lines with
activating KRAS mutations were included for analysis. The dependency of KRASor MYC
was shown and grouped by mutant KRAS status (Q61 vs. non-Q61). More negative CERES
scores indicate greater dependency on the indicated protein.

Statistical analysis

Data were analyzed by GraphPad Prism built-in tests (ANOVA for data of more than two
groups, student’s two-tailed t-test otherwise). Data are presented relative to their respective
control and quantified as mean £ S.E.M. for n = 3 independent experiments (except where
noted). A-values on graphs are denoted by * < 0.5; ** P< 0.01; *** P< 0.001 as
determined in GraphPad Prism. The number of samples analyzed per experiment and
whether the data presented are representative or an average is indicated in the respective
figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. The probability of observing each possible K RASRQ®L mutation in tumor samples.
(A) The probability of observing each possible mutation from a single-nucleotide base

substitution (SBS) at KRAS Q61 in individual tumor samples. Each point represents a
tumor sample and each tumor sample of a given cancer type appears in the box-plot of
each possible KRAS mutation (meaning a single tumor sample is represented by a point

in each possible KRAS mutation). (B) The expected vs. observed frequencies of KRASREL
mutations. The frequencies of all possible mutations to codon 61 of KRASby SBS as
predicted by the mutational signatures against the observed frequencies. A y-squared test
was used to detect if there was a difference between the predicted and observed frequency
for each allele; triangles indicate where adjusted 2= 0.05; circles, where £< 0.05. (C)
Representative brightfield images of RIE-1 cells ectopically expressing different KRAS
mutations. Images were collected at 10x magnification 3 days after antibiotic selection. y-
squared test and AP-values were adjusted for multiple hypothesis testing using the Benjamini—
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Hochberg method (14)). Scale bar, 500 um. (D) Anchorage-independent colony formation of
RIE-1 cells expressing KRASQ®1 mutants. Cells were cultured for seven days in soft agar
and developed using AlamarBlue reagent. Representative data is shown and quantified as
mean * S.E.M. from three independent experiments. * P < 0.05 by one-way ANOVA.
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(A) Quantification of nucleotide exchange rates of recombinant KRASQ8! mutant proteins
(amino acids 2-169) in the absence (left) and in the presence of equimolar concentration of
the catalytic domain of RASGRP1. Data are mean * S.E.M. from three or more independent
experiments. ** P < 0.01 and *** P < 0.001 by one-way ANOVA. (B) Quantification of
pulldown assay for KRAS-GTP levels in RIE-1 cells using CRAF-RBD shown as mean

+ S.E.M. of three independent experiments. * P < 0.05 **, P <0.01, and *** P < 0.001

by one-way ANOVA. Error bars, (C) Ribbon diagram showing X-ray structural overlays of
KRASQSIE (teal, 7L.Z5) with KRASWT (silver, 4DSO). Proteins were crystallized bound to
non-hydrolyzable GMPPCP. The Q61 sidechain is indicated in red and the E61 sidechain is
indicated in blue. (D) KRASQ61E NMR chemical shifts resemble KRASWT, IH-15N HSQC
NMR overlay of KRASWT (red) and KRASQS1E (blue) in the GMPPCP-bound (left) and

GDP-bound (right) states. Data are representative of two biological replicates. (E) Relative
binding affinities of KRASQ61 proteins to select RAS binding (RBD) and association (RA)
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domains. Values were normalized to KRASWT for each indicated effector. Data are averages
from three or more independent experiments.
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Fig. 3. RIE-1 cellsexpressing K RASREL mutants demonstrate heter ogeneous signaling patterns.
(A) Reverse phase protein array (RPPA) pathway activation analysis of RIE-1 cells.

Cell lysates were stained with either phospho-specific (site indicated) or total protein
antibodies. Heat map represents four biological replicates for each mutant. RPPA data were
log, transformed and medians are presented normalized to EV RIE-1 cells. Phospho- or
total protein levels were arranged by hierarchical clustering. Red, increased signal; blue,
decreased signal. (B and C) Box plots of ERK MAPK and PI3K-associated signaling
changes from RPPA analysis. Shown are individual replicates for indicated KRAS samples

normalized to

the EV condition.
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Fig. 4. KRASR®L mutants drive distinct metabolic phenotypes.
(A) Representative images of mitochondrial staining of RIE-1 cells expressing KRASQ61

mutants. Red, Mitotracker Red; blue, DAPI. Scale bar, 50 pm. (B) Representative images

of FITC-dextran-labeled macropinosomes of NIH/3T3 cells expressing KRASQ81 mutants
(green, FITC-Dextran; blue, DAPI). (C) Quantification of macropinocytosis in NIH/3T3
cells stably expressing KRASWT and mutants. Data are representative and, where quantified,
mean + S.E.M. from three independent experiments. * P <0.05, ** P < 0.01, and *** P <

0.001 by one-way ANOVA.
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Fig. 5. KRASRSLE induces unique effects on the actin cytoskeleton and cell motility.
(A and B) Representative immunofluorescence images of F-actin stained with phalloidin (A,

green) and corresponding quantification of normalized F-actin signal (B) in NIH/3T3 cells
ectopically expressing KRASG12D, KRASQ61H or KRASQSIE, Cells were plated on glass
coverslips coated with 10 pg/mL fibronectin. Scale bar, 50 um. Data are representative

of >20 cells per condition and quantified as mean + S.E.M. from three independent
experiments. ** £< 0.01 by #test. (C and D) Representative immunofluorescence images

of the focal adhesion marker vinculin (C, in red) and corresponding quantification of
normalized vinculin signal (D) of NIH/3T3 cells expressing KRASWT or mutant proteins.
Scale bar, 50 um. Data are representative of > 20 cells per condition and shown as mean

+ S.E.M. from three independent experiments. ** P< 0.01 by #test. (E) Quantification of
average cell area of NIH/3T3 cells as in panels (A and C). Data are representative of >20
cells per condition and shown as mean = S.E.M. from three independent experiments. ** P<
0.01 by #test. (F and G) Random cell migration patterns showing total distance migrated (F)
and average velocity (G) of NIH/3T3 cells expressing KRASWT or mutant proteins. Cells
were plated on glass coverslips coated with 10 pg/mL fibronectin and monitored for 16
hours. Data are representative of >10 cells per condition and shown as mean + S.E.M. from
three independent experiments. * A< 0.05 and ** £< 0.01 by #test. (H) Quantification of
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adhesion of NIH/3T3 cells to fibronectin-coated dishes. Cells were trypsinized, labeled with
CellTracker Green viability dye for 10 min and allowed to rest for 30 min before plating.
Percentage attached was normalized to total cells plated. Data shown are mean = S.E.M. of
three independent experiments. * £< 0.05 by £test.
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Fig. 6. Dependence of PDAC cell lines on KRASREL mutantswith respect to growth, signaling
and mitochondrial mor phology.

(A) Anchorage-dependent colony formation of KRASQ61-mutant PDAC cell lines after
silencing using a non-specific (NS) and two KRAS-targeting siRNAs. Cells were cultured
for seven days and stained with crystal violet. (B) Quantification of colony formation
described in (A). Data are mean + S.E.M. from four independent experiments. * P< 0.05, **
P<0.01, and *** P< 0.001 by one-way ANOVA with Dunnett’s post-test. (C) Immunoblot
analysis of the knockdown of KRAS protein levels and of effector signaling to ERK and
MY C after transfection with KRAS siRNA. Blots are representative of three independent
biological replicates. (D) Changes in mitochondrial morphology detected with Mitotracker
Green in Pa02C PDAC cells after siRNA-mediated KRAS knockdown compared to controls
(scrambled siRNA). Images are representative of three independent experiments. Scale bar,
50 pm. (E) Cellular dependency on KRAS or MY C expression as determined by CRISPR
gene knockout (CERES scores, DepMap) in KRAS-mutant pancreas, colon, and lung cancer
cell lines. Each dot represents an individual cell line with a KRASQ61 or non-Q61 activating
oncogenic mutation (data file S1). The more negative a value, the greater dependency on
KRAS or MYC expression. Data are mean + SD; Pvalues from unpaired #test.
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Fig. 7. Response of KRASREL-mutant PDAC cell linesto combined inhibition of ERK MAPK
cascade and autophagy.

(A) PDAC cell lines were stably infected with a lentiviral construct encoding mCherry-
EGFP-LC3B and then treated with SCH772984 (ERKIi, 1 pM) or DMSO for 24 hours.
Fluorescence intensities of mCherry and EGFP were monitored using FACS analysis, and
autophagic index is plotted, indicating the ratio of the median fluorescence of mCherry to
EGFP. Data are the average of three independent biological replicates. (B) Cell viability

of KRASRQ6L-mutant PDAC cell lines co-treated with SCH772984 (ERKi) and chloroquine
(CQ) as assessed by CellTiter Glo. Data are representative of three independent experiments.
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