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CANCER THERAPY

KRAS®'?C inhibition produces a driver-limited state

revealing collateral dependencies
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Inhibitors targeting KRAS®'%¢, a mutant form of the guanosine triphosphatase (GTPase) KRAS, are a promising new
class of oncogene-specific therapeutics for the treatment of tumors driven by the mutant protein. These inhibitors
react with the mutant cysteine residue by binding covalently to the switch-Il pocket (S-1IP) that is present only in
the inactive guanosine diphosphate (GDP)-bound form of KRASS'%, sparing the wild-type protein. We used a
genome-scale CRISPR interference (CRISPRi) functional genomics platform to systematically identify genetic inter-
actions with a KRAS®'?C inhibitor in cellular models of KRAS®'2¢ mutant lung and pancreatic cancer. Our data
revealed genes that were selectively essential in this oncogenic driver-limited cell state, meaning that their loss
enhanced cellular susceptibility to direct KRASS'%¢ inhibition. We termed such genes “collateral dependencies”
(CDs) and identified two classes of combination therapies targeting these CDs that increased KRAS®'%¢ target
engagement or blocked residual survival pathways in cells and in vivo. From our findings, we propose a frame-
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work for assessing genetic dependencies induced by oncogene inhibition.

INTRODUCTION

The concept that a cancerous phenotype can be driven by the activity
of a single oncogene has motivated the search for targeted therapeutics
directed against individual oncoproteins (I). Although this concept
has been successfully implemented in numerous instances [as for
the fusion protein BCR-ABL, the kinases HER2, EGFR, BRAF, KIT,
and others] (2), it has not yet been possible in the case of the most
frequently mutated human oncogene, the guanosine triphosphatase
(GTPase) KRAS, due to its “undruggable” nature (3). To circumvent
the inability to directly inhibit RAS proteins (KRAS, NRAS, and
HRAS), other genetic dependencies associated with RAS mutations
have been thoroughly investigated (4, 5). These approaches sought
to indirectly target RAS-driven cancers through synthetic lethal
(SL) genetic vulnerabilities that are selectively necessary for the
maintenance of a RAS-mutated cell state (6, 7). Although these
studies have nominated numerous promising targets (8-13), identi-
fying broadly applicable, targetable SL vulnerabilities remains a
challenge.

The paradigm of KRAS “undruggability” has evolved, as a new
class of oncogene-specific direct KRASG!2C inhibitor (14-17) has
entered clinical trials (18, 19). In preclinical studies, an advanced-
stage compound, ARS-1620, has exquisitely specific anticancer activity
against KRAS®"?“-mutant tumors with no observed dose-limiting
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toxicity in mice (17). Despite this, and as is true for inhibitors of other
driver oncogenes, it is likely that, upon direct pharmacological inhi-
bition of KRAS®'2¢, KRAS®*“-dependent cancer cells will engage
previously dispensable genes and pathways to maintain survival and
proliferation. Therefore, inhibiting KRAS®'2€ may render previously
nonessential genetic dependencies newly vital to support cells sud-
denly deprived of mutant KRAS®'* activity. Nonmutational bypass
mechanisms of drug resistance are common in cancer (20); thus, it
is imperative to define such mechanisms to overcome preexisting or
de novo resistance to targeted therapeutics. We reasoned that bypass
pathways capable of sustaining cancer cell survival in the face of acute
deprivation of a driver oncogene’s activity are likely to be distinct
from SL dependencies, which are contingent on the overactivation
of KRAS signaling. We define this class of genetic interactions that
support the driver-limited cancer cell state as collateral dependencies
(CDs) and hypothesize that targeting CDs will promote response to
KRAS'?€ inhibitors (Fig. 1A).

Here, we systematically identified and studied KRAS®'*“ CDs by
leveraging the allele-specific KRAS'*“ inhibitor, ARS-1620, to
pharmacologically induce a driver-limited cell state. Under such con-
ditions, genetic knockdown of individual genes uncovers underly-
ing genetic dependencies that are selectively essential in the setting
of KRAS'*“ inhibition. Using a genome-wide CRISPR interference
(CRISPRI) functional genomics platform (21, 22), we identified di-
verse mechanisms by which CDs influence KRAS®'*“-driven growth
upon oncogene inactivation. This approach identified specialized
roles of known RAS signaling components and highlights CDs in-
volved in transcriptional regulation and other cellular processes
outside the core RAS pathway. In a large panel of KRAS®'*“-driven
cancer cells, the vast majority of CDs identified in our experiments
are not SL, thus demonstrating that CDs (driver oncogene-inhibited)
are biologically distinct from SL dependencies (driver oncogene-
active).

After validating our screen results genetically, we used pharma-
cology to further dissect the relationship between therapeutically
targetable CDs and KRAS®'?C, revealing that chemical inhibition of
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Fig. 1. Genome-scale CRISPRi screens reveal overlapping CDs that govern the cellular impact of direct KRASS'? inhibition. (A) Graphic delineating the concepts
of SL and CD. (B) Schematic of cancer cell line selection criteria and genome-wide CRISPRi-based screening strategy for CDs. (C) Gene phenotypes from ARS-1620 CRISPRIi
screens in H358 and MIA PaCa-2 cells. Overlapping collateral dependent genes (hits determined by Alog; fold change < —0.5) that sensitize to KRAS®'* inhibition are
highlighted and functionally categorized: established RAS pathway (red) and extended processes (teal). Cells were grown in 2D adherent culture. Data represent two
biological replicates. (D) Average essentiality scores (normalized Bayes factors) of hit CDs were determined by combining data from publicly available resources (PICKLES
database and DepMap) for all available KRAS-WT and KRAS-mutant NSCLC cell lines. Color intensities portray higher (yellow) or lower (blue) essentiality scores. Grayscale
intensities portray higher (black) or lower (white) SL scores, calculated by subtracting KRAS-WT from KRAS-mutant average essentiality scores.
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both known and unexpected RAS pathway genes synergized with
KRASY'* inhibition. We then investigated the mechanisms of these
drug synergies inferred from our RAS pathway CD map using a new
drug occupancy probe for direct KRAS®'*® inhibitor target engage-
ment. These combination therapies either directly cooperated with
switch-II pocket (S-IIP) inhibition to increase KRASG!2C target en-
gagement or independently blocked residual survival pathways.
Both classes of combinations tested ultimately resulted in a deepened
suppression of common signaling nodes, emphasizing the convergent
nature of the oncogenic RAS signaling network.

Our study uncovered diverse mechanisms by which collateral pro-
oncogenic signaling proteins sustain a mutant KRAS-dependent can-
cerous phenotype after acute chemical inhibition of KRAS®'*¢, We
demonstrated both in vitro and in vivo that combination therapies
targeting KRAS®'*“ and pro-survival CDs have enhanced anticancer
activity. Our work reveals that optimal targeting of KRAS-driven
cancers will require coinhibition of both the driver oncogene and
upstream, downstream, and parallel CDs. This work also establishes
generalizable strategies for cotargeting CDs to fully exploit the anti-
cancer activity of driver oncogene inhibitors, a principle that we
expect will apply to any direct inhibitor of an oncogenic driver.

RESULTS

Genome-scale CRISPRi screens nominate KRA
collateral dependent genes

We performed genome-scale screens using our previously described
CRISPRI functional genomics platform (21, 22) in two cancer cell
lines driven by KRAS®'*“ mutation arising from distinct tissues to
characterize CDs (Fig. 1A), whose knockdown could potentiate re-
sponse to KRAS®'?“ inhibition (Fig. 1B). Several features motivated
the choice of the two cell lines used: (i) The H358 non-small cell
lung cancer (NSCLC) and MIA PaCa-2 pancreatic ductal adenocar-
cinoma (PDAC) cell lines represent two cancers with high KRAS
mutational prevalence; (ii) H358 is KRASS12¢/KRASY!, whereas
MIA PaCa-2 is KRAS“'2/ KRAS®'C, representing two distinct geno-
types associated with KRAS mutational status; (iii) both cell lines are
highly sensitive to ARS-1620 [half-maximal inhibitory dose (ICs)
within about two- to threefold] across both two-dimensional (2D)
adherent and 3D spheroid cultures (17), suggesting that KRAS de-
pendency is well represented in either condition; and (iv) selection
in more than one KRAS®**“ line helps ensure likely generalizability
to other cells that share this same driver mutation.

Pooled genome-scale genetic screens were performed by trans-
ducing H358 and MIA PaCa-2 cells stably expressing a CRISPRi
construct (dCas9-KRAB) with a genome-scale CRISPRi library
(21, 22). Transduced cell populations were grown in the presence or
absence of ARS-1620 in duplicate. We measured quantitative differ-
ences in single-guide RNA (sgRNA) frequency for each sample by
deep sequencing to determine how knockdown of a given gene con-
tributes to cell growth and susceptibility to KRASS!2C inhibition.
Analysis of the H358 (fig. S1, A to D, and data files S1 and S2) and
MIA PaCa-2 (fig. S2, A to D, and data files S3 and S4) screens
showed high correlation between two biological replicates and con-
firmed depletion of known essential genes, validating our method
as a high-confidence approach for identification of factors required
for cellular survival in these models of KRAS-mutant NSCLC and
PDAC. Growth phenotypes specifically associated with KRASC!%C
inhibition were quantitatively defined by the differences in sgRNA

SG12C
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enrichment or depletion between ARS-1620- and dimethyl sulfoxide
(DMSO)-treated cells (Alog, fold change).

Analysis of ARS-1620 CD screen hits (Alog; fold change < —0.5)
revealed a number of core RAS pathway components as well as mul-
tiple processes not commonly associated with RAS signaling (Fig. 1C).
Multiple genes were overlapping key regulators of response to ARS-1620
in these two diverse KRASG!2C-mutant tumor models, but some
KRAS®'? CDs were also disease or model specific, such as ZNF750,
a poorly characterized gene that is strongly sensitizing in the H358
screen (data file S2).

We then analyzed the relationship between the biology of over-
lapping CDs identified in our work to traditional SL CRISPR screen
analysis of KRAS-mutant cancers. We determined average essenti-
ality scores for our nominated CD genetic hits using CRISPR screen-
ing data in all KRAS-WT (wild-type) and KRAS-mutant NSCLC
cancer cell lines (39 KRAS-WT and 19 KRAS-mutant) found in the
publicly available datasets, PICKLES (pooled in vitro CRISPR knock-
out library essentiality screens) and DepMap (Cancer Dependency
Map) (Fig. 1D) (23, 24). By taking the differences in essentiality
scores between KRAS-mutant and KRAS-WT cell lines, we derived
SL scores that reflect selective dependency in the presence of KRAS
mutation. The only gene that was found to be both strongly SL (selec-
tively essential in KRAS-mutant cells) and CD (selectively essential
during mutant KRAS inhibition) in this analysis was KRAS itself,
confirming, in this context, our hypothesis that the vast majority of
CDs are not SLs.

CDs are selectively essential in the setting of

KRAS®'*C inhibition

To validate the CD hits nominated by our CRISPRIi screens, we trans-
duced H358 and MIA PaCa-2 CRISPRI cells with individual sgRNAs
and tracked relative populations of non-sgRNA-expressing and
sgRNA-expressing cells over time (Fig. 2, A to C). We determined
retest phenotypes from this mixed population assay using a metric,
resistance index (RI), which reflects proportional differences in
sgRNA-expressing populations across DMSO- and compound-
treated conditions (Fig. 2, B and C) (25). Screen phenotypes
(Alog, fold change) were correlated with retest phenotypes (RI)
(Fig. 2, B and C), validating our genetic hits for their ability to selec-
tively potentiate the effects of KRASS'*C inhibition across multiple
independent experimental conditions.

We then sought to characterize the mechanistic role of the tran-
scription factor FOS-like antigen 1 (FOSL1), a CD required for sur-
vival in a driver-limited signaling state, by testing whether FOSL1
function affects key signaling pathways activated by KRAS. RAS
serves as a central signaling hub, activating its two primary effector
arms, the mitogen-activated protein kinase (MAPK) cascade and
phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)/mammalian
target of rapamycin (mTOR) pathway, as well as others to enable cell
growth and proliferation. FOSLI is a transcription factor activated by
MAPK signaling that is reported to be among the most down-regulated
mRNA transcripts by RNA sequencing (RNA-seq) upon treatment
with ARS-1620 (17) and additionally has been implicated to play a
role in the maintenance of mitotic machinery (26).

We were able to recapitulate ARS-1620’s ability to down-regulate
FOSL1 transcript by quantitative reverse transcription polymerase
chain reaction (RT-qPCR) and found that sgRNAs identified in the
screen targeting FOSL1 induced a similar extent of knockdown
(Fig. 2D). Combining the effects of ARS-1620 inhibition of FOSL1
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Fig. 2. KRAS®'?C inhibition selectively potentiates the essentiality of collateral dependent genes. (A) H358 CRISPRi cells transduced with a negative control sgRNA
or each of two sgRNAs targeting the indicated genes were grown in the presence or absence of ARS-1620 (300 nM) in a mixed population growth assay. Relative populations
of sgRNA-expressing (fluorescent-positive) or non-sgRNA-expressing (fluorescent-negative) cells were determined by flow cytometry for the times shown. Cells were
grown in 2D adherent culture. Data represent an initial value (day 0) as well as means of two biological replicates (days 6 and 12); error bars denote standard deviation (SD).
(B) Correlation plot comparing screen phenotypes (Alog, fold change) to retest phenotypes (RI) in H358 CRISPRIi cells. Retest phenotypes were determined from the end-
points of experiments as in (A). Points represent individual sgRNAs. Cells were treated with 300 nM ARS-1620 in experiment 1 (teal) and 1 uM ARS-1620 in experiment 2 (blue).
Cells were grown in 2D adherent culture. ALog; fold change and Rl represent means of two biological replicates. (C) As in (B) in MIA PaCa-2 CRISPRi cells treated with 300 nM
(experiment 1, teal) and 3.3 uM ARS-1620 (experiment 2, blue). (D) RT-qPCR in H358 CRISPRi and MIA PaCa-2 CRISPRI cells transduced with a negative control sgRNA or
sgRNAs targeting FOSL T and then treated with DMSO or ARS-1620 (1 uM) for 24 hours. Cells were grown in 3D spheroid culture. Data represent means of two biological replicates.
(E) Immunoblots of H358 and MIA PaCa-2 cells as in (D). Cells were grown in 3D spheroid culture. Inmunoblots are representative of two biological replicates (see also fig. S3).

with CRISPRi genetic knockdown of FOSLI further deepened sup-
pression of FOSL1 mRNA expression and potently inhibited
phosphorylated AKT (p-AKT) signaling (Fig. 2, D and E). p-AKT has
been suggested to be a downstream node of RAS signaling that is
recalcitrant to direct KRAS®'* inhibition and important for cell sur-
vival and proliferation (27, 28). Our findings propose a mechanism
that connects the MAPK and PI3K effector arms through FOSLI, a
downstream output of the MAPK cascade. Genetic knockdown of
FOSLI notably led to no clear differences in the ability of KRAS®'2¢
inhibition to suppress signaling resulting in the phosphorylation of
extracellular signal-regulated kinase (ERK) and ribosomal protein S6
(S6) (fig. S3), suggesting a highly specific requirement of FOSL1 to
cross-activate AKT in both NSCLC and PDAC cell models.

A CD map reveals targetable vulnerabilities within critical
signaling modules of the RAS pathway

To understand how our findings could be applied to design thera-
peutic strategies against KRASG!2C-driven cancers, we constructed

Lou et al., Sci. Signal. 12, eaaw9450 (2019) 28 May 2019

a CD map of the RAS pathway to visualize relationships between
sensitizing and resistance genetic factors in both PDAC and NSCLC
cell models and, for comparison, also included CD hits identified in
both screens (Fig. 3A and fig. S4A). These data suggest two distinct
mechanisms by which CDs can modulate cellular response to direct
chemical inhibition of KRAS®!2C.

First, the KRAS!*“ protein cycles dynamically between active
and inactive guanosine triphosphate (GTP)/guanosine diphosphate
(GDP)-bound states (15, 16), and our data provide genetic support
for the hypothesis that S-1TP inhibitors bind KRASG!2C-GDP (14) as
genes that can modulate this ratio of KRAS nucleotide occupancy,
such as those encoding guanine nucleotide exchange factors (GEFs;
as in SOSI) and their regulators (FGFR1, EGFR, SHP2, and CRKL),
alter cellular sensitivity to ARS-1620. This first class of hits likely
facilitates drug loading, thereby priming KRAS®**“ mutant cells with
a permissive amount of KRASS12C-GDP to promote efficient com-
pound target engagement and anticancer activity. Even among
highly overlapping classes of genes, such as receptor tyrosine kinases
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in 2D adherent culture. Phenotypes in (A) and (B) represent two biological replicates.
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(RTKs) (29), specific genetic knockdowns pinpointed critical func-
tional nodes that were not readily apparent by assessment of mRNA
expression alone (Fig. 3B and fig. S4B) (30).

A second category of hit genes critically important to diverse cell
growth and survival pathways, including cell cycle control (such as
CCND1I and CDK4), multiple cell adhesion proteins (such as ITGA7
and ITGAV), regulators of transcription (such as FOSLI), and the
PI3K/AKT/mTOR pathway, modulated sensitivity to ARS-1620, sug-
gesting that cell death induced by direct inhibition of KRAS®*“ is
influenced by various pathways commonly dysregulated in KRAS-
mutant cancers (Fig. 3A and fig. S4A) (31). This second class of hits
is predicted to not change ARS-1620 target engagement and would
thus be mechanistically distinct from those that alter KRAS®2¢-GDP
abundance. We also observed that substrates of protein kinase
screen hits were differentially phosphorylated after ARS-1620 treat-
ment, consistent with dynamic regulation of KRAS®"* activity (fig. S5, A
and B, and data file S5). We note that, for other overlapping, sensi-
tizing CD hits (such as ELP3, ELP4, KIF18A, PKN2, VBP1,and VPS29),
the direct connection to KRAS remains to be uncovered and will
motivate future investigations.

Our results confirm the initial CD hypothesis that previously dis-
pensable or weak genetic dependencies can become potentiated when
reframed in the context of an oncogenic driver-limited state. Numerous
compounds directed against targets and pathways identified by our
screens have failed to demonstrate clinical efficacy as monotherapies
in KRAS-mutant cancers (32). Dual inhibition of KRAS®'?“ and var-
ious cotargets could repurpose these agents by applying them to thera-
peutic scenarios with heightened non-driver genetic dependencies.

Two classes of combination therapies targeting CDs

with KRAS®'%¢ promote distinct mechanisms of synergy
These data suggest that, despite differences in tissue of origin and
genetic background, functional interactions with mutant KRAS
signaling dependency can be governed by common CDs that are
druggable using clinically approved and advanced preclinical com-
pounds. To test the mechanistic hypothesis that repression of select
CDs promotes increased target engagement by ARS-1620, we devel-
oped ARS-1323-alkyne, a chemical probe that enables measurement
of live-cell KRASY!?© covalent inhibition kinetics (Fig. 4A). After
treatment of cells with ARS-1323-alkyne, covalent labeling was as-
sessed using an electrophoretic mobility shift assay where larger
protein-small molecule adducts migrate more slowly following click
reaction to tetramethylrhodamine azide (TAMRA-N3) (Fig. 4B) (33).
Relative target engagement was quantified by the densitometry of
upper (KRAS + inhibitor) and lower (KRAS) bands.

We sought to measure the influence of cotargeting CD vulnerabili-
ties upstream [with an EGFR inhibitor (EGFRi), a fibroblast growth
factor receptor inhibitor (FGFRi), an AXL inhibitor (AXLi), and a
protein tyrosine phosphatase, non-receptor type 11 inhibitor (SHP21i)],
downstream [with a cyclin-dependent kinase 4/6 inhibitor (CDK4/
6i)], and parallel [with a PI3K inhibitor (PI3Ki)] to KRAS®*€ on
inhibitor target engagement in NSCLC and PDAC models. The
kinetics of KRAS®'* inhibition in the H358 NSCLC model with ARS-
1323-alkyne demonstrated two general classes of combinations (Fig. 4,
C and D). We observed that KRAS®'*“ probe target engagement was
perturbed by cotreatment with compounds that inhibit GTP loading
to KRASS12€ (such as SHP2i) by effectively preventing recruitment
and activation of the RAS GEF son of sevenless (SOS). Conversely,
coinhibition of cognate pro-growth and pro-survival pathways was

Lou et al., Sci. Signal. 12, eaaw9450 (2019) 28 May 2019

shown to operate outside the direct context of nucleotide cycling
(such as with CDK4/61). These results were generalized to the MIA
PaCa-2 PDAC model, with pharmacological interactions reflecting
differences in observed genetic dependencies; for example, EGFR
and FGFR1 were found to be cell-specific CDs, whereas SHP2 was
overlapping (Fig. 4, E and F). Inhibition of the RTK AXL, which has
been implicated in promoting mitochondrial activity in KRAS-mutant
PDAC models (34), does not appear to strongly influence KRAS**“
nucleotide state, consistent with a model in which different RTKs play
specialized roles to support a mutant KRAS-driven phenotype.

Together, our experiments nominate two classes of combina-
tion therapies that either enhance KRASY'* target engagement
(namely, EGFR, FGFR, or SHP2 inhibitors) or independently sup-
press persistent survival pathways (namely, AXL, PI3K, or CDK4/6
inhibitors).

Mechanistically diverse CDs with KRAS®'* converge

upon downstream signaling outputs

We explored the link between KRASS!%C target engagement and in-
hibition of various downstream signaling outputs by treating cells
with ARS-1323-alkyne at an intermediate time point with different
second chemical agents. Treating each cell line with its RTK depen-
dency’s cognate growth factor (EGF for the NSCLC line H358 and
FGF2 for the PDAC line MIA PaCa-2) potently obstructed the effects
of KRAS!*“ inhibition at both the target engagement and signaling
levels (Fig. 5A). Overall, combinations that cotarget upstream genes
(RTKs and SHP2) potentiated suppression of p-ERK, whereas those
that cotarget parallel and downstream factors (PI3K and CDK4/6)
displayed modest to no differences in p-ERK activation compared
to monotreatment. Cotargeting PI3K also distinctly inhibited p-AKT
signaling. Despite these differences, however, all combinations tested
resulted in notably deeper suppression of p-S6, which has been shown
to correlate well with inhibition of cell viability (28, 35).

Studies have demonstrated that RAS-driven cancer cells are
more dependent on RAS signaling in 3D than in 2D culture models
(15, 17, 36, 37). To evaluate the context specificity of our results, we
assessed several drug combinations in 2D and 3D assays. Consistent
with their ability to promote p-S6 inhibition, combinations cotarget-
ing CDs showed enhanced anticancer activity in both 3D (Fig. 5B)
and 2D (Fig. 5C) assays in H358 and MIA PaCa-2, as well as in a
third KRASS12C-driven NSCLC cancer cell line, H23. In the 3D assay,
we found that multiple drug combinations formally have synergistic
antitumorigenic activity (38).

These pharmacological experiments validated cell type-specific
synergies exemplified by specialized RTKs that promote KRAS®'2¢
activation and other pathways. Conversely, coinhibition of SHP2, a
broadly required RTK adaptor, represented a general synergy as did
coinhibition of PI3K or CDK4/6. Our data suggest that CDs nominated
by our CRISPRI screens reveal diverse targetable genetic dependencies
in NSCLC and PDAC models that result in the enhanced suppression
of critical downstream signaling outputs required for cell viability.

Coinhibition of CDK4/6 potentiates the global

effects of KRAS®'*“ inhibition

CDK4 and its close homolog CDK6 cooperate with D-type cyclins
to promote G1-S cell cycle progression through direct phospho-
rylation of retinoblastoma (RB) tumor suppressor family members,
releasing a transcriptional program mediated by the transcription
factor E2F to initiate S-phase entry in the cell cycle (39). CDK4 has
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Fig. 4. Combination therapies targeting CDs with KRAS®'2¢ differ in their ability to promote S-IIP target engagement. (A) Chemical structure of the KRAS®'* occupancy
probe ARS-1323-alkyne. (B) Magnified immunoblots indicating the identities of different bands resulting from electromobility shift after treatment of H358 and MIA PaCa-2
cells with ARS-1323-alkyne (10 uM) and copper-catalyzed click reaction of lysate with TAMRA-N;. (C and D) Representative immunoblots (C) and relative densitometry of
upper (KRAS + inhibitor) and lower (KRAS) bands (D) of H358 cells treated with ARS-1323-alkyne (10 uM) simultaneously with DMSO [same as shown in (B) to facilitate
comparison], EGF (100 ng/ml), erlotinib (10 uM, EGFRi), SHP099 (10 uM, SHP2i), buparlisib (10 uM, PI3Ki), or palbociclib (10 uM, CDK4/6i) for the times indicated. Lysates
were subjected to copper-catalyzed click reaction with TAMRA-N3. Relative densitometry was quantified using upper (KRAS + inhibitor) and lower (KRAS) bands. (E and
F) As in (C) and (D), respectively, for MIA PaCa-2 cells. Instead of EGF and erlotinib, MIA PaCa-2 cells were treated with FGF2 (100 ng/ml), AZD4547 (10 uM, FGFRi), and
bemcentinib (10 uM, AXLi). Other compounds were administered at the same dose as indicated in (C). Cells in (B) to (F) were grown in 3D spheroid culture. Immunoblots
in (B), (C), and (E) are representative of three biological replicates. Data in (D) and (F) represent means of three biological replicates; error bars denote SD.

also previously been suggested to be an SL partner with mutant
KRAS (40), although inhibition of CDK4/6 proved to be ineffective
as a monotherapy in KRAS-mutant NSCLC in a phase 3 trial (41).
Neither CDK4 nor cyclin D1 (CCND1) displayed strong SL rela-
tionships with mutant KRAS in our analysis of the PICKLES database

Lou et al., Sci. Signal. 12, eaaw9450 (2019) 28 May 2019

and DepMap (Fig. 1D), but both genes appeared as strong KRASC!%¢
CDs in our CRISPRi screens in both the NSCLC and PDAC models
(Figs. 1 and 3 and fig. S4). This may suggest that the essentiality
of CDK4 is amplified in the setting of mutant KRAS inhibition,
reframing the genetic interaction as a true CD relationship.
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Fig. 5. CDs with KRASS'% cooperatively sustain downstream signaling outputs to promote survival and proliferation. (A) Immunoblots of H358 and MIA PaCa-2
cells treated with ARS-1323-alkyne (10 uM) simultaneously with DMSO, EGF (100 ng/ml), FGF2 (100 ng/ml), erlotinib (10 uM, EGFRi), AZD4547 (10 uM, FGFRi), bemcentinib
(10 uM, AXLi), SHP099 (10 uM, SHP2i), buparlisib (10 uM, PI3Ki), or palbociclib (10 uM, CDK4/6i) for 2 hours. Lysates were subjected to copper-catalyzed click reaction with
TAMRA-N3. Cells were grown in 3D spheroid culture. Immunoblots represent two biological replicates. (B) Combination indices (Cls) derived from drug synergism in three
KRAS®'2“-mutant cell lines assessed in 3D spheroid culture. Cell viability was determined after 5-day treatment with ARS-1620, second compounds, or the combination
in a 1:1 ratio (dilution series from 1.5 nM to 10 uM), and Cl values were calculated using CompuSyn 1.0 from three biological replicates. Cl < 0.75 indicates synergism with
ARS-1620 (red), Cl = 0.75 to 1.25 indicates additivity, and CI > 1.25 indicates antagonism. (C) Clonogenic assays of three KRAS®'?“-mutant cell lines cultured with indicated
compounds or combinations thereof in 2D adherent culture. H358 (300 nM), MIA PaCa-2 (1 uM), and H23 (1 uM) cells were treated using ARS-1620 and second compounds

ata 1:1 concentration. Data are representative of three biological replicates.

Intrigued by the ability of palbociclib (CDK4/6i) to decrease
p-S6 when combined with a KRAS®'?“ inhibitor, we compared by
RNA-seq the transcriptome profiles of H358 cells treated with DMSO,
CDK4/6i, ARS-1620, and the combination. Treatment with the
combination of CDK4/6i and ARS-1620 resulted in an expres-
sion profile that reflected potent inhibition of cell proliferation
(Fig. 6, A and B). The concentration of ARS-1620 used (1 uM) has
been demonstrated to affect >95% target engagement in H358 cells
at the assayed time point (24 hours) (17). Unbiased clustering of top
significantly altered transcripts by the combination revealed major
changes in four primary gene ontologies (Fig. 6A) (42). Inhibition of
KRASS'?¢ alone appeared to modestly suppress cell division genes
(such as CCNA2, CCNB1/2,and CDK1), whereas CDK4/6i alone or in
combination induced their marked down-regulation (Fig. 6, Band C).
Conversely, CDK4/6i alone resulted in no statistically significant differ-
ences in MAPK inhibition-associated genes (such as CCNDI and
DUSP4/5/6), whereas the combination displayed significantly de-

Lou et al., Sci. Signal. 12, eaaw9450 (2019) 28 May 2019

creased expression even when compared to ARS-1620 monotherapy.
Overall, both additive and synergistic (in the case of inhibition of
MAPK activity) effects were observed where the transcriptional
changes induced by KRASS'*“ inhibition were complemented and
strengthened by cotreatment with CDK4/6i (Fig. 6, C and D).

To understand the signaling mechanisms from which these tran-
scriptional changes might be derived, we probed two primary signal-
ing outputs, p-S6 and p-RB, that reflect the activity of KRAS®!?“ and
CDK4/6, respectively, in NSCLC and PDAC models (Fig. 6E). We
observed that, consistent with RNA-seq experiments, CDK4/6i alone
or in combination more strongly induced markers of G1 arrest (de-
creases in p-RB) than ARS-1620 monotherapy (Fig. 6E). Furthermore,
addition of CDK4/6i shifted the dose-response relationship between
KRAS®'?€ inhibition and p-$6. S6 integrates inputs from both the
MAPK and PI3K/AKT/mTOR effector arms of the RAS pathway;
thus, it was unexpected that inhibition of CDK4/6 would alter
these phosphorylation dynamics. CDK4/6i’s ability to suppress
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Fig. 6. CDK4/6 coinhibition enhances global antiproliferative effects of KRAS®'2C inhibition. (A) Heatmap displaying top significant (adjusted P < 5 x 10~'* by a Wald
test) differentially expressed genes in H358 cells between DMSO and combination treatments, hierarchically clustered based on Pearson correlation distances. Gene expres-
sion values were Z score-normalized to the average expression value of each row. Total RNA was isolated following 24-hour treatment with DMSO, palbociclib (1 uM,
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90f15

Lou et al., Sci. Signal. 12, eaaw9450 (2019) 28 May 2019

6T0Z ‘8T AInr uo /610 Bewasualds ax)is//:dny woly papeojumoq


http://stke.sciencemag.org/

SCIENCE SIGNALING | RESEARCH ARTICLE

RAS pathway signaling appears specific to p-S6, as only subtle changes
were observed in p-AKT and p-ERK (fig. S6, A and B). Our data
indicate that KRAS'*C inhibition is insufficient to fully suppress
G1-S progression, that CDK4/6 inhibition is unable to halt signaling
through KRAS®'?“, and that the combination maintains both ad-
vantages while bolstering the effects of driver oncogene inhibition.

Cotargeting CDs promotes response to KRAS®'%¢

inhibition in vivo

To validate ARS-1620 combination therapies in vivo, we designed
two preclinical trials to model combination therapies cotargeting
CDs and KRAS'?“, At high doses of ARS-1620 that elicit a robust
antitumor response (50 to 200 mg/kg), it has been shown that
KRASC'*C target engagement is incomplete (17). Therefore, we
rationalized that, at this dose range of ARS-1620, it is likely that
in vivo tumor cell survival is fostered by CDs that limit target en-
gagement as well as CDs that promote alternate survival pathways.
We performed experiments to test two combination therapies that
promote ARS-1620 target engagement (ARS-1620 and EGFRi) in
H358 xenograft tumors (Fig. 7A) or inhibit a residual survival path-
way (ARS-1620 and CDK4/6i) in MIA PaCa-2 xenograft tumors
(Fig. 7B). In both experiments, the combination proved more effec-
tive than either monotherapy, confirming that both mechanisms of
combination therapies targeting KRAS-mutant cancers can augment
ARS-1620 activity in vivo. In support of our mechanistic under-
standing of the ARS-1620/EGFRi combination therapy, we found
that the ARS-1620/EGFRi combination decreased the activity of
key downstream KRAS signaling outputs (p-AKT, p-ERK, and p-S6)
(fig. S7), suggesting that this combination acts via deepened
suppression of KRAS signaling, consistent with enhanced target en-
gagement of KRAS®'?“, These experiments nominate combination
therapies that combine ARS-1620, an oncogene-specific KRAS%*¢
inhibitor, with a second targeted agent such as EGFRi or CDK4/6i
to increase anticancer activity while minimizing synergistic on-target
toxicity to the patient.

MIA PaCa-2 xenografts

DISCUSSION

Three principles emerge from our analysis of genetic dependencies
in a KRAS driver-limited state. First, we found that KRAS CDs and
SLs are largely nonoverlapping genetic dependencies. Our screens
identified KRAS CDs, which support a cancerous phenotype in the
setting of driver oncogene inhibition. Our data highlight the con-
cept that CDs are complementary to traditional SL interactions for
understanding driver oncogene biology and anticipate the impor-
tance of using both overactivated and hypomorphic model systems
to study genetic dependencies related to any driver oncogene.

Our experiments revealed CDs upstream of KRAS®'*“ in NSCLC
and PDAC cell models and emphasizes a growing perspective that
mutant KRAS is dynamically regulated and responsive to upstream
inputs in cancer cells (43-47). Beyond the requirement of KRASS!2¢
for SOS-catalyzed nucleotide exchange to sufficiently maintain its
GTP state, we suggest that the RTKs EGFR, FGFR1, and AXL play
specialized roles in mutant KRAS signaling and activation. We reveal
that the relevant receptors in these signaling networks are cell type
specific and highlight the modularity of RTKs in the recruitment of a
shared set of adaptor proteins (such as SHP2) to transduce signal to
SOS and RAS proteins.

We also identified CDs downstream and parallel to KRA
that were incompletely suppressed by driver oncogene inhibition.
Our findings suggest that independent inputs from RTKs and/or
cell adhesion/cohesion can circumvent KRAS®'*“ to maintain PI3K
activity, limiting the ability of direct KRAS®'?“ inhibitors to fully
disrupt all RAS effector arms. We also suggest that mutant KRAS is,
on its own, not fully responsible for promoting cell cycle progression
and that CDK4 can sustain G1-S transition even in the setting of RAS
pathway inhibition. This may explain, in part, the finding that genetic
alterations in CDK4 and/or CCNDI in BRAF-mutant melanoma
and EGFR-mutant lung cancer promote resistance to their respec-
tive driver inhibitors (48, 49). We anticipate that similar mechanisms
may also promote resistance to direct KRAS inhibitors and propose
coinhibition of CDK4/6 as a strategy to maximize therapeutic efficacy.
In addition, we nominate CDs not com-
monly associated with RAS function
related to transcriptional control and
other diverse processes that merit further
exploration. We anticipate that our results
will generalize to other KRAS-mutant
cancers and propose the possibility of
cotargeting multiple CDs to address
mutant KRAS alleles yet to succumb
to direct allele-specific pharmacology.

Second, our genetic analysis suggests
a specific mechanistic hypothesis for
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Fig. 7. Pharmacological targeting of CDs promotes response to KRASS'2¢

nation arms by a Mann-Whitney test.
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Time after implant (days)

inhibition in vivo. (A) Tumor volumes
in mice bearing H358 xenografts and treated with vehicle, ARS-1620 (100 mg/kg), erlotinib (80 to 100 mg/kg, EGFRI),
or their combination. Treatment was stopped 54 days after initial implantation to monitor the durability of observed
responses. n >4 mice per group; error bars denote SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 comparing
ARS-1620 and combination arms by a Mann-Whitney test. (B) Tumor volumes in mice bearing MIA PaCa-2 xenografts
and treated with vehicle, ARS-1620 (100 mg/kg), palbociclib (100 mg/kg, CDK4/6i), or their combination. n > 8 mice
per group; error bars denote SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 comparing ARS-1620 and combi-

CDs suspected to regulate the ratio of
KRAS GTP/GDP. The engagement of a
small molecule with its target can report
on the conformation, oligomerization
state, and/or activity of a specific protein
in its native environment. Classically,
type I kinase inhibitors bind to target
protein kinases in the active state, whereas
type II kinase inhibitors bind kinases in
an inactive state (50). Resistance to type
IT kinase inhibitors can therefore be
achieved through mutations or signaling

ARS-1620
-+ ARS-1620 + Palbociclib
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mechanisms that promote kinase activity (51). In analogy to this,
our work expands this intellectual framework to GTPases, such as
KRAS, by mechanistically revealing how upstream signaling pathways
that decrease levels of KRAS GDP promote resistance to ARS-1620.
We use S-IIP inhibitors (ARS-1620 and ARS-1323-alkyne) as con-
formationally specific chemical reporters of KRAS®'2“ nucleotide state
in living cells. As the development of direct KRAS inhibitors extends
toward GTP-state binders, such agents would not benefit from target
engagement enhancement through GDP-state priming, although they
would likely continue to synergize with combinations that coinhibit
other CDs that sustain residual survival.

We anticipate that the two mechanisms of synergy we describe
(target engagement enhancing or independent inhibition of residual
growth signals) are generalizable to other chemical-genetic or drug
combination interactions. We propose systematic identification of
such interactions using conformationally biased covalent probes
coupled to functional genomics screens, dissecting complex target
regulation and enabling the construction of mechanistically informed
combination therapies.

Third, we reveal that single-target inhibition of even one of the
most well-validated oncogenic drivers can be limited by CDs that
help sustain an oncogenic phenotype in the driver-limited state. We
addressed these limitations by presenting two distinct classes of
in vivo validated ARS-1620 combinations, which require further
evaluation in genetically engineered mouse models (52). We antici-
pate that allele-specific inhibitors like ARS-1620, which spare the
WT protein, will be well tolerated in patients and highly amenable
to combination with second inhibitors to enable synergistic anti-
cancer activity without synergistic toxicity to otherwise normal cells
and tissues.

The concept that a cancerous phenotype can be driven by the
activity of a single oncogene is being revised given that, beyond
BCR-ABL inhibitors in chronic myelogenous leukemia, targeted
therapies have fallen short on their promise of promoting durable
responses and cures for patients. We nominate CDs to be the
underlying cellular processes that are engaged upon driver onco-
gene inhibition and limit the efficacy of targeted therapeutics.
We anticipate the logic of CDs to be generalizable to any driver
oncogene through genetic or chemical perturbation, providing an
opportunity for cotarget identification in next-generation combina-
tion therapies (53).

MATERIALS AND METHODS

Cell culture and reagents

All cell lines used in this study (H358, MIA PaCa-2, and H23) were
obtained from the American Type Culture Collection and authen-
ticated by the University of California (UC) Berkeley DNA Sequenc-
ing Facility using short tandem repeat DNA profiling. Cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% (v/v) fetal bovine serum, penicillin (100 U/ml),
and streptomycin (100 pg/ml). All cells were grown at 37°C in
5% CO,. All cells were tested for Mycoplasma contamination using
the MycoAlert PLUS Mycoplasma Detection Kit (Lonza) before
initiation of experiments. ARS-1620 was obtained by custom syn-
thesis from Pharmaron. Erlotinib and palbociclib were obtained
from LC Laboratories, AZD4547 and buparlisib were obtained from
MedChem Express, and SHP099 and bemcentinib were obtained
from Selleckchem. ARS-1323-alkyne was synthesized as described
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below. Recombinant human EGF and FGF2 (FGF-basic) were ob-
tained from Thermo Fisher Scientific. TAMRA-Nj3 and tris(benzyl-
triazolylmethyl)amine (TBTA) were obtained from Click Chemistry
Tools. Tris(2-carboxyethyl)phosphine (TCEP) and CuSO,4 were
obtained from Sigma-Aldrich.

DNA transfections and lentivirus production

For lentivirus production, HEK293T cells were transfected with
standard packaging vectors using the TransIT-LT1 Transfection
Reagent (Mirus Bio). Viral supernatant was collected 2 to 3 days
after transfection, filtered through 0.44-um polyvinylidene difluoride
filters, and frozen before transduction.

Generation of CRISPRi cell lines

H358 and MIA PaCa-2 cell lines stably expressing dCas9-KRAB
were generated by transducing WT cells with a lentiviral vector
expressing dCas9-BFP-KRAB from an EFla promoter with an
upstream ubiquitous chromatin opening element (UCOE; UCOE-
EF10-BFP-KRAB) and selected for blue fluorescent protein (BFP)—
positive cells through two rounds of fluorescence-activated cell
sorting (FACS) with a BD FACSAria IL

Genome-scale CRISPRi screening

Genome-scale CRISPRi screens were conducted similarly to pre-
viously described screens (21, 22). The five-sgRNA/gene human
CRISPRi v2 (hCRISPRi-v2) library (22) was transduced into H358
or MIA PaCa-2 CRISPRI cells at a multiplicity of infection (MOI) of
<1 (percentage of transduced cells 2 days after transduction = 20 to
40%). Cells were selected with puromycin (3 pg/ml) to achieve 80 to
95% transduced cells, at which point TO samples were harvested
with a minimum 500x library coverage (100 x 10° to 150 x 10° cells),
and the remaining cells were split into two biological replicates of
two conditions for DMSO- and ARS-1620-treated growth. Cells were
grown in 150-mm adherent dishes, maintaining an average mini-
mum 500x library coverage, trypsinized and reseeded every 3 to
5 days over the course of the screen, and dosed with respective treat-
ments after each trypsinization and reseeding. For ARS-1620 treat-
ment, ARS-1620 was added to H358 CRISPRI cells at 3.3 uM and to
MIA PaCa-2 CRISPRI cells at increasing concentrations from 348 nM
to 10 uM as the screen proceeded. After 12 to 16 days of growth and
selection, cells were harvested with a minimum 500x library coverage
(100 x 10° to 150 x 10° cells). Genomic DNA was isolated from frozen
cell pellets, and the sgRNA-encoding region was enriched, ampli-
fied, and processed for sequencing on the Illumina HiSeq 4000 as
described previously (21).

Screen processing

Sequencing data from the Illumina HiSeq 4000 were aligned to the
five-sgRNA/gene hCRISPRi-v2 library, counted, and quantified using
the Python-based ScreenProcessing pipeline [https://github.com/
mbhorlbeck/ScreenProcessing (22)]. sgRNA phenotypes, gene pheno-
types, negative control gene phenotypes, and Mann-Whitney P values
were determined as described previously (21, 22). ARS-1620 sensi-
tivity sgRNA phenotypes (Alog, fold change) were calculated by
subtracting the equivalent median value for all nontargeting (NT)
sgRNAs from the log, fold change in enrichment of an sgRNA in
the ARS-1620- and DMSO-treated samples. DMSO and ARS-1620
sgRNA growth phenotypes were similarly calculated from respective
log, fold changes in enrichment of an sgRNA from T0 samples. Gene
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phenotypes were derived by collapsing phenotypes from sgRNAs target-
ing the same gene using the average of the three top scoring sgRNAs
(by absolute value) and assigning a P value using the Mann-Whitney
test of all sgRNAs targeting the same gene compared to the NT sgRNAs.
For genes with multiple annotated transcription start sites (TSSs)
targeted by the sgRNA library, phenotypes and P values were calcu-
lated independently for each TSS, and the TSS with the lowest Mann-
Whitney P value was used to represent the gene. Read counts and
phenotypes for individual sgRNAs are provided in data files S1 (H358)
and S3 (MIA PaCa-2). Gene-level phenotypes are provided in data
files S2 (H358) and S4 (MIA PaCa-2). Hits were defined as genes with
| Alog, fold change| > 0.5. Gene ontology analysis was performed
using DAVID Bioinformatic Resources using the GOTERM_BP_
DIRECT database (42). Additional analysis and plotting were per-
formed in Prism 7 and 8 (GraphPad Software).

Essentiality score and SL score determination

Essentiality and mutational data were drawn from the PICKLES data-
base (23) and DepMap/CCLE (24, 30), respectively (2018 Q3 release).
The PICKLES database contains essentiality scores for all genes and
cell lines in DepMap that have been converted to Bayes factors from
log fold changes (54). NSCLC cell lines from the PICKLES database
and DepMap were placed in one of two bins: KRAS-WT (39 cell lines)
and KRAS-mutant (19 cell lines). A given gene’s essentiality score
(quantile normalized Bayes factor) was averaged across all cell lines
in a given bin, resulting in an average essentiality score for KRAS-WT
and KRAS-mutant NSCLC models. Each gene’s SL score was then
determined by subtracting its KRAS-WT average essentiality score
from its KRAS-mutant average essentiality score.

Individual evaluation of sgRNA phenotypes

sgRNA protospacers targeting CCND1, CDK4, CRKL, ELP3, ELP4,
FOSL1,KAT6A, KIF18A, MED24, TLN1, TM2D1, TM2D2, TM2D3,
UNC50, and a negative control NT sequence were individually
cloned into BstXI/BlpI-digested pCRISPRia-v2 [marked with a
puromycin resistance cassette and green fluorescent protein (GFP)
or BFP, Addgene #84832] (22) by ligating annealed complemen-
tary synthetic oligonucleotide pairs (Integrated DNA Technologies)
with flanking BstXI and BlplI restriction sites. Protospacer sequences
used are listed in table S1. The sgRNA expression vectors were indi-
vidually packaged into lentivirus as described above. Internally
controlled growth assays to evaluate relative sgRNA susceptibility to
ARS-1620 were performed by transducing H358 and/or MIA
PaCa-2 cells with sgRNA expression vectors at an MOI of <1 (20 to
40% transduction rate). Five days after transduction, cells were treated
with DMSO or ARS-1620 (300 nM or 1 uM for H358 and 300 nM or
3.3 uM for MIA PaCa-2) for 12 days before the percentage of sgRNA-
expressing cells was determined as the percentage of GFP- or BFP-
positive cells by flow cytometry on an LSR II (BD Biosciences) or an
Attune NxT (Thermo Fisher Scientific). RI was calculated as a mea-
surement of the relative level of sensitization (RI < 1) or resistance
(RI> 1) to ARS-1620, where RI = (F2 — F1 x F2)/(F1 — F1 x F2), with
F1 being the endpoint GFP- or BFP-positive percentage of the DMSO-
treated population and F2 being the endpoint GFP- or BFP-positive
percentage of the ARS-1620-treated population (25).

Quantitative PCR
CRISPRI cells (500,000 cells per well) stably expressing a negative
control sgRNA or sgRNAs targeting FOSLI (table S1) were seeded
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into six-well ultra-low attachment plates (Corning Costar #3471) and
allowed to incubate at 37°C overnight. Cells were treated with
DMSO or ARS-1620 (1 uM) and then incubated at 37°C for 24 hours.
Cells were lysed, and total RNA was immediately extracted with the
RNeasy Mini Kit (Qiagen) according to the manufacturer’s recom-
mendations. RT-qPCR was performed using the SYBR Select Master
Mix (Thermo Fisher Scientific) according to the manufacturer’s
recommendations on the QuantStudio 7 Flex Real-Time PCR System
(Thermo Fisher Scientific). Fold changes were calculated using
AAC; analysis, normalizing FOSL1 (FOSL1 forward primer, GG-
CCTCTGACCTACCCTCA; FOSLI reverse primer, CTTCCTC-
CGGGCTGATCT) in each sample to actin (ACTIN forward primer,
GCTACGAGCTGCCTGACG; ACTIN reverse primer, GGCTG-
GAAGAGTGCCTCA).

Global phosphoproteomics

Cells were expanded in conventional 2D culture conditions, adapted
to 3D culture in ultra-low adherence plates (Corning) over 72 hours,
and treated with DMSO or 3.3 uM ARS-1620 for 24 hours. Cells
were then collected, lysed, and subjected to tryptic digest. Phospho-
enrichment was then performed with immobilized metal affinity
chromatography using established protocols (55). Samples were then
lyophilized, desalted, and acquired using an Orbitrap Fusion Lumos
Tribrid (Thermo Fisher Scientific). All mass spectrometry was per-
formed at the Thermo Fisher Scientific Proteomics Facility for Disease
Target Discovery at UC San Francisco (UCSF) and the J. David
Gladstone Institutes. Peptide identification and label-free quantifi-
cation were then performed using MaxQuant (56), and statistical
comparison was performed using MSstats (57). Kinase substrate
identification was performed using two established databases:
PhosphoNetworks (58) and RegPhos 2.0 (59).

ARS-1323-alkyne kinetic labeling assay

Cells (500,000 to 1,000,000 cells per well) were seeded into six-well
ultra-low attachment plates (Corning Costar #3471) and allowed to
incubate at 37°C overnight. Cells were treated with the indicated
concentrations of compound combinations and then incubated at
37°C for the indicated times. In preparation for sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting,
cells were pelleted at 4°C at 500g and washed twice with ice-cold
phosphate-buffered saline (PBS). Lysis was conducted as described
below, and copper-catalyzed click chemistry was performed by addi-
tion of the following to each lysate at the following final concentra-
tions: 1% SDS (20% SDS in water stock), 50 uM TAMRA-N3 (5 mM
in DMSO stock), 1 mM TCEP (50 mM in water stock), 100 uM
TBTA (2 mM in 1:4 DMSO/t-butyl alcohol stock), and 1 mM
CuSOy4 (50 mM in water stock). After 1 hour at room temperature,
the reaction was quenched with 6x Laemmli sample buffer before
SDS-PAGE.

SDS-PAGE and immunoblotting

Lysis buffer [100 mM Hepes (pH 7.5), 150 mM NaCl, and 0.1% NP-40]
supplemented with protease inhibitors (cOmplete Protease Inhibitor
Cocktail Tablets, Roche) and phosphatase inhibitors (PhosSTOP,
Roche) was used for cell lysis, and protein concentration was deter-
mined by bicinchoninic acid assay (Pierce BCA Protein Assay Kit,
Thermo Fisher Scientific). Proteins were separated by SDS-PAGE
and transferred to nitrocellulose membranes (Bio-Rad) and blocked
according to standard protocols. Membranes were immunoblotted
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with antibodies against RAS (ab108602) from Abcam, a-tubulin
(3873), p-AKT*"* (4060), AKT (4691), p-ERK2°%¥2% (9101), ERK
(4695), HSP90 (4877), p-RB*7/811 (8516), RB (9313), p-56°27/2%¢
(4858), and S6 (2217) from Cell Signaling Technology diluted
(1:1000) in 5% bovine serum albumin in TBST blocking buffer sup-
plemented with 0.02% NaNj3. After primary antibody incubation,
membranes were probed with IRDye secondary antibodies (LI-COR
Biosciences) according to the manufacturer’s recommendations
and scanned on an Odyssey Imaging System (LI-COR Biosciences).
Phosphoprotein blots (p-AKTS473, p-ERK2°%Y20 and p-56523%/236)
were stripped (Restore PLUS Western Blot Stripping Buffer, Thermo
Fisher Scientific) according to the manufacturer’s reccommendations
and immunoblotted for total protein (AKT, ERK, and S6). RB and
p-RB¥7/811 blotting was performed as above in the reverse order.

Clonogenic assay

Cells (10,000 cells per well) were seeded into six-well plates and
allowed to adhere overnight. Cells were then cultured in the presence
of absence of compounds as indicated for 10 to 14 days. After re-
moval of media, cells were washed twice with PBS and then treated
with fixing/staining solution (0.05% crystal violet, 1% formaldehyde,
1x PBS, and 1% methanol) for 20 min before thorough washing with
water. Plates were then imaged using a digital scanner.

Cell viability assay and quantitative analysis of drug synergy
Cells were seeded into 96-well ultra-low attachment plates (Corning
Costar #3474) and were allowed to incubate at 37°C overnight. Cells
were treated with ARS-1620 and the indicated compounds as mono-
therapy or in combination (1:1 concentration ratio) in a nine-point
threefold dilution series from 1.5 nM to 10 uM (100 ul final volume
per well). Cell viability was assessed 5 days later by a CellTiter-Glo
(CTG) luminescence-based assay (Promega). Diluted CTG reagent
(100 pl) (1:4 CTG reagent:PBS) was added to cells and the 96-well
plates were placed on a plate shaker for 20 min to ensure complete
cell lysis before assessment of luminescence signal. Drug synergism
was analyzed using CompuSyn 1.0 (a value of 0.01 was substituted
for negative viability measurements). CIs were determined at 370 nM
single-agent doses generated by CompuSyn to quantify synergistic
effects, where CI < 0.75 reflects synergism, CI = 0.75 to 1.25 reflects
additivity, and CI > 1.25 reflects antagonism (38).

RNA sequencing

Cells (500,000 cells per well) were seeded into six-well ultra-low
attachment plates (Corning Costar #3471) and allowed to incubate
at 37°C overnight. Cells were treated with DMSO, palbociclib (1 pM,
CDK4/61), ARS-1620 (1 uM), or the combination in duplicate and
then incubated at 37°C for 24 hours. Cells were lysed, and total
RNA was immediately extracted with the RNeasy Mini Kit (Qiagen)
according to the manufacturer’s recommendations. RNA-seq libraries
were prepared with the QuantSeq 3" mRNA-Seq Library Prep Kit
FWD for Illumina (Lexogen) and assessed on a BioAnalyzer 2100
(Agilent) for quantification and quality control. RNA-seq libraries
were sequenced on an Illumina HiSeq 4000 using single-end, 50-base
pair (bp) sequencing. The leading 12 bp of all sequencing reads was
trimmed with Trimmomatic (Galaxy version 0.36.5) and then aligned
to the hgl9 reference genome with STAR (Galaxy version 2.6.0b-1).
Mapped reads per gene were summarized using featureCounts (Galaxy
version 1.6.2). Data normalization and differential expression analysis
were conducted with the R package DESeq2 (version 1.20.0) (60).
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Read counts were normalized using the estimateSizeFactors() and
rlog() functions. Heatmap plots were generated using the aheatmap()
function from the R package NMF (version 0.17.6).

Animal studies

Six- to seven-week-old female nude mice (Foxnlnu, stock no. 002010)
were purchased from the Jackson Laboratory and housed with ad
libitum food and water on a 12-hour light cycle at the UCSF Preclini-
cal Therapeutics Core vivarium. All animal studies were performed
in full accordance with UCSF Institutional Animal Care and Use
Committee.

H358 xenografts were established by subcutaneous injection into
the right flanks of mice with H358 cells (5 x 10° cells in 100 ul of
serum-free medium mixed 1:1 with Matrigel). Tumor xenografts were
allowed to establish until they reached about 700 to 900 mm” in donor
mice and then reimplanted into receiver mice to achieve higher engraft-
ment rate. Briefly, established H538 tumor xenografts from donor
mice were resected, cut into even-size fragments (15 mm x 15 mm),
embedded in Matrigel, and reimplanted via subcutaneous implan-
tation into receiver mice (61). H538 tumor-bearing mice were ran-
domized into control and treatment groups when tumors reached a
size range of 100 to 120 mm?, and single or dual dosing of ARS-1620
(100 mg/kg in Labrasol) and erlotinib [80 to 100 mg/kg in 0.5%
(hydroxypropyl)methyl cellulose, 0.2% Tween 80 (HPMT)] or
vehicle control (Labrasol) was administered daily by oral gavage.
Tumor volume and body weight were assessed biweekly for the
duration of the study. Tumor volume was assessed by caliper 2D
measurement, and volume was calculated using the following formula
to approximate the volume of an ellipsoid: 0.52 x (width)? x (length).
When tumor volumes of vehicle-treated mice reached a size of
400 mm®, ARS-1620, erlotinib, and dual treatments were stopped
and tumors were harvested for subsequent analysis. Vehicle-treated
mice were reenrolled in a short pharmacodynamic study (four groups,
two mice per group) and treated for 3 days with single or dual dosing
of ARS-1620 (100 mg/kg in Labrasol) and erlotinib (100 mg/kg in
HPMT) or vehicle (Labrasol). Tumors were harvested 6 hours after the
last dose and snap-frozen for protein extraction and immunoblotting.

MIA PaCa-2 xenografts were established by subcutaneous injec-
tion into the right flanks of mice with MIA PaCa-2 cancer cells
(5 x 10° cells in 100 ul of serum-free medium mixed 1:1 with Matrigel).
MIA PaCa-2 tumor-bearing mice were randomized into control
and treatment groups when tumors reached a size range of 180 to
200 mm?, and single or dual dosing of ARS-1620 (100 mg/kg in
Labrasol) and palbociclib [100 mg/kg in sodium lactate buffer
(50 mM, pH 4.0)] or vehicle control (Labrasol) was administered
daily by oral gavage. Tumor volume and body weight were assessed
biweekly for the duration of the study. Tumor volume was assessed
by caliper 2D measurement. When vehicle-treated mice reached the
size limit of 2000 mm?®, all treatments were stopped and tumors
were harvested for subsequent analysis.

Quantification and statistical analysis

Immunoblots were processed using ImageStudioLite 5.2.5 (LI-COR).
Densitometry quantification was performed by fixing the relative shape,
size, and distance between band pairs of each region assessed within
each experiment. Background was set to the median value around all sides
of the quantified region with a border width of 1. Negative densi-
tometry values were assessed as 0. Relative KRAS'?“ labeling percent-
age was calculated as 100 x (top band)/(top band + bottom band)
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densitometry quantifications. Sequencing data from CRISPRi screens
were processed using the Python-based ScreenProcessing pipeline
[https://github.com/mhorlbeck/ScreenProcessing (22)]. Details of
methods to calculate phenotypes and P values have been described
previously (21, 22). Relative KRAS®'* labeling percentage data were
fit to pseudo-first-order association kinetics, and additional statistical
analysis was conducted using Prism 7 and 8 (GraphPad Software).

Chemical synthesis
Detailed descriptions of compound synthesis and characterization
can be found in the Supplementary Materials (text S1).

SUPPLEMENTARY MATERIALS
stke.sciencemag.org/cgi/content/full/12/583/eaaw9450/DC1

Text S1. Chemical synthesis details and methods.

Fig. S1. Genome-wide CRISPRi screening in the cancer cell line H358 identifies genes that
influence cell growth and survival.

Fig. S2. Genome-wide CRISPRi screening in the cancer cell line MIA PaCa-2 identifies genes
that influence cell growth and survival.

Fig. S3. FOSL1 minimally modulates p-ERK and p-56 phosphorylation dynamics.

Fig. S4. Unique genetic dependencies within common signaling modules are revealed by
evaluating ARS-1620 CRISPRi selection screens from distinct cancer cell lines.

Fig. S5. Cellular response to KRAS®'2€ inhibition is mediated through phosphorylation changes
in substrates of hit kinases.

Fig. S6. CDK4/6i coinhibition minimally alters p-AKT and p-ERK phosphorylation dynamics.
Fig. S7. EGFRi cotreatment enhances the suppression of oncogenic RAS signaling by ARS-1620
invivo.

Table S1. sgRNAs used for individual retesting.

Data file S1. H358 ARS-1620 genome-wide CRISPRi sgRNA counts and phenotypes.

Data file S2. H358 ARS-1620 genome-wide CRISPRi gene phenotypes.

Data file S3. MIA PaCa-2 ARS-1620 genome-wide CRISPRi sgRNA counts and phenotypes.
Data file S4. MIA PaCa-2 ARS-1620 genome-wide CRISPRi gene phenotypes.

Data file S5. ARS-1620 global phosphoproteomics.
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Getting ahead of KRAS inhibitor resistance

The growth of many cancers is driven by mutations in the gene KRAS. Although the encoded protein has been
considered "undruggable,” the compound ARS-1620 binds to and inhibits one of these KRAS mutants (termed G12C)
and is showing promising results in clinical trials. Lou et al. sought combination therapies that could enhance the efficacy
of ARS-1620 and possibly prevent therapeutic resistance. Using functional genomics that identified pathway rewiring in
ARS-1620-treated lung and pancreatic cancer cells, the authors found combination therapies that either enhanced target
engagement by ARS-1620 (namely, EGFR, FGFR, or SHP2 inhibitors) or suppressed persistent tumor cell survival
pathways (namely, AXL, PI3K, or CDK4/6 inhibitors). The findings have promising implications for clinical success for

patients.
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