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SUMMARY

Combinatorial inhibition of effector and feedback
pathways is a promising treatment strategy for
KRASmutant cancers. However, the particular path-
ways that should be targeted to optimize therapeutic
responses are unclear. Using CRISPR/Cas9, we sys-
tematically mapped the pathways whose inhibition
cooperates with drugs targeting the KRAS effectors
MEK, ERK, and PI3K. By performing 70 screens in
models of KRAS mutant colorectal, lung, ovarian,
and pancreas cancers, we uncovered universal and
tissue-specific sensitizing combinations involving
inhibitors of cell cycle, metabolism, growth signaling,
chromatin regulation, and transcription. Further-
more, these screens revealed secondary genetic
modifiers of sensitivity, yielding a SRC inhibitor-
based combination therapy for KRAS/PIK3CA dou-
ble-mutant colorectal cancers (CRCs) with clinical
potential. Surprisingly, acquired resistance to combi-
nations of growth signaling pathway inhibitors
develops rapidly following treatment, but by target-
ing signaling feedback or apoptotic priming, it is
possible to construct three-drug combinations that
greatly delay its emergence.

INTRODUCTION

In 1982, the discovery of activating RAS mutations in human
cancer cells launched an intensive effort to both understand
this potent family of driver oncogenes and develop selective
treatment strategies (Cox and Der, 2010). Although more recent

large-scale sequencing efforts have cataloged an extensive and
growing list of driver mutations in human cancers, mutations in
RAS family oncogenes, and in particular KRAS, remain among
the most common oncogenic alterations in many cancers
(Berger et al., 2016; Cox et al., 2014; Vogelstein et al., 2013). Af-
ter neoplastic initiation, the continued reliance on mutant RAS
signaling for tumor maintenance (Lim and Counter, 2005; Brum-
melkamp et al., 2002) provides a strong rationale to design ther-
apies aimed at ablating its signaling activity. The literature to date
recognizes at least four strategies to interfere with mutant RAS
signaling: (1) direct pharmacological inhibition of RAS, (2) inter-
fering with RAS membrane association, (3) exploiting RAS
synthetic lethal interactions, and (4) inhibiting key RAS effector
pathways (Cox et al., 2014). Although several groups have re-
ported recent progress toward strategy 1 above (Athuluri-Diva-
kar et al., 2016; Lito et al., 2016), whether these can be advanced
toward clinically active and selective inhibitors remains to be
determined. Similarly, although excitement surrounded the initial
development of farnesyltransferase inhibitors that block the
post-translational farnesyl lipid modification controlling RAS
localization, the unexpected compensatory activity of a related
enzyme rendered KRAS refractory to inhibition, explaining the
disappointing clinical outcomes inKRASmutant cancers (Berndt
et al., 2011). The strategy of selectively targeting RAS-driven
cells by inhibiting mutation-induced synthetic lethal depen-
dencies is a promising concept that has yielded actionable can-
didates, but one whose progress has been slowed by concerns
about model system and reagent fidelity (Downward, 2015).
Finally, as a result of promising early findings, the strategy of tar-
geting key RAS effector pathways has emerged as the focus of
most translational research efforts (Cox et al., 2014).
The activity of single-agent therapies targeting individual RAS

effector pathways is limited; however, combinations of inhibitors
targeting multiple effector and/or feedback pathways have
shown impressive activity in KRAS mutant model systems
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Figure 1. Construction and Validation of Miniaturized CRISPR/Cas9 Library for Drug Sensitizer Screening
(A) Breakdown of the 378 genes included (top) and schematic depicting the construction and implementation of the 1,940 sgRNA library (bottom).

(B) Replicate comparison of gene-level essentiality phenotypes in the CRC cell line HCT116 pilot screen. Themean depletionmetric (DM) (t = 4weeks/t = initial) for

all five constructs targeted to each gene in the library is plotted and fit to a linear model. Previously identified ‘‘core essential’’ genes (Hart et al., 2014) RPL5,

SF3B1, PPP2R1A, SMC3, andU2AF1 are noted in blue as positive controls (top). Replicate comparison of sensitizer phenotypes fromHCT116 pilot screen. Cells

were cultured in the presence of 0.1 mMAZD6244 or vehicle for 4 weeks. The mean DM (t = 4 weeks, drug/vehicle) for all five constructs targeted to each gene in

the library is plotted and fit to a linear model. Select sensitizers identified in previous studies (BRAF, IGF1R, AKT1, and MAPK1) are noted in blue as positive

controls.

(C) Log2(DM) for each gene in a representative HCT116MEKi sensitizer screen. The 50 control sgRNAs are randomly assigned to 10 control genes and are labeled

in yellow. Hits in red are genes that scored reproducibly in the bottom 10% of genes in the library for both replicates (gray text, known sensitizer; red text,

previously unknown sensitizer). Inset: Pharmacologic validation of sensitizers to the MEKi AZD6244 in HCT116 cells identified by the pilot screen (ERKi,

SCH772984, 0.02 mM; IGFRi, GSK1838705A, 1 mM; PKCi LY317615, 2 mM; AKTi MK2206, 10 mM; RAFi LY3009120, 0.1 mM, right). Data are GI50 values

(mean ± SD of three replicates) in the presence of DMSO or the indicated sensitizer drugs.

(D) Replicate comparison of the DM (most active three sgRNAs per gene) for hits in the pilot screen (known sensitizers, blue; previously unknown sensitizers,

orange).

(legend continued on next page)
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(Al-Lazikani et al., 2012; Samatar and Poulikakos, 2014).
Specifically, the combined inhibition of MEK and the phosphati-
dylinositol 3-kinase (PI3K)/AKT/mTOR pathway has been widely
described, as have approaches combining MEK inhibitors
(MEKis) with inhibitors of ERK feedback reactivation, including
the receptor tyrosine kinases (RTKs) ERBB3, IGF1R, and
FGFR1. More recent studies have also identified combinations
targeting MEK alongside YAP1 and BCL-XL survival pathways
as promising strategies for these tumors (Corcoran et al., 2013;
Ebi et al., 2011; Engelman et al., 2008; Lamba et al., 2014; Lin
et al., 2015; Manchado et al., 2016; Sun et al., 2014). To date,
however, these approaches have shown only limited clinical
activity in patients with KRAS mutant cancers (Singh et al.,
2015). Therapies targeting MEK alongside the PI3K/AKT/mTOR
pathway have been limited by toxicities, making it difficult to
achieve complete pathway inhibition in patients (Ebi et al.,
2014). Ongoing clinical studies involving strategies targeting
MEK alongside feedback or alternative survival pathways have
thus far revealed activity in only subsets of patients, a fact that
is likely attributed to the intrinsic molecular, genetic, and clinical
heterogeneity of KRAS mutant tumors (Lamba et al., 2014). For
example, recent integrative genomic analyses have revealed
substantial diversity across, and even within, KRAS mutant
tumors fromdistinct tissue types, a finding consistent with recent
evidence that certain combination therapies may only have
activity in defined tumor subsets (Kitai et al., 2016; Skoulidis
et al., 2015).
Together, these findings highlight three key unanswered ques-

tions. First, what is the landscape of druggable signaling path-
ways whose inhibition cooperates with inhibitors of KRAS
effector signaling? Second, how do the activities of combination
therapies targeting these pathways vary both across and within
KRASmutant tumors from distinct tissues? Finally, might a land-
scape view of drug target interactions shed light on strategies to
build more effective combination therapies? To date, no studies
have been powered to address these questions. Pooled RNA
interference (RNAi) sensitizer screens are in principle suitable
for the challenge, but historically they have only been performed
with drugs targeting a single KRAS effector node in a single cell
line (Corcoran et al., 2013; Lamba et al., 2014; Manchado et al.,
2016; Sun et al., 2014). Furthermore, the deficiencies of RNAi-
based methods in the areas of reagent fidelity and scalability
make it difficult to use this approach to accurately map drug
target interactions across a large matrix of cell lines and drug
treatments (Shalem et al., 2015). CRISPR/Cas9 screening
methods have the potential to overcome these limitations
by enabling the construction of high-fidelity screening libraries
that enable complete loss of function with minimal off-target ef-
fects (Shalem et al., 2014; Wang et al., 2014). In this study, we
sought to use a custom CRISPR/Cas9-based screening library

to map the landscape of druggable pathways that cooperate
with inhibitors of the key KRAS effectors MEK, ERK, and PI3K
in KRAS mutant lung, colon, pancreas, and ovarian cancer
models based on the hypothesis that such an effort may reveal
potent and durable strategies to target these tumors.

RESULTS

Development of a CRISPR/Cas9-Based Method to
Identify Drug Sensitizers
Recent work has demonstrated the ability of CRISPR/Cas9-
based loss-of-function screening to efficiently identify essential
genes in mammalian cells using one-plasmid (Wang et al.,
2014, 2015) and two-plasmid lentiviral systems (Shalem et al.,
2014). We chose to clone optimized short-guide RNAs (sgRNAs)
(Wang et al., 2014) into a second-generation single-plasmid len-
tiviral system in which both an sgRNA and Cas9 are expressed
from the same vector (Sanjana et al., 2014; Shalem et al.,
2014) to create a custom screening library targeting 378 genes
(five guides per gene) alongside 50 non-targeting controls. These
genes represent hand-selected, key nodes in major oncogenic
growth, survival, and metabolic pathways, RTKs, key druggable
kinases and epigenetic modifiers, and frequently amplified or
mutated oncogenes, genes that were judged to be both likely
to modify drug sensitivity and are often druggable (Figure 1A;
Tables S1 and S2). We intentionally limited the size of this library
to !2,000 sgRNAs to enable parallel screening across many
adherent cell line/drug combinations, as this limited library size
enables negative selection screening using 50-fold fewer cells
than genome-wide libraries (e.g., 2 3 106 versus 1 3 108 cells
per condition). To identify genes whose inhibition sensitized
cells to drug treatments, cells were first transduced with the
pooled library at a low multiplicity of infection (MOI = 0.2)
and then cultured in the presence of sub-lethal drug doses
for 3–4 weeks followed by deconvolution with next-generation
sequencing (Figure 1A).
To validate drug sensitizer screening with CRISPR/Cas9, we

first tested the approach in a well-definedmodel system. Specif-
ically, we screened KRAS mutant HCT116 colorectal cancer
(CRC) cells, a well-validated KRAS-dependent cell line, in the
presence of the MEKi selumetinib (AZD6244), as several MEKi
sensitizers have been previously identified in this cell line.
Although our library lacked extensive representation of generally
essential genes, the reproducibility of essentiality phenotypes in
replicate screens confirmed consistent reagent behavior and
identified several known ‘‘core essential’’ genes identified in a
recent study (Figure 1B, top) (Hart et al., 2014). Drug screens
were performed using a dose of 0.1 mM AZD6244, a concentra-
tion yielding on-target MEKi and approximately 25% growth
inhibition (Figure S1A). After calculating the depletion metric

(E) Replicate comparison of screens performed in two primary patient-derived CRC cell lines across the three inhibitors tested (SCH772984, ERKi; GDC-0623,

MEKi; BKM-120, PI3Ki). Data are the DM for the three most active sgRNAs per gene.

(F) Relationship of control guides to hits in replicate 1 across all CRC screens (DM is the average of the three most active sgRNAs). Boxplots for the mean DM

score of each hit and control in every CRC cell line for each drug screen (bottom right).

(G) Screen results for ControlA1 (orange) and guides targeting CRKL (blue) are plotted and fit to a linear model (adj R2 = 0.54; top). Cells expressing sgCRKL

constructs were treated with the MEKi AZD6244 and normalized to cells expressing sgControl constructs. Data are fold change in GI50 values (mean ± SD of

three replicates; bottom). *p < 0.05 by Student’s t test. See also Figure S1 and Tables S1, S2, and S3.
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(DM) for each sgRNA (its relative abundance in the presence of
drug normalized to the same quantity in the presence of vehicle),
we converted sgRNA-level scores to gene-level scores by calcu-
lating the cumulative sum of the rank ordered scores derived us-
ing five common metrics: the mean and median scores for the
five sgRNAs targeting each gene alongside the average score
of the three best and two best sgRNAs per gene and the score
of the second best sgRNA alone (Table S3; for details, see
Experimental Procedures; Gilbert et al., 2014; Marcotte et al.,
2012). This multi-metric gene scoring method was used to mini-
mize false-positive hits by balancing the relative strengths and
weaknesses of each metric. Using this approach, replicates
were highly correlated for sensitizer phenotypes, and known
sensitizers behaved as expected (Figure 1B, bottom). Nominally,
we considered genes to be sensitizer hits when they scored in
the bottom 10% of all genes in both replicates of a given screen
(Figure 1C, hits indicated with red dots). All hits scoring at this
threshold had multiply corrected p values less than 0.05 (Benja-
mini-Hochberg correction), suggesting that they are likely to be
true positives. Furthermore, sensitizers from this screen could
be validated in an eight-point growth inhibition-50% (GI50) assay
(see Experimental Procedures) using selective small-molecule
kinase inhibitors targeting sensitizer gene products (Figure 1C,
inset; Figure S1B). Importantly, non-targeting control sgRNAs,
randomly binned into 10 control genes, failed to score (Figure 1C,
in yellow). The sensitizer phenotypes for hit genes were highly
reproducible across replicate screens (Figure 1D), and included
the previously identified sensitizers AKT1, RAF1 (C-RAF), BRAF,
and IGF1R.

Having validated the sensitizer screening method, we next
performed screens to identify sensitizers to the MEKi GDC-
0623, the ERKi SCH772984, and pan-PI3Ki BKM120 (buparlisib).
GDC-0623 and SCH772984 were chosen because of their abili-
ties to selectively and potently inhibit both the kinase activities
and feedback-mediated phosphorylation of their targets MEK
and ERK, respectively. Similarly, we chose a pan- rather than
isoform-selective PI3K inhibitor BKM120 because isoform-
selective inhibitors can be overcome by compensation by other
isoforms (Costa et al., 2015; Schwartz et al., 2015). Screens were
performed in a panel of four KRAS mutant CRC models—two
established cell lines (HCT116 and SW620) and two primary
patient-derived xenograft (PDX)-established cell lines (CRC119
and CRC240) (Uronis et al., 2012)—at doses yielding on-target
kinase inhibition and partial cell growth inhibition in each cell
line (Table S3; Figures S1C and S1D). Correlation plots from
replicate screens demonstrate that, although screens with
MEKi and ERKi identified numerous reproducible sensitizers,
screens with PI3Ki yielded fewer and weaker sensitizers,
perhaps reflecting the limited driver role for PI3K in KRAS-
dependent effector signaling in these cancers (Figure 1E, where
sensitizers are found in the lower left-hand quadrant of each plot,
and Figure 1F; Figure S1E) (Cox et al., 2014). Additionally, the
low-passage PDX-derived cell lines behaved similarly to estab-
lished cell lines, and both MEKi and ERKi screens produced
broadly similar sensitizer profiles across all cell lines (Figure S1F).
Finally, as a demonstration of the reliability of the screening
approach, we generated knockout lines for the adaptor protein
CRKL. CRKL validation assays in all screened cell lines yielded

consistent sensitizing phenotypes with the exception of SW620
(gray dots and bars), whose variable efficacy in validation assays
mimicked that seen in the screen results for this cell line (Fig-
ure 1G; Figure S1G). Taken together, these findings suggest
that CRISPR/Cas9-based screens can reproducibly identify
drug sensitizers with low false-positive hit rates, suggest consis-
tency between screens performed in primary patient-derived
and established cellular models, and underscore the extensive
cooperation between inhibitors of the MEK/ERK pathway and
other cellular targets in KRAS mutant CRCs.

Mapping a Landscape of Combination Therapies in
KRAS Mutant Cancers
To broaden our analysis to additional KRAS mutant tumor
types, we next performed replicate screens in cellular models
of KRAS mutant non-small cell lung adenocarcinoma (NSCLC)
(Calu-6, A549, Calu-1), pancreatic ductal adenocarcinoma
(PDAC) (Capan-1, Panc 02.03, Panc 03.27, and CFPAC-1), and
ovarian mucinous carcinoma (MCAS) treated with GDC-0623,
SCH772984, and BKM120 as above. By integrating the results
of these screens with those performed in KRAS mutant CRC
cell lines—a total of 70 screens (35 screens in duplicate) in 12
cellular models—we identified 51 genes scoring as sensitizers
to either MEKi, ERKi, or PI3Ki (top 10% in both replicate screens
in two or more cell lines), with eight sensitizers scoring for
PI3Ki and 47 sensitizers scoring for either MEKi or ERKi. When
analyses were restricted by tissue type, a similar pattern was
observed, with 3, 3, and 2 PI3Ki sensitizers observed in colon-,
lung-, and pancreas-derived models, respectively, and 24, 22,
and 12 MEKi and/or ERKi sensitizers observed in the same
models (Figure 2A; Figures S1C and S1D).
To visualize the landscape of MEKi and ERKi sensitizers

across tissues, we performed unsupervised hierarchical clus-
tering of all sensitizers identified in at least two pairs of replicate
MEKi or ERKi screens (n = 89 genes). This analysis revealed
several overarching patterns. First, sensitizer profiles from repli-
cate screens tended to cluster together, as did profiles from
MEKi and ERKi screens in a given cell line. Second, sensitizer
profiles generally clustered by tissue of origin, with pancreas
and ovarian models clustering separately from colorectal and
lung models, which were partially intermingled (Figure 2B). Our
screens identified previously described MEKi sensitizers,
including those that function through the PI3K/AKT/
mTOR pathway (AKT1, AKT2, RICTOR, MTOR, and IGF1R),
through suppression of ERK pathway feedback reactivation (or
incomplete pathway inhibition) (BRAF, RAF1, MAPK1, MAPK3,
KRAS, and FGFR1), and through the YAP1 pathway (Ebi et al.,
2011; Engelman et al., 2008; Lamba et al., 2014; Lin et al.,
2015; Manchado et al., 2016). Importantly, these screens also
identified a myriad of cellular processes not previously impli-
cated as therapeutic co-targets with MEKi or ERKi in KRAS
mutant cancers. These druggable sensitizers included regula-
tors of cell cycle and apoptosis (CDK1, CDK2, AURKA, AURKB,
MCL1, andMDM4), glucose metabolism (SLC2A1/GLUT1, HK2,
G6PD), RTK signaling (AXL, ERBB2, EPHA8, EPHB1, FGFR2,
and PTPN11), survival signaling (SRC, MAPK14, MAPK7), chro-
matin state (EP300, KMT2A, EZH2, DNMT1, HDAC4, HDAC7,
and HDAC8), and transcription (CDK7 and CDK9), as well as
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the currently undruggable oncogenic transcription factors MYC,
NFE2L2, ZEB1, and SNAI2 (Figures 2B and 2C; Table S3).

To functionally validate the druggable sensitizers identified in
primary screens, we began by testing a selection of hits identi-
fied in lung, pancreas, and CRC screens using pharmacological
inhibitors of each sensitizer. Seven-day clonogenic growth as-
says confirmed greater than additive growth inhibition resulting
from MEKi or ERKi plus sensitizer drug co-treatments in lung,
pancreas, and colon cancermodels (Figures 2D–2F; Figure S2A).
To better understand the strength, spectrum of activity, and
KRAS mutation selectivity of these combination therapies, we
tested a broader panel of candidate sensitizers using validated
small-molecule inhibitors of each sensitizer. Inhibitors of known
sensitizers mTORC1, B- and C-RAF (pan RAFi), and IGF-1R
served as positive controls. Specifically, we assessed sensitiza-
tion to ERKi mediated by each candidate sensitizer in three cell
line models for each tissue type (two KRAS mutant and one
wild type [WT]) using an eight-point GI50 growth assay. For
pancreatic cancer, we modeled KRAS WT disease, which oc-
curs in <5% of patients and is not well-represented by estab-
lished cell lines, using hTERT-immortalized pancreatic ductal
epithelial (DT) cells (Campbell et al., 2007). We note that
BxPC3 cells, which are sometimes used as models of KRAS
WT disease, actually harbor a MAPK pathway dependency
owing to a recently characterized, activating deletion in BRAF,
and thus were not used in this setting (Chen et al., 2016; Foster
et al., 2016). Overall, we pharmacologically validated 44/46
(96%) of the sensitizers examined in distinct tissues, in the pro-
cess finding that, although the strength of sensitization varied by
tissue type and drug, each combination wasmore effective in the
KRAS mutant setting (Figures 2G–2I; Figure S2B). For an
expanded and complete list of the 44 sensitizing combinations
validated in secondary assays, their method(s) of validation,
and the degree of sensitization observed by GI50 assays, refer
to Table S4.

Lung and Colon Tissue Specificity of p38a
An obvious advantage of screening many cell line models is the
ability to rapidly credential the tissues where a combination will
have the greatest effect. For instance, knockout ofMAPK14 (en-
coding the p38a MAPK) scored strongly as a MEKi/ERKi sensi-
tizer in lung and colorectal models, but less so in pancreas

models (Figure S2C). Subsequent validation of this interaction
with sgRNAs and a small-molecule inhibitor against p38a
confirmed this tissue-specific interaction (Figures S2D–S2F).
Inhibition of p38 as a monotherapy has not demonstrated
significant anti-tumor activity in RAS mutant cancer cell lines
in vitro (Campbell et al., 2014). Our findings suggest that the
combination of a clinical candidate p38a/b inhibitor
(LY2228820) with MEK/ERK inhibition may be an actionable
strategy forKRASmutant lung and CRC patients due to its ability
to block compensatory, treatment-induced p38 pathway activa-
tion (Figure S2G) and induce greater than additive levels of
apoptosis (Figure S2H).

SRC Inhibitors Cooperate with MEK/ERK Inhibitors in a
PIK3CA Mutation-Dependent Manner
In several instances, we observed genes whose knockout
conferred differential sensitization across cell lines from a single
tissue, suggesting the presence of secondary modifiers of sensi-
tivity and leading us to hypothesize that some of these second-
arymodifiersmay bemutationally encoded. For example,MDM4
knockout strongly sensitized lung cancer cells withWT TP53, but
not those with mutant TP53, to MEKi/ERKi, a result that could
be phenocopied using a pharmacological MDM2/4 inhibitor
(MI-773) and that is consistent with MDM4’s established role
as a negative regulator of p53 activity (Figure S3A). Similarly,
we observed that SRC knockout sensitized the CRC cell lines
CRC119, CRC240, and HCT 116 to MEKi/ERKi, but not the
SW620 cell line, differential sensitization that correlated with
the presence of canonical activating PIK3CAH1047R mutations
in the former lines, but not in the latter (Figure 3A; Figure S3B).
We confirmed this sensitization in eight-point GI50 assays that
revealed that pharmacological ERK inhibition conferred a highly
synergistic, >100-fold sensitization to SRC inhibition in CRC240
cells (combination index [CI] < 1.0 by Chou-Talalay method,
Figure 3B; Chou, 2010).
Given the dramatic synergy and unclear mechanism(s) of

action associated with SRC plus MEK/ERK pathway inhibi-
tion, we examined this combination in further detail. First, we
confirmed the on-target MEK/ERK pathway and SRC specificity
of the combination by performing cell proliferation assays using
a MEKi (AZD6244), an additional SRCi (saracatinib), and two
independent short hairpin RNAs (shRNAs) targeting SRC

Figure 2. Landscape View and Validation of Sensitizers to MEK/ERK Inhibitors across KRAS Mutant Cancers
(A) Comparison of hit frequency across tissues and drugs. A gene is considered a hit if it scores reproducibly in two cell lines per tissue.

(B) Hierarchical clustering of the Z-scored DM for the three most active sgRNAs per gene in each replicate for GDC-0623 (MEKi) and SCH772984 (ERKi) screens.

For each condition, cells were grown either in vehicle or low doses of the indicated inhibitor (see Table S3 for doses) for 3–4 weeks and then results were

de-convoluted by deep sequencing (boxes highlight representative areas of heat, indicating groups of possible tissue-specific sensitizers).

(C) Table with representative processes and corresponding target genes that modulate sensitivity to MEK/ERK inhibition uncovered by the screens.

(D–F) Crystal violet staining of 7-day colony growth in cell lines treated with the indicated, candidate sensitizers. Cells were treated with the indicated inhibitors in

combination with AZD6244 (MEKi) or ERKi (SCH772984) at the listed concentrations: (D) ERK5i, XMD8-92; MDM2/4i, MI-773; (E) EGFRi, Gefitinib; mTORC 1/2,

Torin1; (F) SRCi, dasatinib; CDK1i RO-3306. Data are a representative image of each experiment performed in duplicate.

(G–I) (Top) Pharmacologic validation of 12 sensitizers. Mutant and wild-type cells were tested in eight-point GI50 assays with either SCH772984 (ERKi) alone or in

the presence of a constant background concentration of the indicated drugs in lung (G), pancreas (H), or CRC (I) cell lines. Relative viability wasmeasured at 72 hr

post-treatment using Cell Titer Glo. Dotted line indicates ERKi GI50 value for DMSO-treated KRAS mutant cells. Data are mean ± SEM of three replicate

experiments. (Bottom) Similar to top, log2-transformed GI50 values for two KRAS mutant cell lines and one KRAS WT cell line per tissue. Data are normalized

to DMSO-treated samples for each cell line (DNMT1i, Azacitadine, 0.5 mM; EZH2i UNC1999, 0.5 mM; CDK2i Roscovitine, 5 mM; CDK9i LDC000067, 2 mM; CDK7i

BS-181, 2 mM; SRCi dasatinib, 0.2 mM; IGFRi, GSK1838705A, 1 mM; mTORC1 Rapamycin, 0.1 mM; mTORC 1/2, Torin1, 0.2 mM; RAFi LY3009120, 1 mM; CDK1i

RO-336, 5 mM; CDK4/6i PD0332991, 2 mM). *p < 0.05. See also Figures S1 and S2 and Tables S3 and S4.
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(Figure S3C). Next, we tested the combination in a panel of 17
cellular models of CRC, 7 of which were PDX-derived primary
cell lines. In this panel, eight cell lines with mutations in both
KRAS and PIK3CA (heretofore ‘‘double mutant’’) exhibited pro-
nounced sensitization in growth inhibition assays, whereas cell
lines with either mutation alone, or WT for both, failed to respond
(Figure 3C; Figure S3D). Similarly, double-mutant cell lines ex-
hibited greater than additive apoptosis induction following treat-
ment with SRCi plus ERKi, whereas single-mutant and WT/WT
lines failed to respond (Figure 3D). Mechanistically, SRC inhibi-
tion blocked AKT phosphorylation and blunted MEKi-driven
AKT feedback activation, but only in double-mutant cells (Fig-
ure 3E; Figure S3E). Importantly, AKT inhibition by SRC inhibitors
was required for the activity of the combination therapy, as
ectopic expression of a constitutively active, myristoylated
AKT1 (myr-AKT1) blocked the combination’s activity in growth
and apoptosis assays (Figures S3F and S3G). Furthermore,
combined SRCi plus MEKi therapy in mice bearing double-
mutant xenograft tumors led to greater than additive tumor
growth inhibition, a result that could be phenocopied using the
combination of a MEKi and an allosteric AKTi (Figure 3F).

To better understand the mechanism of apoptosis induction
following MEK/ERK pathway plus SRC inhibition, we used BH3
profiling, which identified an increase in overall apoptotic priming
in KRAS/PIK3CA mutant cells treated with the drug combina-
tion as evidenced by increased mitochondrial depolarization
following treatment with BIM- or BID-derived peptides (Fig-
ure S3H). Given that increased priming implies a change in the
stoichiometry of BH3-only proteins associated with the mito-
chondrial membrane (Montero et al., 2015; Winter et al., 2014),
we probed lysates of KRAS mutant/PIK3CA mutant and KRAS
mutant/PIK3CA WT cells for alterations in the levels of BIM.
Indeed, combination treatment at 6 and 24 hr increased levels
of the pro-apoptotic protein BIM only in KRAS/PIK3CA double-
mutant cells, with BIM increases being predominantly driven
by ERK pathway inhibition (Figure 3G; Figure S3I). Furthermore,
SRC/AKT signaling also regulates BAD, which cooperates with
BIM upstream through BCL-2/BCL-XL (Figure S3J). This led us

to hypothesize that BIM activation may be necessary and suffi-
cient for the activity of the combination, a hypothesis we
confirmed experimentally (Figure 3H; Figure S3K). Interestingly,
during the course of these experiments we noticed that ectopic
BIM expression only induced marginal apoptosis in single-
mutant cell lines despite the established importance of this
protein as a key activator of the intrinsic apoptotic pathway
(Figure 3H) (Letai, 2008). Consistent with this observation, BIM
protein was found to be expressed at significantly lower
steady-state levels in double-mutant cell lines and human pa-
tient tumors than in corresponding tumors having WT KRAS or
PIK3CA alleles (Figure 3I; Figure S3L; Table S5). Collectively,
these results demonstrate that KRAS/PIK3CA double-mutant
CRCs undergo apoptosis and tumor growth inhibition following
treatment with inhibitors of SRC and the MEK/ERK pathway.
Mechanistically, SRC inhibition appears to function by suppress-
ing AKT phosphorylation only in double-mutant tumors, an event
that drives BIM activation when combined with MEK/ERK inhibi-
tion through both direct upregulation of BIM protein levels
and through suppression of BAD phosphorylation. Surprisingly,
BIM induction only leads to apoptosis in double-mutant tumors,
an observation that may be explained by the fact that tumors
lacking double mutations have evolved in the presence of high
steady-state BIM protein levels, and therefore are insensitive
its death-inducing effects. Because SRC inhibition leads to
AKT inhibition only in double-mutant cells, and because these
cells are particularly sensitive to BIM induction, this therapy
may have a substantial therapeutic window that exceeds that
of combined, direct MEK and AKT inhibition, which has failed
clinically because of the toxicity associated with systemic inhibi-
tion of these pathways (Singh et al., 2015).

Leveraging the Landscape of Sensitivity Modifiers to
Suppress Resistance
As demonstrated above, large-scale CRISPR/Cas9 screening
can uncover potent combination therapies; however, it is clear
from clinical experience that resistance can emerge even in the
context of combination therapies to which patients initially

Figure 3. Co-inhibition of the MEK/ERK Pathway Plus SRC Induces Synergistic Apoptosis in KRAS/PIK3CA Double-Mutant CRCs through
Induction of BIM
(A) At right, relative depletion of SRC across CRC screens. At left, rank ordered relative depletion scores (three-score) plotted for all 378 genes in aKRAS/PIK3CA

double mutant and a KRAS mutant/PIK3CA wild-type cell line.

(B) GI50 for a SRC inhibitor (dasatinib) in the presence of either vehicle or a constant background dose of ERK inhibitor (VX-11e) in CRC240 cells. CI values are

calculated for each dose on the curve.

(C) SRC inhibitor (dasatinib) sensitization score across a panel of CRC cell lines with indicated alterations in KRAS and PIK3CA. Sensitization score is calculated

as the log10 ratio of the GI50 values for SRCi (dasatinib) relative to the same quantity in the presence of a constant background dose of 1 mM ERKi (VX-11e).

Additive effects center at zero, antagonistic effects are negative, and sensitization effects are positive.

(D) Apoptosis measurements, reported as the percentage of annexin v+/7-AAD" cells in six CRC cell lines representing various mutational backgrounds treated

with vehicle, a SRC inhibitor (dasatinib, 200 nM), an ERK inhibitor (VX-11e, 1 mM), or the combination of both.

(E) Immunoblots of P-AKT, T-AKT, P-ERK, T-ERK, and a loading control in four CRC cell lines representing different mutational backgrounds treated with vehicle,

a SRC inhibitor (dasatinib, 1 mM), a MEKi (AZD6244, 0.5 mM), or the combination of both for 6 hr. Loading control for CRC240 and LoVo is Histone H3, and control

for CRC240 and SW480 is vinculin. Blots are cropped for clarity.

(F) HCT116 xenografts treated with vehicle, SRCi (dasatinib, 15 mg/kg, daily) or AKTi (MK2206, 60 mg/kg, daily), MEKi (AZD6244, 10 mg/kg, twice daily), or the

combination of a MEKi with either SRCi or AKTi for 21 days, shown as tumor size at endpoint (top) or growth curve (bottom).

(G) Immunoblot of T-BIM and vinculin in four CRC cell lines representing different mutational backgrounds treatedwith vehicle, a SRC inhibitor (dasatinib, 1 mM), a

MEKi (AZD6244, 0.5 mM), or the combination of both for 6 hr. Blots are cropped for clarity.

(H) Apoptosis (annexin V+/7-AAD" percentage) following ectopic overexpression of BIM in the absence of drug in indicated CRC cell lines.

(I) Quantification by immunohistochemistry (IHC) for T-BIM in CRC patient samples stratified into WT/WT or KRAS/PIK3CA mutant groups. To the right are

representative images of each case, also showing H&E staining. Error bars show data ± SEM. *p < 0.05. See also Figure S3 and Table S5.
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respond (Robert et al., 2015). To better understand the potential
for acquired resistance to combination therapies in KRAS
mutant cancers, and to credential the kinetics of resistance
acquisition, we used time-to-progression (TTP) modeling (Misale
et al., 2015). In this assay, KRAS/PIK3CA double-mutation CRC
cells developed resistance to single-agent ERKi (asmeasured by
the acquisition of exponential growth kinetics) on the timescale
of 3–4 weeks, whereas the combination of SRCi plus ERKi de-
layed resistance by an additional 2 weeks (Figure 4A). To extend
these studies, we performed TTP assays on a panel of additional,
combination therapies arising from our screens. These assays
focused specifically on inhibitor combinations targeting growth
signaling pathways, as these agents may have near-term clinical
potential. Interestingly, as in the case of the SRCi-plus-ERKi
combination, we observed delayed resistance emergence for

each assayed combination therapy (Figure 4B). This observation
implies that resistance to two-drug combination therapies,
although delayed relative tomonotherapies, is likely to eventually
arise, thereby placing an emphasis on defining strategies to
more durably block resistance.
Feedback and bypass signaling mechanisms have been well

documented to limit the activity of MEK/ERK pathway-targeted
monotherapies in KRAS mutant cancers (Bernards, 2012), and
it is reasonable to hypothesize that similar mechanisms may
also limit the activity of combination therapies, as has been
demonstrated when combined BRAFi and MEKi therapies are
used inBRAFmutantmelanomas (Moriceau et al., 2015). Indeed,
in KRAS/PIK3CA double-mutant CRC cells treated for 2 weeks
with SRCi plus MEKi, we observed rebound of both ERK and
AKT phosphorylation (Figure 4C). Reasoning that multiple

A B C

D E

F G

Figure 4. Leveraging the Landscape of Sensitizers to Suppress Resistance
(A) Time-to-progression (TTP) assay in CRC240 cells treated with the ERKi (VX-11e, 1 mM)-plus-SRCi (dasatinib, 1 mM) combination. Data are mean ± SEM of

three replicates.

(B) TTP for several candidate CRC combinations tested in CRC119 cells. MEKi, AZD6244, 1 mM; IGFRi, GSK1838705A, 1 mM; SRCi, dasatinib, 0.5 mM; ERKi,

SCH772984, 0.1 mM; AKTi, MK2206, 5 mM.

(C) Immunoblots of indicated targets in CRC119 cells treated with DMSO, MEKi (AZD6244, 1 mM), SRCi (dasatinib, 0.5 mM), or the combination for 14 days and

probed at the indicated times. Blots are cropped for clarity.

(D) Pairwise combinations of sensitizers in CRC119 cells to identify triple combinations (left). Triple combinations (red) were tested for their ability to shift the GI50

curves to a greater extent than either of the two-body combinations (gray; center). Log2 fold shifts from baseline are shown for all combinations tested, where

negative values indicate leftward shift of the curve as in the center plot. Data aremean ±SD of three replicate experiments. Drug identities as above except for the

following: RAFi, LY3009120, 0.05 mM; ERKi, 0.05 mM; SRCi, 1 mM.

(E) CRC119 annexin V+ cells after 48 hr of treatment with the indicated combinations (MEKi, SRCi, and AKTi identity same as above).

(F) TTP assay for a candidate triple combination (MEKi AZD6244, 0.2 mM; SRCi dasatinib, 1 mM; AKT MK2206, 10 mM).

(G) HCT116 xenograft treated with vehicle, MK-2206 (15 mg/kg, daily), dasatinib (15 mg/kg, daily) and AZD6244 (15 mg/kg, daily), or the triple combination. For

average tumor volumes, each arm only plots the data up to the point at which the first mouse in the group reached the humane endpoint. To the right, a survival

curve showing percentage of mice with tumors less than four times the starting volume at a given time. To the right of survival curve are the mouse weights for the

triple-combination group over the course of the study. Data are mean ± SEM. *p > 0.05. See also Figure S4.
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Figure 5. Leveraging the Priming Ability of Two-Body Combinations to Design Triple-Combination Therapies Involving Cytotoxic
Chemotherapies
(A) BH3 profiling in the KRAS mutant CRC cell line HCT116 treated with the indicated combinations (MEKi AZD6244, 1 mM; RAFi LY3009120, 0.5 mM; IGFRi

GSK1838705A, 3 mM; SRCi dasatinib, 0.5 mM; ERKi SCH772984, 0.25 mM; AKTi MK2206, 5 mM).

(B) Immunoblot of indicated proteins in CRC119 CRC cell line treated with the indicated combinations (drug identities same as above with following doses: MEKi,

1 mM; RAFi, 0.2 mM; IGFRi, 1 mM; SRCi, 0.5 mM; ERKi, 0.1; AKTi, 5 mM). Blots are cropped for clarity.

(legend continued on next page)
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mechanisms of feedback and bypass signaling may exist, and
that these mechanisms are likely to be driven by the sensitizer
hits identified in our primary screens, we hypothesized that these
hits may be enriched for drug targets that can be combined to
yield triple-drug therapies that cause greater than additive cell
death at low doses and delay TTP in vitro. Indeed, effective
triple-drug therapies have been previously described, but effi-
ciently navigating the space of potential three-drug combina-
tions to identify those capable of suppressing resistance
is technically challenging (Ahronian et al., 2015). To test this
concept, we assembled panels of drugs targeting sensitizers
that cooperate with MEKi in KRAS mutant colorectal and lung
cancers (AKT, IGFR, RAF, ERK, SRC, MAPK7, and ERK5). First,
we performed GI50 assays to quantify the degree to which each
individual sensitizer, and all combinations of two sensitizers,
potentiated the activity of MEKi. In most cases, combinations
of two sensitizers potentiated the activity of MEKi more than
either drug alone (Figure 4D; Figure S4A), a result that translated
to greater than additive apoptosis induction using low-dose
triple combinations (Figure 4E; Figure S4B). Importantly, low-
dose triple-drug combinations also suppressed the emergence
of resistance over time in multiple TTP models (Figure 4F; Fig-
ure S4C). Additionally, low, tolerable doses of this triple combi-
nation could suppress resistance in vivo for a short period; how-
ever, the tumors ultimately rebounded on treatment (Figure 4G).
Collectively, these data suggest that the landscape of MEKi and
ERKi sensitizers identified by CRISPR/Cas9 screening identifies
multiple, parallel mechanisms of resistance, and that by target-
ing these mechanisms in combination, it is possible to derive
higher-order drug combinations that suppress resistance
in vitro. However, the eventual outgrowth of resistance to these
triple combinations in vivo suggests that alternative approaches
to delay resistance will be needed.

Suppressing Resistance by Exploiting Drug-Induced
Apoptotic Priming
Although targeting signaling feedback-based resistance is a
potentially viable approach to suppress resistance, an alterna-
tive approach is to take advantage of underlying properties
shared by drug combinations. In agreement with our SRCi-
plus-MEKi/ERKi findings, recent work has demonstrated that
targeted therapies can tilt the balance of pro- versus anti-
apoptotic signals in the mitochondria, ‘‘priming’’ cells for death
(Figure S3H; Montero et al., 2015). Indeed, BH3 profiling re-
vealed that each pair of a selection of the most potent combina-
tion therapies targeting growth signaling pathways also forced
KRAS mutant cells into a more primed state (Figure 5A; Fig-
ure S5A), likely through the induction of BIM at the protein level,
as only modest changes were observed in other candidate

BCL-2 family proteins (Figure 5B; Figure S5A). Drug-induced
priming was not observed in KRASWT cells (Figure S5B). Given
recent evidence that cancer cells in a primed state are more sen-
sitive to treatment with cytotoxic chemotherapies (Ni Chonghaile
et al., 2011), we reasoned that combination therapies may sensi-
tize tumors to standard of care chemotherapy. Indeed, treatment
of KRAS/PIK3CA double-mutant CRC cells with ERKi plus SRCi
sensitized these cells to 5-fluorouracil (5-FU), irinotecan, and ox-
aliplatin, the cytotoxic agents used in the standard-of-care reg-
imens FOLFOX, FOLFIRI, and FOLFIRINOX, by over 10-fold in
GI50 assays (Gustavsson et al., 2015). Furthermore, treatment
with low doses of ERKi, SRCi, and cytotoxics caused greater
than additive apoptosis induction, delayed TTP in vitro, and sup-
pressed the growth of a xenograft tumor model in vivo (Figures
5D–5F).
Along with increasing overall apoptotic priming, BH3 profiling

of cells treated with various combinations also revealed that
drug treatment induced a newfound dependence on the anti-
apoptotic protein BCL-XL, as indicated by an increased sensi-
tivity to the BCL-XL-neutralizing HRK peptide (Figure 6A).
Indeed, across combination therapies spanning KRAS mutant
colorectal, lung, pancreas, and ovarian models, inhibition of
BCL-XL (but not the related anti-apoptotic protein BCL-2)
conferred greater than additive growth inhibition and apoptosis
induction, suggesting that BCL-XL inhibitors may be a common
method to increase the therapeutic window for drug combina-
tions targeting KRAS effector and feedback pathways (Figures
6B and 6C; Figure S6A). Interestingly, we note that the combina-
tion of BCL-XL andMEKis was previously proposed as a strategy
to treat KRAS-driven cancers (Corcoran et al., 2013). However,
we found that this combination yielded more modest apoptosis
induction than corresponding triple therapies, and furthermore,
that cells were able to rapidly develop resistance to this treat-
ment, even when administered at high doses (Figures 6C and
6D; Figure S6B), a feature that may partially explain the hetero-
geneous clinical responses observed in patients treated with
this combination (Singh et al., 2015). In contrast, when adminis-
tered as part of a triple combination that maximally induces BIM
expression, this approach blocked acquired resistance in the
TTP assay performed using multiple cellular models (Figure 6D;
Figures S6C–S6F). The candidate MEKi, SRCi, and BCL-XLi tri-
ple combination was also well tolerated and efficacious in a
KRAS/PIK3CA mutant CRC xenograft model in vivo (Figure 6E).
Finally, a potential clinical limitation of BCL-XLi is the fact that

these inhibitors can cause on-target, reversible thrombocyto-
penia (Zhang et al., 2007). To determine whether drug combina-
tions that potentiate the activity of BCL-XLi in KRAS mutant tu-
mors also exacerbate thrombocytopenia, we isolated platelets
from fresh blood obtained from two healthy human donors,

(C) Log2-transformed GI50 values for three separate cytotoxic chemotherapeutic drugs treated with either vehicle or a constant background dose of an ERKi

(VX-11e), a SRCi (dasatinib), or the combination of both.

(D) Apoptosis measurements reported as percentage annexin V+ cells treated with the indicated drugs for 48 hr in CRC240 cells. SRCi (dasatinib, 100 nM), ERKi

(VX-11e, 500 nM), 5-FU (5 mM), irinotecan (5 mM), and oxaliplatin (5 mM).

(E) TTP in CRC119 cells treated with the indicated drugs. SRCi (dasatinib), MEKi (AZD6244).

(F) HCT116 xenograft treated with vehicle, Oxaliplatin (7.5 mg/kg once every 4 days), dasatinib (15 mg/kg, daily) and AZD6244 (10mg/kg, twice daily), or the triple

combination. To the right, a survival curve showing percentage of mice with tumors less than four times the starting volume at a given time. To the right of survival

curves, mouse weights for the triple-combination group over the course of the study. Error bars show data ± SEM. *p < 0.05. See also Figure S5.
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and then treated them with BCL-XLi in the presence or absence
of MEKi-based combination therapies. Importantly, these as-
says revealed that short-term treatment with combination thera-
pies failed to influence the sensitivity of platelets to BCL-XLi
(Figure S6G). Furthermore, the reversible nature of toxicities
associated with these agents also suggests that serial or inter-
mittent dosing regimens may be advantageous. Given the fact
that BIM induction sensitizes cells to BCL-XLi, we measured
BIM protein levels over time following treatment with MEKi/
ERKi-based combinations. After ERKi-plus-SRCi removal, BIM
levels in KRAS mutant cells remain elevated for at least 48 hr
(Figure 6F), suggesting that there could be an opportunity to
temporally separate BIM-inducing combination treatment from
BCL-XL inhibition. Consistent with this hypothesis, cells re-
mained highly sensitive to BCL-XLi treatment for up to 48 hr after
the removal of ERKi plus SRCi (Figures 6G and 6H). Collectively,
the findings described in Figures 5 and 6 demonstrate that MEKi/
ERKi-based combination therapies sensitize cells to apoptosis,
unmasking a dependency on the pro-survival BCL-2 family pro-
tein BCL-XL. Because of these properties, combination thera-
pies sensitize KRAS mutant tumors to both cytotoxic chemo-
therapies and BCL-XLi. Finally, owing to the temporal nature of
BIM induction following treatment with combination therapies,
it may be possible to schedule triple therapies by first adminis-
tering a combination that drives BIM induction, then sequentially
administering an agent such as a BCL-XLi that exploits that in-
duction to drive apoptosis, an approach that may reduce sys-
temic toxicities while retaining anti-tumor efficacy.

DISCUSSION

CRISPR/Cas9-based loss-of-function screening has recently
been shown to be a powerful approach in functional genomics
owing to its ability to generate complete genetic loss-of-function
mutations with minimal off-target effects relative to RNAi (Bar-
rangou and Doudna, 2016). Here, we applied this technology
to design a strategy for drug sensitizer screening with low
false-positive hit rates, as evidenced by the fact that nearly all
of the hits identified in our screens could be validated using

small-molecule inhibitors of their encoded proteins. Coupling
CRISPR’s high reagent fidelity with careful selection of a minia-
turized, sub-genomic library, our pan-cell line analysis revealed
the first working landscape of drug targets and pathways that
sensitize KRAS mutant tumors to MEK, ERK, or PI3K inhibition.
This analysis revealed both universal and tissue-specific sensi-
tizers that corroborate the known sensitizer literature while also
uncovering numerous previously unknown sensitizer interac-
tions targeting diverse cellular processes. Indeed, the literature
to date has implicated combinations that largely target MAPK
pathway feedback re-activation and RTK-induced PI3K pathway
activation. Our screens revealed the unanticipated finding that
diverse cellular processes can alter the sensitivity of KRAS
mutant tumors to MEK/ERK pathway inhibition (Figure 2C), often
in a manner that appears to be KRASmutation-specific (Figures
2G–2I). These findings warrant future studies to more deeply
credential the mechanistic basis for, and translational potential
of, these combination therapies, as well as to characterize the
degree to which these combinations exhibit selectivity for
KRAS mutant tumors relative to tissues with wild-type KRAS.
Additionally, the breadth of these screens allowed for the
identification of sensitizers with activity only in tissue-defined
or mutationally defined subsets of KRAS mutant tumors. Thus,
this strategy may be well suited for mapping similar sensitivity
landscapes in other tumor types.
We identified PIK3CA mutations as secondary modifiers of

sensitivity to combined SRCi-plus-MEKi/ERKi therapy in KRAS
mutant CRC. Interestingly, this combination’s selectivity for
KRAS/PIK3CA double-mutant tumors, which represent !10%–
11% of all CRCs (Cancer Genome Atlas Network, 2012), owes
to two features: (1) SRC inhibits AKT phosphorylation, leading
to BIM induction, only in double-mutant tumors; and (2) dou-
ble-mutant tumors have significantly lower levels of BIM at
steady state, and are therefore highly sensitive to BIM-induced
apoptosis, a finding that is corroborated in cellular models, ani-
mal models, and primary human tumors. Previous studies have
shown that high levels of pretreatment BIM can predict the
apoptotic response of oncogene-addicted cancers to their
cognate kinase inhibitors (Faber et al., 2011). Our data provide

Figure 6. Targeting the Unmasked BCL-XL Dependency to Design Triple-Combination Therapies
(A) BH3 profiling in KRASmutant CRC (HCT116) and lung cancer (Calu6) cell lines treated with indicated combinations (drug doses and identities are the same as

in Figure 5A with the addition of ERK5i XMD8-92, 5 mM).

(B) Log2-transformed GI50 values for MEKi (AZD6244) in the presence of background treatment containing one of the sensitizers indicated (RAFi LY3009120,

0.1 mM; AKTiMK2206, 5 mM; ERKi SCH772984, 0.05 mM; SRCi dasatinib, 0.5 mM; or IGFRi GSK1838705A, 1 mM) and either a BCL-XL inhibitor (WEHI-539, 1 mM) or

a BCL2 inhibitor (ABT-199, 1 mM) in two CRC cell lines.

(C) Apoptosis measurements reported as percentage annexin V+ in CRC119 cells treated with the indicated combinations. Each graph represents a different

sensitizer in combination with a BCL-XL inhibitor and a MEKi (drug identities same as in B).

(D) TTP assay in CRC240 cells treated with the indicated combinations (BCL-XLi WEHI-539, 1 mM; SRCi dasatinib, 1 mM; ERKi VX-11e, 1 mM).

(E) HCT116 xenograft treated with the indicated drugs. ABT-737 (BCL-2/BCL-XLi, 25 mg/kg, daily), Dasatinib (SRCi, 15 mg/kg, daily), and AZD6244 (MEKi,

10mg/kg, twice daily). To the right, a survival curve showing percentage ofmicewith tumors less than four times the starting volume at a given time. To the right of

survival curves, mouse weights for the triple-combination group over the course of the study.

(F) Immunoblot of total BIM in CRC240 cells treated with an ERKi (VX-11e, 1 mM) and a SRCi (dasatinib, 1 mM) for 24 hr. Drugs were removed, and then lysates

were probed at the indicated time points. Blots are cropped for clarity.

(G) GI60 value for a BCL-XL inhibitor (WEHI-539) in CRC240 cells. Each of the bars on the graph represents the time at which the BCL-XL inhibitor was added to the

cells after background dose of ERKi plus SRCi (drug identities as above) was removed. The DMSO bar is the average of the DMSO values for each of the time

points (0, 6, 12, 24, 48, and 72 hr).

(H) Apoptosis measurements are reported as percent annexin V+ cells in CRC240 cells treated with each of the indicated drugs for each of the indicated times.

BCL-XLi (WEHI-539, 1 mM), ERKi (VX-11e, 500 nM), and SRCi (dasatinib, 100 nM). Error bars show data ± SEM. *p < 0.05. See also Figure S6.
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a contrasting case wherein double-mutant CRC tumors maintain
low levels of BIM and are therefore highly sensitive to its induc-
tion, whereas WT cells, which have presumably adapted to the
presence of higher steady-state BIM levels, are insensitive to
further increases. Importantly, these distinctions provide a ther-
apeutic window, as combined SRC-plus-MEK/ERK inhibition
leads to tumor growth inhibition in vivo. Several open questions
remain, including the mechanisms by which SRC regulates AKT
phosphorylation in PIK3CAmutant, but notWT, tumors, and how
SRC/AKT inhibition cooperates with ERK pathway inhibition to
induce BIM in this setting. Nevertheless, this strategy may be
particularly promising clinically, as dual MEK/AKT inhibition,
although promising in model systems, has failed clinically owing
to toxicities caused by direct pathway inhibition in patients (Ebi
et al., 2014). Our data suggest that selective SRC inhibitors
may make it possible to inhibit the AKT arm of this pathway
selectively in tumors, thereby reducing systemic toxicity. How-
ever, one limitation of this work is that dasatinib, the compound
used to inhibit SRC in most of our assays, is a notoriously pro-
miscuous compound with many potential targets (Greuber
et al., 2013). Although SRC was validated as a target in our as-
says using multiple genetic and pharmacological methods, we
cannot rule out the possibility that some of the effects of dasati-
nib inhibition may owe to the inhibition of other complementary
targets. Nonetheless, because drugs targeting SRC and MEK/
ERK are clinically approved, the potential utility of SRC-plus-
MEK/ERK inhibition is straightforward to test clinically.

Finally, and surprisingly, we found that it was possible to
rapidly acquire resistance to a selection of the most potent com-
bination therapies uncovered in our screens, in particular those
combinations targeting growth signaling pathways. By taking
advantage of common features of the sensitizer landscape, we
identified several strategies to potentially combat resistance.
Specifically, by targeting feedback reactivation or drug-induced
apoptotic priming—shared features of many of the combination
therapies identified here—it is possible to derive triple drug ther-
apies that suppress resistance evolution, using drug doses at
which we observed no evidence of substantial toxicities in in vivo
mousemodels. To further address potential toxicity issues asso-
ciated with these strategies, we suggest that it may be possible
to schedule apoptosis targeting treatments in series by taking
advantage of a treatment-induced therapeutic window, a finding
that is the focus of ongoing studies. Additionally, it will be critical
to determine through future studies whether the emergence of
resistance can be more effectively delayed using combination
therapies targeting alternative cellular processes such as meta-
bolism, chromatin state, and transcription. Together, the findings
described here reveal a rich and biologically diverse landscape
of cooperating drug therapies with activity in KRAS mutant can-
cers, providing a starting point for the design of next-generation
treatment strategies.

EXPERIMENTAL PROCEDURES

Cell Lines and Reagents
All cell lines were grown at 37#C in 5% CO2. Colon cell lines were grown

in RPMI, 10% FBS, and 1% penicillin/streptomycin; pancreas lines were

grown in DMEM/F12, 10% FBS, and 1% penicillin/streptomycin; lung lines

were grown in RPMI, 10% FBS, and 1% penicillin/streptomycin; ovarian lines

were grown in MEM, 10% FBS, and 1% penicillin/streptomycin. CRC240 and

CRC119 were generated by David Hsu (Duke University). All other cell lines

were purchased from American Type Culture Collection (ATCC) or Duke

University Cell Culture Facility (CCF). All cell lines were authenticated using

Promega PowerPlex 18D kit or were purchased within 6 months from

Duke CCF. Drugs were purchased from Selleck Chemicals, ChemieTek,

MedChemExpress, Ontario Chemicals, Sigma-Aldrich, or APExBIO.

Cloning CRISPR Drug Sensitivity Library
Our sub-genomic CRISPR library was cloned following previous methods

(Shalem et al., 2014) using previously characterized sgRNAs (Wang et al.,

2014). Five unique sgRNA inserts along with 50 non-targeting controls

were synthesized by Custom Array of the following form: GGAAAGGA

CGAAACACCGXXXXXXXXXXXXXXXXXXXXGTTTTAGAGCTAGAAATAGC

AAGTTAAAATAAGGC.

‘‘X’’ denotes unique 20-mer sgRNA sequence.

The oligo pool was diluted 1:10 in water and amplified using NEB Phusion

Hotstart Flex enzyme master mix and the following primers:

ArrayF: TAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGA

AAGGACGAAACACCG;

ArrayR: ACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTAT

TTCTAGCTCTAAAAC;

PCR Protocol: 98#C/30 s, 183 [98#C/10 s, 63#C/10 s, 72#C/15 s], 72#C/

3 min.

Inserts were cleaned with Axygen PCR clean-up beads (1.83; Fisher

Scientific) and resuspended in molecular biology-grade water. lentiCRISPRv2

(Addgene ID 52961) was digested with BsmBI (Thermo Fisher) for 2 hr at 37#C.

The large!13-kB band was gel extracted after size-selection on a 1%agarose

gel. Using 100 ng of cut lentiCRISPRv2 and 40 ng of sgRNA library inserts, a

20-mL Gibson assembly reaction was performed (30 min, 50#C). After Gibson

assembly, 1 mL of the reaction was transformed into electrocompetent Lucigen

cells and spread on LB-ampicillin plates and incubated overnight. After

counting dilution plates to ensure library coverage, colonies were scraped

and combined for plasmid extraction using a Plasmid Maxiprep kit (QIAGEN).

Lentivirus Production, Viral Tittering, and Transduction
Lentiviral production was performed as previously described with slight

modification (Martz et al., 2014). HEK293T cells were grown in 15 cm to

!50% confluence. For each plate, transfection was performed using Fugene6

(Promega), 5.6 mg of psPAX2, 0.625 mg of pVSVg, and 6.25 mg of library

plasmid. After 30 min of incubation at room temperature, the mixture was

added to the cells and incubated overnight. The next day, harvest media

was added (DMEM, 30% FBS). After 48 hr, harvested virus was passed

through a 0.45-mm filter. Viral titers and transductions were performed as

previously described (Martz et al., 2014).

Pooled Screening Using CRISPR Drug Sensitizer Library
The desired cell line was seeded at 500,000 cells per well in six-well plates and

the next day transduced at an MOI of 0.2. After puromycin selection, a day 2

sample is taken to check library representation. Transduced cells were then

maintained at 1,0003 coverage of the library in puro for 10 days to allow for

the generation of knockout cells. After 10 days in puromycin, cells were split

into vehicle and drug treatment conditions and maintained at 1,0003 library

coverage, in a low dose of drug (!25% growth inhibition). After 3–4 weeks,

DNA was extracted (DNeasy Blood & Tissue Kit; QIAGEN) and prepared for

sequencing as previously described (Shalem et al., 2014). To determine essen-

tiality phenotypes, the fractional representation (FR) for a given guide in the

t = final condition is compared to its FR in the t = initial condition giving the

DM for each guide. The five construct DMs per gene are then collapsed to

gene-level scores corresponding to their means and medians for all five

guides, three score (best-performing three guides), gene activity ranking pro-

file (GARP) score (best two performing guides) (Marcotte et al., 2012), and sec-

ond-best-performing guide. The genes are then rank ordered by each metric
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and the sum of the ranks by each metric gives the cumulative score and deter-

mines the overall rank ordered list. The same analysis is carried out for the

sensitizer phenotypes except the final time point is compared for both condi-

tions, FR in the drug-treated sample normalized to its FR in the vehicle-treated

sample. Thus, for a gene to score as a hit, it must be depleted specifically in the

drug-treated condition.

Short-Term Growth Inhibition Assay: GI50
Cells were seeded into 96-well plates at 5,000 cells/well. To generate GI50

curves, cells were treated with vehicle (DMSO) or an eight-log serial dilution

of drug. Each treatment condition was represented by at least three replicates.

Three days after drug addition, cell viability was measured using Cell Titer Glo

(Promega). Relative viability was then calculated by normalizing luminescence

values for each treatment condition to control treated wells. To generate GI50

curves for drug combinations, slight modifications aremade. Primary drugwas

applied and diluted as above while the second drug was kept at a constant

concentration across all wells except the DMSO-only condition. Viability for

all primary drug dilutions was then calculated relative to luminescence values

from the secondary drug-only condition. We plot the viability versus concen-

tration curve for drug A (normalized appropriately to the viability of cells treated

with DMSO in media control). Next, we plot the viability versus concentration

curve for drug A in the presence of a fixed dose of drug B (this time normalizing

to the viability of cells treated with drug B alone). Sensitization of cells to drug A

by drug B is evidenced by a leftward shift in the curve. Dose-response curves

were fit using GraphPad/Prism 6 software.

Western Blotting and Antibodies
Immunoblotting was performed as previously described (Wood et al.,

2012) and membranes were probed with primary antibodies (1:1,000 dilution)

recognizing vinculin (CST#4650), H3 (CST#4499), BIM (CST#2933), p-AKT

(S473, T308) (CST#4058, CST#13038), AKT (CST#4691), p-ERK (CST#9101),

T-ERK (CST#4695), p-SRC (Tyr416) (CST#6943), T-SRC (CST#2123), Na,K-

ATPase (CST#3010), T-BID (CST#2002), T-BAX (CST#5023), T-BCL-XL

(CST#2764), T-MCL-1 (5453), B-Actin (CST#4970), T-p38 (CST#9212), p-p38

(CST#9211), T-p38a (CST#9218), p-HSP27 (Ser82) (CST#2401), and T-HSP27

(CST#95357).

Quantification of Apoptosis by Annexin V
Cells were seeded in six-well plates and treated the next day with either the

indicated amount of drug, vehicle (DMSO), or combination. Cells were

incubated for 2 days, washed twice with ice-cold PBS, and resuspended in

13 annexin V binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl2;

BD Biosciences). Surface exposure of phosphatidylserine was measured

using APC-conjugated annexin V (BD Biosciences). 7-AAD (BD Biosciences)

was used as a viability probe. Experiments were analyzed at 20,000 counts/

sample using BD FACSVantage SE. Gatings were defined using untreated/

unstained cells as appropriate.

shRNA and Open Reading Frame Constructs
TRC shRNA clones were obtained from the Duke RNAi Facility as glycerol

stocks. Constructs were prepared in lentiviral form and used to infect target

cells as previously described. X2 (HcRed) and myr-AKT1 sequence informa-

tion can be found in Martz et al. (2014). BCL2L11 (Bim) open reading frame

(ORF) was obtained from transomic technologies (clone ID# TOLH-1508630).

d shSRC (1) TRCN0000038150 GACAGACCTGTCCTTCAAGAA;

d shSRC (2) TRCN0000195339 CATCCTCAGGAACCAACAATT;

d shBIM (1) TRCN0000001051 ATGGTTATCTTACGACTGTTA;

d shBIM (2) TRCN0000001052 GTCTCGATCCTCCAGTGGGTA.

Clonogenic Growth Assay
Cells were seeded at 2,000 cells per well. The next day, cells were drugged at

the indicated doses. Seven to ten days following drug addition, plates were

rinsed with PBS and fixed and stained with 0.5% (wt/vol) crystal violet in

6.0% (vol/vol) glutaraldehyde solution (Thermo Fisher Scientifics) for 30 min

at room temperature. Plates were rinsed in distilled H2O and photographed

the following day.

BH3 Profiling
BH3 profiling was performed as previously described (Sarosiek et al., 2013).

Briefly, cells are resuspended in sample buffer containing JC-1 (a mitochon-

drial dye) and plated into a 384-well plate containing individual peptides of

the BCL-2 family of proteins. Fluorescence is measured over time in order to

capture the percentage of depolarization caused by each peptide. Slight mod-

ifications are made for drug incubations; cells are treated with drug for 16 hr

prior to BH3 profiling as previously described (Montero et al., 2015; Winter

et al., 2014).

Platelet Isolation and Growth Inhibition Studies
Approximately 50 mL of fresh, whole blood was obtained from Texas Gulf

Coast Medical. Five milliliters of a sodium citrate solution (3.8% [wt/vol] in ster-

ile water) was added to the blood, and the sample was centrifuged for 10min at

1,000 rpm. The platelet-rich plasma (the top layer) was transferred to a new

tube and centrifuged an additional 10 min at 1,000 rpm, and the resulting

plasma was transferred to a new 50-mL tube. The sample was analyzed for

red or white blood cell contamination under a microscope, and if pure was

diluted with 3 volumes (relative to the final plasma volume) of RPMI 1640media

containing 10% FBS and 1% penicillin/streptomycin (Pen. Strep). Platelets

were then seeded in equal parts into 96-well plates. Drug was added 30 min

later, and after 24 hr of drug incubation, platelet viability was measured by

Cell Titer Glo (Promega).

Xenograft Tumor Studies
Animal studies were approved by the Duke University Medical Center

Institutional Animal Care and Use Committee. HCT116 cells (approxi-

mately 1 3 107 in PBS) were injected subcutaneously into 6- to 8-week-

old female athymic NOD/SCID gamma mice or nude mice (AKT triple).

Once tumors reached !100 mm3, mice were randomly assigned to

treatment groups with (1) ABT737 Triple: dasatinib (15 mg/kg/day by

oral gavage); AZD6244 (10 mg/kg twice daily by oral gavage); ABT737

(25 mg/kg/day by intraperitoneal [i.p.] injection); the dual combination of

dasatinib plus AZD6244; or the triple combination of drugs; (2) MK2206

Triple: MK-2206 (15 mg/kg/day by oral gavage); the dual combination of

AZD6244 (15 mg/kg/day by oral gavage) plus dasatinib (15 mg/kg/day by

oral gavage); or the triple combination of drugs; (3) Oxaliplatin Triple: Oxa-

liplatin (7.5 mg/kg every 4 days by i.p. injection); or the triple combination

of AZD6244, dasatinib, and Oxaliplatin. Tumors were measured every other

day with calipers and tumor volume was calculated using the formula:

length/2 3 width2. Mice were housed under standard conditions and

monitored daily for symptoms of morbidity, including weight loss, hunched

posture, and other humane endpoints.

Mutational Analysis of PIK3CA
E542, E545, and H1047 sites were analyzed as previously described (Kalaany

and Sabatini, 2009).

Mutational Analysis of KRAS
G12, G13, and Q61 sites were analyzed as previously described (Berg et al.,

2010).

In Vitro TTP Assay
Cells were seeded at 300,000 per plate in 10-cm dishes in duplicate or

triplicate. The next day, drugs were added at indicated concentrations. One

week later, plates were counted, and 200,000 cells were re-plated with drug.

This process was carried out until exponential growth rates were observed.

Virtual cell counts were calculated based upon the number plated, the growth

rate, and the counts each week.

Patient Samples
Colorectal patient samples (paraffin-embedded slices) were obtained from

University of North Carolina, Chapel Hill (UNC-CH) (Autumn McRee) and

were then sent to the Duke Pathology Research Immunohistology Lab for

T-BIM staining. Samples were then sent to a pathologist (Shannon McCall)

to be scored for T-BIM staining. Scoring was performed blinded to the

mutational status of the samples.
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Statistical Analysis
Unlessotherwise specified, Student’s t tests, or for grouped analyses, one-way

ANOVA with Tukey’s post hoc test, were performed, and p values < 0.05 were

considered significant. Results are presented as means ± SEM.
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