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KRAS is themost commonlymutated oncogene in human cancer.MostKRAS-mutant cancers
depend on sustained expression and signaling of KRAS, thus making it a high-priority ther-
apeutic target. Unfortunately, development of direct small molecule inhibitors of KRAS func-
tion has been challenging. An alternative therapeutic strategy for KRAS-mutant malignancies
involves targeting codependent vulnerabilities or synthetic lethal partners that are preferen-
tially essential in the setting of oncogenic KRAS. KRAS activates numerous effector pathways
that mediate proliferation and survival signals. Moreover, cancer cells must cope with sub-
stantial oncogenic stress conferred by mutant KRAS. These oncogenic signaling pathways
and compensatory coping mechanisms of KRAS-mutant cancer cells form the basis for syn-
thetic lethal interactions. Here, we review the compendium of previously identified code-
pendencies in KRAS-mutant cancers, including the results of numerous functional genetic
screens aimed at identifying KRAS synthetic lethal targets. Importantly, many of these vul-
nerabilities may represent tractable therapeutic opportunities.

RAS mutations occur in approximately 30%
of human cancers, including the majority of

pancreatic ductal adenocarcinoma (PDAC), half
of colorectal cancers, and one-third of all lung
cancers (Pylayeva-Gupta et al. 2011; Cox et al.
2014). The three RAS genes (KRAS, NRAS, and
HRAS) have high sequence homology except for
a carboxy-terminal hypervariable region (Cox
et al. 2014), and RAS gene mutations are typi-
cally mutually exclusive in human cancer. De-
spite their similarity, KRAS mutations are far
more common in human cancer than NRAS
orHRASmutations. Whereas much of the early

studies of RAS signaling and biology focused on
HRAS, KRAS has now become the dominant
focus for cancer modeling and therapeutic de-
velopment efforts (Stephen et al. 2014; Papke
and Der 2017). The similarities and differences
between RAS isoforms have been reviewed else-
where (Pylayeva-Gupta et al. 2011; Cox et al.
2014; Stephen et al. 2014), and the remainder
of this review will primarily focus on studies
related to the KRAS oncogene.

Experiments in cell culture and animal
models have shown that the majority of tumors
that harbor KRAS mutations depend on sus-
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tained expression of the oncogene for cell pro-
liferation and viability (Podsypanina et al. 2008;
Singh et al. 2009; Collins et al. 2012; Ying et al.
2012; Kapoor et al. 2014; Shao et al. 2014; Hayes
et al. 2016), making oncogenic KRAS a high-
priority therapeutic target. However, KRAS is
a small, structurally dynamic protein that has
not been particularly amenable to direct thera-
peutic targeting. Unfortunately, attempts to de-
velop drugs that target mutant RAS proteins
have thus far been unsuccessful (Stephen et al.
2014; Papke and Der 2017), leading investiga-
tors to explore alternative opportunities for tar-
geting KRAS-driven cancers.

Oncogenic KRAS activatesmore than 10 dif-
ferent effector signaling pathways, and the ther-
apeutic potential of inhibiting these effectors has
been the focus of intensive investigation. The
most well-studied and critical KRAS effector
pathways include the mitogen-activated protein
kinase (MAPK) signaling cascade (Moodie et al.
1993; Vojtek et al. 1993; Warne et al. 1993;
Zhang et al. 1993), the phosphatidyl inositol 3-
kinase (PI3K)-AKT-MTOR pathway (Sjolander
et al. 1991; Rodriguez-Viciana et al. 1994), and
the Ras-like (RAL)-guanine nucleotide ex-
change factor (GEF) family of GEFs for the
RAL GTPases (Hofer et al. 1994; Kikuchi et al.
1994; Spaargaren and Bischoff 1994). Most ge-
netic and functional studies have suggested that
the MAPK pathway is the dominant oncogenic
RAS signaling pathway, and KRAS mutations
generally occur in a mutually exclusive manner
with mutations affecting other MAPK pathway
components (e.g.,BRAF,EGFRmutation). RAS-
MAPK signaling has been shown to mediate tu-
mor cell proliferation and survival in a variety of
in vitro and in vivo experiments (Blasco et al.
2011; Karreth et al. 2011; Collisson et al. 2012;
Yuan et al. 2014), and numerous small molecule
inhibitors of this pathway are in clinical devel-
opment (Ryan et al. 2015). Although some
KRAS-driven cancers such as pancreatic cancers
depend on the PI3K pathway, other KRAS-mu-
tant tumors such as some lung or colorectal can-
cers do not (Ebi et al. 2011; Eser et al. 2013).
Thus, PI3K dependence in KRAS-mutant can-
cers is context-specific. Therapeutic targeting of
PI3K isoforms in KRAS-mutant cancers re-

mains an active area of study. RAL-GEFs acti-
vate multiple processes, including nuclear factor
(NF)-κB signaling and cell motility and have
also been shown to be important for transfor-
mation of human cells (Hamad et al. 2002; Lim
et al. 2005). Therapeutic inhibition of this path-
way may also hold promise for KRAS-mutant
cancers (Barbie et al. 2009; Yan et al. 2014; Ki-
tajima et al. 2016). Several other RAS effectors
have been identified, including TIAM1 and
PLCε, but their role in RAS signaling remains
less well understood and their therapeutic value
has not yet been proven.

An alternative approach to direct targeting
of mutant cancer genes is to exploit the concept
of synthetic lethality, in which gene products are
identified that, when suppressed or inhibited,
result in cell death only in the presence of the
cancer-causing alteration (Fig. 1) (Kaelin 2005;
Ngo et al. 2006; McLornan et al. 2014). Thus, in
principle, targeting synthetic lethal vulnerabili-
ties in cancer should reduce the potential for
side effects, because cells harboring the bio-
marker oncogenic lesion should have more dif-
ferential sensitivity to the perturbation than
normal cells, which do not have the oncogenic
lesion. The most salient example of this concept
in cancer biology and therapeutics is the discov-
ery that homologous-recombination-deficient
BRCA1 or BRCA2 mutant cancers show pro-
found sensitivity to inhibition of poly-(ADP-ri-
bose) polymerase (PARP) (Bryant et al. 2005;
Farmer et al. 2005). PARP inhibitors have sub-
sequently shown therapeutic efficacy in BRCA1/
2 mutant breast, ovarian, and some pancreatic
cancers (McLornan et al. 2014; Lord and Ash-
worth 2017).

Given the relative intractability of KRAS it-
self as a therapeutic target, identification of syn-
thetic lethal partners of oncogenic KRAS has
been the focus of intense investigation by
many groups. The fundamental premise under-
lying the concept of synthetic lethality in KRAS-
mutant tumors is that oncogenic KRAS signal-
ing establishes a distinct cell state, marked by
altered KRAS effector signaling, adaptation to
oncogenic stress, and transcriptional and meta-
bolic reprogramming. Disruption of this KRAS-
driven cell state may impair proliferation and
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viability of KRAS-mutant cells. Furthermore,
many of these adaptive features may have partial
selectivity or even unique specificity for the
KRAS-driven oncogenic cell state over a KRAS
wild-type (WT) state, and thus may represent
nononcogene dependencies or vulnerabilities
between these cell contexts. Becausemost cancer
cells and normal cells use RAS effector signaling
in some capacity for mitogenic processes, it
should be expected that many of the oncogenic
KRAS codependencies will not show unique
specificity to the KRAS-mutant context and
thus will not strictly conform to the genetic def-
inition of synthetic lethality (Fig. 1). However,
the term “synthetic lethal” has also been applied
more liberally to denote such vulnerabilities that
show somequantitative selectivity for theKRAS-
mutant state over the KRAS WT state. Many
recent studies, including hypothesis-driven fo-
cused studies as well as large small-molecule and
genetic screens performed over the past decade,
have identified several putative KRAS synthetic
lethal partners of varying strength and specific-
ity. Whereas the long-sought-after universal
synthetic lethal target for all KRAS-mutant can-
cers has not yet been identified, these studies

have informed our understanding of KRAS bi-
ology and have identified numerous context-se-
lective vulnerabilities in KRAS-mutant cancers.
Whether these synthetic lethal candidates iden-
tified in experimental systems will translate
to effective therapeutic targets remains to be
shown. Here, we review recent work on KRAS
synthetic lethal vulnerabilities and provide a
conceptual framework for how to interpret these
observations and prioritize synthetic lethal tar-
gets for therapeutic development.

INHIBITING KRAS EFFECTOR PATHWAYS
IN KRAS-MUTANT CANCERS

Numerous studies have shown that KRAS effec-
tors and related receptor tyrosine kinase (RTK)-
mediated signaling pathways may be preferen-
tial vulnerabilities in the KRAS-mutant context.
Through large-scale small-molecule screens in
many different cancer cell lines with a variety of
genotypes and lineages, several groups have
compared compound sensitivity in RAS-mutant
and RAS WT cell lines. These studies have re-
peatedly identified inhibitors of the MAPK
pathway as the most selective compounds for
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Figure 1. Synthetic lethality as a therapeutic paradigm in cancer. (A) In normal healthy cells, wild-type (WT)
KRAS is activated by appropriate mitogenic stimuli such as receptor tyrosine kinase–mediated growth factor
signaling. (B) In cancer cells with KRASmutation, aberrant effector signaling mediates oncogenic proliferation
and survival but also creates oncogenic stress towhich cancer cellsmust adapt to sustain oncogenic growth. These
downstream aberrant effector signaling pathways as well as parallel adaptive pathways that mitigate oncogenic
stress represent unique features of KRAS-mutant cells that may include selective vulnerabilities and synthetic
lethal targets. (C) Synthetic lethal targets refer to those targets whose inhibition results in cell death only in the
presence of another mutation (i.e., KRASmutation). Broadly applied, this concept may represent targets that act
(1) downstream of aberrant effector signaling, or (2) in parallel adaptive pathways. In theory, synthetic lethal
therapies result in cell death of the KRAS-mutant cancer cells, but not in normal cells (shown in A) because the
aberrant oncogenic signals or parallel adaptive processes are not present in these KRAS WT cells.
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KRAS-mutant cancers, including inhibitors of
MAPK kinase 1 and 2 proteins (MEK1/2) and
RAF kinases (Garnett et al. 2012; Basu et al.
2013; Molina-Arcas et al. 2013), although inhi-
bition of these pathways leads primarily to cyto-
stasis. These studies have also shown thatKRAS-
mutant cells harbor increased dependence on
RTK signaling pathways, as small-molecule in-
hibitors of IGF1R and MET show some prefer-
ential selectivity for subsets of KRAS-mutant
lines over KRAS WT lines (Ebi et al. 2011; Mo-
lina-Arcas et al. 2013). In addition, MAPK in-
hibition leads to increased dependence on RTK
signaling, with combined targeting of MEK1/2
and IGF1R (Ebi et al. 2011; Molina-Arcas et
al. 2013) or FGFR1 (Manchado et al. 2016),
demonstrating enhanced differential impact
on KRAS-mutant cells overWT cells. Moreover,
KRAS-MAPK effector signaling ultimately
leads to activation of AP-1 transcription factors
and up-regulation of cell-cycle regulatory pro-
teins, such as cyclin D1 (CCND1), which pro-
motes G1/S cell-cycle progression. Inhibition of
CDK4/6 has been reported as a promising com-
bination therapeutic strategy in KRAS-mutated
malignancies (Puyol et al. 2010). Unfortunately,
clinical trials testing single-agent inhibition
of the critical KRAS effectors (e.g., MAPK or
PI3K) in KRAS-mutant cancers have been dis-
appointing to date (Adjei et al. 2008; Infante
et al. 2012, 2013; Zhao and Adjei 2014). How-
ever, inhibition of these pathways will undoubt-
edly form the foundation for future com-
bination therapy strategies in KRAS-mutated
malignancies (Engelman et al. 2008; Britten
2013; Ebi et al. 2014; Ryan et al. 2015).

RAS signaling through both the MAPK and
PI3K-AKT-MTOR pathways has been shown
to mediate antiapoptotic signaling through
down-regulation of proapoptotic mediators
and up-regulation of antiapoptotic proteins (Py-
layeva-Gupta et al. 2011). Engelman and col-
leagues have shown that disruption of RAS
effector signaling unveils selective vulnerabili-
ties in the KRAS-mutant context. MEK1/2 inhi-
bition leads to induction of the proapoptotic
protein BIM, but this protein is bound by anti-
apoptotic BCL-XL proteins (Corcoran et al.
2013). Exploiting this observation, they showed

through genetic and pharmacologic means that
combinedMEK inhibition with genetic ablation
or small-molecule inhibition of BCL-XL led to
robust apoptosis and synthetic lethality in
KRAS-mutant cells. This therapeutic strategy
has now advanced to early-phase clinical trials
(NCT02079740). Furtherwork by the Engelman
laboratory has also shown that KRAS- or BRAF-
mutant colorectal cancer cells compared with
WT cells harbor increased sensitivity to com-
bined inhibition of the antiapoptotic proteins
MCL-1, BCL-XL, and BCL-2 through dual treat-
ment with an MTOR inhibitor and the BCL2/
BCL-XL inhibitor ABT-263, with selectivity
stemming fromdisruption of BIM/MCL-1 com-
plexes in the KRAS- or BRAF-mutant context
(Faber et al. 2014).

Several studies have shown that KRAS-asso-
ciated inflammatory signaling mediates key pro-
liferative and survival programs (Kitajima et al.
2016). NF-κB signaling has been shown to play
an important role in KRAS-mutant cancers. As
noted above, KRAS has been shown to activate
NF-κB signaling through activation of RAL-
GEFs. Genetic or pharmacologic suppression
of NF-κB signaling inhibits tumorigenesis in
the KrasG12D;p53 (KP) mouse model of lung
cancer (Meylan et al. 2009; Basseres et al.
2010). In a KrasG12D;Ink4a/Arf mutant PDAC
model, oncogenic Kras signaling activates an
interleukin (IL)-1a/p62 feedforward loop to in-
duce NF-κB signaling (Ling et al. 2012). Small-
molecule inhibitors of RAL GTPase proteins are
under development (Yan et al. 2014), and such
compounds could be used to directly abrogate
KRAS-mediated activation of NF-κB signaling.
Through an arrayed RNA-interference (RNAi)-
based synthetic lethal screening (discussed be-
low), the IκB kinase (IKK)–related kinase
Tank-binding kinase-1 (TBK1) was identified
as a synthetic lethal target with oncogenic
KRAS (Barbie et al. 2009). This finding expand-
ed upon the prior observation that the RALB
GTPase activates TBK1, thus suggesting amech-
anistic link to KRAS signaling through RAL-
GEFs (Chien et al. 2006). Subsequent work has
shown that TBK1 promotes KRAS-driven tu-
morigenesis by regulating an autocrine CCL5
and IL-6 cytokine signaling loop (Zhu et al.
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2014). Numerous other studies have also shown
an important role for Janus kinase (JAK)-signal
transducers and activators of transcription
(STAT) signaling in PDAC tumorigenesis (Cor-
coran et al. 2011; Fukuda et al. 2011; Lesina et al.
2011). MEK inhibition in KRAS-mutant cancer
cells, as well as those driven by other oncogenes
such as epidermal growth factor receptor
(EGFR) or MET, leads to feedback activation of
IL-6 signaling and STAT3 activation to drive re-
sistance to this therapy (Lee et al. 2014). The
multitargeted kinase inhibitor momelotinib in-
hibits both JAK1/2 and the TBK1 (and IKKe)
kinases. Suppression of both JAK-STAT and
TBK1/NF-κB signaling with momelotinib has
shown strong preclinical efficacy in cell culture
models and murine Kras-driven animal models
(Zhu et al. 2014). Clinical trials of momelotinib
in combination with chemotherapy or MEK
inhibition in KRAS-mutant malignancies are
currently underway. In addition, further devel-
opment of more potent and specific inhibitors
of TBK1 and JAK-STAT signaling is an area of
current activity. Thus, KRAS-directed inflam-
matory signaling networks and compensatory
cytokine signaling represent important vulnera-
bilities for therapeutic development.

KRAS ONCOGENIC STRESS
AND ADAPTATION

Cancer cells harbor a variety of oncogenic stress-
es, includingDNAdamage and replicative stress,
proteotoxic stress, oxidative stress, andmetabol-
ic stress (Luo et al. 2009b). KRAS signaling es-
tablishes an oncogenic cell state that gives rise to
adaptive changes to oncogenic stress that are
necessary for cancer cell proliferation and sur-
vival. The myriad of parallel cell processes that
are essential in the context of KRAS signaling
have been termed nononcogene addictions
(Luo et al. 2009b), and these processes form
the basis for KRAS synthetic lethality (Fig. 2).

RAS signaling has been reported to directly
lead to genotoxic stress stemming from genera-
tion of reactive oxygen species (ROS) and DNA
hyperreplication (Grabocka et al. 2015). Cancer
cells respond to this stress through activation of
DNA damage repair (DDR) checkpoints and

up-regulation of the function of DDR pathways
(Grabocka et al. 2015). Bar-Sagi and colleagues
have shown an important role forWTH-/N-Ras
in the activation of the ATR/CHK1-mediated
DDR and maintenance of genomic stability in
KRAS-mutant cancers (Grabocka et al. 2014).
They have shown that WT HRAS and NRAS
negatively regulate MAPK and AKT signaling
to control inhibitory phosphorylation of CHK1
on serine 280. Loss of WT HRAS or NRAS ex-
pression in KRAS-mutant cells resulted in im-
paired CHK1 activation and checkpoint failure,
leading to increased genomic instability and
sensitivity to DNA-damaging chemotherapy
agents. These studies more generally suggest
that inhibition of WT HRAS/NRAS signaling
or inhibition of the ATR-CHK1 pathway may
have important therapeutic value in combina-
tion with DNA damaging chemotherapy in
KRAS-mutant cancers. Furthermore, combina-
tion small molecule screening studies in cancer-
cell lines has identified synergistic interactions
of DDR checkpoint inhibitors specifically in the
KRAS-mutant context, with dual inhibition of
the of CHK1 andMK2 cell-cycle checkpoint in-
hibitors having a potent effect in KRAS-mutant
contexts (Dietlein et al. 2015). Whereas these
therapeutic strategies involving DDR check-
point blockade or DNA-damaging chemothera-
py are by no means specific for the KRAS-mu-
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Figure 2. KRAS oncogenic stress and adaptation.
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tant context, the above evidence suggests that
theremay be partial selectivity forKRAS-mutant
cells that may offer a sufficient therapeutic win-
dow to enable therapeutic efficacy.

Using an integrative approach combining
gene expression and RNAi screening data,
White and colleagues recently described a spe-
cific dependency of KRAS-mutant non-small-
cell lung cancer (NSCLC) cells to receptor-
dependent nuclear export (Kim et al. 2016).
Specifically, they showed that chemical inhibi-
tion of nuclear export with a clinically available
inhibitor of XPO1 led to a synthetic lethal inter-
action with oncogenic KRAS. XPO1 inhibition
was mechanistically linked to inhibition of NF-
κB transcription factor activity. Thus, addiction
to XPO1-dependent nuclear and cytoplasmic
trafficking is a druggable liability in KRAS-mu-
tant lung cancers.

Multiple groups have shown that KRAS-
mutant cancers harbor proteotoxic or endoplas-
mic reticulum (ER) stress, resulting in activation
of the unfolded protein response (UPR) signal-
ing pathway (Denoyelle et al. 2006; De Raedt
et al. 2011). Enhancement of this proteotoxic
stress can overwhelm the cell’s ability to com-
pensate and leads to cell death. Cichowski and
colleagues showed that Kras/p53 mutant lung
cancers are sensitive to agents that enhance pro-
teotoxic stress (De Raedt et al. 2011). They
showed that HSP90 inhibition with IPI-504 in
combination with MTOR inhibition with rapa-
mycin results in catastrophic ER stress and tu-
mor regressions in murine lung tumor models.
They argued that this combination is clinically
feasible and should be evaluated in human clin-
ical trials in KRAS-mutant lung cancers.

Downward (2015) has highlighted a funda-
mental role for protein synthesis machinery and
proteasome function in KRAS-mutant cells.
RNAi screening was performed on approxi-
mately 7000 druggable genes and identified the
GATA2 transcription factor as a synthetic lethal
target with preferential dependency in KRAS-
mutant cells (Kumar et al. 2012; Steckel et al.
2012). GATA2was shown to up-regulate protea-
some components through the transcription
factor Nrf1; however, loss of GATA2 impaired
proteasome activity in both KRAS-mutant and

WT lung cancer cells. GATA2 also up-regulates
other essential pathways, including IL-1 and
Rho signaling cascades, and the concurrent reg-
ulation of these three pathways was proposed to
be the basis for partial selectivity of GATA2 es-
sentiality inKRAS-mutant versusWTcells. Sup-
porting these observations, proteasome compo-
nents were also identified in other synthetic
lethal screening efforts (Barbie et al. 2009; Luo
et al. 2009a) discussed below. However, protea-
some inhibitors such as bortezomib do not have
selectivity for KRAS-mutant cells in culture
(Garnett et al. 2012; Basu et al. 2013) and have
a relatively narrow therapeutic window in hu-
man trials; thus, whether the current clinical
grade proteasome inhibitors will show efficacy
in KRAS-driven cancers remains uncertain.

Several studies suggest that RASmutant cells
may have enhanced sensitivity to oxidative
stress. Stockwell and colleagues have pursued
synthetic lethal small molecule screening in iso-
genic HRAS G12V mutant or WT fibroblasts
and have identified a series of small molecules
that induce ferroptosis, a nonapopototic cell
death characterized by iron-dependent accumu-
lation of lethal lipid ROS in oncogenic RAS-har-
boring cells (Dolma et al. 2003; Yagoda et al.
2007; Yang and Stockwell 2008). Furthermore,
Shaw and colleagues (2011) have performed
synthetic lethal screening of over 50,000 com-
pounds in mouse embryonic fibroblasts (MEFs)
isogenic for a KrasG12D allele and identified lan-
perisone, a compound that induces nonapo-
ptotic cell death selectively in KrasG12D MEFs
through induction of ROS leading to oxidative
stress and cell death. Notably, lanperisone
showed suppression of tumor growth in a xeno-
graft model with KrasG12D;p53–/– transformed
MEFs without significant toxicity; however, hu-
man KRAS-mutant lung cancer cell lines were
relatively resistant to this compound, suggesting
context specificity for this vulnerability (Shaw
et al. 2011). Moreover, as noted above, the pro-
teotoxic stress and Kras-mutant tumor regres-
sions invoked by combined HSP90 and MTOR
inhibition, described by Cichowski and col-
leagues, is thought to be fueled by oxidative
stress (De Raedt et al. 2011). Last, work by Tu-
veson and colleagues has shown that KRAS and
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other oncogenes promote detoxification of ROS
through transcriptional up-regulation of an
NFE2L2/NRF2-mediated antioxidant program,
and genetic targeting of Nrf2 impairs KrasG12D-
driven tumorigenesis (DeNicola et al. 2011).
Subsequent work has shown that loss of NRF2
impairs autocrine EGFR signaling and leads to
oxidation of translational regulatory proteins
that inhibit messenger RNA (mRNA) transla-
tion and pancreatic cancer cell proliferation
(Chio et al. 2016). Targeting of these NRF2-me-
diated signaling pathways with combined inhi-
bition of AKT and glutathione synthesis was
shown to be a synthetic lethal strategy resulting
in impaired pancreatic cancer growth in animal
models.

Oncogenic KRAS drives altered cellular me-
tabolism to support anabolic processes that en-
able proliferation and survival (Ying et al. 2012;
Bryant et al. 2014). Studies of KRAS-driven
metabolism have unveiled numerous potential
synthetic lethal vulnerabilities. KRAS-mediated
metabolic reprogramming results in increased
utilization of autophagy for recycling of intra-
cellular components to fuel biosynthetic path-
ways and promote KRAS-mutant pancreatic
cancer cell proliferation (Guo et al. 2011;
Lock et al. 2011; Yang et al. 2011, 2014). More-
over, rigorous studies in KRAS-mutant PDAC
mouse models and human PDAC patient-de-
rived xenografts (PDXs) showed that autophagy
inhibition impairs PDAC tumor growth, thus
highlighting this process as an important de-
pendency that may be amenable to therapeutic
targeting.

KRAS-driven tumors consume extracellular
protein through the process of macropinocyto-
sis (Commisso et al. 2013; Davidson et al. 2017).
Macropinocytosis results in internalization of
extracellular fluid and nutrients within vesicles,
where proteins undergo degradation to yield
amino acids that can enter central carbon me-
tabolism. Pharmacologic inhibition of micropi-
nocytosis results in growth inhibition of KRAS-
mutant but not KRAS-WT PDAC xenografts
(Commisso et al. 2013). Thus, the dependence
of KRAS-mutant cancer cells on macropinocy-
tosis is a metabolic vulnerability with therapeu-
tic potential.

Kimmelman and colleagues have reported
that KRAS directs reprogramming of glutamine
metabolism in PDAC cells through transcrip-
tional up-regulation of metabolic enzymes in a
noncanonical pathway of glutamine utilization
(Son et al. 2013). Through RNAi experiments,
they showed that suppression of expression of
multiple enzymes in this pathway was essential
for the growth of PDAC cells in vitro and in
vivo, but not essential for normal cell growth.
Glutaminase is the initial enzyme in this path-
way and is currently being investigated as a ther-
apeutic target in KRAS-mutated PDAC. How-
ever, it is becoming increasingly appreciated
that the cellular environment is a major deter-
minant of metabolic phenotypes and that met-
abolic dependencies may be highly context spe-
cific. For example, whereas Kras-mutant lung
cancer cells depend on glutaminase in culture,
Kras-driven lung tumors do not depend on glu-
taminase in vivo (Davidson et al. 2016). More-
over, metabolic adaptations are not uniform in
KRAS-driven cancers. Vander Heiden and col-
leagues have shown distinct utilization of
branched-chain amino acids (BCAAs) between
Kras;Trp53 mutant mouse models of NSCLC
and PDAC (Mayers et al. 2016). NSCLC incor-
porates BCAAs into protein and uses them as a
nitrogen source; furthermore, loss of the BCAA-
processing enzymes Bcat1 and Bcat2 impairs
NSCLC growth. However, PDAC tumors have
decreased BCAA uptake and do not depend on
Bcat1 or Bcat2. This context-selectivity of met-
abolic dependencies highlights the importance
of studying KRAS-driven metabolic adaptations
using in vivo model systems that most closely
represent human tumor physiology.

Cantley and colleagues have recently har-
nessed the metabolic properties of KRAS-mu-
tant cells and sensitivity of these cells to oxida-
tive stress (Yun et al. 2015). They showed that
high-dose vitamin C shows selective toxicity in
KRAS (or BRAF) mutant tumor cells because of
uptake of oxidized vitamin C via the GLUT1
transporter, leading to buildup of ROS and in-
activation of glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH). Notably, high GLUT1
expression is driven by the KRAS or BRAF
oncogene-induced glycolytic addiction; thus,
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oxidative stress leads to an energetic crisis and
cell death specifically in the KRAS- or BRAF-
driven tumor cell context.

While there is not yet a clinically effective
direct inhibitor of oncogenic KRAS, multiple
groups have modeled KRAS inhibition through
inducible suppression of KRAS expression in
cell culture or mouse tumor models (Podsypa-
nina et al. 2008; Collins et al. 2012; Ying et al.
2012; Kapoor et al. 2014; Shao et al. 2014). These
studies have revealed importantKRAS-indepen-
dent escapemechanisms in the context of KRAS
suppression. Using an inducible KrasG12D

(iKras) mouse model of pancreatic cancer,
Draetta and colleagues have shown that meta-
bolic reprogramming from a decreased reliance
on glycolysis to a strong dependence on oxida-
tive phosphorylation enables survival in the ab-
sence of KRAS signaling (Viale et al. 2014). This
finding has prompted efforts to combine KRAS
signaling blockade (e.g., MEK1/2) with inhibi-
tion of oxidative phosphorylation, although the
efficacy and tolerability of this strategy needs to
be evaluated in human clinical trials. Hahn and
colleagues used a cDNA overexpression screen
to identify the YAP1 transcription factor as a
mediator of KRAS-independent growth (Shao
et al. 2014). Using the iKras mouse model,
DePinho and colleagues also showed that YAP1
could overcome Kras suppression to promote
PDAC growth (Kapoor et al. 2014). YAP1 has
also been shown to be essential for KRAS-in-
duced cell transformation (Shao et al. 2014), as
well as PDAC development inmice (Zhang et al.
2014). Moreover, Bivona and colleagues have
described a role for YAP1 as a node of resistance
to RAF and MEK inhibition, and therefore pro-
pose that YAP1 may be a synthetic lethal inter-
actor that is an attractive candidate for combi-
nation therapy in KRAS- (or BRAF-) mutant
malignancies (Lin et al. 2015).

RAS signaling is well known to lead to epi-
thelial-mesenchymal transition (EMT) in cer-
tain epithelial cell contexts. Settleman and col-
leagues have previously described an important
role for EMT in mediating KRAS-independent
growth of KRAS-mutant cancer cells (Singh
et al. 2009). Moreover, aggressive mesenchymal
subpopulations have been shown to arise

through Smarcb1-Myc network-driven repro-
gramming upon extinction of KrasG12D expres-
sion in animal models of PDAC (Genovese et al.
2017). KRAS and YAP1 have also been shown
to converge to activate an EMT transcriptional
program (Shao et al. 2014). Additionally, the
SNAI2 gene encoding the SNAIL transcription
factor, a known regulator of EMT, has been pre-
viously identified as a KRAS synthetic lethal tar-
get in an RNAi screen of an isogenic pair of
colorectal cancer cell lines (Wang et al. 2010).
Thus, the mesenchymal cell state itself, partially
induced by KRAS signaling, may harbor syn-
thetic lethal vulnerabilities for therapeutic tar-
geting in a subset of KRAS-mutant cancers.

FUNCTIONAL GENETIC SCREENING FOR
KRAS SYNTHETIC LETHAL TARGETS

Loss-of-function genetic screens provide a
means to define the compendium of genes that
are essential for cancer cell proliferation and vi-
ability in a context-selective manner (Boehm
and Hahn 2011). Unbiased, genome-scale func-
tional genetic screens hold promise to identify
novel and unpredicted synthetic lethal relation-
ships with oncogenic KRAS. Multiple different
approaches have been used to screen for KRAS
synthetic lethal relationships, including both ar-
rayed/multiwell and pooled screening formats
in both panels ofKRAS-mutant orWT cell lines,
as well as isogenic KRAS-mutant and WT cell
systems. Most of these screens have been per-
formed using RNAi, although the demonstra-
tion that CRISPR-Cas9 technology can be used
in mammalian cells for genome scale screens
has led several groups to begin using this tech-
nology. The strengths and disadvantages of
these methodologic approaches to KRAS syn-
thetic lethal screening have been recently re-
viewed elsewhere (Downward 2015). We sum-
marize a wide range of KRAS synthetic lethal
screens in Table 1, but focus on a few illustrative
examples below.

A team led by Elledge and colleagues per-
formed a pooled primary screen of a genome-
scale lentivirally delivered short hairpin RNA
(shRNA) library in an isogenic KRASG13D and
WT DLD1 colorectal cancer cell line (Luo et al.
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Table 1. RAS synthetic lethal functional genetic screens

Synthetic lethal
genes or pathways

Library (assay
and format) Cells in primary screen Drug inhibition References

RAN, TPX2, SCD1 ∼3700 druggable
genes, small
interfering RNA
(siRNA),
arrayed cell death

NCIH1299
(NRASQ6K NSCLC)

Not tested Morgan-Lappe
et al. 2007

BIRC5 (survivinn),
CDK1, RBCK1,

∼4000 genes, siRNA,
arrayed cell death

Isogenic DLD1 (CRC,
KRASG3D)

Not tested Sarthy et al.
2007

PLK1, APC/C,
proteosome

74,905 retroviral short
hairpin RNAs
(shRNAs) to 32,293
human transcripts
(pooled
proliferation screen)

Isogenic DLD1 (CRC,
KRASG3D)

BI-2536 (PLK) Luo et al. 2009a

STK33, AKT3,
CPNE1, CAMPK1,
MLKL, FLT3LG,
and DGKZ

∼1000 druggable
genes, shRNA,
arrayed proliferation

Pan-cancer cell-line
panel (four KRAS-
mutant, four KRAS-
wild-type [WT])
and two
immortalized cell
lines

STK33 kinase
inhibitor, failed to
suppress
proliferation in
KRAS-mutant cells
(Babij et al. 2011;
Luo et al. 2012)

Scholl et al. 2009

TBK1, PSKH2,
PTCH2, CPNE1,
MAP3K8,
proteasome genes

∼1000 druggable
genes, shRNA,
arrayed proliferation

Pan-cancer cell-line
panel (seven KRAS-
mutant, 10 KRAS-
WT) and two
immortalized cell
lines

CYT387 (TBK1 and
JAK inhibitor)
assessed in Zhu et al.
(2014)

Barbie et al.
2009

WT1, RAC1, PHB2 162 KRAS-related
genes, shRNA, in
vitro and in vivo
pooled proliferation
screens with bead
array readout

LKR10 and LKR13
(Kras;Trp53 mutant
mouse lung-tumor-
derived cell lines)

Not tested Vicent et al.
2010

SNAI2 (SNAIL2) ∼2500 druggable
genes, shRNA,
pooled proliferation

Isogenic HCT116
(CRC, KRASG13D)

Not tested Wang et al. 2010

GATA2, CDC6,
proteasome

>7000 druggable
genes, siRNA pools
(arrayed apoptosis
and cell
proliferation)

Isogenic HCT116
(KRASG13D) and
pan-cancer cell-line
panel (14 KRAS-
mutant, 12
KRAS-WT)

Bortezomib with
fasudil (GATA2)

Kumar et al.
2012; Steckel
et al. 2012

MAP3K7 (TAK1) 17 kinases highly
expressed in KRAS-
dependent CRC,
shRNA, arrayed
proliferation

KRAS-dependent
SW620 and KRAS-
independent
SW837 (CRC,
KRAS-mutant)

5Z-7-oxozeaenol Singh et al. 2012

Continued
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Table 1. Continued

Synthetic lethal
genes or pathways

Library (assay
and format) Cells in primary screen Drug inhibition References

Cttnb1 (β-catenin),
Mllt6, Raf1, Akt3

Genome scale, shRNA,
pooled in vivo
proliferation with
NGS readout

Mouse keratinocytes
(H-rasG12V)

Not tested Beronja et al.
2013

COPI coatomer
subunits ARCN1,
COPB1, COPA
dependent in
KRAS;LKB1-
mutant lung
cancer cells

Genome scale, siRNA,
arrayed proliferation

17 KRAS- and LKB1-
mutant lung cancer
cell lines, matched
tumor (KRAS-
mutant), and
normal NSCLC
cell-line pair

Saliphenylhalamide A Kim et al. 2013

ARHGEF2 (GEFH1) Genome scale, shRNA,
pooled proliferation

72 human cancer cell
lines

Not tested Marcotte et al.
2012; Cullis
et al. 2014

BCL2L1 (BCLXL) ∼1200 druggable genes
in presence of MEK
inhibitor
(selumetinib),
shRNA, pooled
proliferation screen
for enhancement of
MEK inhibitor effect

HCT116 and SW620
(CRC, KRAS-
mutant)

Selumetinib and
navitoclax

Corcoran et al.
2013

RAF1, BRAF 535 kinases and related
genes, shRNA,
pooled proliferation
screen for
enhancement with
MEK inhibitor
selumetinib

SW480 KRAS-mutant
colon cancer cell
line

RAF265 or AZ628
(RAF inhibitors)
with selumetinib

Lamba et al.
2014

YAP1 5046 signaling
components,
shRNA, pooled
proliferation screen
for enhancement of
BRAF-inhibitor
response

HCC364 BRAF
V600E human
NSCLC cell line
with validation in
KRAS mutants with
MEK inhibition

Not tested Lin et al. 2015

CDK1 853 genes, primarily
kinases, siRNA,
arrayed cell viability

LIM1215 isogenic
lines with KRAS
WT, G12D, G12S,
or G12V

Not tested Costa-Cabral
et al. 2016

FGFR1, BRAF, RAF1,
ERK2

526 kinases, shRNA,
pooled proliferation
screen for
enhancement with
MEK inhibitor
trametinib

H23 KRAS (G13C)
mutant lung
cancer cell line

Ponatinib (FGFR
inhibitor)

Manchado et al.
2016

XPO1 Genome scale, siRNA
arrayed toxicity
screens

Panel of human
NSCLC cell lines

KPT-330 (selinexor) Kim et al. 2016

Continued
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2009a). Their library contained 75,905 shRNAs
targeting 32,293 unique human transcripts to
approximately 12,000 genes. Stringent criteria
identified a subset of 379 shRNAs targeting
368 genes that were candidate KRAS synthetic
lethal interactors. Notably, the DLD1KRASWT
cell line showed decreased MAPK signaling and
slower in vitro proliferation than its KRAS-mu-
tant counterpart. Follow-up studies were per-
formed using a multicolor competition assay
in both the DLD1 isogenic pair as well as a sec-
ond isogenic HCT116 KRAS-mutant and WT
pair. They identified 77 candidate KRAS syn-
thetic lethal interactors across a variety of bio-
logical processes, including protein modifica-
tion, nucleic acid metabolism, and cell-cycle
and signal transduction. In particular, they de-
scribed a striking number of genes involved in
regulation of mitosis as being candidate KRAS
synthetic lethals, including subunits of the ana-
phase-promoting complex/cyclosome (APC/
C), the proteasome and the mitotic kinase
polo-like kinase (PLK1). They showed that
KRAS-mutant cells harbor heightened mitotic
stress compared withWT cells, and both genetic
and small molecule inhibition of PLK1 revealed
greater sensitivity in the KRAS-mutant isogenic
cancer cells over the KRASWT cells. Moreover,
inhibition of proteasome function with bortezo-
mib also appeared to demonstrate selectivity in
the KRAS isogenic cell systems. Mitotic stress is
not unique to KRAS-mutant cancers; however,
these studies suggest that KRAS-mutant cells
may be selectively more sensitive to targeting
mitotic regulation than WT cells.

Scholl et al. (2009) performed an arrayed
format RNAi screen in four KRAS-mutant and
four KRAS-WT cancer cell lines, as well as nor-

mal human fibroblasts and immortalized hu-
man mammary epithelial cells (HMECs). They
used a library of 5024 lentivirally delivered
shRNA constructs targeting 1011 human ki-
nases, phosphatases, and known cancer genes.
Comparing KRAS-mutant to WT cells, they
identified the serine-threonine protein kinase
STK33 as selectively essential in KRAS-mutant
cells. Through evaluation of STK33 dependency
in 25 additional cell lines, they determined that
STK33 is preferentially required by KRAS mu-
tants that also depend on sustained KRAS ex-
pression for viability and proliferation. STK33
has been subsequently investigated as a KRAS
synthetic lethal target by multiple other groups,
some with conflicting findings and interpreta-
tions (Babij et al. 2011; Frohling and Scholl
2011). Much of the excitement regarding
STK33 stemmed from its kinase function and
thus potential therapeutic tractability. Potent
small molecule inhibitors of STK33 have been
developed, and thesemolecules have conclusive-
ly shown that STK33 kinase activity is not re-
quired for KRAS-mutant cancers (Babij et al.
2011; Luo et al. 2012), although other strategies
that result in loss of STK33 proteinmay still hold
therapeutic potential (Azoitei et al. 2012).

Barbie et al. (2009) performed an arrayed
format primary RNAi screen in 19 cancer cell
lines, using a lentivirally delivered shRNA li-
brary targeting kinases, phosphatases, and on-
cogenes. They compared KRAS-mutant and
WT cells to identify those genes that selectively
killed KRAS-mutant cells and identified 45 can-
didates that were screened in a larger panel of
mutant andWT cells. In addition toKRAS itself,
they found RAF1 and the serine-threonine ki-
nase TBK1 as top-scoring candidate KRAS syn-

Table 1. Continued

Synthetic lethal
genes or pathways

Library (assay
and format) Cells in primary screen Drug inhibition References

RAF1, SHOC2,
PREX1, RCE1,
ICMT

Genome-scale,
CRISPR-Cas9,
pooled proliferation
screen

14 leukemia cell lines
(six KRAS or
NRAS, six RAS
WT)

Not tested Wang et al. 2017

Modeled after similar tables in Downward (2015) and Ebi et al. (2014).
NSCLC, Non-small-cell lung cancer; JAK, Janus kinase.
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thetic lethals. They validated TBK1 as a synthet-
ic lethal target inKRAS-mutant and -dependent
cells and confirmed a link between RALB-me-
diated activation of TBK1 (Chien et al. 2006) to
promote NF-κB survival signaling, in part,
through c-Rel and BCL-XL. As discussed above,
pharmacologic inhibition of the TBK1 induces
cell death in preclinical animalmodels of KRAS-
driven lung cancers (Zhu et al. 2014), and TBK1
inhibition is being tested in clinical studies as a
potential therapeutic approach.

The lack of overlap in genes scoring from
KRAS synthetic lethal screens has caused
much consternation. However, the KRAS syn-
thetic lethal screens performed to date have had
several important differences and limitations.
Each study used different experimental systems
andwere limited in scale in terms of the cell lines
screened and the number of genes evaluated.
None of theRNAi-based screens reached genetic
saturation. Moreover, RNAi studies have previ-
ously suffered from an incomplete understand-
ing of off-target effects. Advances in RNAi-
screening efforts have improved upon these
limitations. Recent technical advances in RNAi
screening have enabled much higher density
screens across many more cell lines (Luo et al.
2008; Cheung et al. 2011; Marcotte et al.
2012). Additionally, refinements in bioinfor-
matic methodology have also improved the sig-
nal-to-noise resolution and distinction of off-
target effects (Shao et al. 2013; Marcotte et al.
2016; Tsherniak et al. 2017). Furthermore, the
advent of CRISPR-Cas9 screening technology as
an alternative means of genetic perturbation has
enabled a new approach to loss-of-function
genetic screening (Shalem et al. 2014, 2015).
CRISPR-Cas9 technology enables knockout of
target genes, as compared to suppression of
mRNA expression conferred by RNAi. Multiple
groups have now shown that CRISPR-Cas9 ge-
nome-scale screens can effectively elucidate es-
sential genes in cancer cell lines (Koike-Yusa
et al. 2014; Wang et al. 2014, 2015; Hart et al.
2015; Parnas et al. 2015; Aguirre et al. 2016).

Sabatini and colleagues recently reported ge-
nome-scale CRISPR-Cas9 screens in 14 acute
myeloid leukemia (AML) cell lines and com-
pared six KRAS or NRAS mutant lines with six

RAS WT cell lines to identify synthetic lethal
genes (Wang et al. 2017). These studies identi-
fied a surprisingly small number of genes in the
RAS processing (RCE1 and ICMT) and MAPK
signaling pathways (RAF1, SHOC2). A second
pair of screens was performed in isogenic mu-
rine Ba/F3 cell lines, one of which was engi-
neered to express oncogenic NRAS, and this
screen also discovered the same set of genes as
well as additionalMAPK signaling components.
PREX1 was identified as a novel RAS synthetic
lethal partner in the human AML screen.
PREX1 is a GEF for Rac GTPases, and the in-
vestigators showed that PREX1 is an AML-spe-
cific activator of MAPK signaling.

NEXT STEPS IN DISCOVERY
AND UTILIZATION OF KRAS SYNTHETIC
LETHAL TARGETS

While the results of Sabatini and colleagues sug-
gest that inAML there are only a limited number
of RAS synthetic lethal targets that are largely
restricted to regulators of RAS itself or the
MAPK signaling pathway, it is important to
note that these findings reflect only one of
many KRAS-mutant cancer contexts. Indeed,
there is profound heterogeneity of KRAS-mu-
tant cancers that complicates uniform identifi-
cation of KRAS synthetic lethal targets. This
multidimensional heterogeneity includes (1)
variability in KRAS dependency across cancers;
(2) differing lineage specificity across cancer
types; (3) variation in effector signaling between
different KRAS alleles (e.g., G12D vs. G12V or
Q61H); and (4) variability in the co-occurring
mutational and copy-number landscape across
cancers. It may be unreasonable to expect that a
universal KRAS synthetic lethal target will apply
across all contexts. To adequately address this
heterogeneity and to determine biomarker-driv-
en predictive models of these synthetic lethal
relationships, genome-scale screens will need
to be performed in a large number of diverse
cell lines. Toward this goal, the Achilles Consor-
tium at the Broad Institute has now screened
over 300 cell lines with genome-scale CRISPR-
Cas9 knockout technology, including over 60
KRAS-mutant cell lines across a variety of con-
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texts. These efforts have not found a single
strong universal synthetic lethal target across
all KRAS-mutant contexts. Instead, numerous
strong vulnerabilities have emerged with prefer-
ential dependency in a subset of KRAS-mutant
cell lines. Understanding these vulnerabilities
and their context specificity across KRAS-mu-
tant cell lines remains a top priority.

Besides standard CRISPR-Cas9 knockout
screening, additional new screening approaches
may prove useful for identifying KRAS synthetic
lethal candidates. CRISPR-inhibitor (CRISPRi)
technology targets a transcriptional repressor to
specific genes, and CRISPRi approaches have
been developed for genome-scale screening
(Gilbert et al. 2014). Moreover, CRISPR-Cas9
libraries have been developed that enable simul-
taneous knockout of two different genes within
the same cell, and will allow examination of
pairwise genetic interactions in KRAS-mutant
cancer cells (Rosenbluh et al. 2016; Han et al.
2017). Last, because most treatment strategies in
KRAS-mutant cancers will require combination
therapies, functional genetic screening in the
context of small-molecule inhibition of key
KRAS effector signaling pathways may prove
most fruitful for the identification of high-pri-
ority KRAS synthetic lethal interactions. A
number of screens have been performed using
RNAi technologies to identify combination
therapy targets with MAPK pathway inhibition,
including FGFR1 (Manchado et al. 2016), BCL-
XL (Corcoran et al. 2013), YAP1 (Lin et al.
2015), and PTPN11 (Prahallad et al. 2015).

In addition to performing screens in two-
dimensional cell culture growth conditions for
established cancer cell lines, it will also be im-
portant to evaluate for synthetic lethal candi-
dates in early passage patient-derived cell lines
as well as other potentially more physiologically
relevant cancer model systems, such as three-
dimensional organoid cultures (Sachs and Cle-
vers 2014; Boj et al. 2015) or animal models of
KRAS-mutant tumors (Zender et al. 2008;
Zuber et al. 2011; Beronja et al. 2013; Carugo
et al. 2016). Indeed, utilization of KRAS-mutant
cancer models that recapitulate tumor–stroma
interactions may enable elucidation of an en-
tirely novel set of KRAS-driven non-cell-auton-

omous vulnerabilities that could impair tumor
growth. Whether these alternative culture tech-
niques or model systems will yield a different set
of KRAS synthetic lethal interactors remains an
open and important question. In collaboration
with the National Cancer Institute’s RAS Initia-
tive, the RAS Synthetic Lethal Network (RSLN)
of laboratories has been organized to examine
these novel approaches to identify KRAS syn-
thetic lethal targets and to share these data with
the larger RAS scientific community to pro-
mote rapid translation of clinically useful ther-
apeutic targets.

Beyond identification in functional genetic
screens, extensive validation efforts will be re-
quired to rigorously demonstrate the value of
novel KRAS synthetic lethal targets. Validation
will require confirmation of the potency and
specificity of the synthetic lethal relationship us-
ing multiple genetic and pharmacologic ap-
proaches in both established cell lines and pa-
tient-derived models. Moreover, although cross
comparison of one tumor cell with a KRASmu-
tation to another that does not have a KRAS
mutation may reveal vulnerabilities that are
stronger in the KRAS-mutant cancer context,
this approach does not guarantee tolerable tox-
icity in KRAS WT normal cells. Investigators
will also need to consider the essentiality of tar-
gets within normal cells and tissues that would
be most likely to lead to dose-limiting toxicities
of targeted cancer therapies. Prioritizing syn-
thetic lethal partners through patterns of expres-
sion of the dependent target or its biomarker in
normal human tissues or through functional
modeling in normal cell culture systems may
help address this important issue.

Ultimately, clinical translation of novel syn-
thetic lethal vulnerabilities of oncogenic KRAS
into viable therapeutic approaches will require
strategies for targeted inhibition of these pro-
teins. Some candidates may possess protein do-
mains that are therapeutically tractable, such as
kinases or other enzymes; however, they most
likely will not be inherently targetable. As with
the oncogenic KRAS protein itself, novel ap-
proaches to target “undruggable” proteins are
urgently needed. Phthalimide conjugation strat-
egies for targeted protein degradation have re-
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cently been described and may be one viable
path forward (Winter et al. 2015). It is expected
that novel small molecules that directly target
mutant KRAS will be soon be developed.
Whereas one may argue that the advent of
such therapies may obviate the need for target-
ing synthetic lethal partners, it is inevitable that
combination treatments will be needed with di-
rect KRAS inhibitors to overcome compensato-
ry signaling and resistance mechanisms. It is
likely that the catalog of synthetic lethal vulner-
abilities discussed above as well as novel ones
identified through future screening approaches
will provide a critical framework for developing
multifaceted combination therapy strategies in
KRAS-mutant cancers.
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