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Abstract

Oncogenic mutations in Kirsten rat sarcoma viral oncogene homolog (KRAS) occur in 15%–30% of

non-small cell lung cancer (NSCLC). However, despite decades of intensive research, there is still no

direct KRAS inhibitor with clinically proven efficacy. Considering its association with poor treatment

response and prognosis of lung cancer, developing an effective inhibitory approach is urgently

needed. Here, we review different strategies currently being explored to target KRAS-mutant

NSCLC, discuss opportunities and challenges, and also propose some novel methods and concepts

with the promise of clinical application.

Key words: KRAS, mutations, NSCLC, therapy

Introduction

Non-small cell lung cancer (NSCLC) accounts for >85% of human
lung cancer, which is a leading cause of cancer death in both men
and women worldwide [1]. The overall survival of patients with ad-
vanced or metastatic NSCLC is still dismal, with a median of ∼8–10
months [2]. The identification of targetable genetic alterations such as
epidermal growth factor receptor (EGFR) mutations and echinoderm
microtubule-associated protein-like 4 (EML4)-anaplastic lymphoma
kinase (ALK) translocations has provided unique advantages in treat-
ing lung cancer patients [3,4]. Although oncogenic Kirsten rat sar-
coma viral oncogene homolog (KRAS) mutation was identified in
NSCLC in the 1980s [5], there is still no direct inhibitor in the clinical
setting. More importantly, it was found that KRAS mutation impairs
response to certain cytotoxic agents as well as targeted therapies such
as erlotinib [6,7], whereas targeting KRAS may help sensitize the
response to certain chemotherapeutic agents such as docetaxel [8].
Considering KRAS mutation occurs in 15%–30% of NSCLC [9,10]
and also correlates with poor clinical prognosis [11,12], finding effect-
ive approaches to target KRAS mutation is urgently needed.

Here, we review historical efforts to target mutant KRAS, with
specific focus on approaches with promising preclinical/clinical data.

We also propose some novel and provocative ideas, as well as an
integrated approach for successful targeting.

Approaches of Targeting KRAS-mutant NSCLC

KRAS: its signaling and mutation in NSCLC

KRAS (Kirsten RAS) belongs to the RAS oncogene family, which
also includes HRAS and NRAS [9]. Although all RAS activating
mutations promote oncogenesis, we now know that mutated iso-
forms vary among different tissues. In addition, in different cancer
types, each isoform can have distinctive codon mutations and amino
acid substitutions [13]. In NSCLC, KRAS mutation is the most dom-
inant among all RAS mutations and occurs in 15%–30% of NSCLC
cases [9,10], the majority in adenocarcinoma of the lung [1]. Among
all KRAS mutations, G12 codon has the highest frequency of muta-
tion in NSCLC (∼92%), followed by Q61 (∼8%) [14]. Among all
G12 mutations, the most predominant change is G12C (∼59%),
followed by G12D (∼29%) and G12V (∼6%) [14]. Since RAS is a
small GTPase, its activity normally cycles between a GTP-bound
active state and a GDP-bound inactive state, a process that is facili-
tated partly by the stimulation of GTP hydrolysis through GAP
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(GTPase activating protein). However, when RAS protein is muta-
tionally activated, GAP stimulation is impaired due to the formation
of persistently GTP-bound RAS [15]. Therefore, although KRAS,
like other RAS members, is essential for normal development
[16], its activating mutation can be oncogenic due to the consistent
activation of its downstream signaling pathways that are involved
in deregulated cell proliferation, growth, invasion and metabolism,
etc. [9,10].

We now know that RAS protein activates almost a dozen of down-
stream effectors, resulting in various biological aspects that are crucial
for cancer initiation, maintenance, and progression [9,17]. The best va-
lidated effectors of RAS-driven oncogenesis include rapidly accelerated
fibrosarcoma (RAF)/mitogen/extracellular signal-related kinase (MEK)/
extracellular signal-regulated kinase (ERK), phosphatidylinositol-4,5-
bisphosphate 3-kinase (PI3K)/AKT/mammalian target of rapamycin
(mTOR) and Ral guanine nucleotide dissociation stimulator
(RALGDS)/Ras-related protein (RAL) signaling pathways as well as
Ras-related C3 botulinum toxin substrate 1 (Rac1) small GTPase,
which are now considered as therapeutic targets with various developed
inhibitors [14] (Table 1). With the difficulty of developing a direct RAS
inhibitor, targeting those downstream effectors has proved to be a ra-
tional and reliable approach [8,14,17,29,30]. On the contrary, target-
ing RAS upstream activator alone such as the receptor tyrosine kinase
EGFR has not been proved to be an efficient approach, mainly because
the activating mutation of RAS has already resulted in constitutive ac-
tivation of its downstream signaling pathways. In fact, KRAS mutation
predicts decreased response to certain targeted therapy against its up-
stream activator (e.g. EGFR tyrosine kinase inhibitor) [6,7]. However,
the value of combined therapy against bothRAS upstream activator and
downstream effector should not be neglected. For example, human
epidermal growth factor receptor 3 (HER3), also known as Erb-B2 re-
ceptor tyrosine kinase 3 (ERBB3), was found transcriptionally induced
by MEK inhibitors in KRAS-mutant NSCLC through MYC degrad-
ation; and dual inhibition of HER3 (the upstream activator) and
MEK (the downstream effector) was consequently found synergistic
[31]. Interestingly, a Phase I/IB trial of MEK162 (a MEK inhibitor) in
combination with erlotinib in NSCLC harboring KRAS mutation is
now ongoing (NCT01859026). In addition, since the proper matur-
ation, prenylation, transportation, and membrane localization are all
crucially important for the RAS protein to exert its function as a master
driver of multiple downstream signaling pathways [32], approaches to
target each of these steps have been investigated, with some more prom-
ising than others [32] (Fig. 1).

Past endeavors to target KRAS prenylation

and membrane localization

Shortly after its synthesis in the cytoplasm, inactive RAS protein
undergoes a series of post-translational modifications including pre-
nylation, which, for example, adds a 15-carbon farnesyl lipid tail to
its C-terminus with the help of farnesyltransferase (FTase) [32,33].
This process was shown to be important for proper trafficking of
RAS protein to the plasma membrane [32] and for mediating its trans-
forming activity [34]. Targeting FTase is therefore an appealing con-
cept. However, specific FTase inhibitors such as lonafarnib and
tipifarnib were largely ineffective in clinical trials, likely because
RAS protein was found to be able to bypass this inhibition by geranyl-
geranylation, another process of prenylation [33]. A combination of
FTase and geranylgeranyltransferase (GGTase) inhibitors was there-
fore proposed [33].

Another approach was tested by targeting the RAS docking site ga-
lectin using a farnesyl mimic such as salirasib, to compete with active
RAS and lead to its degradation [32]. Unfortunately, despite promis-
ing preclinical data [35,36], early-phase clinical trials of salirasib
monotherapy, especially in KRAS-mutant lung adenocarcinoma,
were not successful [37]. Although there is lack of explanation in
the literature, this observation could suggest that using farnesyl mi-
mics alone is probably not sufficient to significantly degrade active
KRAS via targeting its localization, and/or targeting KRASmembrane
localization alone may not be sufficient to result in clinical signifi-
cance. In fact, several studies have proposed combining salirasib
with other strategies for KRAS-mutant cancers [38–40]. Nevertheless,
the above-mentioned unsuccessful clinical trials, together with the
tremendous challenge of designing a direct RAS inhibitor, make tar-
geting its downstream signaling pathway the most clinically applicable
approach. However, new discoveries are emerging.

A novel approach to target KRAS localization

Since the transportation of RAS protein requires PDEδ, Zimmer-
mann et al. [21] discovered through stringent screening a small mol-
ecule inhibitor deltarasin that can specifically interrupt the
interaction between the lipid tail of KRAS and the central pocket
of PDEδ, therefore disrupting the proper trafficking and membrane
localization of KRAS. Using pancreatic adenocarcinoma cell lines,
they found that deltarasin redistributed KRAS into the cytoplasm in-
stead of aggregating on the cell membrane, therefore attenuating its
signaling [21]. Interestingly, deltarasin was found to be more potent
in pancreatic cancer cells harboring KRAS mutation and dependent

Table 1. List of inhibitors targeting mutant RAS or RALs

Inhibitor Designated target Stage of development Efficacy in patients Reference

SCH-54292 RAS Preclinical NA [18]
TLN-4601 RAS Phase II Lack of efficacy; glioblastoma [19]
Salirasib RAS Phase II PFS: 4.7 months; pancreatic cancer [20]
Deltarasin RAS Preclinical NA [21]
Lonafarnib Farnesyl transferase Phase II OS: 19 months; PFS: 10 months; ovarian cancer [22]
Tipifarnib Farnesyl transferase Phase II OS: 8.3 months; PFS: 6.8 months; gliomas [23]
BKM120 PI3K Phase II OS: 11 months; PFS: 1.9 months; NSCLC [24]
Afuresertib AKT Phase I Lack of efficacy; multiple myeloma [25]
Everolimus mTOR FDA approval OS: recruiting; PFS: 7.8 months; breast cancer [26]
Vemurafenib RAF FDA approval OS: 6.2 months; PFS: 5.3 months; melanoma [27]
Selumetinib MEK Phase II OS: 9.4 months; PFS: 5.3 months; NSCLC [8]
BVD-523 ERK Phase II Recruiting; AML or MDS [28]

OS, overall survival; PFS, progression-free survival; AML, acute myelogenous leukemia; MDS, myelodysplastic syndrome.
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on KRAS signaling, although only a very limited number of cell lines
were tested [21].

When we tested deltarasin in NSCLC cell lines, we did not find a
statistical difference in IC50 values between KRAS-mutant (five cell
lines) vs. wild-type (three cell lines) NSCLC cells [41]. Although lim-
ited samples could be the reason for these differences, the requirement
for a deltarasin concentration in the range of 3–5 μM by virtually all
cell lines suggests that it is necessary for a certain proportion of PDEδ
to be occupied by deltarasin before a significant inhibitory effect can
be achieved, e.g. 50% as measured by IC50. However, under certain
deltarasin concentrations (e.g. 3 μM), more cell lines with mutant
KRAS achieved a defined threshold of cell killing (e.g. 20%), suggest-
ing that there could be potential mutant selectivity, although this effect
is small [41]. Interestingly, compared with KRAS wild-type cell lines,
the KRAS-mutant NSCLC cells in general exhibited much more pro-
nounced apoptosis after being treated with deltarasin, with significant
inhibition of both phospho-ERK and phospho-AKT levels [41]. Con-
sistent with the findings of Zimmerman et al. [21], we did not observe
any effects of deltarasin on the overall production of KRAS or total
RAS [41]. Further studies are needed to explore the potential of deltar-
asin, for example, using sensitive in vivomodels of lung cancer such as
KRAS mutation-driven genetically engineered mouse (GEM) models,
and a patient-derived xenograft (PDX) model implanted with human

NSCLC tissue harboring different KRAS mutations. In addition, the
experiment from salirasib suggested that it is probably not surprising
to see limited effect of deltarasin alone in vivo and a combination
approach is likely necessary to achieve significant clinical effect.

New insights in developing a direct KRAS inhibitor

The greatest hurdles to the successful development of a direct KRAS
inhibitor are the very strong affinity between KRAS and GDP/GTP,
which is measured in the picomolar range [9,42], and the abundance
of both GDP and GTP in the cells [9]. Although there is no direct RAS
inhibitor fits all types of KRASmutation even in the laboratory setting,
it seems that we may take advantage of each unique mutation for tar-
geting. This approach has been proved promising in Kevin Shokat’s
laboratory [43]. These investigators took advantage of the cysteine
residue of the KRAS G12C mutation and developed small molecule
inhibitors that irreversibly bind to the mutant cysteine, which then
subvert the preference of KRAS to favor GDP over GTP by conform-
ational change and selectively inhibit the oncogenic signaling of KRAS
G12C [43]. Their work clearly demonstrated that (1) a direct RAS in-
hibitor can be possibly designed, and (2) the idea of ‘one inhibitor fits
all mutations’ may not be appropriate for KRAS mutations. Instead,
mutation-specific inhibitors need to be pursued. Since KRAS G12C
is one of the most common KRAS mutations in NSCLC, it will be

Figure 1. Approaches of targeting KRAS-mutant NSCLC right after synthesis, inactive KRAS proteins undergo a series of post-translational modifications including

prenylation, such as adding a lipid tail by farnesylation at a CaaX tetrapeptide motif on the C-terminus with the help of FTase C: cysteine; aa, two aliphatic

residues; and X, a variable residue. Lonafarnib and tipifarnib are FTase inhibitors. However, the blockage of this step can be bypassed through another

lipidation process geranylgeranylation via GGTase-I. The transportation of KRAS to the membrane relies on the interaction of its lipid tail with PDEδ, which can

be blocked by deltarasin. Salirasib is a farnesyl mimic that competes with KRAS for its docking protein galectin on the plasma membrane. After proper

localization, KRAS activates multiple downstream signaling pathways, which can be targeted individually or in combination. Also shown are the direct inhibitor

and hyper-activator of KRAS, as well as inhibitors targeting cancer metabolism. Please refer to the text for detail description.
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interesting to see how effective these compounds will be after chemical
optimization in future assessments in vivo.

MEK inhibition-based combination therapy

Targeting the downstream signaling pathways of oncogenic KRAS is
probably the most widely explored approach. Studies have shown that
the inhibition of RAF/MEK/ERK signaling seems to be the most im-
portant [28], and based on this, multiple RAF, MEK, and ERK inhi-
bitors have been or are currently being tested in clinical trials (Table 1)
[29]. Specifically in lung cancer, Janne et al. [8] conducted a Phase II
clinical trial that demonstrated a MEK inhibitor selumetinib is effect-
ive in recurrent/metastatic NSCLC patients when used in combination
with docetaxel. Based on this promising effect, selumetinib is now
being evaluated in a Phase III clinical trial in NSCLC (SELECT-1
trial, NCT01933932).

Since KRAS activates dozens of downstream signaling [9], combin-
ation therapy is likely the key to its successful inhibition. In a recent
large-scale screening study [44], among all inhibitors of downstream
effectors, MEK inhibitor conferred the strongest cell killing in KRAS-
mutant cancer cell lines [44]. Therefore, a MEK inhibition-based com-
bination therapy is considered the most rational approach. However,
since concomitant mutations such as those in liver kinase B1 (LKB1),
phosphate and tensin homolog (PTEN), and PI3K catalytic subunit
alpha (PIK3CA) may change the response to MEK inhibition [45–47],
finding the best combination in certain genetic contexts is important.

Many MEK inhibition-based combination therapies have been
tested. The most common have included combination with a PI3K,
AKT, or mTOR inhibitor [48–51], largely because RAS activates
PI3K, which in turn activates AKT and mTOR signaling [9,28,52].
In addition, up-regulation of PI3K/AKT/mTOR signaling throughmu-
tations such as activating mutations in PIK3CA or loss of function in
PTEN, as well as up-regulation of HER3 and AKT may confer resist-
ance to MEK inhibitors [31,45–47]. Despite modest enhancements in
treatment effect, many of the combination therapies tested such as
with PI3K were found to be toxic [53,54]. Discovering novel MEK
inhibition-based combinations with minimal toxicity is therefore ur-
gently needed.

Toward this goal, Corcoran et al. [55] performed a synthetic
lethality-based screening and found that the BCL-XL inhibitor
ABT-263 is synergistic with the MEK inhibitor selumetinib in KRAS-
mutant NSCLC and colon cancers. Although selumetinib alone in-
duced Bim, a pro-apoptotic protein, it was bound and inhibited by
the anti-apoptotic protein BCL-XL [55]. By also giving the BCL-XL
inhibitor ABT-263, the inhibitory effect on Bimwas abrogated and ro-
bust apoptosis was observed [55]. Since ABT-263 was found to cause
Grade III and IV thrombocytopenia in 41% of patients in a recent
Phase II study of small cell lung cancer [56], we developed a novel
BCL-XL inhibitor, which is more potent but induces much less tox-
icity [57] and is currently in testing. Similarly, using a kinome-centered
synthetic lethality screen, Sun et al. [31] found that targeting HER3
may act synergistically with MEK inhibition in KRAS-mutant cancers
including NSCLC.

During cancer progression, there is continuous rewiring of metab-
olism in the cancer cells to meet the requirement of both energy
and metabolic intermediates. Thus, targeting cancer metabolism
[58–60], especially in combination with MEK inhibition, could be
an appealing strategy [46]. Using KRAS-mutant NSCLC cell lines
both in vitro and in vivo, we have demonstrated for the first time
that combining selumetinib and phenformin, a drug targeting mito-
chondrial complex 1, is potentially synergistic [46,61]. This is remin-
iscent of a similar study using BRAF inhibitor and phenformin in

melanoma [62]. These observations support the concept that combin-
ation strategies acting on cancer metabolism with a targeted therapy,
such as MEK inhibition, is a promising novel approach.

Taking advantage of synthetic lethality

Because of the phenotypic changes collectively known as ‘hallmarks of
cancer’ [59,63] that are induced by oncogenic KRAS during cancer ini-
tiation,maintenance, and progression, targetingmechanisms underlying
these changes (aka ‘non-oncogene addiction’) may provide synthetic kill-
ing [64]. The concept behind ‘synthetic lethality’ is to identify potential
targets by targeting cells that will only be significantly damaged if they
have KRAS mutation [65]. Therefore, this approach not only provides a
strategy to target the traditionally considered ‘undruggable’KRAS, but it
also offers mutant selectivity to spare normal cells [65].

Using RNAi library screening, researchers have so far identified a
wide range of genes involved in various cellular process that have syn-
thetic lethal interactions with mutant KRAS. Cox et al. [14] provide a
nice summary of KRAS synthetic lethal genes. However, two major
challenges must be tackled before this method can be widely and effect-
ively exploited: (1) synthetic interactions appear to be context depend-
ent and tissue specific [66,67], therefore, an improved screeningmethod
is needed [14]; and (2) some identified targets such as the transcription
factor GATA2 are themselves undruggable, therefore, it can be challen-
ging in some situations to find appropriate targeting strategies [68].

Hyperactivating KRAS: a novel approach with potential

It was observed some time ago that the expression and activity levels of
an oncogene are important for its function [69–71]. While oncogenic
KRAS induces cell proliferation at an endogenous physiological level
to promote tumor initiation and growth [70,71], overexpression or hy-
peractivation could paradoxically inhibit cell growth by inducing sen-
escence [59,70], apoptotic-dependent, or apoptotic-independent cell
death [72]. Therefore, the level of oncogenic KRAS is delicately con-
trolled, which is not surprisingly given its crucial importance in regu-
lating cancer cell metabolism, the number of multiple downstream
signaling pathways that cross-talk with each other, and other hall-
marks of cancer [59,63]. Since directly abrogating oncogenic KRAS
activity is challenging, we adopted an alternative approach by hyper-
activating KRAS. Using carefully designed KRAS activators, we ob-
served in our pilot studies that these compounds have KRAS-mutant
selectivity in NSCLC cell lines. Furthermore, in both xenograft and
GEM models, we observed their inhibitory effect on tumor growth
(Xu et al. unpublished data). Although potential oncogenic effect
from systemic administration of KRAS activator is a reasonable con-
cern for this approach, we did not observe this effect from either our in
vitro or in vivo studies. Whether this is due to the duration of KRAS
activation and/or the activated level achieved by KRAS activator cer-
tainly needs to be further explored. In addition, since concomitant
genetic alterations can potentially modify the response of KRAS-
mutant NSCLC to various treatments, we are currently investigating
whether this will also occur with our KRAS activators.

Summary and Perspective

In this article, we have reviewed different approaches for targeting
KRAS mutation in NSCLC as shown in Fig. 1, although many of
these are still in the preclinical stage. Targeting mutant KRAS has
been proved to be one of the most challenging tasks in cancer research;
therefore, while exploring other novel approaches, the combination of
different strategies appears most promising. For example, the combin-
ation of dual-targeting KRAS downstream signaling (e.g. MEK

14 Targeting KRAS for lung cancer therapy



inhibition) and KRAS localization (e.g. deltarasin) may have potential
to achieve better efficacy. While Ostrem et al. [43] demonstrated the
possibility of designing a direct inhibitor for each individual KRAS
mutation, our observation that phenformin enhances selumetinib
sensitivity in KRAS-mutant NSCLC [46,61] also suggests the value
of further exploration in the field of targeting cancer metabolism.
Finally, the development of better screening approaches, the delivery
of genes with synthetic–lethal interactions with KRAS, and fine-tuning
oncogenic KRAS activity are all important steps to achieve our final
goal of conquering KRAS-mutant NSCLC.
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