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Abstract The RAS genes encode for members of a large
superfamily of guanosine-5'-triphosphate (GTP)-binding
proteins that control diverse intracellular signaling path-
ways to promote cell proliferation. Somatic mutations in
the RAS oncogenes are the most common activating lesions
found in human cancers. These mutations invariably result
in the gain-of-function of RAS by impairing GTP hydrol-
ysis and are frequently associated with poor responses to
standard cancer therapies. In this review, we summarize
key findings of past and present landmark studies that have
deepened our understanding of the RAS biology in the
context of oncogenesis. We also discuss how emerging
areas of research could further bolster a renewed global
effort to target the largely undruggable oncogenic RAS
and/or its activated downstream effector signaling cascades
to achieve better treatment outcomes for RAS-mutant
cancer patients.
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Introduction

A brief history of RAS

The field of RAS biology debuted more than four decades
ago when eminent scientist Harvey first observed that the
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passaging of murine leukemia virus (MLV) induced sar-
comas in newborn BALB/c mice [1]. In less than 3 years,
serial passaging of the Kirsten murine sarcoma virus in
Wister—Furth rats was similarly shown to drive sarcoma
genesis [2]. The transforming property of these single-
stranded RNA viruses stems from their ability to convert
normal mammalian genes into potent oncogenes by
incorporating these newly acquired genes into their own
viral genomes [3]. As a result of their unique ability to
cause rat sarcomas, these viral oncogenes were thereafter
known as the RAS genes. Conveniently, the names of their
discoverers became a part of the scientific nomenclature to
distinguish them. For instance, the Harvey and Kirsten
viral RAS oncogenes were named HRAS and KRAS,
respectively. It took almost a decade before another major
breakthrough in this field was made. The laboratories of
Robert Weinberg, Michael Wigler and Mariano Barbacid
successively identified key mammalian genes that are
critical to cell transformation and oncogenesis [4-6].
Remarkably, these three research groups raced each other
to the finishing line to show that the mutant oncogene in
human T24 and EJ bladder carcinoma cell lines is in fact
the cellular homologue of the well-characterized viral
HRAS gene [7-12]. These landmark studies set the stage
for an intense, ongoing global quest to target mutant RAS
and its aberrant signaling cascades in human cancers of
diverse tissue origin.

RAS family members

There are three major isoforms of RAS presently known to
be frequently mutated in human cancers: HRAS, KRAS
and NRAS. KRAS has two splicing isoforms, a minor
isoform 4A (KRAS-4A) and a major isoform 4B (KRAS-
4B). NRAS, not identified in any of the early pioneering
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retroviruses work, was discovered in human neuroblas-
toma-derived DNA [13, 14]. These RAS isoforms are
highly identical in their N-terminal amino acid residues
that make up the G domain for GTP binding and hydrol-
ysis. The remaining C-terminal amino acid residues,
however, are highly varied among these isoforms and have
been shown to be critical for their localization to the cell
membrane.

While HRAS, KRAS-4B and NRAS are ubiquitously
expressed, KRAS-4A is predominantly expressed in renal,
hepatic and gastrointestinal tissues [15]. These highly
conserved RAS isoforms carry out similar but non-redun-
dant cellular functions that govern apoptosis, proliferation
and tumorigenesis [16]. Studies using whole body gene
knockout mouse models suggest that KRAS is more
important for mouse embryonic development than the other
RAS isoforms, since Kras-ablated mice die during
embryogenesis [17, 18]. On the contrary, Hras- or Nras-
ablated mice, as well as Hras and Nras double knockout
mice, are viable and exhibit no overt abnormalities [19].
Although the replacement of Kras with Hras at its gene
locus (Hras Knock-in; HrasKI) could rescue the embryonic
developmental defects, adult HrasKI mice exhibit dilated
cardiomyopathy associated with arterial hypertension [20].
Notably, the specificity for Kras mutations in lung and Hras
mutations in skin tumors are also controlled by local reg-
ulatory elements in the target Ras genes [21]. Hence, cis-
acting gene transcriptional control elements, the timing of
gene expression and, to some extent, functional differences
in the encoded RAS proteins, could induce differential
effects of RAS isoforms on the cancer progression of
diverse tissue origins.

Mutant RAS and cancers

Frequency of RAS activating mutations in human
cancers

A recent analysis of the Catalogue of Somatic Mutations in
Cancer (COSMIC) database (http://www.sanger.ac.uk/
genetics/CGP/cosmic/) revealed that KRAS is the most
frequently mutated RAS family member in human cancers,
followed by NRAS and HRAS. Activating mutations of
KRAS-4B, the predominant isoform of KRAS, occurs in
approximately 21 % of all human cancers, and accounts for
approximately 90 % of pancreatic cancers, 45 % of colon
cancers, and 30 % of lung cancers. NRAS-activating
mutations occur in approximately 8 % of all human can-
cers, with as much as 15-30 % and 5-10 % of these
mutations found in cutaneous melanomas and acute mye-
loid leukemia, respectively. HRAS, the first oncogenic RAS
gene to be characterized, has the lowest frequency of
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activating mutations in human cancers (3 %), and is most
notably found in 5-10 % of bladder urothelial carcinomas,
as well as 5 % of squamous cell carcinomas of the head
and neck. The frequency and distribution of RAS mutations
in human cancers have recently been updated and reviewed
[22, 23].

One of the most puzzling conundrums in the field of
RAS biology is the mismatch between the relative abun-
dance of these oncoproteins and their mutation frequencies
in human cancers. Although KRAS is frequently mutated,
the mutant KRAS oncoprotein that it encodes is only
weakly expressed in cancers and thus results in a smaller
tumor size. On the contrary, HRAS is the least mutated RAS
gene but its mutant HRAS oncoprotein is highly expressed
in cancers thereby promoting larger tumors [24]. Owing to
the recent work of Counter and colleagues, we now
appreciate that the variation in K/N/HRAS protein
expression (despite their high sequence similarity) is
mainly due to differential codon bias in the translation of
these oncoproteins [24]. KRAS has been shown to be
highly enriched in genomically underrepresented or rare
codons and thus more poorly translated, as compared to
HRAS. This allow human cancers harboring KRAS
mutations to escape tumor suppressor surveillance mech-
anisms such as oncogene-induced senescence, thus driving
cancer cells en route to more efficient oncogenesis. Con-
versely, converting rare codons back to common codons
increases KRAS expression and reverted tumorigenicity to
levels comparable to those observed for HRAS. More
recently, the same research group performed a series of
elegant experiments via transgenic mouse models and
showed that the effects of codon bias on mutant RAS-
driven tumorigenesis could indeed be recapitulated in vivo
[25]. However, it remains an open question whether rare
codon bias at specific hotspots (e.g., G12, G13 and Q61
amino acid residues) could increase the probability of
KRAS, NRAS and HRAS activating mutations found in
human cancers. Alternatively, since mutant KRAS induces
smaller tumors because it is weakly expressed in the tumor
cells, does KRAS undergo codon optimization/modifica-
tion by yet-to-be-elucidated factors in human tumor cells
such that it is robustly expressed to drive larger tumors in
the presence of other cooperating somatic mutations?

Consequences of RAS mutation

Upon different growth factors stimulation, the proto-
oncogenic RAS proteins oscillates between an inactive
GDP-bound state and an active GTP-bound state. While the
activation of RAS is induced by guanidine exchange fac-
tors (GEFs), its inactivation is catalyzed by GTPase-
activating proteins (GAPs) that enhance the intrinsic
GTPase activity of RAS proteins to hydrolyze GTP. GEFs
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Table 1 GTP hydrolysis rates of wild-type (WT) and mutant KRAS
(intrinsic versus GAP-stimulated). The intrinsic/GAP-stimulated GTP
hydrolysis rate of WT/mutant KRAS was derived from [26] and
expressed as fold change relative to the intrinsic GTP hydrolysis rate
of WT KRAS

Fold change in GTP hydrolysis rate of wild-type and mutant KRAS

Intrinsic GAP-stimulated

WT 1.00 63.24
P-loop mutants

GI2A 0.02 0.47

Gl12C 0.72 0.29

G12D 0.28 1.03

GI12R 0.03 0.29

G12vV 0.06 0.35

G13D 0.14 0.29
Switch 2 mutants

Q61IL 0.01 0.49

Q61H 0.02 3.85

bind inactive RAS-GDP, leading to a decreased affinity of
RAS for GDP. By releasing GDP, GTP is able to re-enter
the G domain of RAS proteins preferentially, and signaling
cycles are renewed. Intrinsically, RAS proteins have slow
GTPase activity, and their associations with GAPs could
greatly accelerate the hydrolysis of GTP (Table 1 for
KRAS as an example) [26-28]. The fold change in GAP-
stimulated GTP hydrolysis rates appeared to vary dramat-
ically among the RAS isoforms. It remains unclear whether
these apparent variations in GAP-stimulated GTP hydrol-
ysis rates are attributed to the different RAS isoforms or
experimental approaches used in these studies. While
NRAS and KRAS GTP hydrolysis rates were determined
by various in vitro assays [26, 28], the GTP hydrolysis rate
of HRAS was calculated by kinetic parameter-based
equations [27]. The presence of a conserved ‘arginine fin-
ger’ domain on GAPs helps orientate the position of GTP
on RAS-GTP for a more efficient nucleophilic attack by
water, thus making GTP a better substrate to be hydrolyzed
more readily.

In the GTP-bound state, the activated RAS proteins are
able to bind several downstream effector proteins, such as
rapidly accelerated fibrosarcoma (RAF) kinase, phospho-
inositide-3 kinase (PI3K), and Ral guanine nucleotide
dissociation stimulator (RalGDS), leading to further initi-
ation of a wide cellular signaling network downstream. In
normal cells, these RAS signaling cascades are only tran-
siently activated as the cytoplasmic GAPs serve as
powerful rheostats to inactivate the proto-oncogenic RAS
proteins. Nevertheless, a strong selective pressure to
overcome the tight control of GAPs exists. As such, human
cancer cells with activating mutations of RAS invariably
result in mutant RAS oncoproteins that are locked in the

active GTP-bound form, thereby constitutively activating
downstream effectors in the absence of extracellular
growth factors. Although the mechanism underlying how
RAS-GTP activates its downstream effectors remains lar-
gely elusive, it has been previously reported that the
specific binding of RAS-GTP to RAF helps recruit RAF
protein from the cytosol to the plasma membrane for its
subsequent activation [29, 30]. Hence, we speculate that
RAS-GTP could engage in a similar approach to activate
other normally cytoplasmic effector proteins like PI3K and
RalGDS via their relocalization to the plasma membrane.

The aberrant activation of oncogenic RAS downstream
effectors in RAS-mutant cancers has been intensely char-
acterized and extensively reviewed [16, 23]. These
downstream signaling cascades could operate linearly or
cross talk with each other to regulate a broad spectrum of
biological processes. For instance, the two major RAS
effector branches, the RAF/mitogen or extracellular signal-
regulated kinases (MEK/ERK) and PI3K/AKT/mammalian
target of rapamycin (mTOR) pathways, are found to
interact at various nodes in the complex RAS signaling
network to promote cancer cell survival [31]. The active
rewiring of these downstream signaling cascades is best
demonstrated in the paradoxical activation of epidermal
growth factor (EGF)-induced AKT activity by the MEK
inhibitors [32, 33]. In addition, ERK is found to promote
mTOR Complex 1 (mTORC1) activity via phosphorylation
of the regulatory-associated protein of mTOR (RAPTOR)
and tuberous sclerosis complex 2 (TSC2) [34-36]. AKT
have also been shown to block MEK activity via phos-
phorylation of RAF at specific inhibitory sites [37, 38]. In
neurofibromatosis type 1 (NF1)-mutant cells, cross talk
between the mitogen-activated protein kinase (MAPK) and
AKT/mTOR pathways are dependent on differential
expression of musculoaponeurotic fibrosarcoma (MAF)
proteins and DEP domain-containing mTOR-interacting
(DEPTOR) proteins [39]. Importantly, inhibition of
mTORC1 after Everolimus treatment induces MAPK
activation through a PI3K-dependent feedback loop in
multiple human cancers, such as melanoma, breast and
colon cancers [40].

While acute activation of RAS signaling has been shown
to trigger cell death [41], chronic activation of RAS sig-
naling could lead to persistently high metabolic demands
that require a constant supply of new biosynthetic inter-
mediates to drive robust cancer cell growth. In both
contexts, autophagy appears to be a key determinant of cell
fate. Autophagy is a tightly controlled intracellular self-
degradation process that salvages key metabolites to sus-
tain metabolic or nutrient homeostasis, thereby promoting
survival of cells that are growing under metabolic stress or
nutrient depletion [42]. Recent reports demonstrate that
RAS-mutant cancers, particularly those of colonic, lung
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and pancreatic origin, critically depend on elevated level of
basal autophagy for survival [43—46]. For instance, genetic
depletion of essential autophagy proteins, ATG5 or ATG7,
sensitizes RAS-mutant cancer cells to growth arrest or
apoptosis [43]. In addition, we recently reported that
oncogenic RAS upregulates the ubiquitously expressed
serine/threonine kinase, casein kinase lo (CKla), to
attenuate autophagy at the level of autophagy gene tran-
scription [47]. This transcriptional repression of autophagy
genes is governed via CKlo-dependent phosphoregulation
of a transcription factor known as Forkhead box O3A
(FOXO3A). Our findings provide further insights into the
complex interplay between autophagy and mutant RAS,
and identifies CKla as a potential biomarker to further
stratify patients with RAS-mutant cancers for therapeutic
approaches that target the autophagy pathway.

Notably, the autophagy protein LC3B was found to bind
directly with the nuclear lamina protein, lamin B1, in the
nucleus and interacts with lamin-associated domains
(LADs) on chromatin in the presence of mutant RAS [48].
This LC3B-lamin B1 interaction leads to lamin B1 degra-
dation and activation of mutant RAS-induced cellular
senescence in primary BJ fibroblasts that possess wild-type
TP53 (commonly known as p53), thus preventing these
cells from undergoing oncogenesis. Collectively, these
studies indicate that activation of autophagy could result in
different cell fate in pre-malignant and malignant cells. The
juxtaposition of findings from our lab and Dou et al. might
also provide some conceptual link between CKla, autop-
hagy and cellular senescence in RAS-mutant cancers. We
speculate that oncogenic RAS promotes senescence of pre-
malignant cells by increasing CKla protein abundance,
thereby reducing the rate of LC3B synthesis. The slow but
continual buildup of LC3B in these cells over time might
degrade nuclear lamin B1 and eventually induces cellular
senescence. This could be one of the few plausible reasons
why it takes days for cultured primary fibroblasts with
wild-type p53 to undergo cellular senescence upon induc-
tion of mutant RAS expression [49].

Cell-based and animal models of mutant RAS-
induced tumorigenesis

Cancer development is a multi-step process in which cells
acquire a series of genetic modifications that accumula-
tively program a malignant phenotype. While past and
current approaches of studying cancer biology have been
informative and useful, our understanding of the complex
molecular basis of cancer initiation and development could
not be further enhanced without technological innovations
that create new experimental models of cancer.

Over a decade ago, Hahn, Counter and colleagues
demonstrated that they could transform normal human
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epithelial and fibroblastic cells by introducing defined
genetic elements, such as telomerase catalytic subunit
hTERT, the simian virus 40 (SV40) large-T antigen and
oncogenic HRAS [50]. Since then, other groups have also
co-expressed these genetic factors in astrocytes [51], air-
way epithelial cells [52], ovarian epithelial cells [53],
human mammary epithelial cells [54], mesothelial cells
[55] and endothelial cells [56], and recapitulated the
observation that multiple mutations cooperate to promote
tumor formation. These discoveries led to the creation of a
plethora of cell-based models of mutant RAS-driven
tumorigenesis that facilitates many scientific investigations
in a cell- and tissue-specific manner. A major drawback of
cell-based models, however, is the lack of supporting
stroma and extracellular matrix influencing tumor vascu-
lature and progression, and hence less physiological.

With the advent of gene targeting techniques, animal
tumor models that closely encapsulate cancer development
in its native microenvironment could be created at will.
Genetically modified mouse tumor models have been par-
ticularly useful in helping us understand the detailed
molecular mechanisms that promote tumor development
and drive cancer metastasis. In addition, they also serve as
invaluable tools for pre-clinical evaluation of novel anti-
cancer therapeutics. The first attempt to create a mutant
RAS-driven lung cancer model in mice was undertaken by
Jacks, Tuveson and colleagues. This targeted latent “hit
and run” lung cancer mouse model (Kras™? strain),
however, was difficult to generate because the integration
of the ectopic mutant Kras oncogene (“hit”) into the
mouse genome is highly dependent on a stochastic
recombination event (“run”) and almost impossible to
control experimentally [57]. These investigators then
developed a conditional/inducible lung cancer mouse
model (Kras™"““'?P strain) that permits controlled timing
of lung tumor initiation and multiplicity upon intranasal
infection with Cre recombinase-containing adenoviruses.
These mice carry Cre-mediated recombination of a lox-
STOP-lox (LSL) cassette inserted in the first intron of the
Kras locus, thus allowing control and prevention of unti-
mely expression of the Kras™ 62" allele [58]. Since
then, the Krastt5t¢! 2D mouse strain has become the gold
standard” for most oncogenic Kras-driven animal tumor
models. Importantly, the development of such controllable
systems in which expression of mutant Ras could be turned
on and off at will has greatly accelerated the pace of RAS
research.

By crossing these Kras mice with mice that
carry Cre recombinase that are controlled by the Pdx I- or
Ptfla/P48-specific pancreatic promoters, an inducible-Ras
mouse model of pancreatic cancer was engineered a few
years later [59]. These mice faithfully reproduce the natural
progression of human pancreatic ductal adenocarcinomas
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(PDACS), where precursor lesions like pancreatic intraep-
ithelial neoplasias (PanINs) first occurred with complete
penetrance, followed by full-blown development of
PDACs. However, a caveat of this cancer model is that the
progression to PDAC usually occurs with low frequencies.
To overcome this problem, others engineered a more robust
pancreatic cancer mouse model by further mutating key
tumor suppression genes that are usually found to be
altered or lost in advanced human PDACs. These com-
monly include the inactivation of pl6Ink4a/pl19Arf, p53,
Lkbl, p21°7! or Smad4 [60-64]. All mice with these
genetic alterations quickly developed advanced pancreatic
cancers, where accelerated progression of PanINs into
invasive PDACs and induction of metastatic spreading was
documented. In recent years, many other inducible mouse
models for PDACs were developed, such as one that allows
reversible controlled expression of the Kras®'?” by addi-
tion or withdrawal of doxycycline treatment [65-67].

Apart from these transgenic mice, we noted that other
animal models of oncogenic Ras-induced tumorigenesis
have also been created. In search of an ideal animal model
that is cost-effective and exhibits short latency in tumor
initiation, some researchers opted to modify zebrafishes. A
transgenic Ras-mutant zebrafish liver cancer model with
mifepristone-inducible oncogenic Kras [68] as well as a
transgenic Ras-mutant zebrafish rhabdomyosarcoma cancer
model with conditional expression of oncogenic Kras [69]
has been reported. Most recently, a transgenic ‘oncopig’
that possesses Cre recombinase-inducible transgenes like
Kras®?P and TP53%°"" was engineered [70]. A porcine
Ras-mutant model was chosen because of its large physical
size and its close resemblance to humans in terms of
anatomy, physiology, metabolism and genetics. Besides
serving as a genetically malleable model, this “oncopig”
experiment provides the roadmap to create other large
animal models of cancer in the future.

Targeting oncogenic RAS and/or its aberrant
signaling networks in cancers

The undruggable mutant RAS

Given that mutant RAS is a key driver of at least one-third
of all cancers, much attention has been focused on the
identification of chemical compounds that could bind
directly to mutant RAS to alter its activity since the 1980s.
However, efforts to find the elusive RAS-binding com-
pound have largely been futile for many years due to the
lack of good drug-binding pockets in RAS. Unlike the
identification and use of small ATP-competitive com-
pounds to effectively inhibit the function of oncogenic
kinases, the GDP/GTP-binding pocket of RAS was ruled

out as a suitable drug target site because of its picomolar
affinity for guanine nucleotides and the presence of rela-
tively high intracellular concentration of GTP.
Consequently, small molecules would not be able to out-
compete endogenous GTP for binding to RAS. Activating
mutations in amino acid residues 12, 13 or 61 of the G
domain also limits the access of RAS to GTPase-activating
proteins (GAPs), thus keeping mutant RAS invariably in
the active GTP-bound state to trigger downstream signal-
ing pathways. The reader is referred to other excellent
reviews on why mutant RAS is considered by many to be
undruggable [22, 23, 71-77].

Targeting lipid modification of RAS proteins—early
setbacks

It took almost two decades after the discovery of RAS
before researchers elucidated the lipid modification path-
ways that are critical for the intracellular trafficking of
RAS. The search for compounds that block lipidation of
RAS was intensely pursued over a number of years. Post-
translational lipidation of RAS at its carboxy-terminal
CAAX (C: cysteine, A: aliphatic amino acids and X: any
amino acids; in RAS, X is usually S or M) motif is essential
for its association with the plasma membrane and with
other intracellular membranes to activate signaling cas-
cades [78, 79]. In the first and obligate step, the cysteine
residue of the CAAX motif of RAS is modified with a
15-carbon (C15) farnesyl polyisoprene lipid moiety
through a stable thioether linkage by farnesyltransferase
(FTase). This C15 modification promotes the association of
RAS with endoplasmic reticulum (ER), where the modified
CAAX motif is cleaved by RAS-converting CAAX
endopeptidase 1 (RCE) to remove the AAX residues and
further carboxymethylated by isoprenylcysteine carboxyl-
methyltransferase (ICMT) [80, 81]. Pharmacologic
targeting of FTase thus appears to be a sensible move
because inhibitors of FTase (FTIs) could prevent the mat-
uration of RAS and thus perturb RAS signaling. The
intensive screen for FTIs by many research labs in the
academia and industry identified a number of potent FTIs,
such as Lonafarnib [82] and Tipifarnib [83]. These FTIs
were shown to be efficacious against mutant HRAS-driven
cancer models in the pre-clinical setting. However, they
ultimately failed to show efficacy against mutant KRAS-
driven cancers in the advanced human clinical trials. Even
though these compounds might still be useful for combat-
ing an extremely small subset of mutant HRAS-driven
cancers, many viewed it as a major setback in the quest to
cure RAS-mutant cancers. It was subsequently demon-
strated that bypass prenylation of KRAS and NRAS at the
cysteine residue of CAAX motif by geranylgeranyltrans-
ferase 1 (GGTase 1) occurs in the cancer cell to promote
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resistance to FTI [84]. The dual inhibition of FTase and
GGTase 1 might potentially overcome the problem of
alternative prenylation but it failed to progress further due
to toxicity issues. This is likely due to the blockade of
farnesylation and geranylgeranylation of many proteins
that are required for the survival of normal cells.

Apart from targeting CAAX prenylation of RAS, others
focused their attention on the identification of compounds
that would block post-prenylation of CAAX-processing
enzymes like RCEl1 and ICMT [85-87]. Since these
enzymes may also modify other CAAX motif-containing
proteins, their inhibitors are likely to elicit undesirable
cytotoxicity issues.

Drugging RAS effector pathways—unexpected
complexity

A compelling body of evidence demonstrates that mutant
RAS promotes tumor initiation and progression, in part, via
the activation of its three major downstream effector path-
ways. These include the RAF, RalGEF and PI3K signaling
pathways. Mutant RAS recruits RAF, a cytosolic serine/
threonine kinase, to the plasma membrane to activate the
latter for subsequent initiation of its downstream MEK/ERK
signaling cascade. This RAF/MEK/ERK effector branch of
RAS induces anchorage-independent growth, angiogenesis
and epithelial-mesenchymal transition (EMT). Mutant RAS
has also been shown to activate the RalGEFs family of five
guanine exchange factors (GEFs) in a similar manner. Ral-
GEFs, in turn, activate RalA and RalB to drive
tumorigenesis. Lastly, mutant RAS recruits and activates the
PI3K via its p85 regulatory subunit, resulting in the phos-
phorylation of phosphoinositides and induction of signaling
pathways that enable angiogenesis, transformed morpholo-
gies and cancer cell survival.

Kinases appear to be critical second messengers in at
least two of these effector pathways of mutant RAS sig-
naling. Owing to the absolute reliance on adenosine
triphosphate (ATP) for kinase activity, many drug-screen-
ing efforts have been focused on the identification and
development of small molecules that have higher affinity
for the nucleotide-binding pocket of these kinases than
intracellular ATP. Alternative screens that are based on
allosteric regulation of kinase activity have also been
pursued to find non-ATP-competitive inhibitors of kinases
implicated in mutant RAS signaling. To date, many potent
and selective small molecule inhibitors of RAF, MEK1/2,
ERK1/2, PI3K, AKT and mTOR have been identified and
developed (Fig. 1; reviewed and summarized in [22]). A
good number of these compounds have been evaluated in
the pre-clinical and clinical settings, with a few of them
even approved for use by the United States (US) Food and
Drug Administration (FDA). However, the blockade of any
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one effector pathway turned out to be necessary but
insufficient to curb the growth of RAS-mutant cancer cells
due to undesirable induction of compensatory mechanisms.
For instance, the first-generation BRAF-mutant inhibitors
(e.g., Vemurafenib) paradoxically activate ERK signaling
by inducing wild-type RAF dimerization to promote sus-
tained RAS-mutant cancer cell growth [88-90]. Similarly,
MEK inhibitors are efficacious for the treatment of BRAF-
mutant melanoma but they have limited efficacy against
RAS-mutant human tumor cell lines [91] as well as mouse
models of Ras-mutant cancer [92]. This is attributed in part
to reprogramming events that activate expression of
receptor tyrosine kinases (RTKs), such as PDGFRJ, or
promote NRAS-activating mutations [93]. The utility of
ERK inhibitors is also limited by its unexpected activation
of MEK activity, since ERK feedback phosphorylation is
required to inactivate RAF [94]. Lastly, sole targeting of
the PI3K/AKT/mTOR effector branch also fell short
because small molecule inhibitors of this signaling cascade
failed to block the growth of Kras-mutant mouse lung
adenocarcinomas in vivo [92].

Intriguingly, the full potential of inhibitors of various
RAS effector branches appears to be unleashed when used
in the right combination. The dual pan PI3K and mTOR
inhibitor, NVP-BEZ235, acts synergistically with the MEK
inhibitor, ARRY-142886, to shrink Kras-mutant mouse
lung tumors [92]. This observation led to the initiation of a
slew of clinical trials to evaluate the combined blockade of
the RAF/MEK/ERK and PI3K/AKT/mTOR effector sig-
naling in the treatment of RAS-mutant cancers [95].
According to ClinicalTrials.gov, many of the Phase 1
clinical trials of dual inhibition of PI3K/mTOR and MEK
in patients with advanced cancers (NCTO01476137,
NCTO01392521, NCT01390818 and NCT01347866) were
recently completed but their results have not been publicly
posted. In a Phase 2 clinical trial of dual AKT and MEK
inhibition (NCT01333475), a significant reduction in
phosphorylated ERK (pERK) and phosphorylated AKT
(pAKT) levels in tumor biopsies from patients with
advanced colorectal cancer was observed.

Manipulating autophagy in mutant RAS-driven
cancers: a viable alternative approach?

Hijacking the intracellular autophagic recycling process
provides RAS-mutant cancer cells an avenue to deal with
the proteotoxic stress and dynamic changes in energy
metabolism driven by oncogenic RAS. Persistant onco-
genic RAS signaling not only results in high rates of
protein misfolding but also high energy demand for its
anabolic programs, which rapidly deplete biosynthetic
intermediates from the tricarboxylic acid (TCA) cycle.
This leads to aggregation of proteins, loss of mitochondrial
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Deltarasin

Fig. 1 Activated RAS signaling in cancers and its targeted thera-
peutic strategies. A subset of small molecule inhibitors that targets
mutant RAS, its post-translational modifications and/or its activated

respiration and accumulation of dysfunctional mitochon-
dria. To maintain proper protein homeostasis and a healthy
pool of mitochondria, RAS-mutant cancer cells rely on the
catabolic nature of the autophagy-lysosomal pathway to
clear bulky protein aggregates and damaged mitochondria.
Biosynthetic intermediates from these cargoes could then
be recycled to support the robust growth of RAS-mutant
cancer cells [96, 97]. This process appears to be highly
calibrated to prevent self-cannibalism, as the activation of

e NVP-BEZ235 e PKI-402 e Voxtalisib

downstream effector pathways is listed. Drug* denotes new inhibitors
that block effector dimerization or effector dimer function. Wild-type
RAS (orange); mutant RAS (red); RTKs receptor tyrosine kinases

PI3K/AKT/mTOR effector branch of RAS signaling has
been shown to suppress autophagy initiation [98-102].
Notably, growth of BRAF-mutant cancer cells has also
been shown to be critically dependent on elevated basal
and induced autophagy [103—-105]. Importantly, inhibition
of effective autophagy by chloroquine (CQ) acts syner-
gistically with the RAF inhibitor Vemurafenib or standard
chemotherapeutics to regress BRAFY®**E_driven brain
tumors [103, 106].
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The driving forces behind a heightened state of basal
autophagy in RAS-mutant cancer cells remain poorly
understood. In the case of BRAF-mutant melanoma cells,
high basal autophagy appears to be driven by BRAFY®*0E.
induced chronic ER stress [105]. Although oncogenic RAS
has been reported to promote an ER stress-associated
unfolded protein response (UPR) and that ER stress has
been shown to be a potent inducer of autophagy [107],
there is lack of compelling evidence to show that basal
autophagy elevation is directly caused by mutant RAS-
induced chronic ER stress. We and others have recently
discovered that Casein Kinase 1 alpha (CKla) is a critical
factor for the survival of RAS-mutant cancer cells [47,
108]. We demonstrate that dual inhibition of CKlo and
lysosomal/autophagy function synergistically triggers
death of mutant RAS-driven human colon and bladder
cancer cells [47]. The result of this paired autophagy
inducer and inhibitor therapy is consistent with an earlier
finding that PI3K or AKT inhibitors synergize with lyso-
somotropic agents like CQ to trigger death of phosphatase
and tensin homolog (PTEN)-null cancer cells [109]. The
recently concluded Phase 1 clinical trials, which evaluated
the combination of hydroxychloroquine (HCQ) with
mTOR inhibitor or other standard-of-care chemotherapeu-
tics, also suggest that these paired therapies are safe and
efficacious for the treatment of solid tumors and melano-
mas [110-115].

Mutant RAS synthetic lethal screens—a glass half
empty or full

A number of mutant RAS synthetic lethal genetic screens
have been undertaken over the past few years with the hope
of uncovering new mutant RAS-cooperating protein part-
ners that are tractable drug targets (as reviewed and
summarized in [72]). However, these studies yield data
with low degree of overlap and they have not led to the
development of novel clinical approaches to combat RAS-
mutant cancers thus far. The lack of reproducibility of
experimental findings from these screens could be attrib-
uted to wide-ranging differences from diverse
methodologies/reagents to the gene mutational landscapes
in tumor cells of specific tissue lineages [116—118]. Nota-
bly, the proteasome was identified as a rare common hit in
multiple screens, indicating that the maintenance of protein
homeostasis may be critical for RAS-mutant cancer cells
[119-121]. However, the enthusiasm to pursue further
application of this finding was quenched by subsequent
observations that cultured RAS-mutant cells are relatively
insensitive to single-agent proteasomal inhibitors [122,
123]. In addition, these RAS synthetic lethal screens were
almost completely driven by the RNA interference (RNAI)
technology that results in various hypomorphic effects due
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to partial loss of gene expression. To minimize RNAi-as-
sociated artifacts, we propose that robust gene editing
systems like zinc finger nucleases (ZFNs), transcription
activator-like effector nucleases (TALENSs) or clustered
regularly interspaced short palindromic repeats (CRISPR)/
Cas9 should be applied to RAS synthetic lethal screens.
These screens could also incorporate challenges to tumor
cells in addition to ongoing two-dimensional growth, so as
to identify genes important for cell survival following
matrix deprivation (anoikis), DNA damage, or other forms
of stress. In addition, assays might be performed in high-
throughput three-dimensional cell culture systems, such as
spheroid or organoid cultures, that better mimic the phys-
iologic state of tumors growing in vivo.

RAS mutation profiling of human cancers

Existing standard-of-care therapies targeting epithelial
growth factor receptor (EGFR), such as the use of chimeric
monoclonal antibodies (panitumumab or cetuximab) or tyr-
osine kinase inhibitors (Erlotinib), have been prescribed to
patients suffering from EGFR-overexpressed, advanced
colorectal as well as non-small-cell lung cancers. However,
anti-EGFR therapeutics tend to fail in cancers that are no
longer EGFR dependent, such as those with activating
mutations of KRAS [124]. Approximately 45 % of colon
cancers and 30 % of lung cancers harbor somatic missense
mutations in the KRAS gene at codons 12 and 13, and they are
often associated with poor response to anti-EGFR therapies.
As such, diagnosis of RAS mutational status in these cancers
is recommended prior to anti-EGFR therapies.

Although RAS mutational testing has been widely
adopted in recent years, it has been constantly revised to
take into account of new clinical evidences. For instance,
the previous standard-of-care mutation profiling for colon
cancers was originally performed to identify exon 2
(codons 12 and 13) mutations in the KRAS gene. Recent
data, however, suggests that colon cancer patients carrying
NRAS gene mutations also displayed lower response rate to
anti-EGFR therapeutics [125, 126]. As such, the recom-
mended clinical guidelines for the use of anti-EGFR
therapies on metastatic colorectal cancers now require an
expanded mutational testing of KRAS and NRAS exon 2
(codons 12 and 13), exon 3 (codons 59 and 61), and exon 4
(codons 117 and 146). In addition, recent breakthroughs
have also been made to improve sensitivity of molecular
diagnostic tools developed for RAS mutation testing. Using
high-depth targeted next-generation sequencing (NGS) and
robust bioinformatics algorithms, Tan and colleagues
reported somatic variants across more than 750 cancer-
related genes in liver-limited metastatic colon cancers.
These include KRAS, NRAS, BRAF and PIK3CA, as well as
other genes that are present at low allele frequency [127].



The renewed battle against RAS-mutant cancers

1853

While the contribution of these somatic variants to reduced
therapeutic efficacy needs to be definitively determined, we
predict that such a highly sensitive approach would become
the new benchmark to better stratify cancer patients for
personalized anti-cancer therapies.

The RAS renaissance: recent breakthroughs
in direct inhibition of mutant RAS and dimerization
of downstream effectors

A major breakthrough in the direct targeting of mutant
RAS was first achieved by the Shokat lab 2 years ago when
they developed of small molecules that bind irreversibly to
KRAS®'?C [128]. These compounds rely on the mutated
cysteine residue for selective binding to this species of
oncogenic RAS. They allosterically alter the nucleotide
preference of KRAS'*C to favor GDP over GTP as well as
impair the recruitment of RAF to KRAS®'*“. These direct
inhibitors of KRAS®?“ may be particularly effective
against a subset of lung adenocarcinoma, colorectal and
pancreatic carcinomas, since the KRAS®!?C mutation was
frequently found in these solid tumors, respectively [22].
Although vast majority of RAS mutations in human can-
cers do not involve glycine-to-cysteine substitution [16],
the development of KRAS®'? inhibitors provides a useful
conceptual framework to develop compounds that could
selectively target other commonly found RAS mutations.
Another emerging area of research that holds great
promise is the recent development of ERK and RAF dimer
inhibitors [129-131]. The dimerization of ERK is triggered
by activation of the RAS-RAF-MEK signaling axis and it
is required for the extranuclear function of ERK. In a study
to find small molecules capable of blocking ERK dimer-
ization, Herrero et al. identified a water-soluble
3-arylidene-2-oxindole derivative, DEL-22379 [129].
Using in silico docking analyses and microscale ther-
mophoresis, they showed that DEL-22379 effectively
blocks ERK2 homodimerization without affecting its
phosphorylation by binding to ERK?2 at a groove within the
dimerization interface. Importantly, DEL-22379 inhibited
growth and induced apoptosis in cultured RAS- or BRAF-
mutant human cancer cell lines and tumor xenografts in
mice. DEL-22379 also blocked metastasis of BRAF-mu-
tant patient-derived xenografts, as shown in the same
study. On the other hand, dimerization of RAF has recently
been shown to be required for normal RAS-dependent RAF
activation and for the cellular function of disease-associ-
ated RAF mutants with weakened or impaired kinase
activity [132]. Perhaps “unity is strength” in these contexts
is sufficient to drive RAF signaling forward, since dimer-
ization is not required in RAF mutants with high catalytic
activity, such as BRAFY?E, To explore this vulnerability
in RAF signaling, a proof-of-concept RAF dimer interface

peptide was developed and shown to be efficacious in the
inhibition of aberrant RAF signaling [132]. Although
mutant BRAFYF monomers are effectively inhibited by
Vemurafenib, this FDA-approved drug has limited efficacy
against tumors that possess constitutive, RAS-independent,
BRAF-activating mutant dimers [131]. Remarkably, Yao
and coworkers identified a type II, ATP-competitive RAF
inhibitor (BGB659) that could bind RAF dimers and
effectively block all RAF-mutant tumor growth in mice
[131]. In a back-to-back report published in the same issue
of Cancer Cell, Peng and coworkers identified and char-
acterized a novel pan-RAF inhibitor of three RAF
isoforms, LY3009120. Although LY3009120 induces RAF
dimerization, it inhibits the kinase activity of the induced
dimers as well as pre-formed dimers. LY3009120 was also
shown to elicit little paradoxical pathway activation and is
active for RAS- or BRAF-mutant cancer cells [130].

Notably, mutant RAS has also been shown to form
dimers for the activation of downstream effector pathways
both in vivo [133] and in vitro [134]. However, it took
researchers more than a decade to get hold of further
concrete experimental evidence of RAS dimerization-dri-
ven RAF/MAPK signaling in cancer cells [135, 136], as
well as understanding the structural basis of how GTP-
dependent o-helical dimerization of KRAS favors RAF
dimerization [137]. Hence, we envisage that the develop-
ment of mutant RAS dimerization inhibitors is likely to be
pursued by academic labs and the industry with much
enthusiasm in the immediate future.

Concluding remark

Although over four decades of intense research is yet to
yield a drug that could safely and effectively curb the
aberrant activity of oncogenic RAS in human cancers, our
deepened understanding of the RAS biology has led to the
development of novel innovative approaches that target
mutant RAS directly or its over-stimulated downstream
effector pathways (Fig. 1). The timely announcement of
the RAS initiative by the National Cancer Institute (NCI) in
early 2015 could lend a crucial support to fuel a newly
gained momentum in making this notorious oncoprotein a
truly tractable target in cancer therapy.
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