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Abstract
Introduction—The Ras proteins (K-Ras, N-Ras, H-Ras) are GTPases that function as molecular
switches for a variety of critical cellular activities and their function is tightly and temporally
regulated in normal cells. Oncogenic mutations in the RAS genes, which create constitutively-
active Ras proteins, can result in uncontrolled proliferation or survival in tumor cells.

Areas covered—The paper discusses three therapeutic approaches targeting the Ras pathway in
cancer: 1) Ras itself, 2) Ras downstream pathways, and 3) synthetic lethality. The most adopted
approach is targeting Ras downstream signaling, and specifically the PI3K-AKT-mTOR and Raf-
MEK pathways, as they are frequently major oncogenic drivers in cancers with high Ras
signaling. Although direct targeting of Ras has not been successful clinically, newer approaches
being investigated in preclinical studies, such as RNA interference-based and synthetic lethal
approaches, promise great potential for clinical application.

Expert opinion—The challenges of current and emerging therapeutics include the lack of
“tumor specificity” and their limitation to those cancers which are “dependent” upon aberrant Ras
signaling for survival. While the newer approaches have the potential to overcome these
limitations, they also highlight the importance of robust preclinical studies and bidirectional
translational research for successful clinical development of Ras-related targeted therapies.

1. Introduction
The Ras proteins, H-Ras, K-Ras and N-Ras, are GTPases which regulate signal transduction
underlying diverse cellular activities, including proliferation, survival, growth, migration,
differentiation or cytoskeletal dynamism. GTP-bound (“on-state”) Ras proteins convert
extracellular stimuli into intracellular signaling cascades, which eventually evoke changes in
cellular activities; this signaling ceases when Ras-bound GTP is hydrolyzed to GDP as the
result of another signaling cascade. Thus, in normal cells, Ras proteins function as molecular
switches for critical changes in cellular activities, such as cell proliferation and survival, and
their proper and tight regulation is indispensable to maintain the homeostasis of cells and,
ultimately, the entire organism.

Conversely, uncontrolled activity of the Ras proteins, or the molecular components of their
downstream pathways, can result in serious consequences, including cancers and other
diseases. Indeed, approximately 30% of human tumors are estimated to harbor activating
mutations in one of the three Ras isoforms: KRAS, NRAS and HRAS (1). KRAS is most
frequently mutated among three isoforms in malignancies; its mutation rate in all tumors is
estimated to be 25–30% (1). KRAS mutation is especially prominent in colorectal carcinoma
(40–45% mutation rate), non-small cell lung cancer (NSCLC) (16–40%) and pancreatic
ductal carcinoma (69–95%) (1). In contrast, activating mutations of NRAS and HRAS are
less common (8% and 3% mutation rate, respectively). Malignant melanomas predominantly
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harbor NRAS mutations (20–30% prevalence) (1). The activating oncogenic mutations most
commonly occur in codons 12, 13 and 61, in the GTPase catalytic domains, identically
among the three isoforms. 80% of KRAS mutations are observed in codon 12, whereas
NRAS mutations preferentially involve codon 61 (60%) compared to codon 12 (35%) (2).
HRAS mutations are divided almost equally among codon 12 (50%) and codon 61 (40%)
(2). Regardless of isoform type or codon location, all these activating mutations render Ras
proteins resistant to GTP hydrolysis (and consequent Ras inactivation) stimulated by
GTPase-activating proteins (GAPs). These constitutively-activated oncogenic Ras mutant
proteins, therefore, initiate intracellular signaling cascades without the input of extracellular
stimuli, resulting in uncontrolled cell proliferation and abnormal cell survival.

2. Ras proteins
Due to the space limitations, this section is focused on the basic background of Ras protein
biology and biochemistry, particularly related to the therapeutic interventions to be
discussed later. For further details on the biology and biochemistry of the Ras proteins, their
activation by upstream signaling pathways, and their downstream signaling pathways,
readers should refer to the excellent reviews listed in references (2–7).

2.1 Structure
The two major structural components in Ras proteins are the catalytic domain, called the G
domain, and the C-terminal hypervariable region (HVR). The catalytic G domain, which is
highly homologous among the three isoforms, contains the phosphate-binding loop (P-loop)
and two parts of the nucleotide-binding switch regions (Switch I and Switch II) (2). All of
the frequently mutated amino acid residues (Gly12, Gly13 and Gln61) are located within
these motifs, which are critical for Ras catalytic activity. The HVR is the site of post-
translational modifications that are required for Ras proteins to be translocated to the plasma
membrane. The HVRs of the three isoforms share only 15% homology, and this divergence
is proposed to contribute to the functional differences among the isoforms, although has not
yet been definitively linked to function (8). Each Ras isoform undergoes a slightly different
post-translational modification process due to the sequence variation in the HVRs, which
thereby defines what set of mediator enzymes are allowed to access to the HVR.

To become functionally active, newly-synthesized Ras proteins are subjected to a series of
post-translational modifications (9). After translation in the cytosol, Ras proteins are
farnesylated on the cysteine within the “CAAX box” motif, the C-terminal region in the
HVRs. This brings immature Ras proteins to the ER, where the CAAX box is truncated by
proteolysis and methylated. The final modification, palmitoylation, matures Ras proteins for
translocation to the plasma membrane. As Ras cannot be activated without membrane
translocation, farnesylation is essential for Ras function and has been intensively studied as
a target for potential pharmacological interventions. Studies using farnesyltransferase
(FTase) inhibitors (FTIs), however, revealed that K-Ras and N-Ras alternatively can be
geranylgeranylated, which is equally capable of facilitating translocation of Ras proteins to
the membrane when farnesylation is inhibited by FTIs (10).

Ras proteins anchor in the cytoplasmic membrane via the HVR once they reach the
membrane. In some cases, the Ras proteins are bound by Ras-escort proteins in the HVR.
These proteins include galactin-1 and galactin-3, which have strong binding affinity to GTP-
H-Ras and GTP-K-Ras, respectively (11). Ras-escort proteins stabilize the Ras proteins in
the GTP-bound (active) state (6). Disruption of the interaction between these escort proteins
and Ras has been exploited as a strategy to modulate aberrant Ras signaling.

Takashima and Faller Page 2

Expert Opin Ther Targets. Author manuscript; available in PMC 2013 October 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.2 Function
The importance of K-Ras expression during development is illustrated by the embryonic
lethality of K-Ras knockout mice, as a result of liver defects and anemia (3). In contrast,
mice with HRAS or NRAS knockouts are completely viable without any obvious
phenotypes (3). Although mouse models do not entirely mimic human tumorigenesis,
transgenic and knock-in mouse models provide proof of the physiological contribution of
oncogenic Ras proteins to tumorigenesis. Expression of oncogenic H-Ras or K-Ras under
tissue-specific promoters induces various types of malignancies in multiple transgenic
mouse models (4). For example, one conditional K-Ras G12D knock-in model produced
lung tumors after activation of the oncogenic KRAS gene.

2.3 Proteins controlling Ras
As cell proliferation signaling should be initiated only when it is required for growth,
development, or tissue repair, predominantly via an extracellular stimulus (eg., receptor
tyrosine kinases (RTKs) or G-protein-coupled receptors), the activity of the Ras proteins is
normally tightly and temporally controlled in normal cells. For example, upon the arrival of
ligands/growth factors to RTKs, the receptors homo- or hetero-dimerize, autophosphorylate
each other on specific tyrosine residues and recruit adaptor proteins (e.g., Grb2 or Shc) to
their SH2 domain(s), which leads to recruitment of guanine nucleotide exchange factors
(GEFs) to the plasma membrane (Figure 1). Ras becomes activated when a GEF stimulates
dissociation of GDP, allowing rapid replacement by the more abundant GTP.
Conformational changes caused by binding of GTP increase the binding affinity of the Ras
proteins to their downstream effectors, such as the Raf family proteins or the
phosphatidylinositol 3 kinases (PI3K), which in turn activate a series of kinase chain-
reactions. Activated Ras is eventually inactivated by hydrolysis of the bound GTP, which is
accelerated by GAPs. Because the exchange of GDP and GTP is an extremely slow process
in both directions under physiological conditions without catalysis by GAPs and GEFs, the
balance between GAP and GEF activities is a crucial regulatory mechanism for Ras
activation status (for review of GAPs and GEFs, see (12)).

The aberrant activity of any of the molecules involved in Ras activation can be oncogenic.
RTK family members, including epidermal growth factor receptors (EGFRs), HER2/ERBB2
or insulin-like growth factor 1 receptor (IGF1R) are frequently hyperactivated due to
overexpression, genetic mutation and/or gene amplification in many types of cancers
including lung, colon, breast, ovarian and stomach carcinomas (13).

2.4 Downstream effectors of Ras
The proximal downstream Ras effectors are defined as proteins which have a strong affinity
to GTP-Ras, are thereby activated, and initiate a subsequent cascade of signaling (5). Ras
effectors share a characteristic Ras-binding domain (the Ras core effector domain). Among
more than 10 reported Ras effectors, Raf and PI3K and their downstream pathways have
been most extensively studied, because of their importance both in the normal physiological
setting and in tumorigenesis. Thus, these pathways have been the primary targets of cancer
drug discovery and development.

The Raf-MEK-ERK pathway comprises the major part of the mitogen-activated protein
kinase (MAPK) pathway system, and the Raf kinases are on the MAPK-kinase-kinase
(MAPKKK) tier. The Raf family consists of three isoforms: A-Raf, B-Raf and C-Raf/Raf-1.
B-Raf is the strongest MEK kinase and A-Raf is the weakest MEK activator. A-Raf
preferentially activates MEK1, while B-Raf and C-Raf activate both MEK1/2 with equal
efficiency (6). Activation of MEK1/2 by Raf family leads to the activation of the MAPK,
ERK. The BRAF gene is mutated in 66% of melanomas and 12% of colorectal cancers,

Takashima and Faller Page 3

Expert Opin Ther Targets. Author manuscript; available in PMC 2013 October 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



whereas mutations of C-Raf, A-Raf or MEK1/2 are rarely found in any cancer (6, 14).
Regardless of the location of the mutation or aberrant activation in cascade, abnormalities in
this pathway lead to elevation of phospho (activated) -ERK1/2, as observed in numerous
human cancers. Activated ERKs are translocated to the nucleus and activate transcription
factors whose target genes include regulators of cell proliferation or cell cycle regulation, or,
in some cases, negative feedback regulators of the Raf-MEK-ERK pathway (Figure 1).

PI3Ks convert phosphatidylinositol (4,5)-bisphosphate (PIP-2) to phosphatidylinositol (3,
4,5)-triphosphate (PIP-3) by phosphorylation. Although there are three classes of PI3Ks,
class I PI3Ks have been most studied and are almost exclusively the target of
pharmacological PI3K inhibitors of all classes. PI3Ks are heterodimeric proteins consisting
of one catalytic subunit (isoforms: p110α/PIK3CA, p110β/PIK3CB, p110δ/PIK3CD) and
one regulatory subunit. PDK1 is recruited to the membrane by PIP-3, is activated, and
phosphorylates AKT at Thr308. There are three AKT isoforms (AKT1/2/3). As AKTs exert
either survival or apoptotic signaling, depending upon the cellular context, the downstream
substrates of AKTs include a wide range of proteins, such as apoptotic regulators (e.g.,
BAD), transcription factors (e.g., FOXO), and other kinases (e.g., glycogen synthase
kinase-3β (GSK3β), tuberous sclerosis 2 (TSC2))(7). Mammalian target of rapamycin
[mTOR] is a serine/threonine kinase comprised of two types of multi-kinase complexes.
mTOR complex 1 (mTORC1), regulated by TSC2, phosphorylates ribosomal S6 kinase 1
(S6K1) and eukaryotic initiation factor 4E-binding protein 1 (4E-BP1). Consequently,
mTORC1 plays an important role in translational initiation. mTOR complex 2 (mTORC2)
not only lies downstream of AKTs, but also contributes to the activation of AKTs by
phosphorylating AKTs on Ser473 following initial Thr308 phosphorylation by PDK1 (15)
(Figure 1).

2.5 The components of Ras signaling provide potential therapeutic targets
Because of its central role in intracellular signal transduction, malignant transformation and
progression (including proliferation, migration, morphological changes and epithelial-
mesenchymal transition [EMT]), Ras proteins have been a focus of research in cancer drug
discovery and development. “Oncogene addiction” describes a model in which cancer cells
are highly dependent upon the activity of a single oncogene (despite many other genetic
abnormalities) for continued tumor cell proliferation and survival. KRAS “addiction” is
among the best known examples (16). However, it is clear that the presence of a mutated
Ras allele in a given tumor does not predict “oncogene addiction.” Indeed, tumor types
which are uniformly addicted to a single, specific oncogene (i.e., BCR-ABL in chronic
myelogenous leukemia), appear to be the exceptions rather than the rule. While targeting
Ras proteins or mutant forms of Ras proteins directly became the early strategy, a number of
issues have confounded this approach, and the Ras proteins themselves are no longer
considered feasible pharmaceutical targets, as will be discussed later. The current most
widely-adopted strategy is to target instead the components of Ras downstream signaling
pathways, such as the Raf-MEK-ERK or PI3K-AKT-mTOR pathways. There have already
been some notable clinical successes stemming from this approach, and many other drug
candidates with better drug properties and target specificity are under clinical investigation.
A newer approach, sometimes termed “synthetic lethality,” is to selectively attack cancer
cells by targeting another protein, which is independent of the Ras signaling pathway, but
upon which cells with mutant Ras expression (tumor cells) are dependent. This state is also
sometimes termed “non-oncogene addiction.” In this approach, the activated, mutated Ras
signaling is utilized as a cancer cell marker rather than drug target.
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3. Targeting Ras directly
Unlike the case for many kinase inhibitors, targeting the catalytic domain of the Ras proteins
is technically challenging, due to the structural characteristics of GTPases (8). This
limitation redirected efforts to directly target Ras proteins into two alternative strategies; 1)
preventing the expression of Ras proteins; or, 2) blocking the localization of Ras proteins to
the plasma membrane where Ras proteins are activated and then function as a molecular
switch.

3.1 Inhibiting Ras expression
The first approach utilizes the gene silencing techniques that prevent mRNAs of Ras
proteins from being translated. Gene silencing technology utilizes two different
methodologies: antisense oligodeoxynucleotides (ODNs), or RNA interference (RNAi).
ISIS2503, an antisense ODN against H-Ras, produced selective suppression of H-Ras
mRNA and protein in cell culture systems, and showed antitumor activities in mouse
xenograft models including a pancreatic carcinoma system (17, 18). In a phase I trial,
ISIS2503 was well tolerated with relatively minor adverse events, although no consistent
reduction in H-Ras mRNA levels were observed in patients’ peripheral blood lymphocytes
(18). Single-agent phase II trials in the patients with advanced colorectal cancer, pancreatic
cancer and NSCLC did not address clinical activities (19–21). Phase II trials of ISIS2503 in
combination with gemcitabine in advanced pancreatic cancer, with docetaxel in previously
treated advanced NSCLC, and with paclitaxel in metastatic breast cancer, failed to
demonstrate a significant improvement in response rate and survival rate, or tumor
regression, compared to conventional treatment alone (22–24). The failure of ISIS2503 in
human trials can be explained by insufficient recognition of the importance of the genetic
background in the diseases targeted. The development of ISIS2503 was based on in vitro
studies in which ISIS2503, but not a K-Ras-specific ODN, exhibited anti-tumor activity
(17). However, H-Ras was infrequently mutated in the cancer types that were targeted in
these clinical trials. The much more frequently mutated K-Ras has also been targeted for
potential clinical application; however, the effect of K-Ras antisense ODN on tumor cell
growth inhibition appears to be more variable, and unpredictably dependent upon cell or
ODN types (17, 25, 26).

An advantage of the more recent RNAi technology is the extraordinary specificity against
the target sequence, enabling selective silencing of an oncogenic Ras with a single point
mutation, so that treatment could spare normal cells expressing a wild-type Ras (Figure 2).
Several groups reported that selective knockdown of mutant K-Ras or H-Ras via small
interfering RNA (siRNA) induced significant growth inhibition in cell lines of pancreatic
cancers, lung cancers, colorectal cancers, and ovarian cancers, and, more encouragingly, in
animal models (27–32). Although RNAi-based therapy has not progressed to human testing
in malignant conditions, it appears to have better clinical potential in comparison to
antisense ODNs, based on the predicted in vivo knockdown efficacy and applicability for K-
Ras targeting. Nonetheless, there are very significant challenges in terms of delivery of the
RNAi to the local tumor environment. High molecular-weight molecules/drugs like nucleic
acids are generally more difficult to deliver effectively, and exogenous RNA could become
the target of neutralization by the immune system. Furthermore, some studies have
demonstrated that silencing a Ras gene/protein alone may not be sufficient to kill all tumors
containing activated Ras, but rather only those tumors in which the activated Ras is critical
for the survival of the tumor (“Ras-dependent” tumors). This consideration has led to the
alternative concept of exploiting the finding that tumor cells harboring oncogenic RAS
mutations may become dependent upon other non-oncogenic proteins for survival (“non-
oncogene dependency”). Inhibition or knockdown of this non-oncogenic protein can then
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efficiently induce selective cytotoxicity in the Ras-mutant tumor cells, while sparing normal
cells (“synthetic lethality,” to be discussed later).

3.2 Inhibiting Ras protein processing
Aside from preventing the translation of Ras proteins by RNAi, an alternative approach to
targeting Ras involves the prevention of newly-translated Ras proteins from being activated,
by inhibiting the post-translational modification that is necessary to translocate Ras to the
plasma membrane, using FTIs. Preclinical studies demonstrated the potency of FTIs,
showing efficacy against H-Ras and K-Ras substrates, and tumor growth inhibition in vitro
and in vivo in a number of cancer cell line models (33–35). To date, two FTIs, tipifarnib and
lonafarnib, advanced to Phase III trials; but with little success so far. Phase II trials with
tipifarnib produced no responses in the most of the cancers evaluated including metastatic
pancreatic cancer, NSCLC, and advanced colon cancer, but some activity in advanced breast
cancer and myelodysplastic syndrome (MDS) (36–41). Multiple phase III trials of tipifarnib
monotherapy in acute myeloid leukemia (AML) and in refractory advanced colorectal
cancer, and in combination with gemcitabine in advanced pancreatic cancer, did not produce
improvements in overall survival (42–44). A phase II/III trial of the combination of
tipifarnib and gemtuzumab ozogamicin has been initiated in AML and high-risk MDS;
however, the current status of the trial is unknown due to withdrawal of gemtuzumab
ozogamicin from the market (45). A phase III trial of lonafarnib in combination therapy with
carboplatin/paclitaxel failed to improve overall survival in advanced or metastatic NSCLC
(46).

The disappointing clinical outcomes in most clinical trials testing FTIs were hinted at in
some preclinical studies. For example, cell lines with no RAS mutations were also
susceptible to FTIs both in vitro and in the in vivo xenograft models (33, 47), suggesting
that the drugs did not selectively target oncogenic Ras. Additionally, while H-Ras is an
exclusive target of FTases, K-Ras and N-Ras become geranylgeranylated alternatively in the
presence of FTIs, so that they are still translocated to the plasma membrane for full
activation (10). Accordingly, it was then proposed that the combinational use of FTIs and
geranylgeranyltransferase (GGTase) inhibitors (GGTIs) would be required to suppress K-
Ras activity (48). However, such combinations might produce undesired toxicity to normal
cells, by inhibition of processing of critical molecules other than Ras that require these
modifications for activation. In addition, the lack of validated biomarkers to measure any
inhibitory effect of the drugs on FTase activity in clinical trials made it more challenging to
assess whether pharmacodynamic goals were being achieved with the dosing regimens
utilized. Finally, although FTIs were initially developed as Ras-specific inhibitors in the
preclinical setting, FTIs and GGTIs appear to also act via unidentified “off-target” pathways
and can no longer be considered as Ras-specific inhibitors.

In contrast to FTIs and GGTIs that are intended to inhibit the membrane recruitment of Ras
proteins, the intended action of salirasib (s-trans, trans-farnesylthiosalicylic acid), a Ras
farnesylcysteine mimetic, is to dislodge oncogenic Ras proteins, or physiologically-activated
Ras proteins, from the plasma membrane by competing with Ras for binding to the Ras-
escort proteins galectin 1 and galectin 3 (Figure 2) (11). Salirasib was shown to inhibit
activation of the Raf-MEK-ERK pathway, and inhibit tumor growth, in both in vitro and in
vivo in models of pancreatic, lung, colorectal, and hepatocellular carcinomas (HCCs) and
brain tumors (49–52). Salirasib was well tolerated as both a single agent or in combination
with gemcitabine: 79% of patients showed no drug-related toxicity greater than grade 1 (53,
54). Approximately 40% down-regulation of K-Ras expression was observed in paired
biopsies from accessible tumors in two subjects (53). So far, phase I and II trials of salirasib
as a single agent, or in combination with gemcitabine, in metastatic pancreatic
adenocarcinoma and lung adenocarcinoma have been completed. Although have been
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reported (e.g., stable disease, 1-year survival rate) (53, 54), extensive further clinical testing
will be required to determine if there is a significant impact on tumor response and survival,
as well as reliable proof of target modulation.

4. Targeting Ras Effectors
While many investigational drugs targeting Ras effectors remain in early phase trials (Table
1), four such drugs have reached the market to date: mTOR inhibitors (temsirolimus and
everolimus) and RAF inhibitors (sorafenib and vemurafenib). In general, there appears to be
two approaches in the current Ras-effector drug developmental strategies; 1) focusing on
particular types of disease areas by targeting one or a few isozyme(s) in the same kinase
class; and 2) extending the target disease areas by expanding into diseases which share a
similar genetic background or activation of similar signaling pathways, using a multi-kinase
inhibitor.

4.1 Targeting the PI3K-AKT-mTOR Pathway
The PI3K-AKT-mTOR pathway is well characterized for its role in cellular survival signal
transduction. Physiologically, the AKT pathway promotes cell survival by inhibiting pro-
apoptotic regulators, facilitating p53 degradation, modulating the activity of cell-cycle
regulators and regulating cell mass (55). The involvement of the PI3K-AKT-mTOR pathway
in cancer is indicated by the frequency of aberrantly high activity of the pathway in various
types of cancers, in addition to the very common findings of genetic alterations in pathway
components, such as oncogenic mutations of PI3KCA and AKT1, or loss of function of
PETN (55). The PI3K-AKT-mTOR pathway also plays an important role in promoting
tumor angiogenesis via transcriptional activation of vascular endothelial growth factor
(VEGF) through mTOR, leading to the stimulation of endothelial cell survival, growth and
proliferation (56).

4.1.1 PI3K Inhibitors—There are many investigational drugs in this class currently
undergoing early clinical trials, and two drugs have advanced into Phase III trials to date.
BKM120 is an oral pan-Class I PI3K inhibitor that also inhibits the constitutively-activated
mutant PIK3CA (57). Interestingly, PIK3CA-mutant cell lines were more sensitive to
BKM120 than PIK3CA wild-type lines, which might support the potential of this drug in
malignancies, considering that alteration or aberrant activation of the PI3K pathway is seen
many types of cancers (57). Preclinical in vivo studies demonstrated strong antitumor and
antiangiogenic activities (57). In the first-in-human phase I trial, BKM120 was well
tolerated (58). Consistent with other PI3K pathway inhibitors, dose-limiting toxicity
included hyperglycemia (which would be expected given the established involvement of the
PI3K pathway in insulin signaling), mood alteration (likely due to the effects of PI3K
inhibition in the CNS) and skin rash (58). Early antitumor activity was demonstrated: one
patient with triple-negative breast cancer and a KRAS mutation achieved a partial response
and seven patients remained on-study for more than 8 months (58). Ongoing phase III trials
are being conducted with BKM120 as a single agent, or in combination with fulvestrant, in
patients with previously-treated locally-advanced or metastatic breast cancer (estrogen
receptor (ER)-positive, HER2-negative). In the phase I trial, pharmacodynamic analysis
demonstrated dose-dependent inhibition of the PI3K pathway by BKM120, and a possible
correlation with outcome was suggested (58). Currently, several Phase II trials are being
conducted to test this correlation. Combination of BKM120 with letrozole was also well
tolerated in ER+/HER2- metastatic breast cancers, and combination therapies with many
other chemotherapeutic agents in various types of cancers are now being tested,
predominantly in phase I trials.
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GS1101 (formerly CAL-101) was strategically developed as an isoform-specific inhibitor of
PI3Kδ, which is exclusively expressed in leukocytes. The preclinical studies verified: 1)
expression of PI3Kδ in B cells collected from chronic lymphocytic leukemia (CLL) patients;
2) elevated activation of PI3K in peripheral B cells from CLL patients, compared to B cells
from healthy volunteers; and, 3) great sensitivity to GS1101 in peripheral leukemia cells
from CLL patients compared to normal peripheral blood mononuclear cells (59, 60). In vitro
activity of GS1101 was also demonstrated against Hodgkin lymphoma, multiple myeloma
(MM) and mantle cell lymphoma cells (61–63). Phase I trials of single-agent or
combinatorial use with other agents showed acceptable toxicity, reduction of AKT
phosphorylation, and some clinical activity, such as reduction in lymphadenopathy and high
rates of tumor regression in the majority of participating patients (64–68). Based on these
results, four phase III trials of GS1101 are ongoing, either as a single-agent or in
combination with rituximab, ofatumumab or bendamustine in CLL patients. Additional
phase I or II studies in different types of hematological malignancies are also underway.
Interestingly, recent reports of in vitro studies in glioblastoma suggested the potential
application of GS1101 beyond hematological cancers (69, 70).

4.1.2 AKT inhibitors—Compared to PI3K inhibitors, there are fewer AKT inhibitors in
human testing. The most advanced is MK2206, which is currently being investigated in
phase II trials. MK2206 is an oral allosteric AKT inhibitor that prevents translocation of
AKT proteins to the plasma membrane and subsequent activation, by binding AKT proteins
and inducing a conformational change. The inhibitory action of MK2206 is highly-specific
for AKT1 and AKT2 (71). In vitro studies indicated anti-proliferative activity in tumor cells
with activation of HER2, with mutations of PTEN or PI3KCA, or with AKT2 amplification,
the types of genetic alterations that could provoke constitutive activation of the AKT
signaling pathway (72). Consistent with our understanding that aberrant AKT activation
commonly serves as one mechanism of cancer drug resistance, in vivo models showed
improved responses to chemotherapeutic agents when MK2206 was added to the regimen
(erlotinib, carboplatin and gemcitabine in a NSCLC model, lapatinib in breast and ovarian
cancer models, docetaxel in a prostate cancer model) (73). MK2206 was well-tolerated in a
phase I trial, and dose-limiting toxicities included skin rash, nausea, pruritus, diarrhea and
hyperglycemia (71). Reduction in phosphorylation of AKT (Ser473) in all tumor biopsies
validated the pharmacodynamic endpoint (71). One patient with advanced pancreatic
adenocarcinoma previously resistant to four regimens of chemotherapy experienced 23%
reduction in tumor size, while two other patients with advanced pancreatic neuroendocrine
tumors displayed minor reduction in tumor size (71). Stable disease was observed in three
patients for four months or longer, and in another three patients for six months or longer
(71). Concurrent treatment with MK2206 and trastuzumab in HER2-positive tumors
produced one complete remission in a breast cancer patient and 16% of patients experienced
stable disease for at least 4 months (74). Currently, additional phase II trials are underway.
Trial regimens include MK2206 as a single agent, in combination therapy, in previously-
treated patients, or in patients with PI3KCA mutations or PTEN loss.

GSK2110183, an oral ATP-competitive inhibitor of all three isoforms of AKT, has also
advanced to phase II trials. Preliminary results from the first-in-human phase I study,
focusing primarily on MM, in which the PI3K/AKT pathway is constitutively activated,
exhibited good tolerability and clinical activity as monotherapy in heavily-pretreated MM
patients (75). Another ATP-competitive inhibitor of AKT1/2/3, GDC-0068, was shown to
effectively block phosphorylation of downstream targets of AKT in cell culture systems, and
this was confirmed in in vivo xenograft models in a dose-dependent manner (76). Antitumor
activity was reported in the same in vivo model, which had aberrantly activated PI3K-AKT-
mTOR signaling (76). GDC-0068 recently completed a single agent safety and dose-
determination phase I trial and is now undergoing phase I combination trials.
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In contrast to the high target specificity of the ATP-competitive inhibitors described above,
the AKT inhibitor AZD5363 was found to possess inhibitory activity against AKT isoforms,
p70S6K and PKA, as well as 14 other AGC family kinases in in vitro kinase assays (Figure
2). Cell lines carrying wild-type RAS together with either an activating mutation of PI3KCA
or PTEN mutation/loss were particularly sensitive to AZD5363(77). In an in vivo HER2-
positive breast cancer model with trastuzumab resistance, AZD5363 displayed antitumor
activity as a monotherapy and this antitumor activity was enhanced by combination with
docetaxel, lapatinib, or trastuzumab (77). Furthermore, addition of AZD5363 to trastuzumab
resensitized HER2-positive tumors with PI3CA mutations to the treatment (78). These
preclinical studies suggested that the activity of AZD5363 can be maximized when it is used
against tumors with a particular genetic profile. AZD5363 is now undergoing several phase I
trials as monotherapy or combinatorial therapy.

4.1.3 mTOR inhibitors—Renal cell carcinomas (RCC) typically express high level of the
transcription factor hypoxia-inducible factor 1 (HIF1), which is one substrate of mTOR.
Uncontrolled transcription of pro-angiogenic factors regulated by HIF1, including VEGF,
contributes to tumor angiogenesis in RCC (56). RCC, therefore, presents a potential
therapeutic opportunity for the early mTOR inhibitors temsirolimus and everolimus, which
bind to a component of mTORC1 and prevent initiation of the mTOR signaling cascade.
Preclinical studies demonstrated these inhibitors repressed the growth of a wide range of
cancer cell lines, accompanied by decreased activities of downstream markers of mTOR
signaling (79, 80). Interestingly, antitumor activity was observed in some tumor models in
vivo even when the cell lines themselves were insensitive to the drug in vitro, suggesting
that indirect effects may have contributed to the in vivo antitumor activity, such as
attenuation of tumor angiogenesis by antiangiogenic factors downstream of mTOR signaling
(79). In the registration phase III trial of single-agent temsirolimus compared to interferon α,
temsirolimus improved overall survival in patients with advanced RCC, and most adverse
events were manageable (81). Similarly, everolimus prolonged progression-free survival
(PFS) over the placebo group (4.9 months versus 1.9 months) in a phase III trial of patients
of advanced RCC previously treated with sunitinib or sorafenib, leading to its approval in
this disease, although overall survival was not different between everolimus-treated patients
and placebo group (82). Serious adverse events included infections (10%), dyspnea (7%),
and fatigue (5%) (82). Everolimus was later approved for three more indications:
subependymal giant cell astrocytoma, metastatic pancreatic neuroendocrine tumors (14% of
these cancers have a genetic mutation in the mTOR pathway), and ER-positive/HER2-
negative advanced breast cancer.

Ridaforolimus is an investigational oral agent under development for maintenance therapy
for patients with metastatic soft tissue or bone sarcoma who have stable disease or better
after four or more cycles of chemotherapy. The rationale for the application of ridaforolimus
to sarcoma is two-fold: 1) the mTOR pathway is involved in the development of
mesenchymal cells, from which sarcomas arise; 2) mTOR inhibition decreases the
expression level of EWS fusion proteins, the product of gene fusion between EWS and
transcription factor genes, which is a key event in the development of Ewing sarcoma (83).
Clinical trials were conducted in breast cancer, endometrial cancer, hematological
malignancies, sarcoma and solid tumors in phases I or II. Generally, ridaforolimus showed
good tolerability, predictable and manageable adverse events and an indication of mTOR
pathway inhibition in patient samples (84). Ridaforolimus demonstrated more promising
clinical activity in sarcomas in phase I and II studies compared to the phase II trials with
everolimus and temsirolimus (83). Based on the phase II observation of prolonged PFS in
advanced sarcoma patients, the application to a maintenance regimen was pursued in a phase
III trial in patients with advanced bone and soft tissue sarcomas who had at least stable
disease following prior chemotherapy. Median PFS and 6-month PFS rates were 17.7 weeks
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and 34% in the ridaforolimus group and 14.6 weeks and 23% in the placebo group (83). No
statistical improvement in overall survival was reported. In June 2012, the US Food and
Drug Administration (FDA) rejected the approval of New Drug Application for
ridaforolimus in its present form and required additional clinical trial(s) for further
assessment of safety and efficacy (85). A currently ongoing phase II trial is evaluating
effects of the combination therapy of ridaforolimus and exemestane in comparison to single-
agent treatment with ridaforolimus, dalotuzumab or exemestane on PFS in post-menopausal,
ER-positive breast cancer patients. Multiple phase I trials of ridaforolimus in combination
with other agents in various types of cancers are underway.

Unlike these first generation mTOR inhibitors, which are collectively called rapalogs
[rapamycin analogs], new generation inhibitors currently in early phase trials are
predominantly mTORC1/2 dual inhibitors. As dual inhibition of mTORC1 and mTORC2
presumably leads to the complete inhibition of the mTOR pathway, better antitumor clinical
activity is expected.

4.1.4 PI3K-mTOR dual inhibitors—Since mTOR possesses a motif that structurally
resembles the catalytic domain of PI3K, some inhibitors that were designed to target PI3K or
mTOR have a dual-inhibitory effect on both kinases. BEZ235 inhibits class I PI3Ks and
mTORC1/2 (Figure 2). Preclinical studies demonstrated growth-inhibitory activity in breast
cancer cells with HER2 amplification, glioma cells, lung and ovarian cancer cells, all of
which are characterized by aberrant activation of the PI3K-AKT-mTOR pathway (86–89).
Interestingly, cell lines harboring KRAS or BRAF mutations, or EGFR amplification, all
which would lead to PI3K-AKT activation, were less sensitive to BEZ235 in breast cancer
models, while ovarian cancer cell lines with activating PI3K mutations or PTEN loss were
more sensitive to the same drug (86, 88). The first-in-human phase I trial produced partial
responses in patients with lung cancer and ER-positive breast cancers, and 24% of patients
had stable disease over 4 months (90). BEZ235 is now being tested in phase I and Ib/II
trials. Preliminary results reported that BEZ235 in combination with trastuzumab showed
acceptable safety in patients with PI3K- or PTEN-altered, HER2-positive metastatic breast
cancer and BEZ235 as a single agent given twice-daily produced some evidence of clinical
activity (stable disease in 2 colorectal and 1 endometrial cancer) (91, 92).

GDC-0980 also inhibits both class I PI3Ks and mTORC1/2, as verified by inhibition of
downstream components of the PI3K-mTOR pathway (Figure 2) (93). GDC-0980 inhibited
proliferation of various cancer cell lines, producing G1 cell cycle arrest, with the greatest
activity seen in breast, prostate and lung cancer lines (93). The observation that melanoma
and pancreatic cancer cell lines were less susceptible to the inhibition of this pathway might
be explained by the frequent mutation of KRAS or BRAF in these tumors, which could
enhance drug resistance (93). Inhibition of tumor growth was observed in animal xenograft
studies, including models developed from cell lines harboring activated PI3K or loss of
PTEN (93). Phase I trial results indicated tolerability and showed antitumor activity,
including tumor regression in patients with mesothelioma, gastrointestinal stromal tumor
and adrenal cell carcinoma (94).

4.2 Targeting the Raf-MEK pathway
4.2.1 Raf inhibitors—The Raf-MEK pathway may be a particularly central component of
Ras signaling to target for cancer therapeutics. Barbacid and others, using “Ras-less” cells,
have demonstrated that the MAPK pathway is necessary and sufficient for proliferation and
migration of normal cells, and that none of the other Ras effector pathways, including PI3K,
could substitute in this model (95). Furthermore, in certain K-Ras-driven lung cancer models
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C-Raf, rather than A-Raf or BRAF, is the critical Raf kinase mediating the oncogenic effect
of K-Ras (96).

In the search for potential therapeutics to block aberrant activation of the Raf-MEK-ERK
pathway in cancer cells, pharmacological inhibitors of Raf kinases and MEK kinases have
been most intensively pursued. Two Raf inhibitors have been approved by the FDA to date.
Sorafenib was approved for the treatment of patients with advanced RCC and unresectable
HCC. Although sorafenib was designed to target C-Raf, it also effectively inhibits C-Raf,
wild-type B-Raf and the oncogenic B-Raf V600E mutant, as well as the VEGF receptor 1
(VEGFR1), VEGFR2, VEGFR3, and platelet-derived growth factor receptor-β (PDGFRβ)
tyrosine kinases in biochemical assays in vitro (Figure 2) (97). The inhibitory effect on the
VEGFRs was presumed to contribute to the observed disruption of tumor microvasculature
in the in vivo models (97). Interestingly, a phase I trial in RCC demonstrated that a
reduction of vascular permeability correlated with better PFS (98). A phase III study
resulted in prolonged PFS in the patients treated with sorafenib (5.5 months) in comparison
to the placebo group (2.8 months) (99). In the case of HCC, blockade of both Raf-MEK-
ERK signal transduction and tumor angiogenesis is postulated to contribute to the anti-tumor
activity. A phase II trial showed correlation between the pharmacodynamic marker of
decreased levels of phospho-ERK expression and prolonged time to progression (TTP)
(100). Both median survival and TPP were nearly 3 months longer for HHC patients treated
with sorafenib than for those given placebo in the Phase III monotherapy study (99).
Currently, more than 150 clinical trials in the different phases are being conducted with
sorafenib in various cancers, in single or combination regimens.

The discovery of frequent BRAF mutations in a wide range of cancers attracted attention to
B-Raf as a druggable target (101). Theoretically, specifically targeting mutant B-Raf, the
expression of which is confined to cancer cells, would enable tumor-selective drug activity,
while sparing normal cells that carry wild-type B-Raf. Most investigational drugs currently
in clinical trials are selective for the BRAF-V600E mutant, which is particularly common in
melanoma (and in colorectal cancer at a lower frequency). The recently FDA-approved
agent vemurafenib preferentially inhibits the V600E mutant form of B-Raf over wild-type
(Figure 2). Inhibition of ERK phosphorylation, induction of cell cycle arrest and apoptosis
are exclusively observed in BRAF-V600E-positive cells (102). A phase II trial in
previously-treated melanoma patients with mutant B-Raf achieved a remarkable response
rate of 53% and a median duration of response of 6.7 months (103, 104). A phase III trial
which compared the efficacy of vemurafenib to that of dacarbazine in the patients with
previously-untreated BRAF-V600E-positive melanomas verified the higher response rate
and improved rates of overall survival and PFS over the standard treatment group (105).
Vemurafenib was approved by FDA in 2011 for the treatment of patients with previously
untreated metastatic or unresectable melanoma with the BRAF-V600E mutation, with
concurrent approval of a BRAF-V600E mutation assay (companion diagnostic). Among the
investigational drugs in this class, the most advanced at this time is dabrafenib, which has
higher specificity against mutant B-Raf and a similar preclinical profile to vemurafenib
(Figure 2) (106). Encouraged by a phase II trial that confirmed a 59% response rate to
dabrafenib in melanoma, several phase III trials are currently ongoing. Preliminary result
from a randomized monotherapy trial reported improved median PFS over dacarbazine
treatment (106).

While these mutant BRAF inhibitors produce improved overall survival in the patients with
BRAF mutations compared to standard treatment options, a major challenge remains:
essentially all patients treated with these drugs relapse due to the development of drug
resistance, with the median TTP of 7 months for vemurafenib and 5 months for dabrafenib
(103, 106). Several models for resistance have been proposed: 1) reactivation of the MEK/
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ERK pathway bypassing BRAF (e.g., secondary mutation in NRAS, hyperactivation/
overexpression of C-Raf, or activation of another MAPKK COT); or, 2) adaptive
dependency upon alternative pathways (hyperactivation/overexpression of RTKs, such as
PDGFRβ or IGF1R, or the AKT pathway) (Figure 3) (107–110).

Interestingly, BRAF mutant-selective inhibitors, collectively called class I B-Raf inhibitors,
were reported to paradoxicially activate the MEK-ERK pathway via C-Raf in a Ras activity-
dependent manner in RAS-mutant cells, leading to accelerated cell proliferation (111–113).
Moreover, RAS mutations (predominantly HRAS) were detected in 60% of tumor samples
taken from patients who developed secondary tumors (cutaneous squamous-cell carcinomas
and keratoacanthomas) after treatment with class I B-Raf inhibitors (114). In this study,
HRAS mutation was demonstrated to be associated with accelerated cell proliferation due to
increased MAPK pathway activity both in vitro and in vivo in response to exposure to B-Raf
inhibitors. While the sequence of the event between the evolution of RAS mutations and the
development of secondary tumors is still unclear, the mutational status of the RAS genes
should be carefully monitored in patients who are treated with a class I B-Raf inhibitor over
the course of the treatment.

4.2.2 MEK inhibitors—In contrast to the strategy underlying the development of B-Raf
inhibitors to specifically target mutant oncogenic forms of the kinase, the MEK kinases are
rarely mutated, and do not provide a tumor-specific target. Instead, tumor selectivity for the
MEK inhibitors in development is sought by the choice of tumors to be targeted, i.e., cancer
types in which Raf-MEK-ERK signaling is aberrantly activated relative to normal cells, and
upon which the tumor cells are dependent. This strategy was supported by early studies
using the first generation MEK inhibitor CI-1040, which showed activity in BRAF-mutant
cell lines. This B-Raf mutant selectivity of CI-1040 was proposed to be MEK-dependent;
mutation of BRAF was associated with enhanced and selective sensitivity to MEK
inhibition, in comparison to cells harboring either a wild-type BRAF or a RAS mutation
(115).

The most promising investigational MEK inhibitor is trametinib, which is now being
investigated in several phase III trials. Trametinib is a highly-selective allosteric inhibitor of
MEK1/2. Inhibition of ERK phosphorylation as an indicator of proof-of-concept and cell
growth inhibition were confirmed in multiple cell lines with activating mutations driving the
MAPK pathway (116). In vivo efficacy was also observed in models with activating
mutations in BRAF or KRAS (116). A phase I study in melanoma patients indicated
substantial clinical activity (the response rate) correlated with the BRAF mutational status
(117). Trametinib showed tolerability with manageable adverse events and a favorable
pharmacokinetics and pharmacodynamics (118). A phase III trial in metastatic melanoma
patients with BRAF mutations, in comparison to dacarbazine- or paclitaxel-treatment
groups, achieved improved PFS and overall survival, in the similar manner to vemurafenib
but with less significance (119). 74% of patients had some degree of tumor regression and
22% had sustained tumor regression (119). Ongoing phase III trials are exploring the safety
and efficacy of combination therapy of trametinib with the mutant-BRAF inhibitor
dabrafenib.

Selumetinib is currently undergoing multiple trials in phases I, I/II and II. Preclinical studies
demonstrated inhibition of proliferation in cell lines containing BRAF or RAS mutations of
colon, pancreatic, breast cancer, and melanoma origin, while NSCLC cell lines with RAS
mutations, and non-V600E-BRAF mutations, were not as sensitive as BRAF-V600E mutant
cells (14, 120). In vivo activity in colorectal and pancreatic cancer models suggested the
possibility of expanded indications beyond melanoma (14). While selumetinib was well
tolerated, with a manageable safety profile, monotherapy phase II trials showed no clinical
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activity compared to conventional chemotherapies in HCC, advanced melanoma, or
advanced pancreatic cancer (121–123). The pharmacodynamic marker of reduction in ERK
phosphorylation in solumetinib-treated patients was achieved, despite the lack of clinical
response, suggesting this agent may provide additional activity if combined with a B-Raf
inhibitor (121, 122).

Interestingly, the earlier proposition that the mutational status of BRAF and RAS predicts
the sensitivity of cells to MEK inhibitors was partially supported and partially refuted by a
series of recent studies. A BRAF mutation was consistently an indicator of sensitivity over
wild-type BRAF, whereas the correlation of RAS mutation with tumor sensitivity varied
among studies using different compounds or cell lines (14, 115, 116, 120). One possible
explanation for this discrepancy is that BRAF mutation could affect MEK activity with less
variation among different cell systems, as it is an immediate upstream effector of MEK. In
contrast, RAS mutations might produce different outcomes among different cell lines, as
Ras is involved in the genesis of many signaling pathways in addition to the Raf-MEK
pathway. The direct coupling of B-Raf to MEK may make these tumor cells more likely to
be dependent upon MEK activity for proliferation, whereas activating Ras mutations may
provide the cells with a number of proliferative signals, making them less likely to be
dependent upon MEK activation alone.

While the complexity of Ras downstream signaling allows cells to have flexible and timely
positive- or negative-functional regulatory options in response to changing environmental
signals, it also provides for redundancy among these pathways, so that cells can develop
alternative mechanisms to compensate for any failure of the original signaling pathway. This
is particularly the case in the setting of the “hyper-mutator phenotype,” which characterizes
malignancy. From the pharmacological point of view, this therefore presents a major
challenge to targeting the Ras signaling pathways. The mechanisms underlying resistance to
B-Raf inhibitors were discussed earlier. For MEK inhibitors, alternative activation of the
PI3K-AKT pathway or remodeling upstream signaling (Ras or Raf) to bypass MEK has been
reported (124–126). Paradoxically, the inhibitors that selectively attack single “cancer cell-
specific markers” (e.g., BRAF-mutation, overexpression of PI3Kδ) or “cancer cell-specific
events” (e.g., hyperactivation of the Raf-MEK or PI3K-AKT pathways) appear to provide
the most facile opportunities for cancer cells to develop drug resistance despite the
sometimes remarkable antitumor activities produced early in the course of the treatment. As
a strategy to conquer this paradox, accumulating evidence suggests the necessity of
combinational therapeutic approaches to block multiple pathways simultaneously (126–
128).

5. Synthetic lethal approaches
Because activating mutations of Ras proteins are among the most frequent oncogenic events
in human cancers, targeting mutated Ras should be a promising opportunity for a tumor-
specific therapeutic approach. However, as described above, targeting Ras proteins
themselves for anticancer therapy has been challenging for a number of reasons, and Ras
proteins are now widely considered to be “undruggable” targets. Meanwhile, the recently-
emerging (or rediscovered) strategies variously termed “synthetic lethality” and “non-
oncogene addiction” have produced a framework for the development of indirect approaches
to targeting mutant Ras in cancer cells. Two genes are in a so-called “synthetic lethal”
interaction if a mutation of either gene alone is compatible with viability but simultaneous
mutations of both genes lead to cell death (129). The concept of synthetic lethality is over 60
years old and has been used in yeast and drosophila, and more recently in human systems, to
identify critical components of survival pathways, now including those survival pathways
uniquely operative in cancers (130). Thus, inhibition of a synthetic lethal interactor of Ras
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by chemotherapy theoretically kills only tumorigenic cells with a mutated RAS gene without
affecting normal cells. Similarly, “non-oncogene addiction” describes the situation in which
transformation of a cell (whether by a known oncogene or unknown mechanisms) renders it
dependent upon a normally non-essential protein for survival (131). That non-essential (non-
oncogenic) protein can then become the target of a therapeutic strategy, which should be
cancer-specific and spare normal cells. These concepts have provided a new approach to
target oncogenic Ras indirectly: that is, to discover synthetic lethal interactors, or critical
“non-oncogenes,” which are more druggable than Ras, and then develop therapeutic
methods to inhibit these interactors.

Several groups employed RNAi high-throughput screening to identify synthetic lethal
interactors of Ras, in which genes whose knockdown specifically killed K-Ras-dependent
cancer cells were sought (132–137). One of these studies yielded TANK-binding kinase 1
(TBK1), a non-canonical IκB kinase that regulates the NFκB survival pathway, as a
potential synthetic lethal partner of mutant K-Ras (132). Follow-up analyses in individual
cell lines of lung cancer with mutant K-Ras or wild-type K-Ras revealed that suppression of
TBK1, or its reported upstream effector Ral-B, provoked apoptosis uniquely in K-Ras-
dependent cancer cell lines through activation of the NFκB signaling pathway. This
approach was further supported by the observation of elevated activity of Ras and the NFκB
pathway in lung adenocarcinoma clinical samples with K-Ras mutant in comparison to wild-
type K-Ras samples. A simultaneous report corroborated the requirement for the NFκB
pathway in cancers with KRAS mutations in a mouse model (138).

In contrast, the discovery of serine/threonine kinase 33 (STK33) as a synthetic lethal
interactor with Ras now appears to be incorrect. STK33 was identified from the screening of
8 cell lines representing different types of K-Ras-dependent cancers (133). STK33 belongs
to the calcium/calmodulin-dependent kinase family but its physiological function is
unknown. The initial report stated that STK33 activity was required for the survival of
cancer cells with K-Ras dependency. However, a more recent study questioned this
conclusion (134). In this latter study, inhibition of STK33, whether by siRNA, dominant-
negative mutant overexpression, or small molecule inhibitors, had no effect on the survival
of KRAS mutant cells. Additionally, a synthetic lethal siRNA screening conducted in this
study did not indicate STK33 as a synthetic lethal interactor.

In contrast to the above examples of RNAi-based discoveries of synthetic lethal or non-
oncogene addiction targets, the earlier identification of the protein kinase C delta (PKCδ)
isozyme as a Ras synthetic lethal interactor originated from a focused study of Ras signaling
pathways. PKCδ is a serine/threonine kinase of the PKC family, novel class, and functions
in a number of cellular activities including cell proliferation, survival or apoptosis (139).
However, PKCδ is not required for the proliferation of normal cells, and PKCδ-null animals
develop normally and are fertile, suggesting the potential tumor-specificity of a PKCδ-
targeted approach (140). PKCδ was validated as a target in cancer cells of multiple types
with activation of H-Ras or K-Ras, using both genetic (siRNA, dominant-negative PKCδ)
and small molecule inhibitors (141). Inhibition of PKCδ induced apoptosis in pancreatic
cancer cell lines with activating KRAS mutations at least in part through suppression of
AKT signaling, and “Ras-dependency” in the tumors was not required for the cytotoxic
effects (141, 142). More recently, tumors with aberrant activation of the PI3K pathway in the
setting of wild-type RAS alleles have also been shown to be dependent upon PKCδ activity,
potentially expanding the potential application of this approach beyond tumors with
mutational activation of Ras (143). Not-yet-published studies documenting the susceptibility
of melanoma cells with NRAS mutations, and melanoma lines which have become resistant
to B-Raf inhibitors, to PKCδ suppression or inhibition have stimulated the development of
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novel, more specific, and more potent, small molecule PKCδ inhibitors as potential
therapeutics in tumors with aberrant Ras signaling (144).

Although none of the Ras synthetic lethal approaches have progressed to human trials, this
concept proposes a potential and unique approach to cancer types with high RAS mutational
frequencies: that it, it utilizes the mutant Ras proteins as markers to identify potentially
susceptible tumors, rather than as pharmacological targets. Hypothetically this approach
allows a synthetic-lethal-partner-targeted therapy to confine its anti-proliferative activity
only to tumorigenic cells with RAS mutations. The controversy that has been raised in the
recent preclinical studies presented by different groups, however, represents a current
obstacle in this research area. While these studies carefully screened a number of cell lines
representing different types of cancers, context-dependent issues, such as variations in cell
lines or RNAi libraries, or the complexities that arise from the combinations of these
parameters, can complicate such open-ended screens, and tumor cell viability is not a
molecularly-specific endpoint. Furthermore, it is noteworthy that the biological
consequences of down-regulating a protein target by RNAi do not necessarily reflect the
effects of a small molecule inhibitor bound to the target. An in vitro screen based primarily
on RNAi should therefore be interpreted with caution if its goal is as proof-of-concept for
the development of an inhibitor against the activity of the target molecule (and this is indeed
generally the ultimate therapeutic plan of such RNAi screening programs. Comprehensive
follow-up studies to understand signaling pathways in which the target is involved, its
interaction with other proteins, and the fitness of an inhibitor of the target in the entire gamut
of normal cellular activities or in vivo efficacy/toxicity are needed.

6. Conclusion
The Ras GTPases (K-Ras, N-Ras and H-Ras) function as molecular switches for critical
cellular activities, such as cell proliferation or growth, differentiation, and survival in normal
cells and are tightly and temporally regulated by multiple signaling pathways.
Pharmacological interventions in situations of uncontrolled Ras activity or downstream
signaling, which is often prominent among the deadliest types of cancers, has been sought
since the discovery of H-Ras as an oncogene in bladder cancers.

The currently most widely-employed approach to inhibiting Ras signaling is to target one or
more components of the Ras downstream pathways, such as the two major Ras downstream
signaling pathways: PI3K-AKT-mTOR and Raf-MEK-ERK. Two Raf inhibitors and two
mTOR inhibitors are currently approved and utilized in the clinic, and many investigational
drugs with higher target specificity, better drug property and promising clinical activity are
being investigated in clinical trials. Drug resistance has been a major issue in this category
of drugs, however, suggesting the necessity of combination therapy to avoid the
development of resistance and maximize clinical outcome in the use of these inhibitors.

The recently re-emerging concept “synthetic lethality” has provided a new therapeutic
framework for targeted cancer therapy, which redefines the role of oncogenic Ras proteins
as cancer cell “markers” rather than targets. This approach seeks to discover synthetic lethal
interactors of Ras for pharmacological intervention, which should then selectively kill tumor
cells harboring RAS mutations. Although therapies based on this strategy have not reached
human testing, several synthetic lethal interactors have been proposed as targets, inhibitors
identified, and their clinical potential is being investigated in preclinical settings.

7. Expert opinion
Since the discovery of the Ras proteins nearly half century ago, Ras has been intensively
studied and has become one of the most well-understood oncoproteins. Oncogenic mutations
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of Ras proteins are found in up to 30% of all human tumors, and are particularly frequent in
those types of cancers with the highest mortality rates, such as lung, colorectal and
pancreatic cancers and melanomas. This makes the Ras proteins attractive pharmacological
targets for cancer therapeutics. As effective direct inhibition of Ras activity was discovered
to be unexpectedly challenging, the components of the Ras downstream signaling pathways
have instead been exploited for inhibition by pharmacological agents. There has already
been some notable successes employing this approach and additional promising
investigational drugs are in clinical trials, some of which may emerge into the market over
the next few years. It is important to note, however, that many of the approaches described
above are not truly “tumor-specific.” Except for those agents which target only a mutated,
oncogenic form of Ras or Ras effector (such as mutant Ras-specific siRNA, or the V600E
mutant B-Raf inhibitors), all of these agents block those critical physiological Ras signaling
pathways which are required for the viability of all cells, both normal and malignant. This
crucial factor limits our ability to utilize them in the clinic at doses which would be more
effective against the tumor, as normal cell function becomes increasingly compromised.

Other remaining challenges of Ras-effector inhibitors include drug resistance and
unaddressed disease areas. The complexity and redundancy of Ras signaling pathways
provide the tumor cells many opportunities for drug resistance and confine the target disease
areas to those cancers with high dependency upon these pathways, such as melanomas, RCC
or HCC. Although the application of combination therapies in first line regimens, to
establish complete blockade of multiple Ras downstream pathways, might avoid or slow the
establishment of drug resistance, it would still leave cancers with high RAS mutation rates
but without Ras pathway-dependency uncovered.

The ultimate goal for Ras-related targeted therapy is to establish therapeutics that can
overcome the current limitations described above: tumor-specificity and limited cancer
indications. In this respect, the “synthetic lethal” approach raises the hope of generating
antitumor activity in cancers with high RAS mutation rates regardless of Ras pathway
dependency or independency. Because synthetic lethality utilizes aberrant Ras signaling as a
“marker” for sensitivity rather than as a direct drug target, it is to be expected to be
applicable to those types of cancers cannot be effectively targeted by Ras-effector-inhibitor
drugs (i.e., Ras-signaling-pathway-independent cancers) while sparing normal cells
unaffected. This new research framework will be accelerated in the coming years aiming
clinical application.

The earlier failure of strategies to develop FTIs as Ras-specific therapeutics teaches a crucial
lesson in the development of targeted therapies. Thorough preclinical studies are essential
for the efficient and successful clinical development of a targeted therapeutic. While it is
difficult to fully verify and validate the mechanism of action and predict proof-of-concept
prior to moving into the complex and confounding variables of a clinical study, good
preclinical studies enable the establishment of methodologies to create multiple validated
pharmacodynamic markers which inform clinical studies, whether successful or
unsuccessful. Robust preclincal data also provides a framework for improving
developmental strategies for later-phase trials, such as selection of target diseases areas/
patient populations, clinical endpoints and regimens.

Because Ras and its downstream signaling evokes various types of cellular responses,
depending on signaling, cellular, and tissue context, the history of Ras therapeutic
development highlights the importance of “bidirectional translational research” in the
development of Ras-related targeted therapies. Translational research is defined as
exploiting the effective transition of knowledge from the bench to the clinic to seek a better
clinical outcome. Yet, the fitful progress and unexpected complexities in the clinical
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application of these new targeted agents also demands a return back to the bench with
clinical data and samples, to develop new solutions or applications. As the recent clinical
successes of Ras-effector inhibitors with high target specificity demonstrates, strong
reciprocal interactions between the lab and the clinic, as well as between academia and
industry, lead to greater and more rapid benefits for patients.

The future holds great promise for “Ras-targeted” therapeutic approaches. Some of the drugs
targeting specific or multiple Ras-effectors in the late clinical phases show impressive
activity in certain malignancies, and will likely reach the market after accelerated FDA
approval. RNAi-based approaches targeted mutated RAS will be tested in the clinical,
although many technical hurdles remain to be addressed. As Ras synthetic lethal interactor
proteins are identified, and drugs to target them are developed, we will see a completely new
type of anticancer agent/approach reach clinical testing, ideally one without toxicity to
normal cells and tissues.
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Article highlights box

• The Ras GTPase family proteins regulate critical cellular activities including
cell proliferation, differentiation and survival. Oncogenic mutations of RAS are
prominent in many types of cancers with particularly high prevalence and
mortality rates. The Ras proteins or the components of their downstream
signaling pathways have been studied for pharmacological intervention of
aberrant Ras signaling in cancer cells as an anti-cancer therapy.

• Direct targeting of the Ras proteins has been challenging. For example, the
FTIs/GGTIs have failed in part due to their lack of target (Ras protein)
specificity, and antisense oligonucleotides to Ras have lacked sufficient clinical
activity. Newer approaches utilizing RNA interference technology, currently in
preclinical studies, have the potential for future clinical application.

• Among the multiple Ras downstream pathways, the Raf-MEK and PI3K-AKT-
mTOR pathways have been the major focus of drug discovery/development for
inhibition of Ras signaling. There are four FDA-approved drugs (Raf inhibitors
and mTOR inhibitors), and some promising investigational drugs which are in
the late clinical trial phases in this category. The inhibitors in these classes
utilized in those cancer types which are characterized by the existence of
aberrantly high Ras signaling.

• One major obstacle to the application of Ras-effector inhibitors is the emergence
of drug resistance. Some drugs demonstrate remarkable clinical activity initially
in treatment, but tumors eventually and inevitably relapse due to the
development of resistance to these drugs. Accumulating evidence suggests that
employing combination therapy in the first line of treatment for a simultaneous
inhibition of multiple Ras downstream pathways may prevent cancer cells from
switching to alternative survival pathways and escaping.

• The synthetic lethal approach identifies synthetic lethal interactors of Ras
proteins, whose inhibition is toxic only to those tumor cells with aberrant Ras
pathway activity. Although this approach remains in the preclinical phase, it
presents the potential to provide treatment options for the cancer types with
activating mutations of RAS or high Ras activity which are not addressed by
current Ras-targeted therapies.
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Figure 2.
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Figure 3.
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