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Abstract

RAS is the most frequently mutated oncogene in cancer and a critical driver of oncogenesis.
Therapeutic targeting of RAS has been a goal of cancer research for more than 30 years due to its
essential role in tumor formation and maintenance. Yet the quest to inhibit this challenging foe has
been elusive. Although once considered “undruggable”, the struggle to directly inhibit RAS has
seen recent success with the development of pharmacological agents that specifically target the
KRAS(G12C) mutant protein, which include the first direct RAS inhibitor to gain entry to clinical
trials. However, the limited applicability of these inhibitors to G12C-mutant tumors demands
further efforts to identify more broadly efficacious RAS inhibitors. Understanding allosteric
influences on RAS may open new avenues to inhibit RAS. Here, we provide a brief overview of
RAS biology and biochemistry, discuss the allosteric regulation of RAS, and summarize the
various approaches to develop RAS inhibitors.
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1. Introduction

The RAS family of GTPases attracts attention even after more than three decades of
discovery due to their central role in cell signaling and tumorigenesis. RAS is a GTP-
regulated molecular switch relaying upstream signals from membrane receptors to a variety
of downstream effector molecules (Fig. 1A) [1, 2]. Normally, RAS cycles between an
inactive GDP-bound state, a transient nucleotide-free state, and the active GTP-bound state
that engages effectors to initiate various signaling cascades that generally promote cell
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growth and survival [3]. The balance between these states is regulated by guanine nucleotide
exchange factors (GEFs) that promote the release of GDP, and GTPase activating/
accelerating proteins (GAPSs) that enhance the relatively poor intrinsic GTPase activity of
RAS. Mutational activation of RAS, as well as a number of its effectors, is observed in
numerous human cancers. Indeed, mutations in RAS are the most common oncogenic driver
mutations in human cancer, present in approximately 30% of all cancers (Fig. 1B)[4]. These
oncogenic mutations occur at several “hot spots” (codons 12, 13, and 61; Figs. 1B and 2)
which impair GTPase activity and interaction with GAPs, thereby shifting the RAS
equilibrium to favor the GTP-bound state, resulting in constitutive engagement and
activation of downstream effector pathways [5].

Despite decades of effort, the ongoing quest to develop therapeutic inhibitors of oncogenic
RAS has met with many challenges. Two primary reasons have been proposed: First, RAS
has a picomolar affinity for guanine nucleotide, while the cellular concentration of guanine
nucleotides is in the millimolar range making it unfavorable for the binding of nucleotide
analogs [6]. Second, outside of the nucleotide binding pocket RAS appears to lack deep
pockets amenable to the binding of small molecules [7]. Nonetheless, continued research has
led to a number of innovative strategies for targeting allosteric sites on RAS. Below, we
describe RAS allostery and the potential therapeutics that have been developed to inhibit
RAS through novel mechanisms.

2. RAS Biochemistry at a Glance

Humans have three RAS genes: HRAS, NRAS, and KRAS. Due to alternative splicing in the
KRAS gene, the three genes encode four distinct yet highly homologous ~21 kDa proteins:
HRAS, NRAS, KRAS4A and KRAS4B, with KRAS4B representing the major KRAS
isoform [8]. Although all three RAS oncogenes are potently transforming in model systems,
KRAS accounts for 83% of RAS mutations in human cancers, with NRAS mutated in
roughly 13% and HRAS 4% of tumors (Fig. 1B). This imbalance is also reflected by a
difference in the spectrum of RAS mutations in specific tumor types. For example, KRAS is
mutated in nearly 100% of pancreatic ductal adenocarcinoma (PDAC), with frequent
mutational activation in lung (30%) and colorectal cancers (CRC)(45%) [9]. In contrast,
mutations in HRAS and NRAS are rarely observed in these malignancies. Both KRAS and
NRAS mutations are observed at roughly equivalent frequencies (23% and 20%,
respectively) in multiple myeloma, whereas NRAS mutations predominate in melanoma
(28% vs 0.8% KRASand 1% HRAS) [9]. In addition, each RAS isoform exhibits a distinct
bias in codon mutations: codon 12 mutations predominate in KRAS (82%), whereas NRAS
is most frequently mutated at codon 61 (62%) [5]. Interestingly, the distribution of activating
mutations at codons 12, 13, and 61 in HRAS are relatively similar (27%, 25%, and 40%,
respectively) [5].

Structurally, RAS is comprised of 2 domains: the catalytic or G-domain (residues 1-172)
and the highly divergent hyper variable region (HVR; residues 173-188/9)(Fig. 2) [5]. The
four isoforms of human RAS proteins differ primarily in the sequence of the HVR. The G
domain of RAS is highly conserved, with residues 1-86 invariant among the four RAS
proteins (Fig. 2). This region, termed the effector lobe, includes resides critical for RAS

Biochim Biophys Acta Mol Cell Res. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Khan et al. Page 3

function including switch 1 (SW1; residues 30—-40) and switch 2 (SW2; residues 60-76)
which engage effectors [10]. Residues 87-172 constitute the allosteric lobe, which shares
approximately 86% identity across RAS isoforms (Fig. 2; [11]). This region, along with the
HVR, interacts with membranes and contains all the isoform specific differences.

Upon GTP loading, SW1 and SW2 undergo marked structural changes, reordering to form
an interaction surface that engages specific RAS effector proteins. Switch 1 exists in either
an open or closed conformation (called state 1 and state 2, respectively), which differ in their
biochemical activities [12]. In state 1, effector binding is diminished, while nucleotide
exchange is favored. Conversely, in state 2, effector binding and GTP hydrolysis are
promoted. Further, in state 2, SW1 is stabilized by effector binding and mobilizes SW2 to
convert between two states corresponding to a catalytically incompetent (T state) and
catalytically active (R state) conformation [13]. Stabilizing state 1 conformation should
interrupt RAS-effector interaction. Indeed, compounds like Zn-cyclen and Cu-cyclen
selectively target the state 1 conformation thereby perturbing RAS-RAF interactions [14,
15]. However, these transition metal cyclenes are not viable therapeutic options for RAS
inhibition /n vivo due to their non-drug nature.

The biological activity of RAS is dependent on localization of the protein to discrete
membrane microdomains, dictated in part by the HVR. The COOH-terminus of RAS
consists of the conserved CaaX motif (Cys, aliphatic, aliphatic, any residue) that is post-
translationally modified by the covalent attachment of a farnesyl group to the Cys of the
CaaX by the fanesyl transferase (FTase; Fig. 2) [16]. Farnesyl modified RAS accumulates on
the cytoplasmic face of the endoplasmic reticulum (ER) where it encounters RAS-converting
enzyme 1 (RCE1), an endoprotease that removes the -aaX amino acids [17]. RAS is then
modified by another ER-resident enzyme, isoprenylcysteine carboxylmethyltransferase
(ICMT), that catalyzes the methyl esterification of the a- carboxyl group of the
farnesylcysteine [17]. The next steps in RAS lipidation are isoform specific and involve
elements within the HVR that are upstream of the CaaX motif to palmitoylat HRAS, NRAS,
and KRASA4A in contrast to KRAS4B, which possesses a polybasic stretch of amino acids
that interact with the negatively charged phospholipids of the plasma membrane [18-20].

RAS regulates a diverse array of cellular processes including gene expression, proliferation,
cell survival, and differentiation utilizing a variety of effectors to mediate these diverse
biological actions (Fig. 1A). The RAF and P13 kinase families of RAS effectors are key
mediators of oncogenic RAS activity [21, 22]. RAS activation of RAF initiates a
phosphorylation cascade that results in phosphorylation and activation of the extracellular
signal-regulated kinase (ERK), which in turn phosphorylates multiple cytoplasmic proteins,
cytoskeletal proteins, and transcription factors that initiate genetic programs associated with
cell growth and survival [23]. Similarly, the p110 catalytic subunits (p110a, B, 6, and y) of
class I phosphoinositide 3-kinases (PI3Ks) generate phosphoinositol triphosphate (PIP3),
which activates AKT and downstream transcription factors including NF-xB and forkhead
transcription factors (FOXQOs) that are involved in cell survival and DNA damage and repair,
respectively [24, 25]. In addition to RAF and PI3K, RAS activates a number of additional
effectors including several GEFs that regulate additional RAS-family GTPases including the
Ral and the RHO families [26]. While RHO family GTPases contribute to many of the
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morphological changes engendered by RAS activation, RAL has emerged as a critical RAS-
stimulated pathway in human tumor cells as part of the oncogenic process [27].

An emerging theme in RAS biology is the context-dependent activation of signaling
pathways. For example, RAF, but not PI3K or RalGEF, activation was sufficient for RAS-
mediated transformation of NIH/3T3 mouse fibroblasts [28]. However, RalGEF, but not
RAF or PI3K, activation was sufficient and necessary for RAS-mediated transformation of
HEK human embryonic kidney cells and a variety of other human cells including fibroblasts
[28]. RAS isoforms differentially activate downstream signaling cascades. For example, all
oncogenic RAS isoforms potently activate ERK-MAPK signaling, however, KRAS activates
the lipid kinase PI3Ka/AKT signaling more effectively than H/NRAS [29].

The context dependence of RAS signaling has also been observed under different growth
conditions. Deletion of KRAS in a panel of isogenic endometrial lines did not impact
MAPK or PI3K signaling in 2D culture conditions yet was sufficient to inhibit anchorage-
independent growth of these cells [30]. Indeed, the signaling pattern observed in isogenic
cell lines harboring RAS mutations did not match the pattern observed upon ectopic
overexpression of RAS. These differences may stem in part from the high levels of RAS
overexpression in the transfected lines compared to levels of endogenous RAS in isogenic
tumor lines [31]. In addition, different mutations in the same RAS isoform elicit distinct
signaling and biological outputs. Pharmacological inhibition of K-RAS(G12C) mutant cells
with the G12C-specific inhibitor ARS-1620 suppressed the growth of cells when cultured as
spheroids but had varied effects on cells grown under 2D-adherent conditions [32]. We have
also observed different patterns of signaling upon RAS inhibition in 2D vs 3D growth
conditions [33]. These findings further highlight the context-dependence of RAS signaling
and suggest that 2D tissue culture conditions may not accurately reflect the signaling
pathways engaged during RAS dependent tumorigenesis.

These context-dependent effects are also observed /n vivo. Using CAS9 gene editing
approaches, Winslow and colleagues observed distinct profiles of oncogenic codon 12 and
13 mutations in different tissues [34]. The KRAS mutational profile in the pancreas mirrored
the mutational frequencies observed in human PDAC patients. However, the mutational
spectrum in mouse lung tumors did not correlate with that observed in human lung cancers.
Surprisingly, KRAS(G12R) and KRAS(G13R) were more frequent than KRAS(G12C) in
mouse lung tumors. These differences in KRAS variants between mouse and human lung
cancer are likely a product of both biochemical differences of the various mutants as well as
the mutational processes that gave rise to the mutations /in vivo. For example, KRAS(G12C)
is the most common mutation in current/former smokers whereas KRAS(G12D) is the
predominant mutation in non-smokers [34]. Haigis and colleagues demonstrated that
KRAS(G12D) and KRAS(A146T) exhibit distinct biologic and signaling outputs in the
pancreas and colon suggesting that such tissue specific phenotypes are due to allele-specific
signaling properties and engagement of different signaling pathways by various RAS
mutants. Thus, all RAS mutants are not created equal [35].
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3. Allosteric modulation of RAS function

It is well-established that GAPs and GEFs affect RAS function by accelerating GTP
hydrolysis and GDP/GTP exchange, respectively. However, RAS function is modulated
through additional, less well appreciated allosteric mechanisms. This section briefly
summarizes the current state of knowledge on allosteric regulation of RAS by post-
translational modifications (PTMs), ionic interactions, and protein:membrane interactions.

3.1 Post-Translational Modifications

In addition to lipidation and carboxymethylation of the HVR, RAS proteins undergo a
number of additional post-translational modifications that may modulate the activity or
lifetime of RAS proteins.

3.1.1 Phosphorylation—Phosphorylation is a common mechanism of protein
regulation [36]. Although viral RAS undergoes an autophosphorylation reaction in which
GTP serves to transfer a phosphate to Thr59, cellular RAS proteins lack such modification
due to the presence of Ala at this position [37-39]. Nevertheless, RAS proteins are regulated
by phosphorylation. Perhaps the best known example of this is phosphorylation of KRAS by
PKC on Ser181 (Figs. 2, 3A). Ser181-phosphorylated KRAS redistributes from the plasma
membrane to intracellular membranes, including the endoplasmic reticulum (ER) and
mitochondrial outer membrane, where pSer181-KRAS interacts with Bcl-X| to promote
apoptosis [40]. The cytotoxicity of pSer181-KRAS was mediated by Bcl-X| -dependent
direct interaction of pSer181-KRAS with inositol triphosphate receptors (IP3Rs) on the ER
which inhibited Bcl-X; regulated Ca%* flux between the ER and mitochondria and thereby
inhibited mitochondrial respiration [41].

All three RAS isoforms are also phosphorylated on Tyr137 by Abelson tyrosine kinase
(ABL) (pY137; Figs. 2, 3A) resulting in a conformational change that enhances binding to
RAF [42]. Thus, pY 137 may potentiate RAS signaling through long-range allosteric changes
communicated between the allosteric lobe and the effector binding region of SW2. RAS
activation of its effector, RAS- and RAB-interacting protein 1 (RIN1), activated its own
downstream effectors, including ABL, which may serve as a positive feed-back mechanism
to enhance RAS signaling [42, 43].

Phosphorylation also negatively regulates RAS signaling. Glycogen synthase kinase 3p
(GSK3p) phosphorylated HRAS on Thr144/148 (Fig. 2, 3A), resulting in polyubiquitylation
via recruitment of B-TrCP-E3 ligase and subsequent RAS degradation [44]. In another
example, Src specifically phosphorylated active GTP-bound H/N-RAS on Tyr32, which
reduced binding to RAF and enhanced binding to GAPs, thus accelerating GTP hydrolysis
and promoting RAS inactivation [45]. Importantly, this phosphorylation event was reversed
by the phosphatase SHP2, which dephosphorylated H/N-RAS and rescued RAS activation
(Figs. 2, 3A) [46]. In a recent study, Src was shown to directly phosphorylate KRAS on
Tyr32 and Tyr64, altering the conformations of SW1 and SW2, respectively [47].
Interestingly, while this PTM accelerated the intrinsic exchange rate, it also inhibited SOS-
mediated nucleotide exchange as well as both intrinsic and GAP-mediated GTP hydrolysis.
As a result, phosphorylated KRAS was decoupled from upstream signaling. In addition, di-
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phosphorylated, GTP-loaded WT and mutant KRAS displayed markedly reduced binding to
RAF, suggesting that Src phosphorylation of KRAS inhibited downstream signaling [47].
Conversely, as previously described for H/N-RAS, SHP2-mediated dephosphorylation of
KRAS promoted KRAS downstream signaling. These findings firmly support the role of
SHP2 as a direct RAS activator. Indeed, SHP2 inhibition reduced the growth of a number of
RAS-mutant tumors including glioblastoma, lung cancer, and pancreatic ductal
adenocarcinoma, as well as tumors driven by amplification of wild type KRAS such as
gastroesophageal cancer (Table 1) [46, 48-51]. Taken together, these data suggest that
enhancing phosphorylation of RAS may be a valid strategy to inhibit RAS-dependent
tumors. Indeed, several clinical trials have been initiated with SHP2 inhibitors
(ClinicalTrials.gov Identifiers: ; ; -see Table 1).

3.1.2 Acetylation—Acetylation is another common PTM. The acetylation reaction
involves transfer of an acetyl group from the metabolite acetyl-coenzyme A to either the a-
amino group on a protein’s N-terminus or the e-amino group of lysine residues [52]. KRAS
was initially reported to be acetylated at lysine 104 although substitution of Ala at Lys104
(non-acetylatable) had no effect on cell proliferation in comparison to cells expressing
unsubstituted KRAS(G12V) (Fig. 2)[53]. However, KRAS(G12V) with a K104Q mutation
(mimicking acetylation) displayed reduced GEF-induced nucleotide exchange and reduced
transforming activity in NIH3T3 cells [53]. Additional studies have reported acetylation
sites at Lys 104 and Lys 147 [54]. However, incorporation of acetyl-lysine into KRAS using
a genetic-code expansion approach demonstrated that modification of this residue did not
alter SOS-mediated nucleotide exchange of the modified protein [54]. These results along
with additional studies of Lys 104 mutations suggested that glutamine is a poor mimetic for
acetylation at this site [55]. However, the possibility that acetylation regulates RAS
functions remains a possibility given the importance of Lys 104 in maintaining the structural
integrity of helices 2 and 3 [55]. A recent study reported that KRAS is acetylated on the N-
terminal Thr following removal of the initiating Met [56]. This modification interacts with a
central beta-sheet to stabilize the N-terminus and switch regions. KRAS lacking lacking this
modification and the initiating Met adopts an open, inactive, nucleotide-free conformation.
Thus, N-acetylation appears to play an important role in the structural stability and
nucleotide binding of RAS proteins.

3.1.3 Ubiquitylation—As mentioned above, RAS is regulated by ubiquitin-mediated
degradation. A number of E3 ubiquitin ligases have been implicated in negatively regulating
RAS including Rabex-5 [57, 58], leucine zipper-like transcription regulator 1 (LZTR1) [59,
60], and B-TrCP [44]. In human cells, ubiquitylation of RAS by Rabex-5 targeted RAS to
the endosome and reduced ERK-MAPK activation. Similarly, LZTR1 recruited the CUL3
E3 ligase to target RAS ubiquitylation resulting in loss of RAS association with the
membrane and decreased signaling [59, 60]. Thus, both Rabex5 and LZTR1 were proposed
as inhibitors of RAS function.

Conversely, monoubiquitylation may serve to re-localize RAS to specific subcellular
compartments in an isoform-specific manner [61], or even potentiate RAS function [62].
KRAS is monoubiquitinated on K147 resulting in enhanced GTP loading and engagement of
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effectors such as PI13K and RAF (Fig. 2) [63]. Building on this work, Campbell and

colleagues showed that increased effector binding to K147-monoubiquitinated KRAS was
due to impaired GTP hydrolysis [64]. Interestingly, monoubiquitylation of HRAS on K117
also activated HRAS, but through a distinct mechanism that augmented GTP loading [64].

3.1.4 Nitrosylation—S-nitrosylation is a type of reversible post-translational protein
modification that involves nitric oxide (NO) reacting with a cysteine thiol to form
nitrosothiol [65]. Unlike other types of post-translational modification, S-nitrosylation does
not depend on an enzyme to catalyze the reaction. Rather, it depends on the concentration of
NO - as regulated by compartmentalization of the target protein to the nitric oxide synthase
(NOS) source of NO - and the reactivity of a given cysteine residue [65]. In the brain, NO
was known to upregulate neurogenesis through stimulation of the ERK/MAPK pathway, but
the signaling mechanism was unknown [66]. This was resolved in recent work in cultured
neuronal stem cells demonstrating that RAS was S-nitrosylated on C118 in the presence of
NO, leading to enhanced ERK/MAPK activation and proliferation (Fig. 2)[67]. Conversely,
NO-mediated ERK/MAPK activation and cell proliferation was abrogated in cells harboring
mutant RAS(C118S) that could not be S-nitrosylated on residue 118. These findings may be
particularly relevant in the context of tumor biology, where oxidative stress and formation of
reactive oxygen species such as NO are common features of the tumor microenvironment
[68]. Thus, even in tumors lacking activating RAS mutations, WT RAS may be activated
due to nitrosylation.

3.2 lonic Allosteric Regulation of RAS

The SW2 states (T & R) discussed earlier are modulated by an allosteric mechanism that
depends on Ca2* binding to a site in the allosteric lobe. Mattos and colleagues showed that
Ca?* was bound by residues D108 and Y137 in Loop 7 and Helix 4, respectively, which
created two networks of interactions involving Helix 4, Loop 7, Helix 3, and SW2 that
resulted in ordering of SW2 and placement of Q61 in the catalytic domain [69]. This
observation suggested that coordinated binding of Ca?* and RAF helps to order SW1 and
SW2 to facilitate GTP hydrolysis. Additionally, crystallographic studies using oncogenic
RAS(Q61L) suggested that long-range interactions between the Ca2* binding region in the
allosteric lobe and the RAF interaction surface in the effector lobe were disrupted in such a
way that could affect RAS function [70]. These results indicate a requisite role for Ca2*
binding in regulating RAS activity. Another divalent cation, Mg2*, plays a more direct role
in in RAS regulation by facilitating nucleotide binding. Mg2* binds in the active site of RAS
and is coordinated by residues in the P-loop [71, 72]. Structural studies with GEFs
complexed with RAS indicate that Mg2* functions to maintain the stability of nucleotides
within the binding pocket [73].

3.3 Protein-Membrane Interaction

As described earlier, the HVR of RAS is lipidated to localize RAS to the membrane, and
there are differences in the secondary lipid modifications between RAS isoforms. These
isoform-specific “second signals” determine the distinct membrane microenvironment of
each RAS isoform [74]. These membrane microdomains harbor unique lipid profiles, and
therefore isoform differences in the allosteric lobe may promote stabilization of
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conformational states within the individual microdomains [74]. For example, molecular
dynamics simulations of HRAS in a lipid bilayer indicated that GTP-loaded HRAS was
stabilized by membrane interactions with the a4 helix, while residues in the HVR stabilized
the GDP-bound state [75]. This result suggested that the membrane itself may help GTP-
loaded RAS achieve the proper orientation for effector engagement [76, 77].

4. Pharmacological inhibition of RAS

4.1

Given the central role of RAS in driving tumor development, there has been significant
interest in pharmacologically inhibiting oncogenic RAS. However, despite great efforts
aimed at multiple steps in RAS function (Fig. 3), there remains a lack of FDA approved
RAS inhibitors. The recent development of small molecule covalent inhibitors of
RAS(G12C) has renewed hopes of direct pharmacological inhibition of RAS. In the
following sections, we will discuss past and current approaches to inhibit RAS. Figure
Tables 1 and 2 summarize indirect and direct inhibitors of RAS, respectively.

Inhibition of RAS membrane association-indirect RAS inhibition

Given the initial view that RAS may be refractory to inhibition due to the apparent absence
of deep pockets amenable to small molecule binding and drug development, attention turned
toward inhibiting RAS association with the membrane, which is critical to its biological
activity. Inhibition of FTase resulted in encouraging preclinical results, although inhibition
was not dependent on RAS mutations [78, 79]. In addition, FTase inhibitor (FTI) treatment
did not result in altered KRAS or NRAS membrane localization [80]. Unfortunately, clinical
trials with these inhibitors has met with disappointing results due to two important points
[81]. First, the preponderance of mutations in human solid tumors occur in KRAS vs HRAS
or NRAS (Fig. 1B). Second, KRAS undergoes alternative lipidation by geryanylgeranyl
transferases (GGTases) upon inhibition of FTase [80, 82, 83], a fact unknown until the
development of FTls. Thus, KRAS (and NRAS) is refractory to the effects of FTIs.
However, all hope for these inhibitors has not been lost. Newer trials with tipifarnib have
been initiated for HRAS mutant tumors, such as head and neck tumors (Clinical Trials.gov
Identifier: ) and primary completion is expected by March 2020. In addition, FTIs have been
used in other clinical settings such as treating chronic hepatitis D [84] and Hutchinson-
Gilford Progeria Syndrome (HGPS), a rare genetic condition arising from persistent
farnesylation of lamin A which renders the protein inactive [85-87]. Treatment of HGPS
patients with the FTI, lonafarnib, resulted in demonstrable clinical benefit although many
symptoms remained [88, 89]. Thus, FTIs may gain eventual approval in treating HGPS.

Due to the alternative lipidation of KRAS (and NRAS) upon FTI treatment, efforts shifted
toward dual inhibition of both FTase and GGTase. Although co-treatment with FTI and
GGTase-I inhibitors (GGTIs) was effective in preventing prenylation of both K-and N-RAS
in 2D culture and 3D xenograft models, dose limiting toxicity of GGTIs was a major
concern potentially due to other substrates for GGTase-I as well as the FTase (reviewed in
[81]). Despite these concerns, one highly selective GGTI (GGTI-2418) also known as
PTX100 was approved for clinical trial and phase 1 results showed the compound to be well
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tolerated with minimal toxicity. However, its efficacy proved to be limited and the clinical
trials were terminated (https://drugs.ncats.io/drug/M67G28K74K).

In addition to the combination of FTIs and GGTIs as described above, considerable efforts
have focused on development of dual prenyltransferase inhibitors (DPIs). The most
promising of these DPIs, L-778,123, suppressed prenylation of H, K and N-RAS in HL-60
leukemic cells [90]. However, two phase | clinical studies reported that L-778,123 was
ineffective to prevent K-RAS prenylation even at toxic doses [91, 92]. An additional
approach to block RAS processing has been through targeting the mevalonate pathway with
bisphosphonates which inhibit synthesis of farnesyl pyrophosphate (FPP) and
geranylgeranylpyrophosphate (GGPP). Aminobisphosphonates, such as zoledronic acid
(ZOL), disrupt RAS membrane localization and inhibit RAS-mediated signaling [93].
Although ZOL demonstrated limited efficacy /n vitro new nanoparticle formulations exhibit
anti-tumor properties /n vivo [94, 95]. However, the question remains whether the anti-tumor
effects are due to specific inhibition of RAS or numerous other lipidated substrates [96].

Another approach to inhibit RAS membrane association centered on interfering with the
recycling of RAS from the plasma membrane (PM) to various intracellular compartments.
The phosphodiesterase 6 delta subunit (PDE66) binds the farnesylated tails of KRAS, as
well as HRAS and NRAS, sequestering the protein from the PM and promoting its recycling
[97, 98]. Thus, disrupting PDES interaction with KRAS can suppress oncogenic RAS
signaling by altering its localization to endomembranes. Indeed, Zimmermann et. al.
identified a small molecule inhibitor (Deltarasin) that bound in cells to the prenyl binding
pocket of PDES with nanomolar affinity (Kd= 41 nM) [99]. Deltarasin inhibited RAS
mediated oncogenic signaling and tumor potential of PDACs both in vitroand in vivo.
However, non-specific cytotoxicity issues were observed at effective doses (>5 uM), thereby
limiting the effectiveness of this compound. These issues were overcome by a second
generation pyrazolopyridazinone inhibitor of PDES called Deltazinone 1 which was highly
selective in inhibiting PDACs [100]. Modification in the chemistry of Deltazinone 1 lead to
generation of Deltasonamide 1 and 2, which had improved binding with farnesyl binding
pocket of PDES [101]. These compounds, though efficacious, had low membrane
permeability which reduced their presence in the cytosol. Thus, further modifications will be
needed to enhance the cellular uptake of these compounds for therapeutic use.

While the above approaches may lead to inhibition of RAS, their clinical utility may be
limited by significant off-target effects due to the inhibition of additional targets that utilize
these same pathways. Whether such off-target effects can be successfully minimized through
dosing or specific delivery of compounds to tumors remains an unanswered question. The
following sections will describe approaches to directly inhibit RAS (Table 2).

4.2 Targeting RAS interaction with activators and effectors

Many groups have focused on inhibiting RAS interaction with activators and effectors as a
way of blocking RAS activity. These efforts have led to the isolation of many lead RAS
inhibitory compounds. The non-steroidal anti-inflammatory drug (NSAID) sulindac and its
derivatives represented the first examples of such compounds [102]. These drugs inhibited
RAS activation of RAF and reduced RAS-driven transformation [103]. However, these

Biochim Biophys Acta Mol Cell Res. Author manuscript; available in PMC 2021 February 01.


https://drugs.ncats.io/drug/M67G28K74K

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Khan et al. Page 10

compounds did not exhibit sufficient potency to move forward in the clinic. A cell
penetrating cyclic peptide termed cyclorasin 9A5 blocked RAS-RAF interaction, reduced
proliferation, and induced apoptosis of RAS mutant lung tumor cells [104]. However,
cyclorasin 9A5 did not exhibit selectivity toward a particular RAS isoform, or WT vs mutant
RAS, thus raising the issue of toxicity when used /n vivo. Indeed, a recent study suggested
that this compound does not actually engage RAS in cells [105]. MCP1 and its derivatives
also blocked RAS-RAF interaction but lacked sufficient potency to serve as effective
inhibitors [106-109].

Fragment based screening led to the identification of DCAI which targeted a pocket between
SW1 and SW2 (Fig. 4A) [110]. DCAI blocked both nucleotide release and nucleotide
exchange with 1Csps of 155 uM and 342 uM, respectively, although treatment of cells with
DCAI reduced recruitment of the RAF RBD to the plasma membrane with an EC53=15.8
uM. However, it was unclear whether this compound had sufficient potency or selectivity to
inhibit RAS-mutant tumor cells in vivo. Interestingly, the same region of RAS targeted by
DCAI has been the target of a number of lead RAS inhibitory compounds identified in
independent screens as described below.

Computational methods combined with detailed crystallographic analyses identified
potential allosteric sites on RAS [11, 111]. Multiple solvent crystal structures (MSCS)
combined with computational solvent mapping (FTMap) identified a total of 13 hot spots,
many of which corresponded to effector binding [11]. Gorfe and colleagues identified four
potential allosteric pockets in RAS and isolated candidate binders using ensemble docking
and virtual screening [111]. This approach was later validated by probe-based molecular
dynamics simulations [112]. More recently, they have extended this work and identified
compounds predicted to bind the “p1” pocket [111], the same pocket that bound DCAI (Fig.
4A) [113]. Virtual screening yielded 58 potential p1 binding compounds of which 11 were
tested in cell-based assays. Compound 11 disrupted RAS-RAF interaction and inhibited
RAS mutant cancer cells with a modest 1C5¢ ~1-5 uM [113]. Using /n silico screening,
Kataoka and colleagues identified Kobe0065 and Kobe2602 which also bound the p1 pocket
(Fig. 4B) [114]. The Kobe compounds blocked RAS-RAF interaction by binding state 1 of
SW1, disrupted SOS-mediated nucleotide exchange, and reduced signaling and oncogenic
transformation by RAS in model systems. However, the potency of these compounds was
low (IC50= 10-20 uM). Using a fragment based-NMR screens and structure-based drug
discovery, Kessler et al recently reported the isolation of a compound, BI-2852, that binds
this p1 pocket blocking interactions with GEFs, GAPs, and effectors thereby inhibiting RAS
function (Fig. 4C)[115]. This compound exhibited high nM affinity for KRAS in vitro (450-
750 nM) and inhibited KRAS signaling in cells at low uM concentrations (<10uM). Thus,
this compound may serve as an additional chemical probe for studying RAS and potentially
developing more potent, clinically efficacious inhibitors.

Several groups have attempted to inhibit RAS with synthetic peptides based on the RAS-
interacting a-helix of SOS1. Bar-Sagi and colleagues designed one such peptide, HBS3, that
incorporated amino acids 929-944 of SOS1 [116]. HBS3 bound preferentially to nucleotide-
free RAS vs GDP-bound RAS (Kd=28 uM vs 158 uM, respectively) and reduced both
nucleotide exchange /n vitro and RAS signaling in cells. However, the potency of this
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peptide in cells was unclear. In a similar approach, Walensky and colleagues isolated stapled
peptides based on the same RAS binding helix of SOS1 [117]. Their lead peptide, SAH-
SOS1 4 bound RAS /n vitro with Kq of 100-175 nM, although significantly higher
concentrations (5-15 uM) were required to inhibit the viability of RAS-mutant cancer cell
lines. However, the specificity of this compound for RAS has also been questioned [105].

Using a novel liposome-based screen to measure prenylated KRAS activation of full length
BRAF, Jansen and colleagues identified a small molecule, cmpd2, that inhibited RAS by
simultaneously binding phosphatidylserine enriched membrane and the p1 pocket of
lipidated KRAS [118]. As a result, cmpd2 promoted an orientation of KRAS that occluded
the effector region and blocked engagement of RAS targets [119]. This compound inhibited
proliferation and signaling in KRAS mutant cells with an ICsgq in the low uM range.

Stockwell and colleagues utilized a computational docking strategy to identify a pan-RAS
inhibitor termed 3144 that simultaneously targeted three sites encompassing SW1 and SW2
[120]. Treatment of cells with 3144 reduced interaction of RAS with effectors, inhibited
signaling and reduced RAS-driven tumor formation in experimental models. Although the
ability of 3144 to selectively inhibit KRAS-driven MEFs vs RASIess MEFs driven by an
activated BRAF allele was modest (IC5g= 3.8 uM vs 11 uM), improvements to this
compound may lead to more potent RAS inhibitors in the future.

4.3 A Novel SW2 Binding Pocket

In perhaps the most successful approach thus far in targeting RAS, Shokat and colleagues
utilized a novel disulphide tethering approach to specifically target RAS(G12C) given the
unique reactivity of the Cys thiol [121]. Based on this approach, they isolated a number of
compounds that bound in a previously unrecognized pocket in the SW2 region adjacent to
the nucleotide binding pocket, designated as SII-P. Interestingly, these compounds targeted
the GDP-bound state of RAS and resulted in significant structural perturbation of the SW1
and SW2 domain that disrupted interactions with both effectors and activators of RAS.
Although these compounds targeted the GDP-bound inactive state of RAS(G12C), the
compounds nevertheless inhibited RAS(G12C) function in cells, thereby revealing that
mutant RAS, at least G12C, continues to cycle in cells.

Building on this work, Janes et al. developed the small molecule ARS-1620 through
structure-based design (Fig. 4E)[32]. This compound possessed enhanced reaction kinetics
and potency relative to both the initial and second generation SlI-P inhibitors. Notably,
treatment of KRAS(G12C) mutant cells, but not control cells, with ARS-1620 inhibited
RAS/RAF interaction, reduced phosphorylation of relevant downstream target proteins, and
inhibited the growth of KRAS(G12C) mutant cell lines [32]. /n vivo, ARS-1620 exhibited
good pharmacodynamic and pharmacokinetic properties resulting in selective inhibition of
KRAS(G12C) mutant tumors but not tumors driven by other KRAS mutants [32]. Based on
these successes, Mirati Therapeutics, Inc. has developed additional cysteine-reactive small
molecules (Fig. 4F)[122], one of which, MRT X849, demonstrated drug-like cellular potency
of ~10 nM, and greater than 1000 fold selectivity for KRAS(G12C) than WT KRAS and
broad-spectrum anti-tumor potency in preclinical model [123]. Mirati initiated a Phase 1/2
clinical trial in January of 2019 to test the safety and efficacy of MRTX849, with the aim of
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treating KRAS(G12C)-positive non-small cell lung cancer and colorectal cancer
(ClinicalTrials.gov ldentifier: ). Amgen has also developed a compound similar to
ARS-1620 that targets the KRAS(G12C) mutant, AMG 510, and has also initiated a Phase 1
clinical trial (ClinicalTrials.gov Identifier: ). These two trials represent the first attempts to
directly target mutant RAS in human cancers and their results are eagerly awaited by the
RAS community.

4.4 Targeting RAS with biologics

The first direct inhibitor of RAS was the monoclonal antibody Y13-259 which targeted the
SW2 region to inhibit oncogenic HRAS-driven proliferation and cell signaling [124-127].
Another RAS monoclonal antibody, anti-p21ser, developed against residues 5-16 of viral
KRAS(G12S) also inhibited oncogenic RAS-driven transformation [128]. Interestingly, this
antibody targeted the nucleotide-free state of RAS to inhibit GTP loading [129]. Thus, these
findings suggest that targeting nucleotide binding may indeed be feasible despite the
picomolar affinity of RAS for nucleotide. Indeed, a number of more recent observations
further support this possibility. Several RAS mutants exhibit high intrinsic nucleotide
exchange rates (e.g., G13D, Q61L, and A146T) suggesting that these RAS variants may
transit through a nucleotide-free state more frequently than WT RAS or other RAS mutants
[130]. Furthermore, we demonstrated that nucleotide-free RAS negatively regulated a
specific PI13K isoform, namely Class 23, suggesting that nucleotide free RAS is more than
just a transient intermediate [131]. In the case of the heterotrimeric G protein Gag, the cell-
permeable compound BIM-46187 inhibited the GTPase by targeting the nucleotide-free state
[132]. Thus, targeting nucleotide-free RAS may yet be a viable approach for inhibiting RAS
function.

Although the Y13-259 and anti-p21ser monoclonal antibodies were useful tools for defining
the importance of RAS in cellular transformation, these reagents were limited by their
ability to enter cells and the reducing potential of the intracellular milieu. A number of
groups have taken different approaches to target RAS with engineered, synthetic proteins.
These include technologies such as Affibodies [133], single chain variable fragments (scFv)
[134], DARPins [135], Monobodies [136, 137], and a number of other synthetic proteins
[138].

Single domain variable fragments of antibodies (intrabody) were generated that specifically
recognized active GTP loaded RAS. One such intrabody, iDab#6, had nanomolar affinity to
RAS-GTP [139]. iDab#6 bound oncogenic mutants of all RAS isoforms and abrogated their
transforming potential by targeting SW1 and SW2 and impairing effector interaction [140,
141]. Although the use of this intrabody as a therapeutic agent was limited by its size and
poor cell penetrance, iDab#6 was employed in a novel competitive screening assay using
surface plasmon resonance to identify lead compounds targeting the iDab#6 binding region
on RAS [142]. Using a combination of structural biology and medicinal chemistry, a series
of compounds (ADB series) were developed that bound KRAS with sub-micromolar affinity,
disrupted interaction with effector targets, and inhibited RAS-dependent signaling in human
tumor cell lines [142, 143]. Interestingly, ADB7 targeted the same p1 pocket as several other
RAS inhibitory compounds (Fig. 4D).
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In another approach to improve the cell penetrance of anti-RAS antibodies, the heavy chain
fragment (VH) of a RAS specific antibody was used to replace the VH fragment of the cell
penetrating antibody, TMab4 [144]. The chimeric 1gG1 antibody, RT11, crossed the cell
membrane and bound activated WT and mutant versions of all three RAS isoforms with low
nM affinity (Kd ~4-17 nM). Though RT11 inhibited RAS mediated growth and signaling in
tumor cells by preventing RAS effector association, another layer of specificity was
imparted by fusing the RGD10 cyclic peptide to the N-terminus of the light chain of RT11 to
generate RT11-i. This modified antibody was targeted to cells expressing tumor associated
integrins. RT11-i had better pharmacokinetics and biodistribution in tumors, and inhibited
RAS mutant tumors in xenograft models.

R11.1.6, a small, high affinity scaffold based on the DNA binding protein sso7d, had
preferential and single digit nanomolar affinity for KRAS(G12D) (Kq=4 nm) vs WT (K=
40nm) in the GTP bound state [145]. Intriguingly, R11.1.6 did not discriminate between
mutant KRAS(G12D) and WT in the inactive GDP-bound state. R11.1.6 was not mutation
specific as it bound other KRAS mutants (G12C and G12V) as well as HRAS and NRAS
with comparable affinities. Structurally, R11.1.6 bound SW2 and reduced intrinsic GTP
hydrolysis. Despite locking RAS in the active state, R11.1.6 blocked RAS-driven MAPK
activation by sequestering GTP-bound active RAS from effector association.

The K27 and K55 Designed Ankyrin Repeat Proteins (DARPIns) also targeted RAS and
reduced both ERK and AKT activation as well as anchorage independent growth of
KRAS(G13D) mutant HCT116 cells [135]. K27 preferentially bound the inactive GDP form
of RAS whereas K55 favored RAS-GTP. Structural analysis of K27 complexed with
KRAS(G12V) revealed that K27 bound the SW1 region and occluded interaction with SOS.
However, this interaction did not distort the conformation of either SW1 or GDP in contrast
to the effects of SOS which destabilizes nucleotide binding. K55 interacted with both SW1
and SW2 GTP-bound KRas(G12V) and prevented interaction with RAF. Thus, these two
RAS-inhibitory DARPIns functioned by blocking different aspects of RAS function, namely
inhibiting nucleotide exchange (K27) and blocking effector interaction (K55).

In the quest to identify novel strategies to inhibit RAS, we employed an unbiased approach
using Monobody technology [136]. Monobodies are single-domain synthetic binding
proteins of ~95 amino acids that achieve levels of affinity and selectivity similar to
antibodies, yet are insensitive to the redox potential of their environment [138]. Thus,
Monobodies are ideally suited as genetically encoded tool compounds. We recently isolated
a Monobody called NS1 that selectively interacted with HRAS (Kg= ~15 nM) and KRAS
(Kq=~65 nM), but not NRAS (Fig. 5A)[136]. NS1 inhibited oncogenic HRAS and KRAS
signaling and transformation both /n vitroand in vivo [33, 136, 137]. However, NS1 did not
inhibit NRAS or oncogenic proteins downstream of RAS such as BRAF(V600E) or
MEK(DD). Furthermore, NS1 did not affect the proliferation of fibroblasts (NIH/3T3 or
HEK?293) grown in culture (Khan and O’Bryan, unpublished observations). Thus, NS1
specifically inhibited oncogenic RAS with no discernible “off target” effects.

NS1 bound the a4-a5 region of RAS which has been implicated in RAS dimerization [136,
146, 147]. Indeed, accumulating evidence suggests that RAS dimerization is important for
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the activation of RAS effectors [148]. RAS oligomerization was first suggested by Santos
and colleagues using radiation target analysis [149]. In addition, while RAS bound directly
to its effector RAF, this interaction was not sufficient to stimulate RAF kinase activity /n
vitro (Fig. 6)[150-154]. Interestingly, RAS stimulated RAF dimerization and activation in
cells [155, 156], consistent with the obligate role of dimerization in RAF catalytic activation
(Fig. 6)[157]. Work from Kaziro and colleagues demonstrated that artificial dimerization of
a soluble RAS /n vitro or in cells stimulated RAF activation, suggesting that RAS
dimerization at the plasma membrane was a necessary step for RAS activation of RAF
[158]. Further, RAS dimers were observed in a number of X-ray crystal structures [136, 146,
1471, and we identified a specific dimer formed through the a4-a5 interface only in crystal
structure of RAS in the active state, as defined by the conformation of SW1 and SW2 [136].
Super-resolution microscopy also revealed the presence of RAS dimers at the plasma
membrane, although these structures appeared dependent on the COOH-terminal tails of
RAS but independent of the G-domain [159, 160]. NS1, however, has provided significant
insight into the role of dimerization in RAS function. When expressed in cells NS1 targeted
the a4-a5 region and reduced RAS dimerization and nanoclustering at the plasma
membrane leading to decreased proliferation, anchorage-independent growth and tumor
formation by KRAS and HRAS, but not NRAS, mutant tumor lines (Fig. 6)[33, 136, 137].
These studies represented the first demonstration of the importance of the a4-a5 interface in
RAS function and highlight the potential efficacy of targeting RAS dimerization as a
strategy to inhibit oncogenic RAS function (Fig. 6). Recently, Rabbitts and colleagues
identified the a3-a4 interface in the allosteric lobe as important for RAS dimerization [161].
They isolated two DARPins, K13 and K19, that selectively bound and inhibited KRAS (Fig.
5B). These DARPIns blocked dimerization as well as SOS-mediated nucleotide exchange.
Thus, these results suggest that RAS may dimerize through a3-a4 as well as the a4-a5
interface as suggested by previous computer modeling studies and analysis of RAS crystal
structures [162-164].

While these findings clearly underscore the importance of the a4-a.5 and a3-a4 interfaces
in RAS function, there remains considerable debate regarding the notion of RAS
dimerization. Indeed, the isolated G-domain of RAS lacks the intrinsic capacity to dimerize
in solution [147, 165-167]. Recently, Groves and colleagues reported that fully processed,
native KRAS was incapable of forming oligomers on supported lipid bilayers of varying
composition [168]. However, Ambrogio et. a/. found that mutations in the a4-a5 interface
disrupted RAS dimerization and impaired RAS driven tumorigenesis [169]. Thus, it is
possible that RAS itself lacks the intrinsic ability to dimerize and that additional cellular
factors are necessary to promote RAS association through the a4-a5 or the a3-a4 regions.
Nevertheless, targeting these regions with small biologics, i.e., NS1, is sufficient to impair
oncogenic RAS signaling and tumorigenesis [33, 136, 137]. Thus, pharmacological targeting
of RAS dimerization could prove useful in blocking RAS-dependent tumors. However, such
compounds would need to retain some selectivity in targeting RAS isoforms or
discriminating between mutant and WT proteins since loss of all RAS isoforms is not
compatible with life [170].

While direct inhibitors of RAS have not yet seen clinical success, the above discussion
highlights a number of advances that exemplify progress in the field. Namely, several novel
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druggable pockets have been identified along with domains that can be targeted for negative
allosteric regulation of RAS signaling. Small molecules that directly inhibit KRAS(G12C)
are currently the most promising RAS inhibitors with several Phase 1 trials in progress,
however, a number of additional leads with broader applicability are not far behind.

5. Future perspectives

Although pharmacological targeting of RAS has been a long and arduous journey filled with
many challenges and failures, we are beginning to see light at the end of the tunnel. The
recent clinical trials with (G12C) specific inhibitors provide significant hope for the direct
inhibition of RAS in human tumors. However, the limited applicability of these inhibitors to
only G12C mutant tumors means that the quest to inhibit RAS continues. The need remains
for more broadly efficacious inhibitors that target additional RAS mutants such as
KRAS(G12D) which predominates in PDAC tumors. Furthermore, the inevitable issue of
acquired resistance to such RAS inhibitors will almost certainly need to be addressed.
Although the inhibition of pathways downstream of RAS has not proven clinically beneficial
in RAS mutant tumors thus far, recent studies provide intriguing insight into potential
combination therapies. Groundbreaking results from three separate labs demonstrated that
PDAC cell lines with mutations in the RAS signaling pathway up-regulated autophagy in
response to inhibition of RAS or its downstream effectors, to promote cell survival [171-
173]. Co-inhibition of the RAS pathway and autophagy was synergistically cytotoxic /n
vitro, and inhibited tumor growth /n vivoin PDX mouse models. Perhaps most striking in
these reports was a case of compassionate treatment of a PDAC patient with the MEK
inhibitor trametinib and the autophagy inhibitor hydroxychloroquine. The patient displayed
a marked reduction in tumor marker cancer antigen, overall tumor burden, and pain
associated with PDAC. Whether these results will translate into success in a larger clinical
setting remains to be seen. However, these studies along with the successful development of
RAS-targeted inhibitors, the launch of clinical trials that directly target RAS-mutant cancers,
and the abundance of new RAS inhibitors in the developmental pipeline provides great
optimism that we will soon be able to conquer the challenge of drugging the “undruggable”
RAS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. RAS mutations occur in nearly early 30% of human tumors
. Different RAS mutations result in context-dependent effects
. Indirect inhibitors of RAS target various aspects of RAS processing
. Direct inhibitors interfere with RAS activation and effector binding
. Newer biologics target RAS activation, effector binding, and self-association
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Figure 1. RAS signaling and mutational activation in cancer.
A. GTPase cycle. RAS proteins normally reside in the inactive, GDP-bound state. Mitogenic

stimulation results in recruitment of GEFs to the plasma membrane and binding of RAS.
This results in destabilization of nucleotide binding leading to release of GDP and creation
of a transient nucleotide free state. Due to the high concentration of GTP in cells relative to
GDP, RAS proteins load with GTP resulting in the switch to the active state. RAS-GTP
recruits and activates a number of downstream targets, including RAF and PI3K.
Termination of RAS signaling occurs through hydrolysis of GTP to GDP which is facilitated
by GTPase accelerating/activating proteins that enhance the relatively poor intrinsic GTPase
activity of RAS by nearly 100-fold, thereby returning RAS to the inactive, GDP-bound state.
B. RAS mutation frequency in human tumors. Data were compiled from the Catalogue of
Somatic Mutations (COSMIC), v86 [174]. Frequency of mutations in each RAS gene is
shown in the first column. The percentage of mutations in each codon hotspot is indicated to
the right of each gene. The frequency of the top three most prevalent amino acid
substitutions at the indicated codon is indicated below the mutation frequency for that codon
hotspot. These mutational hot spots all reside in the effector lobe of RAS.
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—SW1 — Sw2 binding
Mg?/N Mg?/N Mg?/N SW1 - Switch 1
# P P SW2 - Switch 2

KRAS4A 1 MTEYKLVVVGAGGVGKSALTIQLIQNHFVDEYDPTIEDSYRKQVVIDGETCLLDILDTAGQEE YMRTGEGFLCVFAINN 86 | & -~ Famesylaﬂon site
KRAS4B 1 MTEYKLVVVGAGGVGKSALTIQLIQNHFVDEYDPTIEDSYRKQVVIDGETCLLDILDTAGQE YMRTGEGFLCVFAINN 86
HRAS 1 MTEYKLVVVGAGGVGKSALTIQLIQNHFVDEYDPT | EDSYRKQVVIDGETCLLD | LDTAGQE! YMRTGEGFLCVFAINN 86 J_-Mu'ﬂﬂO“ hot spots
NRAS 1 MTEYKLVVVGAGGVGKSALTIQLIQNHFVDEYDPT | EDSYRKQVVIRGETCLLD ILDTAGQEEYISAMRDQYMRTGEGFLCVFAINN 86 P -Phosphorylatlon sites

a “ - : . . F - > # - Ubiquitylation/

B1 al B2 B3 b a2 B4 Acetylation sites
EFFECTOR LOBE —+ _-Nitrosylation site
x__-Ca? binding
24| 124
Mg IN % Mg IN
X #+ P *

KRAS4A 87 TKSFEDIHHYREQIKRVKDSEDVPMVLVGNKCDLPSRTVDTKQAQDLAR IPFIETSAKTRQRVEDAFYTLVRE IRQYRLKKISKE EKTPGCVKIKKCIIM 189
KRAS4B 87 TKSFEDIHHYREQIKRVKDSEDVPMVLVGNKCDLPSRTVDTKQAQDLAR IPFIETSAKTRQGVDDAFYTLVRE IRKHKEKM SKD GKKKKK TKCVIM 188
HRAS 87 TKSFEDIHQYREQIKRVKDSDDVPMVLVGNKCDLAARTVESRQAQDLAR 1PY1 E&AKYRQGVEDAFVTLVREIRQHKLRKLNPPDESGPGCMSCK CVvLS 189
NRAS 87 SKSFADINLYREQIKRVKDSDDVPMVLVGNKCDLPTRTVDTKQAHELAK IPFIETSAKTRQGVEDAFYTLVRE IRQYRMKKLNSSDDGTQGCMGLP CVVM 189

a3 . B5 a4 B6 a5

OSTERIC LOBE HVR

Figure 2. RAS family members.
RAS proteins were aligned with Clustal multiple alignment. KRAS4A and KRAS4B are

derived from alternative splicing of the same gene resulting in different C-termini. Grey
shading highlights residues that are identical in all four RAS proteins. RAS proteins can be
divided into three functional regions: the effector lobe, allosteric lobe, and hypervariable
region (HVR). SW1, switch 1 region (aa 30—40); SW2, switch 2 region (aa 60-76); MgZ*/N,
magnesium and nucleotide binding regions, *, farnesylation site; , mutation hotspots; P,
phosphorylation site; #, ubiquitylation or acetylation sites; +, nitrosylation site; x, Ca2*
binding sites. Alpha helices (a) and beta sheets (B) are indicated below lineup.
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Figure 3. Targeting RAS inhibition.
RAS proteins are initially farnesylated at the ER by farnesyl transferase (FTase) and then

HRAS, NRAS, and KRAS4A are translocated to the Golgi where they undergo a second
lipidation event mediated by palmitoylacetyl transferases (PATs). KRAS4B possesses a
polybasic stretch of Lys residues (K) which function in conjunction with the farnesylated C-
term to anchor KRAS4B to the membrane. Many approaches have been utilized to inhibit
RAS function from blocking lipidation and membrane association of RAS proteins (e.g.,
tipifarnib, deltasonamide) (1), interfering with RAS activation by targeting RAS-GDP (e.g.,
MRTX849, ARS-1620), (2) interaction with GEFs (e.g., DCAI, HBS) (3), interfering with
RAS:effector interactions (e.g., ADB7, 3144)(4), and allosteric inhibition of RAS self-
association/nanoclustering (e.g. NS1 and K13)(5).
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Allosteric

A

Figure 4. RAS Structures. X-ray crystral structures of RAS in complex with various inhibitors.
Panels A-D illustrate structures of different compounds that all target the p1 pocket in RAS

whereas panels E & F represent covalent RAS inhibitors targeting KRAS(G12C). The
effector lobe is shown in light gray, allosteric lobe in dark gray, SW1, orange, and SW2,
light yellow. Inhibitors bound to RAS are shown in blue and nucleotide in green. A.
KRAS(G12D):DCAI (PDB: 4DST). B. HRAS(T35S):Kobe2601 (PDB: 2LWI). C.
KRAS(G12D):BI-2852 (PDB: 6GJ8). D. KRAS(Q61H):ABD7 (PDB: 6FA4). D.
KRAS(G12C):ARS-1620 (PDB:5V9U). E. KRAS(G12D):compound 12 (PDB: 6N2K).
Structures A-D are shown in the same orientation to highlight the p1 pocket. Structures E
and F are shown in a different orientation to highlight the SII-P pocket and the Cys residue
(shown in red) targeted by the indicated compounds.
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K13
A i DARPin

Figure 5. Biologics targeting RAS.
A. Structure of NS1 monobody bound to HRAS WT (PDB:5E95). B. Structure of DARPIn

K13 bound to KRAS(G12V):GDP (PDB: 6H46). Both structures are shown in the same
orientation to illustrate the different regions targeted by NS1 versus K13. Coloring of figure
is the same as in Fig. 4. Both NS1 and K13 target the allosteric lobe of RAS.
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“ACTIVE”

Figure 6. Hypothetical model for RAS activation by dimerization/self-association.
Mitogenic stimulation results in RAS loading with GTP and recruitment of RAF (1).

However, monomeric RAS is not sufficient for activation of RAF. Thus, two RAS protomers
either physically interact through specific interfaces, such as the a4-a5 interface (2) or move
in sufficiently close proximity to facilitate dimerization of downstream targets such as RAF.
Binding of NS1 Monobody (3) in either circumstance provides significant steric hinderance
to prevent RAS-mediated dimerization of RAF, thereby inhibiting RAF activation. Given the
inability to detect dimerization of purified KRAS on reconstituted membranes [168],
additional proteins may be necessary to facilitate RAS dimerization/self-association. Note:
the full-length structure of RAF has not been determined. The dimer of the RAF kinase
domain was taken from PDB:1UWJ. The RAF RBD structure in complex with HRAS was
taken from PDB:3KUD. The hypothetical linkage between these two domains is shown with
a dashed line. The HRAS:NS1 structure was taken from PDB:5E95. The HVR of RAS along
with the lipidated tail is shown in dashed grey lines.
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