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Abstract

RAS was identified as a human oncogene in the early 1980°s and found to be mutated in nearly
30% of all human cancers. More importantly, however, RAS plays a central role in driving tumor
development and maintenance. Despite decades of effort, there remain no FDA approved drugs
that directly inhibit RAS. The prevalence of RAS mutations in cancer and the lack of effective
anti-RAS therapies stem from RAS’ core role in growth factor signaling, unique structural
features, and biochemistry. However, recent advances have brought promising new drugs to
clinical trials and shone a ray of hope in the field. Here, we will exposit the details of RAS biology
that illustrate its key role in cell signaling and shed light on the difficulties in therapeutically
targeting RAS. Furthermore, past and current efforts to develop RAS inhibitors will be discussed
in depth.
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Introduction

Cancer is the second leading cause of death in the United States, responsible for over half a
million deaths per year at a cost of nearly $150 billion and likely to increase (National
Cancer Institute, 2019; Murphy et al., 2017). Nearly 30% of all cancers harbor an oncogenic
mutation in a single set of genes encoding the RAS proteins (Baines et al., 2011). Moreover,
RAS is the most frequently mutated oncogene in 3 of the top 4 most lethal cancers:
pancreatic adenocarcinoma, colorectal cancer, and lung cancer (Baines, et al., 2011).
Perhaps even more astonishing is the fact that there are currently no FDA approved
treatments to directly target RAS despite over 40 years of research. How does RAS
function? What accounts for its prominent role in cancer? How has it evaded
pharmacological targeting for decades? These questions will be explored in this chapter.
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RAS Biology

RAS proteins encompass a superfamily of small guanosine triphosphatases (GTPases) that
function in myriad cellular processes from cell proliferation to vesicular transport (Cox and
Der, 2010). For the purposes of this chapter, RAS refers to the “classical” members of the
oncogenic RAS subfamily of GTPases: HRAS, NRAS, and KRAS. HRAS and KRAS were
initially identified as viral oncogenes in rats during the 1960’s and ‘70’s (Harvey, 1964;
Kirsten and Mayer, 1967; Scolnick et al., 1973), and later recognized to be endogenous
human oncogenes in the 1980’s (Der et al., 1982; Parada et al., 1982; Santos et al., 1982).
NRAS was subsequently identified as a transforming gene in several human tumor lines
including a neuroblastoma line (Hall et al., 1983; Shimizu et al., 1983). RAS is a
ubiquitously expressed key signaling hub for initiating cellular processes in response to
extracellular signals. The structure, function, and biological as well as pathological roles of
RAS will be discussed below.

RAS Structure

The four RAS proteins (HRAS, NRAS, and KRAS4A/4B) are 188-189 amino acid
membrane associated GTPases encoded by three separate genes, with KRAS encoding two
distinct proteins due to alternative splicing (Cox and Der, 2010). KRAS4B is the primary
KRAS isoform and will be referred to as KRAS hereafter (Cox and Der, 2010). RAS
isoforms are 85% identical and consist of a central G-domain that hydrolyzes GTP (residues
1-172) and a hypervariable region (HVR; residues 173-188/9) that includes the lipidation
site(s) for membrane targeting (O’Bryan, 2019) (Fig. 1). The G-domain consists of an
effector lobe (residues 1-86) and an allosteric lobe (residues 87-172) both of which are
involved in nucleotide binding. The effector lobe encodes the Switch 1 (SW1) and Switch 2
(SW2) regions that mediate RAS-protein interactions, and is invariant between RAS
isoforms (Gorfe et al., 2008). The allosteric lobe is ~86% identical between isoforms and
regulated by numerous post-translational modifications (PTMs) and ionic interactions.
Further, this region facilitates interactions with the plasma membrane (PM) and promote
dimerization/nanoclustering of RAS to regulate its function (Fig. 1).

The secondary structure of RAS consists of 6 p-strands (B1- p6) that form a central p-sheet
and 5 surrounding a-helices (a1- a5) spanning the G-domain (Fig. 1) (Pai et al., 1990). The
nucleotide binding pocket is formed on one end by the SW1, SW2, and the P-loop in the
effector lobe, and on the other end by the residues spanning p5-a4 and p6-a5 in the
allosteric lobe (Fig. 2). The switch domains and P-loop coordinate with Mg2* and surround
the phosphates of GTP/GDP, while residues in the allosteric lobe interact with the base
portion of the nucleotide (Fig. 2; see PDB:5P21) (Pai, et al., 1990).

Coupling of RAS to downstream effectors is primarily determined by conformational
changes in SW1 and SW2 regions that are regulated by GTP vs GDP binding. Nucleotide
loading requires Mg2* as a cofactor to stabilize binding (Boriack-Sjodin et al., 1998;
Simanshu et al., 2017). When loaded with GDP, RAS is in an “off” state. Spontaneous
release of GDP by RAS is an intrinsically slow process [half-life of ~4hrs (Smith et al.,
2013)] that is facilitated by guanine-nucleotide exchange factors (GEFs). GEFs destabilize
nucleotide binding to promote formation of nucleotide-free RAS (Haney and Broach, 1994;
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Uejima et al., 2010). Due to the approximately 3-fold higher concentration of GTP vs GDP
in the cytoplasm of cells [~0.5mM vs 0.15mM, respectively (Traut, 1994)] coupled with the
picomolar affinity of RAS for guanine nucleotides (John et al., 1990), RAS rapidly binds
GTP (\Vetter and Wittinghofer, 2001). RAS is a relatively poor GTPase, with intrinsically
slow GTP hydrolysis (30min) (Manne et al., 1985; Rudack et al., 2012). However, GTPase
accelerating proteins (GAPs) enhance the GTPase activity of RAS by ~100-fold leading to
inactivation (Adari, 1988).

In the GTP-bound state, the switch regions form an interaction surface with multiple
conformations (Nakhaeizadeh et al., 2016). SW1 has two possible states, state 1 and state 2
(Johnson and Mattos, 2013). In the absence of other proteins, RAS-GTP slowly
interconverts between these two states (Geyer et al., 1996). However, GAPs facilitate
transition to state 1 in which an arginine finger mechanism promotes GTP hydrolysis
(Geyer, et al., 1996; Kotting et al., 2006; te Heesen et al., 2007). State 2 is associated with
effector binding which initiates downstream signaling cascades (discussed in section 1.3.)
(Geyer, et al., 1996), and intrinsic GTP hydrolysis (Spoerner et al., 2010). When SW1 is in
state 2, SW2 assumes either a catalytically inactive “T” state which promotes continued
RAS signaling or a catalytically active “R” state that favors GTP hydrolysis and termination
of signaling (Johnson and Mattos, 2013).

RAS binding of GTP is necessary for coupling to effectors but not sufficient to activate
effectors such as RAF. Emerging evidence suggests that RAS must dimerize or form higher
order complexes in order to properly signal (Fig. 2). Radiation inactivation experiments
suggested that HRAS functioned as a dimer or potential trimer (Santos et al., 1988).
Furthermore, monomeric RAS was insufficient to activate RAF in solution; however,
artificial dimerization of RAS resulted in activation of RAF kinase activity both /n vitro and
in cells (Inouye et al., 2000). Consistent with these observations, RAS stimulates
dimerization of RAF in cells (Rushworth et al., 2006; Weber et al., 2001), which is
necessary for RAF kinase activation. Finally, RAS proteins form transient 6-7 member
nanoclusters on the PM that are essential for RAS recruitment and activation of effectors
(Plowman et al., 2005; Prior et al., 2003; Zhou and Hancock, 2015).

Analysis of RAS crystal structures provided further support for a role of dimerization in
RAS function (Guldenhaupt et al., 2012; Kovrigina et al., 2015; Muratcioglu et al., 2015;
Spencer-Smith et al., 2017). Guldenhaupt et al observed RAS dimers in 5 of 7 RAS crystal
structures (Guldenhaupt, et al., 2012). Furthermore, a combination of molecular modeling,
and biophysical analyses of NRAS anchored on artificial membranes suggested that NRAS
dimerized through residues in the a4 and a5 helices (Guldenhaupt, et al., 2012). However,
analysis by Spencer-Smith et al extended these observations, noting that these a4-a5 RAS
dimers were only observed in active state RAS structures (Spencer-Smith, et al., 2017),
supporting the notion that dimerization is necessary for RAS signaling. Interestingly, this
same region had previously been implicated in RAS nanoclustering as well (Abankwa et al.,
2008). RAS dimerization has also been observed through a p-sheet to p-sheet interaction as
well as through a surface formed by the a3 and a4 helices that inhibit or promote RAS
function, respectively (Muratcioglu, et al., 2015). Both a3-a4 and a4-a5 dimers were
predicted by molecular modeling (Prakash et al., 2017). Superresolution microscopy studies
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established that KRAS dimers form at endogenous expression levels, and are required for
RAS function (Nan et al., 2015). Furthermore, KRAS dimerization mediated the oncogenic
activity and sensitivity to MEK inhibitors (Ambrogio et al., 2018).

Despite these findings, the importance of dimerization in RAS function remains the subject
of significant debate. The isolated G-domain of RAS lacks the intrinsic ability to dimerize in
solution (Ito et al., 1997; Kovrigina, et al., 2015; Kraulis et al., 1994; O’Connor and
Kovrigin, 2008). Furthermore, the dimers observed by superresolution were mediated by the
isolated C-terminal HVRs (Nan, et al., 2015) which were also sufficient to drive
nanoclustering (Janosi and Gorfe, 2010; Janosi et al., 2012). Finally, recent work by Groves
and colleagues failed to observe dimers of natively processed KRAS on supported lipid
bilayers suggesting that RAS does not intrinsically dimerize but leaving open the possibility
that other proteins may facilitate RAS dimerization (Chung et al., 2018).

The recent isolation of several tool biologics that target the a4-a.5 (Spencer-Smith, et al.,
2017) and the a.3-a4 dimerization interfaces (Bery et al., 2019) provided additional support
for the role of dimerization in RAS function. These reagents represent the first experimental
tools that allow for perturbation of RAS dimerization and function. Indeed, they reveal the
importance of these dimerization interfaces in oncogenic RAS signaling and transformation
(Bery, et al., 2019; Khan et al., 2020; Spencer-Smith, et al., 2017). These reagents, along
with a naturally occurring RAS dimerization inhibitor, will be discussed in more detail in
section 2.2.2.

1.2. The RAS Lifecycle

1.2.1. RAS Prenylation and Membrane Association—RAS is translated in the
cytoplasm as an inactive soluble protein (Kikuchi and Williams, 1994; Willumsen et al.,
1984). RAS must associate with the membrane to be active (Kikuchi and Williams, 1994),
and the initial step in transporting RAS to the membrane is prenylation (Casey et al., 1989).
Farnesyl transferase (FTase) recognizes the carboy-terminal CaaX (Cysteine-aliphatic-
aliphatic-any amino acid) motif on RAS and catalyzes the covalent attachment of a farnesyl
group to the Cys of the CaaX motif (Reiss et al., 1990). Farnesylated RAS then associates
with the endoplasmic reticulum (ER), although the details of trafficking from the cytosol to
the ER are unknown (Wright and Philips, 2006). In the ER, the carboxy-terminal tripeptide
(aaX) is removed by RAS-converting enzyme-1 (RCEL1) (Boyartchuk et al., 1997; Hollander
et al., 2000). Proteolytically processed RAS is then modified by isoprenylcysteine
carboxymethyltransferase (ICMT), which adds a methyl group to the new carboxyl-terminus
of RAS (Dai et al., 1998) (Fig. 3).

RAS processing and trafficking post-carboxymethylation differs between isoforms. In the
case of NRAS, HRAS, and KRAS4a, the proteins are trafficked through the Golgi and on to
the PM, whereas KRAS4b is trafficked directly to the PM in a microtubule-dependent
manner (Choy et al., 1999; Thissen et al., 1997) (Fig. 3). These divergent pathways are
mediated by “second signals” in the HVR N-terminal to the CaaX motif (Ahearn et al.,
2011a). For NRAS, HRAS, and KRAS4a Cys located in the HVR (two for HRAS and one
for NRAS and KRAS4a) serve as sites for palmitoylation (Hancock et al., 1989) (Fig. 3).
Following carboxymethylation, NRAS, HRAS, and KRAS4a are transported to the Golgi
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where the palmitoyl acyltransferase (PAT) complex, DHHC9-GPC186, attaches palmitate to
Cys within the HVR (Swarthout et al., 2005). These RAS isoforms are then shuttled to the
membrane through classical vesicular trafficking mechanisms (Apolloni et al., 2000; Choy,
etal., 1999). This is a reversible process in which acyl-protein thioesterase (APT) catalyzes
a deacylation reaction that removes palmitate from the RAS C-terminus (Duncan and
Gilman, 1998) (Fig. 3). This cycle of palmitoylation/depalmitoylation promotes HRAS and
NRAS shuttling between the PM and the Golgi and is thought to maintain specific
intracellular compartmentalization that facilitates RAS signaling (Rocks et al., 2005).
Interestingly, this cycle is regulated by another PTM: peptidyl-prolyl isomerization.
Specifically, FK506-binding protein 12 (FKBP12) binds palmitoylated HRAS and catalyzes
cis-trans isomerization of Pro179, which enhances depalmitoylation of HRAS (Ahearn et al.,
2011b).

In contrast, KRAS4b is not further lipidated post-prenylation (Fig. 3). Instead, a polybasic
region within the HVR serves as the second signal for KRAS4b membrane attachment
(Hancock et al., 1990). Phosphodiesterase 6 delta subunit (PDES) is a guanine-nucleotide
dissociation inhibitor (GDI)-like solubilizing factor that binds to the farnesylated C-terminus
of KRAS4b (as well as other RAS GTPases), chaperones it to the PM, and prevents random
redistribution to other membranes in the cell for all RAS isoforms (Chandra et al., 2011)
(Fig. 3). Once at the PM, KRAS release from PDES is catalyzed by the G protein Arl2
(Ismail et al., 2011). The positively charged polybasic region of KRAS4b forms an
electrostatic interaction with negatively charged headgroups on the cytosolic face of the PM
that, together with the farnesyl modification, are sufficient for KRAS4b to associate with the
PM (Ahearn, et al., 2011a).

1.2.2. RAS Degradation—RAS is modulated by additional PTMs which are discussed
below. However, RAS delivery to the membrane and subsequent function in signaling is a
dynamically regulated process involving the constitutive translation and degradation of RAS
as evidenced by its relatively short half-life [~9hrs (Kim et al., 2009)]. To date, reports of
RAS degradation have been exclusively through ubiquitin-mediated mechanisms (Fig. 3). In
one instance, RAS degradation is mediated by the same cellular machinery that regulates
Whnt/B-catenin signaling. Specifically, RAS is phosphorylated on Thr144 and 148
(pThrl44/148) by glycogen synthase kinase 3p (GSK3p), which is recognized by the F-box
protein B-transducin repeat-containing protein (B-TrCP) (Jeong et al., 2012). p-TrCP acts as
a recognition subunit for the E3 ubiquitin ligase Skp1-cullin-F-box (SCF) protein, which
polyubiquitylates RAS and targets it for proteolytic degradation by the proteasome (Jeong,
etal., 2012). A further level of regulation is enacted by the Smad ubiquitylation regulatory
factor 2 (SMURF2). SMURF2 forms an E2:E3 complex with the E2 ubiquitin-conjugating
enzyme UBCHS5 that polyubiquitylates B-TrCP (Shukla et al., 2014). This leads to B-TrCP
degradation and a loss of B-TrCP-mediated RAS degradation (Shukla, et al., 2014).

The E3 ligase, neural precursor cell expressed developmentally downregulated protein 4-1
(Nedd4-1), has also been implicated in RAS degradation (Zeng et al., 2014b). Interestingly,
Nedd4-1 regulation of RAS functioned as a negative feedback loop to attenuate RAS
signaling. RAS signaling enhanced expression of Nedd4-1, which ubiquitylated RAS
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targeting it for lysosomal degradation (Zeng, et al., 2014b). Thus, RAS degradation is
initiated and regulated by multiple ubiquitylation systems.

1.3. RAS Signaling

1.3.1. Upstream Signaling to RAS—Receptor tyrosine kinases (RTKs) such as
epidermal growth factor receptor (EGFR), fibroblast growth factor receptors (FGFR), and
vascular endothelial growth factor receptors (VEGFR) among many others (Popovic and
Wilson, 2010), are activated by growth factors that induce receptor dimerization and trans-
autophosphorylation of Tyr in their cytoplasmic carboxy-termini (Fig. 4). These phospho-
Tyr (pTyr) sites recruit effectors containing Src-homology (SH2) or protein tyrosine binding
(PTB) domains (Pawson, 1997) that mediate assembly of a variety of signaling complexes.
Of particular importance is the adaptor protein growth factor receptor-bound protein-2
(GRB2) which consists of a central Src homology 2 (SH2) domain and two flanking SH3
domains that constitutively interact with the Pro-rich region of the RAS GEF Son-of-
Sevenless (SOS) (Li et al., 1993). Upon RTK activation, the GRB2 SH2 domain binds pTyr
sites in the RTK C-terminus resulting in translocation of SOS to the PM where it facilitates
the exchange of GDP for GTP on RAS resulting in RAS activation and stimulation of
subsequent downstream signaling pathways (Buday and Downward, 1993; Chardin et al.,
1993; Egan et al., 1993; Gale et al., 1993; Li, et al., 1993; McCormick, 1993; Olivier et al.,
1993; Rozakis-Adcock et al., 1993; Simon et al., 1993) (Figs. 2 and 4).

1.3.2 Downstream RAS Signaling—RAS stimulates a number of prominent effectors
such as RAF, PI3K, RALGDS, TIAM1, RASSF, and many others (Rajalingam et al., 2007;
Repasky et al., 2004). Engagement of these targets involves RAS-GTP interaction with a
RAS binding domain (RBD) in each target. Three distinct RBD sequences have been
identified: (1) the RBD of RAF and TIAM 1, (2) the RBD from PI3K, and (3) the RAS
association (RA) domains of RALGDS and AF6 (Herrmann, 2003).

1321 RASRAF-MEK-ERK signaling: The RAS/RAF/MAPK pathway is mainly
involved in transducing signaling from the extracellular milieu to the cell nucleus and is
arguably the best characterized signal transduction pathway in cell biology. RAS-GTP
recruits the RAF Ser/Thr kinase which subsequently stimulates the MEK-ERK kinase
cascade. However, mutant RAS proteins result in constitutive activation of downstream
effectors even in the absence of growth factor stimulation, conferring a proliferative
advantage to tumors (Molina and Adjei, 2006; Simanshu, et al., 2017).

Active RAS promotes RAF recruitment to the cell membrane through the interaction of RAS
SW1 with the RBD of RAF (Fig. 2), which induces a conformational change in RAF that
exposes activating Ser/Thr and Tyr phosphorylation sites and dimerization of RAF
protomers (Hibino et al., 2011; Rajakulendran et al., 2009). Activated RAF phosphorylates
and activates the MEK1/2 dual-specificity protein kinase, which phosphorylates and
activates the ERK1/2 mitogen-activated protein kinase (MAPK). ERK1 and ERK2
phosphorylate and activate a variety of nuclear transcription factors and kinases, including
Elk-1, c-Etsl, c-Ets2, p90RSK1, MNK1, and MNK2 resulting in the induced expression of
genes that promote cell-cycle progression (Liebmann, 2001; Schreck and Rapp, 2006).
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However, ERK is also involved in negative feedback regulation of the pathway which has
important consequences for bypassing resistance to various targeted therapies of this
pathway (Neel and Bivona, 2017).

1.3.2.2 RASPI3K Signaling: Phosphoinositide 3-kinases (PI3Ks) represent a conserved
family of eight lipid kinases that phosphorylate phosphoinositides (PIs) at the 3-position of
their inositol ring (Engelman et al., 2006). PI3Ks are subdivided into three major classes
based on their structures and substrate specificity and several members are implicated in
cancer. PIK3CA has received the most attention due to its mutational activation in a number
of tumors including breast, colon, and liver (Engelman, et al., 2006). PIK3CA, hereafter
referred to only as PI3K, consists of a regulatory p85 subunit and a catalytic p110 subunit.
The p85 subunit links RTK activation with regulation of PI3K activity. However, PI3K is
also a RAS effector as the p110 catalytic domain contains an RBD that directly binds RAS
(Sheridan and Downward, 2013; Sjolander et al., 1991). All RAS isoforms do not activate
the PI3K pathway equally and HRAS is a more potent activator than KRAS (Yan et al.,
1998). Active PI3K converts phosphatidylinositol (4,5)-bisphosphate (PIP,) into
phosphatidylinositol (3,4,5)-trisphosphate (PIP3). PIP3 recruits phosphatidyl inositol-
dependent kinase 1 (PDK1) and AKT (protein kinase B) to the PM, where PDK1
phosphorylates and activates AKT at Thr308 (Downward, 2003). The mTORC2 complex
phosphorylates Ser473 resulting in full activation of AKT. The PI3K-AKT axis promotes
cell proliferation and survival by multiple mechanisms including inhibition of Bcl-2 family
members BAD and BAX, activation of MDM2, and inhibition of FOXO family of
transcription factors (Engelman, et al., 2006). Thus, RAS-PI3K signaling favors
tumorigenesis by supporting cell proliferation and opposing apoptosis. Indeed, disrupting
RAS-PI3K interaction through mutations of the RAS binding domain of PIK3CA led to a
substantial decrease in RAS-induced tumorigenesis highlighting the importance of p110a in
RAS-driven oncogenesis /n vivo (Gupta et al., 2007). Despite significant efforts in
developing PI3K inhibitors for anti-cancer therapy (Yang et al., 2019; Zhao et al., 2017),
clinical trials with these inhibitors as monotherapy has shown limited clinical efficacy. These
disappointing results are due in part to amplification, mutation of P/IK3CA and PIK3CB, and
extensive cross-talk with other signaling pathways leading to activation of compensatory
pathways in response to PI3K inhibition (Huw et al., 2013; Nakanishi et al., 2016; Yang, et
al., 2019).

1.3.2.3 RASRALGEF-RAL Axis. RAL (RAS Like) is a family of RAS-like GTPases
consisting of two members, RALA and RALB. Both are ubiquitously expressed in humans
and share 80% homology with RAS (Gentry et al., 2014; Repasky, et al., 2004). RAL
exchange factors, i.e., RAL-GEFs, serve as a direct link between RAS and RAL activation.
Four distinct RAL-GEFs (RALGDS, RGL, RGL2/RLF and RGL3) contain a common C-
terminal RAS association (RA) domain and are RAS effectors. GTP-bound RAS relocates
these RALGEFs to the PM where they promote the exchange of GDP for GTP on RALA
and RALB. Despite their similarity in sequence and effectors, RALA and RALB appear to
perform different and in some cases antagonistic functions. RALA is required for
anchorage-independent proliferation of transformed cells, while RALB is required for the
survival of transformed, but not normal, cells. Once activated, RAL signaling regulates many
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cellular processes including endocytosis, exocytosis, actin cytoskeletal dynamics, and
transcription (Chien and White, 2003).

1.3.24 RASTIAM1 Signaling: T lymphoma invasion and metastasis protein 1 (TIAM1)
is a GEF containing a RAS binding domain and is involved in RAS activation of RAC,
CDC42, and to a lesser extent RHOA (Mertens et al., 2003). T/AM1~/~ mice are resistant to
the development of RAS-driven skin tumors and fibroblasts derived from these knockouts do
not form foci when transfected with oncogenic RAS (Malliri et al., 2002). TIAM1 was
identified in a retroviral insertional mutagenesis screen for genes conferring invasiveness to
otherwise non-invasive murine T-lymphoma cells (Habets et al., 1994). Various post
translational modifications including myristylation, phosphorylation, and phosphoinositol
binding at the N-terminus of TIAM1 modulate its intracellular localization and activation
(Mertens, et al., 2003). Membrane localization of TIAML is crucial for its ability to induce
RAC-mediated membrane ruffles and activation of JINK. TIAM1 has been implicated in
neurotrophin-induced Schwann cell migration (Yamauchi et al., 2005). In addition to its role
in RAS signaling, TIAML1 is also involved in RAP1 mediated cell spreading (Arthur et al.,
2004). TIAMZ1 has been reported to be both pro- and anti-apoptotic as well as pro- and anti-
tumorigenic.

1.3.2.5 RASRASSF: Although potent activators of proliferation, RAS proteins stimulate
apoptotic and senescence pathways as well (Donninger et al., 2016). RASSF proteins
provide an important link between RAS activation and stimulation of these pathways.
RASSFs are a family of ten proteins characterized by a RAS association (RA) domain at
either the N-terminus or C-terminus (Zinatizadeh et al., 2019). Given the lack of intrinsic
catalytic activity, RASSF proteins function as scaffolding molecules that link RAS to a wide
range of signaling pathways including Hippo, BAX, and p53. Although several of the
RASSF family members bind to MST kinases (mammalian homologs of Drosophila Hippo),
RASSF1A appears to drive apoptosis through activation of MST kinases (Donninger, et al.,
2016). Despite binding MST kinases, other RASSF family members do not appear to
activate the Hippo pathway but rather link to apoptotic/senescence pathways through
activation of alternative pathways including p53 and BAX. Thus, RASSF genes act as RAS-
regulated tumor suppressors and the epigenetic inactivation of various RASSF genes in
human tumors plays key role in RAS-driven transformation and metastasis (Akino et al.,
2005).

1.3.3 Modulation of RAS Function by Post-Translational Modifications—PTMs
regulate the structure, function, localization, and abundance of proteins. Common PTMs
include phosphorylation, lipidation, acetylation, nitrosylation, ubiquitylation, glycosylation,
SUMOylation, methylation, hydroxylation, and formation of disulfide bridges among others
(Burkle, 2001). Given the key role of RAS in cell biology, it is not surprising that RAS is
regulated by many of these modifications as described below, with the exception of PTMs
required for the RAS lifecycle discussed in Section 1.2 (Fig. 1).

1.3.3.1. RASPhosphorylation: There are multiple phosphorylation sites on RAS, with
some conserved between isoforms, and others isoform specific (Khan, et al., 2020) (Fig. 1).
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Src phosphorylates all RAS isoforms on Tyr32 and Tyr64 in the SW1 and SW2 regions,
respectively (Bunda et al., 2014; Kano et al., 2019). Phosphorylation of Tyr32 on NRAS and
HRAS, or both residues on KRAS, attenuates RAF binding thereby negatively regulating
RAS signaling (Bunda, et al., 2014; Kano, et al., 2019). In the case of NRAS and HRAS,
pTyr32 also concomitantly enhanced GAP association and GTP hydrolysis (Bunda, et al.,
2014). Conversely, pTyr32/64 on KRAS inhibited both GAP and GEF interaction while
enhancing the intrinsic GDP/GTP exchange rate (Kano, et al., 2019). The consequence was
the formation of a “dark” GTP-loaded RAS (i.e. RAS in the “on” state but incapable of
effector interaction). Importantly, the phosphatase SHP2 dephosphorylated Tyr32 on HRAS
and NRAS (Bunda et al., 2015), and Tyr32/64 on KRAS (Kano, et al., 2019), resulting in
derepression of RAS-RAF interaction and promotion of downstream signaling. The critical
role of SHP2 phosphatase activity on RAS was underscored by work demonstrating that
deletion of Ptpnii (the gene encoding SHP2) nearly completely blocked the formation of
pancreatic ductal adenocarcinoma (PDAC) and non-small-cell lung cancer (NSCLC) in
pancreas-specific and lung-specific KRAS-driven mouse models, respectively (Ruess et al.,
2018).

Tyrl37 is another pan-RAS phosphorylation site. Unlike pTyr32/64, pTyr137 enhanced
RAS-RAF interaction without any effect on GTPase activity (Ting et al., 2015).
Interestingly, phosphorylation of Tyr137 appeared to be part of a positive feedback loop.
RAS activation of its effector RAS- and RAB-interacting protein 1 (RIN1) resulted in
activation of its own downstream effector, Abelson tyrosine-protein kinase (ABL), which in
turn phosphorylated RAS on Tyr137 resulting in enhanced signaling through RAF (Ting, et
al., 2015).

Protein kinase C (PKC) mediates phosphorylation of the KRAS C-terminus on Ser181
(Ballester et al., 1987; Bivona et al., 2006). This phosphorylation dissociated KRAS from
the PM through a farnesyl-electrostatic switch mechanism resulting in relocalization of
KRAS to internal membranes including the mitochondrial outer membrane and ER (Bivona,
et al., 2006). The effects of pSer181 on KRAS signaling were not determined because of the
confounding effects of PKC agonists on signaling pathways, and the fact that the
phosphomimetic mutant KRAS(G12V/S181E) was highly cytotoxic to cells through a Bcl-
X -mediated apoptotic mechanism (Bivona, et al., 2006). Inositol trisphosphate (InsP3)
receptors (IP3Rs) on the ER were later identified as novel KRAS effectors that were
inhibited in their ability to promote mitochondrial respiration and inhibition of autophagy
(Sung et al., 2013). GTP-loaded KRAS-pSer181 attenuated Bcl-X|_ sensitization of IP3R to
InsP3. Consequently, the ER-to-mitochondria Ca2* transfer required for IP3R-mediated
mitochondrial respiration was inhibited, leading to apoptosis (Sung, et al., 2013).

Paradoxically, pSer181 is required for normal KRAS activity. Alvarez-Moya et al
demonstrated a reciprocal relationship between KRAS-calmodulin (CaM) interaction and
Ser181 phosphorylation that modulates KRAS activity (Alvarez-Moya et al., 2010). CaM
inhibited phosphorylation of Ser181 by PKC, and conversely pSer181 inhibited CaM-KRAS
interaction. Interestingly, while CaM-KRAS interaction reduced KRAS activation, if CaM
and PKC were co-inhibited, KRAS activation and downstream signaling were still
attenuated indicating that pSer181 is necessary for RAS activation (Alvarez-Moya, et al.,
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2010). Mechanistically, phosphorylation of Ser181 decreased GAP activity on KRAS
promoting RAS-RAF interaction and downstream signaling (Alvarez-Moya, et al., 2010).

KRAS is also a substrate of cyclic GMP-dependent protein kinase (PKG). PKG
phosphorylated KRAS on Ser181 downstream of AMP-activated protein kinase (AMPK)
and required endothelial nitric oxide synthase signaling. As with PKC-mediated
phosphorylation of Ser181, PKC promoted KRAS loss from the PM over time (Cho et al.,
2016). In an intriguing twist on the work discussed above, however, the authors found that
pSer181 transiently and acutely enhanced KRAS association with the PM, KRAS
nanoclustering, and activation of both ERK and AKT, followed by loss of KRAS from the
PM by endocytic internalization of KRAS (Cho, et al., 2016). Overall, the discovery of RAS
phosphorylation has led to several new approaches to therapeutically inhibit RAS, which are
discussed in section 2.1.4.

1.3.3.2. RASAcetylation: RAS is also as a substrate for acetylation (Fig. 1), although the
function of this modification remains uncertain. RAS acetylation on Lys104 and Lys147 was
observed using recombinant RAS incubated with different lysine-acetyltransferases /n vitro
and with RAS immunoprecipitated from cell lysates (Knyphausen et al., 2016; Yang et al.,
2012). Substitution of Lys104 on KRAS(G12V) with non-acetylatable residues had no effect
on transforming activity or SOS-mediated nucleotide exchange (Yang, et al., 2012).
However, KRAS(G12V/K104Q) (mimicking acetylation) rendered RAS resistant to SOS,
suggesting that acetylation inactivated RAS (Yang, et al., 2012; Yin et al., 2017).
Nevertheless, this amino acid substitution likely did not reliably reproduce the effects of
acetylation. Using genetic code expansion to generate KRAS acetylated on Lys104
[KRAS(K104A°) or Lys147 [KRAS(K147A%)], Knyphausen et. al found that these
modifications did not affect SOS-mediated nucleotide exchange on acetylated KRAS
(Knyphausen, et al., 2016). Furthermore, K104Q RAS mutation reduced proliferation and
cell survival of transformed cells in one study (Yang, et al., 2012), but did not affect the
growth of wild-type RAS-expressing cells or the transformation potential of oncogenic
KRAS(G12V) in later work (Yin, et al., 2017). GAP activity was similarly attenuated in
KRAS(K104Q) (Yin, et al., 2017). The authors attributed the lack of effect of GIn
substitution on cell growth to a counterbalancing inhibition of GAP activity (Yin, et al.,
2017).

Inhibition or knockdown of HDACG6 and SIRT2 increased RAS acetylation, reduced
proliferation of colorectal cancer cells and non-small-cell lung carcinoma (NSCLC) cells,
and reduced the viability of KRAS(G12V), but not KRAS(G12V/K104A), transformed cells
(Yang et al., 2013). These results suggested that HDAC6 and SIRT2 are RAS deacetylases
and that Lys104 acetylation negatively regulates RAS activity and tumorigenicity. Thus,
HDACS6 and SIRT2 inhibitors could be used as therapeutics to target oncogenic RAS.
However, neither HDACS or SIRT2 directly deacetylated RAS(K104A€) or RAS(K147A¢)
(Knyphausen, et al., 2016). Thus, further work is needed to determine whether deacetylase
inhibitors could be used to attenuate oncogenic RAS activity.

Recent studies suggested that N-terminal acetylation of KRAS is important for structural
stability and function. Mass spectrometry of endogenous KRAS isolated from pancreatic
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cancer and colorectal cancer cells, or expressed in HEK293 cells, revealed loss of the
initiator Met and N-acetylation of the exposed Thr residue (Buser et al., 2001; Dharmaiah et
al., 2019; Ntai et al., 2018). Structural studies showed that KRAS(2-169) lacking the
initiator Met and N-acetylation was Mg2*-free and adopted the inactive state 1 conformation
of SW1 (Dharmaiah, et al., 2019). In comparison, N-acetylation of KRAS(2-169) resulted in
Mg?2* binding and stabilization of the switch regions through interaction of the N-acetylated
Thr with the central p-sheet (Dharmaiah, et al., 2019). This work suggests that removal of
the N-terminal Met and subsequent N-acetylation of the remaining Thr residue is a critical
processing event necessary for proper RAS folding and function.

1.3.3.3. RASNitrosylation: Nitric oxide (NO) was initially shown to stimulate RAS
nucleotide exchange through modification of Cys118 (Lander et al., 1996; Lander et al.,
1995a) (Fig. 1). Furthermore, RAS was critical for stress signaling, including NO, as
evidenced by diminished NF-xB signaling in cells expressing dominant negative RAS
compared to wild-type (Lander et al., 1995b). Structural and biochemical studies later
determined that nitrosylation of Cys118 did not directly affect the structure of RAS,
nucleotide exchange rates, or effector binding, but rather a RAS thiyl-radical intermediate in
the biochemical process of Cys118 nitrosylation enhanced nucleotide dissociation (Heo and
Campbell, 2004; Williams et al., 2003). Importantly, urethane-induced lung tumorigenesis
was impaired in transgenic mice expressing KRAS(C118S), suggesting that activation of
wild-type RAS by nitrosylation may contribute to oncogenesis (Huang et al., 2014).

A physiological role for RAS nitrosylation has been elucidated in the brain. While NO has
neurodegenerative effects, it also participates in neurogenesis both in physiological
processes and following injury [reviewed in (Contestabile and Ciani, 2004)]. NO-induced
neurogenesis involved MAPK signaling, although the specific mechanism remained
unidentified (Carreira et al., 2010). Cultured neuron stem cells (NCS) displayed upregulated
MAPK signaling and enhanced proliferation in response to NO through RAS Cys118
nitrosylation (Santos et al., 2018). In a mouse model of brain seizure, NO was necessary for
NCS proliferation post-injury (Carreira, et al., 2010). /n vivo, RAS nitrosylation was
observed in wild-type, but not mice lacking nitric oxide synthase suggesting that RAS
nitrosylation is required for NCS proliferation post-injury (Santos, et al., 2018). Considering
that the tumor microenvironment is under oxidative stress [conditions favorable to the
formation of reactive oxygen species such as NO (Grek and Tew, 2010)] and that
nitrosylation of wild-type RAS can contribute to tumorigenesis (Huang, et al., 2014),
targeting RAS nitrosylation may be a viable therapeutic strategy in a wide variety of tumors.

1.3.3.4. RASGlutathionylation: Glutathione is a tripeptide composed of Cys, Glu, and
Gly that is synthesized by cells and helps to maintain redox homeostasis (Mieyal et al.,
2008). Cys residues on proteins are susceptible to modification by glutathione — a process
called glutathionylation (Grek et al., 2013). This reaction can either occur non-enzymatically
on oxidized Cys or can be catalyzed by a number of enzymes (Xiong et al., 2011). As
described in the previous section, Cys118 on RAS is sensitive to oxidation. Angiotensin 11-
mediated reactive oxygen species production leads to glutathionylation of RAS on Cys118,
increased RAS activity, PI3K signaling, and protein synthesis contributing to vascular
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hypertrophy (Adachi et al., 2004). In contrast, in vitro measurements of RAS intrinsic
nucleotide exchange, SOS-mediated nucleotide exchange, and GAP-mediated GTP rates
hydrolysis were all unaffected by Cys118 glutathionylation (Hobbs et al., 2013a). In
addition, glutathionylated RAS was resistant to redox-mediated nucleotide dissociation,
indicating that Cys radicals formed in the step prior to RAS glutathionylation can activate
RAS by inducing nucleotide exchange (similar to radicals formed by nitrosylation — see
preceding section), but that the subsequent glutathionylation step actually neutralizes Cys
radical-mediated RAS activation (Hobbs, et al., 2013a).

1.3.3.5. RASUbiquitylation and SUM Oylation: Ubiquitylation of RAS can lead to RAS
degradation (section 1.2.2.) or directly modulate RAS activity (Figs. 1 and 3). For example,
similar to B-TrCP, leucine zipper-like transcription regulator 1 (LZTR1) bound RAS and
acted as a recognition subunit for another E3 ligase, cullin 3, leading to RAS ubiquitylation
(Bigenzahn et al., 2018). However, unlike B-TrCP, LZTR1-mediated RAS ubiquitylation at
Lys170 did not induce RAS degradation, but rather disrupted RAS association with the
membrane to inhibit RAS signaling (Steklov et al., 2018). Similarly, mono- and
diubiquitylation of HRAS and NRAS enhanced endosomal partitioning of these RAS
isoforms and attenuated MAPK signaling (Jura et al., 2006). The Rabex-5 E3 ligase also
mediated RAS ubiquitylation leading to endosomal localization of RAS and attenuated
signaling (Xu et al., 2010; Yan et al., 2010).

In contrast, RAS ubiquitylation may actually enhance RAS signaling. Sasaki et al identified
Lys147 as a ubiquitylation site on KRAS and HRAS that enhanced GTP-loading (Sasaki et
al., 2011). Indeed, ubiquitylated KRAS more effectively immunoprecipitated RAF and
PI13K, and enhanced their /n1 vitro kinase activities (Sasaki, et al., 2011). Further,
ubiquitylation of HRAS Lys117 enhanced GDP/GTP exchange while KRAS Lys147
ubiquitylation impaired GAP-mediated GTPase activity (Baker et al., 2013; Hobbs et al.,
2013b). These data suggest that inhibiting ubiquitylation of specific RAS sites may serve to
attenuate RAS function.

Similar to ubiquitylation, SUMOylation involves the covalent attachment of the small
ubiquitin-like modifier (SUMO) to lysine residues on proteins through an E1, E2, E3 ligase
system (Sarge and Park-Sarge, 2011). Unlike ubiquitylation, SUMOylation does not target
proteins for degradation, but rather modifies protein function. SUMOylation is involved in a
number of pathological processes including neurodegenerative disease, heart disease, and
cancer (Sarge and Park-Sarge, 2011). Lys42 on all RAS isoforms is a target of SUMOylation
(Choi et al., 2018a). Lys42 was SUMOylated with the SUMO3 protein through the E3 ligase
PIASy, and mutation of Lys42 to Arg reduced MAPK signaling (Choi, et al., 2018a; Choi et
al., 2018b). Treatment of transformed pancreatic cells with an inhibitor of SUMO E2
inhibited cell migration, suppressed expression of a mesenchymal cell marker, and
concomitantly induced the epithelial cell marker zonula occludens-1 (ZO-1) (Choi, et al.,
2018b). These effects correlated with a reduction in RAS SUMOylation suggesting that
SUMO maodification of Lys42 on RAS is an important event in tumorigenesis.
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1.3.4. RAS Regulation by Allosteric Interactions

1.3.4.1. RASIonicInteractions. As discussed above, Mg?* is a necessary co-factor for
RAS and is coordinated by several residues within the nucleotide binding pocket (Ser15,
Thr35, and Asp57) along with the nucleotide (Fig. 2) (Milburn et al., 1990; Pai et al., 1989;
Pai, et al., 1990). Structures of SOS complexed with RAS showed that Mg2* was displaced
and nucleotides were excluded from the nucleotide binding pocket, indicating the
importance of Mg?* for nucleotide binding (Boriack-Sjodin, et al., 1998). Indeed, the
intrinsic GDP/GTP exchange rate of RAS was increased 10-fold in low [Mg%*] compared to
physiological concentrations (Hall and Self, 1986). Chelation of Mg?* with EDTA is a
common methodology in RAS biology for inducing nucleotide release from RAS [e.g.
(Maurer et al., 2012)]. In addition to stabilizing nucleotide binding, Mg2* is also important
for GAP-mediated GTPase activity (Rudack, et al., 2012).

Ca?* also allosterically regulates RAS function. Ca2* binds RAS in the allosteric lobe by
coordinating with Asp107 and Tyr137 (Buhrman et al., 2010). Ca2* binding induced long-
range conformational changes that resulted in ordering of SW2 and shifted GIn61 into the
active site (Buhrman, et al., 2010). The authors proposed that RAS-Ca2* interaction was
critical for RAF-mediated GTPase activity that required GIn61, suggesting a reason that
GIn61 is a mutational hot spot (Buhrman, et al., 2010). Earlier work supported this
hypothesis by correlating structural features of RAS GIn61 mutants with the reduced ability
of RAF to catalyze RAS GTPase activity (Buhrman et al., 2007).

1.3.4.2. RASInteraction with the Plasma Membrane: RAS isoforms differ in how their
C-termini are modified and interact with membranes (section 1.2.1.). These differences
promote RAS segregation into distinct PM microdomains and depend on GDP versus GTP
loading (Parker and Mattos, 2015). For example, HRAS-GDP localized to cholesterol-rich
lipid rafts, but HRAS-GTP translocated to disordered membrane domains in galectin-1-
stabilized clusters (Prior, et al., 2003). In contrast, inactive KRAS clustered in non-raft
regions of the PM, and clustered in a distinct non-raft domain when GTP-loaded (Prior, et
al., 2003; Weise et al., 2011). KRAS segregation may also be supported by galectin-3, which
enhanced KRAS-mediated MAKP and PI3K signaling (Elad-Sfadia et al., 2004).
Importantly, KRAS-GTP and HRAS-GTP were segregated into separate non-raft
compartments, suggesting the potential for distinct signaling pathways to be activated by this
compartmentalization of RAS (Parker and Mattos, 2015; Prior, et al., 2003). NRAS displays
a third membrane partitioning scheme, concentrating at the interface between lipid rafts and
non-ordered membrane when bound to GDP, but moving into rafts when activated (Kapoor
etal., 2012; Parker and Mattos, 2015).

In addition, the activation state changes how RAS interacts with the membrane in an
isoform-specific manner. GTP-loaded HRAS and NRAS reoriented to interact with the
membrane through their a4 and a5 helices while activated KRAS remained more flexible
(Gorfe et al., 2007; Kapoor, et al., 2012). Thus, effector interactions with HRAS and NRAS
may be facilitated by membrane interactions (Gorfe, 2010). Activated KRAS interacted with
the membrane in an orientation that occluded the effector-binding region. This orientation
was reversed by addition of RAF or RALGDS RBDs, while the common G12V mutation
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enhanced an effector binding-domain exposed configuration (Mazhab-Jafari et al., 2015).
These studies underscore the importance of RAS-membrane interactions in the distinct
signaling profiles of the RAS isoforms and potentially point to isoform-specific therapeutic
targets on the RAS molecule.

2. Therapeutic Targeting of RAS

21

Human tumors are frequently (~27%) beset by RAS mutations and the annual number of
deaths due to RAS mutant cancers worldwide is on par with deaths caused jointly by malaria
and tuberculosis (Simanshu, et al., 2017). Furthermore, the importance of RAS in tumor
maintenance underscores the necessity for RAS targeted therapies. The incidence of RAS
mutations varies by tumor type with some cancers (e.g. pancreatic cancer) having a RAS
mutation in >90% of tumors. Mutations in RAS primarily occur at codons 12,13, and 61,
shifting RAS to the GTP-bound state due to impairment in both intrinsic and GAP-
stimulated GTP hydrolysis (Gibbs et al., 1984; Scheffzek et al., 1997; Simanshu, et al.,
2017) (Fig. 1). KRAS is most frequently mutated in solid tumors followed by NRAS and
HRAS (Prior et al., 2012) (Fig. 5). KRAS mutations occur mostly at codon 12 (80%) while
codon 61 mutations predominate in NRAS (60%). HRAS on the other hand displays a
roughly equal distribution of mutations at codons 12, 13 and 61 (Fig. 5) (Khan, et al., 2020;
O’Bryan, 2019).

Although decades of effort have failed to produce a single FDA-approved anti-RAS
therapeutic, the recent development of compounds that pharmacologically inhibit oncogenic
KRAS(G12C) provide hope that clinically viable treatments for RAS-driven cancers are on
the horizon (Canon et al., 2019; Fell et al., 2018; Hallin et al., 2020; Janes et al., 2018;
Ostrem et al., 2013). The following sections will discuss prior efforts to pharmacologically
target oncogenic RAS, the reasons for their inadequacy, and recent findings on compounds
and treatment modalities that may yet prove effective.

Indirect Inhibitors of RAS

A characteristic feature of RAS proteins is the lack of deep pockets other than the nucleotide
binding pocket (Fig. 2). However, the high affinity of RAS for nucleotides (picomolar
affinity) coupled with the abundance of guanine nucleotides in the cell has led to the belief
that targeting the nucleotide pocket may be folly. These properties initially led many to
believe that RAS may be “undruggable”. Thus, efforts focused on developing approaches to
indirectly target RAS. These endeavors have included inhibiting RAS processing and
trafficking, modulating RAS PTMs, and blocking RAS-mediated signaling pathways (Fig. 3
and Table 1).

2.1.1 Inhibition of RAS Prenylation—RAS association with the PM is dependent on
prenylation of the carboxy-terminal CaaX domain by FTase (Fig. 3). The seminal paper
describing farnesylation of RAS by FTase demonstrated that peptides as short as the last 4
amino acids of all RAS isoforms (i.e. the CaaX motifs) were sufficient to inhibit FTase-
mediated prenylation of RAS (Reiss, et al., 1990). Thus, were born the first FTase inhibitors
(FTIs) (Table 1). Although the tetrapeptide FTIs displayed poor cellular uptake and were
degraded intracellularly (Basso et al., 2006), improved peptidomimetics were developed. In
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one example, a methyl ester derivative of the tetrapeptide, CVIM (the KRAS4b C-terminus),
inhibited delivery of RAS to the membrane and activation of MAPK signaling (Lerner et al.,
1995). In addition, a number of hon-peptide mimetics of the CaaX motif proved to be “true”
FTls in that they were not modified or inactivated by FTase (Nigam et al., 1993; Qian et al.,
1994; Vogt et al., 1995), and restored normal growth patterns to RAS-transformed cells
(James et al., 1993). A number of these compounds even showed preclinical efficacy in
RAS-driven models of pancreatic cancer (Kohl et al., 1994), lung cancer (Sun et al., 1995),
and breast cancer (Kohl et al., 1995).

Non-peptidomimetic FTIs were also developed. These compounds were discovered through
screening of small molecules or targeting FTase-CaaX interaction, FTase-farnesyl
pyrophosphate (FPP) interaction, or both. Antagonists of FTase-FPP interaction showed
some efficacy in inhibiting growth of RAS-transformed cells (Gibbs et al., 1993; Hara et al.,
1993). Similarly, bisubstrate FTIs (inhibitors mimicking both CaaX and FPP interaction with
FTase) also substantially decreased growth of RAS-transformed cells, and restored contact
inhibition and normal cytoskeletal morphology (Manne et al., 1995). However, two of the
most successful FTIs were small molecule CaaX-competitive inhibitors of FTase (Basso, et
al., 2006). Specifically, the compounds SCH66336 (lonafarnib) and R115777 (tipifarnib)
displayed single-digit nanomolar 1Cgy concentrations with respect to FTase inhibition (End
et al., 2001; Njoroge et al., 1998).

Certain properties of FTIs presaged the eventual disappointing results in clinical trials. First,
in many cases, growth inhibition of oncogenic KRAS transformed cells and tumor cell lines
with FTIs required higher doses than for HRAS inhibition, or were simply ineffective
against KRAS transformed cells (End, et al., 2001; Lerner, et al., 1995; Rose et al., 2001).
This was due in part to the higher affinity of FTase for the KRAS4b C-terminus versus the
other RAS isoforms (Cox and Der, 1997; Reiss, et al., 1990). However, a more potent
explanation resided in the discovery that KRAS and NRAS can be alternatively prenylated.
In addition to FTase, two other prenylating enzymes are expressed by mammalian cells:
geranylgeranyl prenyltransferase-1 and -2 (GGTase-1 and GGTase-2). FTase recognizes
CaaX domains terminating in Ser, Met, Glu, and Ala, while GGTase-1 typically binds CaaX
domains ending in Leu, and GGTase-2 recognizes C-termini displaying two Cys of the
terminal four residues (Basso, et al., 2006). Unlike FTase, GGTases catalyze the covalent
attachment of a 20-carbon geranylgeranyl moiety to the reactive C-terminal thiol group on
substrate proteins (Sebti and Hamilton, 2000). A number of studies in the mid-90’s
demonstrated that KRAS4b and NRAS could be prenylated by GGTase-1 when FTase was
inhibited (James et al., 1995; Rowell et al., 1997; Whyte et al., 1997; Zhang et al., 1997). As
a result, FTI treatment of KRAS4b-mutant cells leads to geranylgeranylation of KRAS4b,
unaltered KRAS membrane association, and continued KRAS function. Given the
predominance of KRAS mutations in human solid tumors, FTI clinical trials have met with
disappointing results thus far.

A second unexpected characteristic of FTIs was that the sensitivity of cancer cells to FTIs
was not dependent on the mutational status of RAS. In a large panel of tumor cell lines from
diverse origins 70% of the lines were growth inhibited by the FTI, L-744832, but there was
no correlation to either the tumor origin or the presence of mutated RAS (Sepp-Lorenzino et
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al., 1995). Indeed, some of the resistant cells harbored oncogenic RAS. Similarly, the FTI,
BMS-214662, was potently cytotoxic to a number of the cancer cells, but without any
correlation to the presence of oncogenic RAS (Rose, et al., 2001). These unanticipated
results may have been due to whether or not the lines were dependent on RAS signaling, as
opposed to the presence of oncogenic RAS per se (Cox and Der, 1997). That being said, a
number of other proteins are farnesylated, including proteins involved in structural
properties of the nucleus, apoptosis, growth and cell cycle progression, mitosis, protein
folding, and stress response (Basso, et al., 2006). Reduced farnesylation of these additional
FTase substrates likely accounted for the effects of FTIs on cancer cells, but suggested a
number of potential non-RAS effects that may contribute to toxicity.

Nevertheless, a handful of FTIs entered clinical trials although most were not carried beyond
Phase I due to significant side effects and a lack of response (Appels et al., 2005; Basso, et
al., 2006; Crul et al., 2001). However, SCH66336 (lonafarnib) and R115777 (tipifarnib) have
now been tested in over 100 clinical trials (Khan, et al., 2020) (Table 1). Clinical trials in
cancer patients were directed at both solid and liquid tumors, and in monotherapy or
combination therapy (Basso, et al., 2006). In general, treatment of solid tumors with either
agent regardless of whether or not they were combined with other chemotherapies were
ineffective. Some cases of partial response or stabilized disease were observed with
lonafarnib monotherapy of NSCLC (Adjei et al., 2000; Eskens et al., 2001). Similarly, a case
of partial response to tipifarnib was also observed in NSCLC (Crul et al., 2002), and cases of
partial response and stable disease were seen in urothelial tract transitional cell carcinoma
and breast cancer (Johnston et al., 2003; Rosenberg et al., 2005). However, Phase Il and 111
trials in lung, pancreatic, and colorectal cancer failed to produce any response to tipifarnib
monotherapy (Adjei et al., 2003; Cohen et al., 2003; Heymach et al., 2004; Rao et al., 2004).
Comparably, lonafarnib treatment of pediatric brain tumors appeared to have positive results
in a Phase | study (Kieran et al., 2007), but a dose-finding study in malignant glioma
reported severe adverse events (Desjardins et al., 2011), and further trials utilizing lonafarnib
to treat brain tumors have not been reported.

Combining either lonafarnib or tipifarnib with chemotherapeutics did not significantly
improve the outcomes of solid tumor clinical trials. For example, combining tipifarnib with
gemcitabine to treat pancreatic cancer did not improve survival (Van Cutsem et al., 2004),
and combining tamoxifen with tipifarnib to treat breast cancer only yielded a handful of
partial responses or stable disease cases (Lebowitz et al., 2005). Lonafarnib combined with
paclitaxel to treat NSCLC was well tolerated and gave some promising results in Phase 11
trials (Kim et al., 2005), however, subsequent Phase 111 trials were terminated due to
insufficient activity (Basso, et al., 2006).

In contrast to studies on solid tumors, liquid tumors showed more promising initial results.
In a Phase | trial treating patients with refractory and relapsed acute leukemias with
tipifarnib 10 of 35 patients responded including 2 complete remissions (Karp et al., 2001).
However, a later Phase 11/111 trial combining tipifarnib with cytarabine showed no effects on
response or survival in patients with acute myeloid leukemia (AML) (Burnett et al., 2012).
Although positive responses were also observed in a number of other blood malignancies
(Alsina et al., 2004; Cortes et al., 2003; Kurzrock et al., 2004; Kurzrock et al., 2003),
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tipifarnib was rejected for approval in the treatment of AML due to an insufficient complete
response rate (Basso, et al., 2006). Studies in which blood cancer patients were treated with
lonafarnib showed early promising results (Borthakur et al., 2006; Cortes et al., 2007), but
the most recent Phase 11 trial reported only limited activity in patients with myelodysplastic
syndrome or secondary AML (Ravoet et al., 2008).

Despite the bleak results from clinical trials, FTIs may yet show clinical benefit. Tipifarnib
is currently in Phase 11 trials to treat squamous head and neck cancer in patients with mutant
HRAS (which is not alternatively prenylated) (ClinicalTrials.gov Identifier: NCT02383927).
Additionally, conditions that arise from other proteins dependent on prenylation may benefit
from FTIs. One such case is hepatitis D, which is caused by infections with the hepatitis
delta virus (HDV) (Hughes et al., 2011). Production of HDV viral particles is dependent on
prenylation of the large delta hepatitis antigen (Bordier et al., 2002), and therefore clinical
trials have been carried out to test the effectiveness of lonafarnib in treating HDV infections
including ongoing Phase 1 trials (ClinicalTrials.gov Identifier: NCT03719313). Published
reports indicate that 4 weeks of lonafarnib treatment is effective in lowering viral titers in a
manner that correlates to serum concentrations of the drug (Koh et al., 2015). More recently,
6 of 12 HDV patients receiving lonafarnib displayed negativity for HDV RNA when treated
for a longer, 12-week course, indicating the clinical viability of lonafarnib in treating HDV
(Yurdaydin et al., 2018).

Lamin A is another major target of FTase. Mutation of LMNA, the gene encoding lamin A,
gives rise to multiple diseases (Burke and Stewart, 2002; Reiss, et al., 1990) including
Hutchinson-Gilford Progeria Syndrome (HGPS) (De Sandre-Giovannoli et al., 2003;
Eriksson et al., 2003). HGPS is a rare condition that results in premature ageing
characterized by early hair loss, a thin nose and lips, prominent eyes and ears, and an
average life span of 13 years (Merideth et al., 2008). HGPS mutations in LMNA result in a
dominant negative (DN) form of lamin A (Eriksson, et al., 2003). Normally, after lamin A is
farnesylated, the last 15 residues of lamin A are cleaved off, removing the farnesylated
portion of the protein and producing a mature lamin protein that helps form the nuclear
envelope (Reddy and Comai, 2012). In HGPS, lamin A mutations create a version of the
protein that cannot be cleaved, and the persistently farnesylated protein intercalates in the
nuclear envelope causing cellular damage (Casasola et al., 2016). HGPS patients treated
with lonafarnib in two Phase Il clinical trials exhibited reduced mortality rates and
improvements in weight gain, cardiovascular measures, skeletal rigidity, and hearing
(Gordon et al., 2012; Gordon et al., 2018). Although not a cure, these trials are a start to
improving morbidity and mortality in HGPS patients.

Since KRAS and NRAS are alternatively prenylated (James, et al., 1995; Rowell, et al.,
1997; Whyte, et al., 1997; Zhang, et al., 1997), inhibition of both FTase and GGTase has
been suggested as an alternate treatment strategy. Treatment of tumor cells with combined
FTls and GGTIs or dual prenylation inhibitors (DPIs) that block both FTase and GGTase
was more effective at reducing KRAS prenylation and inducing apoptosis than either FTIs or
GGTls alone (Lobell et al., 2001). Animals infused with either combined FTIs and GGTIs or
DPIs for 72hrs at concentrations high enough to prevent KRAS prenylation died within two
weeks (Lobell, et al., 2001). Although 24hr infusions were tolerated, head to head
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comparison of an FTI against a DPI showed that the two treatments had comparable
outcomes, but neither treatment showed a statistically significant increase in tumor cell
apoptosis (Lobell, et al., 2001). Thus, the dose-limiting toxicity of combined FTIs and
GGTls or DPIs would likely limit the therapeutic benefit of these treatment strategies.

Despite these concerns, there were reasons to believe that GGTI-treatment alone could be
more effective in treating cancers. A number of RAS-superfamily proteins that are
downstream of RAS or essential for RAS-driven tumorigenesis and metastasis are
exclusively geranylgeranylated including RALA, RALB, CDC42, and RAC (Berndt et al.,
2011). Therefore, clinical trials were initiated using the inhibitor, GGTI-2418. Thus far, no
objective responses have been observed and one trial has been terminated due to lack of
efficacy (Karasic et al., 2019) (see also ClinicalTrials.gov Identifier: NCT03900442 and
https://drugs.ncats.io/drug/M67G28K74K). The DPI, L-778,123, was also tested in clinical
trials. Inhibition of prenylation of both FT1 and GGT]I substrates could be observed in blood
cells, but inhibition of KRAS prenylation was not (Britten et al., 2001; Lobell et al., 2002).
However, a Phase | study with nine NSCLC or head and neck cancer patients given
L-778,123 in combination with radiotherapy found one partial and five complete responses,
indicating the potential efficacy of L-778,123 (Hahn et al., 2002). A Phase | dosing study
conducted in pancreatic cancer patients concomitantly given L-778,123 and radiotherapy
reported “acceptable toxicity” levels and one partial response (Martin et al., 2004). More
recently, L-778,123 treatment of leukemia cell lines /n vitro suggested that this compound
could be effective in treating AML (Onono et al., 2008), especially in combination with
chemotherapeutics (Morgan et al., 2012). However, no further clinical work with this
inhibitor has been reported.

Finally, inhibition of FPP synthase (FPPS) has been tested as a way to prevent RAS
prenylation by limiting the amount of FPP and geranylgeranyl pyrophosphate (GGPP)
substrate available for the FTase and GGTase reactions. Bisphosphonates, such as
zoledronate, are a class of drugs that act as synthetic analogs of pyrophosphate and inhibit
FPPS (Gong et al., 2011). The aminobisphosphonate, zoledronic acid (ZOL), induced tumor
cell apoptosis, inhibited tumor growth in a number of /in vitro models (Marra et al., 2012), as
well as inhibited RAS prenylation and signaling (Santini et al., 2006; Xu et al., 2019).
However, ZOL is rapidly cleared from the blood through excretion and uptake by bone
tissue (Caraglia et al., 2010). New nanoparticle formulations have been developed to
facilitate targeted delivery and prevent clearance of ZOL that have shown effectiveness in
mice harboring glioblastoma and prostate adenocarcinoma xenografts (Marra, et al., 2012;
Marra et al., 2011; Porru et al., 2014; Salzano et al., 2016). Clinical trials utilizing ZOL to
treat RAS-driven cancers have yet to be reported (Table 1).

2.1.2 Targeting Post-Prenylation RAS Processing—Disrupting proteolytic
cleavage of prenylated RAS by RCE1 or blocking methylation of cleaved RAS by ICMT
would be predicted to retard RAS trafficking to the PM and inhibit RAS signaling. However,
results have been mixed. RCE1 inactivation worsened KRAS-driven myeloproliferative
disease whereas ICMT inactivation reduced tumor development (Wahlstrom et al., 2007;
Wahlstrom et al., 2008). In contrast, ICMT inactivation accelerated neoplastic progression in
a KRAS-driven PDAC mouse model (Court et al., 2013).
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Despite these results, small molecule inhibitors of RCE1 and ICMT have been developed
(Table 1). While some small molecules disrupted RAS membrane localization in HCT-116
cells (Mohammed et al., 2016), the most effective /n vitro inhibitors were the substrate
mimetics that were not cell permeable (Hampton et al., 2018). Although additional work is
required to develop RCE1 inhibitors with more drug-like properties, it remains unclear
whether such compounds would be effective at treating malignancies given the transgenic
animal studies referenced above.

N-Acetyl-S-farnesyl-I-cysteine based inhibitors compete with farnesylated proteins for
ICMT binding and inhibit RAS carboxymethylation in cells (Volker et al., 1991). Similarly,
cysmethynil competitively inhibited ICMT, resulting in defective RAS trafficking, reduced
signaling, and autophagic cell death [(Ramanujulu et al., 2013) and reviewed in (Yang et al.,
2017)]. However, current inhibitors are too limited in their efficacy, safety, and solubility
profiles for clinical use (Yang, et al., 2017).

The farnesylcysteine mimetic Salirasib inhibits RAS by blocking interaction with galectins,
which facilitate nanoclustering of activated RAS (Table 1) (Elad-Sfadia, et al., 2004; Prior,
et al., 2003; Rotblat et al., 2008; Weise, et al., 2011). As such, Salirasib selectively targets
activated RAS, disrupting RAS association with the PM, inhibiting RAS signaling, and
attenuating growth of RAS-transformed cells and cancer cell lines /in vitroand in vivo
[reviewed in (Rotblat, et al., 2008)]. Phase I clinical trials of Salirasib indicated minimal
toxicity (Badar et al., 2015; Borthakur et al., 2007; Bustinza-Linares et al., 2010; Furuse et
al., 2018; Laheru et al., 2012). However, a Phase 11 trial of Salirasib in mutant KRAS lung
adenocarcinoma failed to show any response [(Riely et al., 2011); ClinicalTrials.gov
Identifier: NCT00531401]. No further clinical trials have been reported at this time.

In the case of HRAS and NRAS, palmitoylation is another post-prenylation processing step
that could be targeted to reduce RAS localization to the PM, and thereby inhibit RAS
signaling. As discussed in section 1.2.2.1., the DHHC9-GPCL16 protein complex catalyzes
the transfer of a palmitate moiety onto one or two of the cysteine residues (depending on the
isoform) in the RAS HVR N-terminal to the farnesylated cysteine (Swarthout, et al., 2005).
There are a number of other DHHC (Asp-His-His-Cys)-containing proteins that function as
PATSs [reviewed in (Lobo, 2013)], and some also palmitoylate RAS proteins and/or are
considered oncogenes (Ducker et al., 2004; Lobo, 2013). To date, no specific or potent PAT
inhibitors have been developed (Lobo, 2013). The existing inhibitors tend to be highly
cytotoxic and there are a number of issues that make screening for selective DHHC protein
inhibitors difficult (e.g. high level of homology in the active site of PATS; inability to purify
active PAT), limiting the drive to develop this class of compounds (Lobo, 2013).
Counterintuitively, blocking depalmitoylation by inhibiting APT has also been studied as an
approach to inhibit RAS (Dekker et al., 2010). The concept behind this work centered
around the observation that a palmitoylation/depalmitoylation cycle is needed to maintain
proper localization of RAS proteins (Rocks, et al., 2005). Surprisingly, the inhibitor
palmostatin B reduced depalmitoylation and induced a random HRAS and NRAS membrane
distribution in cells (Dekker, et al., 2010). These effects correlated with a phenotypic
reversion of HRAS(G12V) transformed cells treated with palmostatin B (Dekker, et al.,
2010).
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2.1.3 Inhibition of RAS Trafficking to the Membrane—After prenylation and
processing in the ER, the next step at which RAS could be blocked is trafficking to the PM.
In the case of HRAS and NRAS this would entail targeting classical secretory vesicle
trafficking, which would necessarily be non-specific. Moreover, there is evidence that HRAS
has alternative trafficking pathways (Zheng et al., 2007). Conversely, KRAS is chaperoned
to the membrane through its interaction with the & subunit of phosphodiesterase 6 (PDES)
(Chandra, et al., 2011). Similar to the palmitoylation/depalmitoylation cycle of NRAS and
HRAS, cyclic KRAS-PDES and KRAS-membrane interaction is thought to prevent the
random distribution of KRAS in endomembranes and facilitate its trafficking to the PM
(Schmick et al., 2014). Therefore, PDES inhibitors were predicted to reduce KRAS
enrichment in the PM and decrease KRAS signaling. High-throughput screening followed
by structure-guided design was used to develop the compound deltarasin which bound to the
prenyl-binding pocket of PDES with nanomolar affinity and displayed good solubility and
membrane permeability (Zimmermann et al., 2013). Deltarasin rapidly and effectively
blocked KRAS-PDES interaction in this system, displaying an “in cell” affinity surprisingly
similar to the affinity of deltarasin for isolated PDES (41nM) (Zimmermann, et al., 2013).
Deltarasin treatment of PDAC cell lines resulted in KRAS redistribution to endomembranes,
inhibited proliferation, induced cell death, reduced ERK1/2 phosphorylation, and
significantly attenuated tumor growth in a PDAC mouse xenograft model (Zimmermann, et
al., 2013).

Unfortunately, deltarasin bound to other proteins at the effective concentrations leading to
non-specific cytotoxicity (Papke et al., 2016). A novel class of PDES inhibitors was
therefore developed, leading to a new compound, deltazinone 1, which inhibited PDES-
KRAS interaction, RAS signaling, and growth of PDAC cells, but without the general
cytotoxicity of deltarasin (Papke, et al., 2016). Although these compounds bound to PDES
with nanomolar affinity, micromolar concentrations were required for growth inhibition in
cells (Martin-Gago et al., 2017). Deltasonamide 1 and 2 represent a new generation of
molecules that bind PDES with picomolar affinity (Martin-Gago, et al., 2017). Like their
predecessors, these compounds inhibited KRAS-PDES interaction, affected KRAS
membrane redistribution, and inhibited PDAC cell growth; however, low membrane
partitioning coefficients limited the availability of these compounds in the cytosol (Martin-
Gago, et al., 2017). Therefore, further development is required to improve the membrane
solubility of these compounds.

A new class of PDES inhibitor has been developed with enhanced cell penetration
properties. While some PDES inhibitors are “ejected” from PDES by Arl-2 due to the same
mechanism that unloads KRAS from PDES (see section 1.2.1), deltaflexin-1 and —2 were
designed to include moieties to prevent unloading of the inhibitors from PDES and enhance
cell penetration (Siddiqui et al., 2020). Deltaflexin-1 and —2 bound to PDES with Kps of
3.6UM and 2.9uM, respectively, reduced FRET between KRAS(G12V) and PDES, and
reduced nanoclustering of KRAS(G12V) with an I1Csq of ~1.7uM (Siddiqui, et al., 2020).
Concordantly, Deltaflexin-1 inhibited the proliferation of cells expressing mutant KRAS
(IC5q = 10uM), but not HRAS or wild-type RAS. Both compounds inhibited tumorsphere
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formation, indicating the potential for these compounds to reduced tumor growth /n vivo
(Table 1) (Siddiqui, et al., 2020).

2.1.4. Targeting Other RAS Post-Translational Modifications

2.1.4.1. SHP2Inhibition: RAS phosphorylation has been described as having both
inhibitory and activating effects on RAS (see section 1.3.3.1.). Therefore, compounds that
both agonize and antagonize RAS kinases and phosphatases have been studied for their
effects on the ability of RAS to promote oncogenesis. The best studied of the compounds
targeting RAS phosphorylation are those that inhibit SHP2 (discussed in section 1.3.3.1.).
SHP2 is one of two non-receptor protein Tyr phosphatases discovered in the mid-1990s and
determined to play a role in RAS signaling (Deb et al., 1998; Feng, 1993; Freeman et al.,
1992; Noguchi et al., 1994). The two N-terminal SH2 domains negatively regulate the
phosphatase domain (Hof et al., 1998). SHP2 inhibitors were developed (e.g. NSC87877)
that bound the catalytic cleft of both SHP1 and SHP2, inhibited their activity, and attenuated
activation of RAS and MAPK (Chen et al., 2006). NSC87877 reduced proliferation of
leukemia cell lines and enhanced survival of mice with HL-60 xenografts when co-treated
with a PKC activator, indicating that oncogenic RAS is susceptible to SHP2 inhibition /n
vivo (Perez-Fernandez et al., 2019). 11-B08 bound the catalytic domain of SHP2 and
inhibited EGF-stimulated MAPK activation in HEK293 and NIH 3T3 cells (Zhang et al.,
2010). Importantly, 11-B08 also inhibited proliferation and growth of astrocytes derived from
an HRAS(G12V)-driven glioblastoma mouse model and glioblastoma cell lines, as well as
reduced tumor progression and size in a spontaneous transgenic glioma mouse model
(Bunda, et al., 2015). Similarly, 11a-1 bound the SHP2 active site, inhibited MAPK
activation, and reduced proliferation of cancer cell lines (Zeng et al., 2014a). 11a-1 also
inhibited EGF-induced MAPK activation, increased markers of apoptosis in PDAC cell lines
and PDAC patient derived xenograft (PDX) cells, and reduced growth and viability of PDAC
cells grown in 3D tissue culture (Kano, et al., 2019). PHPS1 also targeted the SHP2 catalytic
domain and blocked MAPK activation in tumor cell lines (Hellmuth et al., 2008). Chemical
optimization of PHPS1 led to GS493, which inhibited epithelial-to-mesenchymal transition
of PDAC cells and reduced growth of NSCLC cells in soft agar and mouse xenografts
(Grosskopf et al., 2015). Importantly, while GS493 alone only modestly reduced tumor
progression in established mouse PDAC and NSCLC models, co-treatment with MEK
inhibitors reduced ERK activation, decreased tumor proliferation, and induced tumor
regression (Ruess, et al., 2018). Analogously, the SHP2 inhibitor, compound #57, failed to
affect proliferation in NSCLC cells alone, but acted synergistically with MEK inhibitors to
attenuate cell growth (Mainardi et al., 2018). These results suggested that SHP2
dephosphorylation of RAS is involved in mechanisms of resistance to MEK inhibitors.
However, caution must be used in interpreting data from studies with NSC-87877, 11B-08,
11a-1, and GS493, as these inhibitors have off-target effects (Tsutsumi et al., 2018).

The most well studied of the SHP2 inhibitors, SHP099, binds an allosteric site and stabilizes
the auto-inhibited conformation of SHP2 (Chen et al., 2016; Garcia Fortanet et al., 2016).
Cell lines expressing oncogenic RTKs or possessing RTK amplification were sensitive to
SHP099, but lines with RAS or BRAF mutations were resistant (Chen, et al., 2016). SHP099
also inhibited an esophageal cancer mouse xenograft model and nearly eliminated
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circulating RTK-driven AML cells in an orthotopic mouse model (Chen, et al., 2016).
Concordantly, SHP099 reduced circulating tumor cell numbers and splenomegaly in a
mouse bone marrow transplant model of resistant AML expressing mutant FLT3 (Pandey et
al., 2019).

In contrast to the resistance of RAS-driven hematopoietic cancer and colorectal cancer cell
lines to SHP099, SHP099 was effective against a variety of cancer cells harboring mutant
KRAS, especially when combined with MEK inhibition. Specifically, SHP099 reduced the
viability of PDAC organoids and significantly inhibited tumor growth in PDAC xenografts
in mice (Kano, et al., 2019). In addition, KRAS mutant PDAC PDX organoids were
sensitized to the MEK inhibitor trametinib by SHP099 (Ruess, et al., 2018). Similarly, while
KRAS mutant lung cancer cell proliferation was not inhibited by SHP099 alone,
combination treatment with MEK inhibitors synergistically inhibited cell growth of lung,
pancreatic, and colorectal cancer cell lines (Jiang et al., 2019; Mainardi, et al., 2018).
However, SHP099 treatment alone was sufficient to stop NSCLC mouse xenograft tumor
growth (Mainardi, et al., 2018). This discrepancy was found to be due to SHP2 inhibition-
induced senescence in growth factor-limited conditions which was enhanced by MEK
inhibitors (Mainardi, et al., 2018). Comparable results were observed with combined
trametinib and SHP099 treatment in KRAS-mutant pancreas, lung, ovarian, and gastric
cancers, and triple-negative breast cancers expressing wild type RAS (Fedele et al., 2018;
Wong et al., 2018).

Sensitivity to SHP099 may be dependent on the specific RAS mutation. While cancer cells
with KRAS(G12) mutations responded to SHP2/MEK co-inhibition, KRAS(G13D),
KRAS(Q61K), and NRAS(Q61R) mutant cells were insensitive (Ahmed et al., 2019).
Interestingly, a subset of BRAF mutant cells were sensitive to SHP099 co-treatment with
BRAF inhibitors suggesting that SHP2 activity may be a general mechanism of resistance
for cells with mutations or amplifications in the RTK-RAS-RAF signaling pathway.

RMC-4550, an allosteric inhibitor similar to SHP009, inhibited KRAS(G12C)-mutant, NF1
mutant, or class 3 BRAF mutant but was ineffective against tumors driven by other KRAS
mutations (Nichols et al., 2018). Importantly, RMC-4550 inhibited SHP2 association with
GRB2 and the RTK-proximal scaffolding protein GAB1, but cells expressing a
constitutively active form of SOS were insensitive to RMC-4550-mediated reduction of
MAPK signaling (Nichols, et al., 2018). These results suggested that SHP2 may regulate
SOS-mediated activation of RAS (Nichols, et al., 2018) as opposed to directly regulating
RAS dephosphorylation.

2.1.4.2. Kinase Agonists and Antagonists: As discussed earlier, PKC phosphorylation of
RAS was found to promote apoptosis (Ballester, et al., 1987; Bivona, et al., 2006).
Therefore, PKC activation has been studied as a means to treat RAS-driven cancers.
Treatment of mice bearing PDAC xenograft tumors with Bryostatin-1, an acute PKC agonist,
resulted in significant inhibition of tumor growth (Mohammad et al., 1998). However, in
addition to the fact that PKC has many cellular targets (Nestler EJ, Lippincott-Raven, 1999),
Bryostatin-1 also inhibits PKC under prolonged exposure (Kortmansky and Schwartz, 2003).
Given the daily administration of Bryostatin-1 (Mohammad, et al., 1998), it remained
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unclear whether agonism or antagonism of RAS phosphorylation was involved in the anti-
tumor properties of Bryostatin-1 in this context. Reduced growth of Bryostatin-1 treated
KRAS(G12V) fibroblasts, but not KRAS(G12V/S181A) fibroblasts, was observed in vitro
and /n vivo, thus providing evidence that Bryostatin-1 acts mechanistically by promoting
Ser181 phosphorylation (Bivona, et al., 2006). In a Phase Il study combining paclitaxel and
Bryostatin-1 to treat advanced pancreatic cancer, no objective responses were observed and
treatment was discontinued due to progressive disease and significant adverse effects
(ClinicalTrials.gov Identifier: NCT00031694) (Lam et al., 2010). Similarly, a Phase Il study
for treating patients with metastatic or unresectable stomach cancer that combined cisplatin
with Bryostatin-1 was also discontinued due to lack of response (Table 1) (Clinical Trials.gov
Identifier: NCT00006389).

Consistent with the above results, the atypical PKC activator, prostratin, inhibited KRAS-
CaM interaction in KRAS mutant PDAC cells and transformed cells (Wang et al., 2015).
Prostratin also decreased the viability of KRAS(G12V) transformed fibroblasts and
pancreatic cancer cells, but not KRAS(G12V/S181D) transformed fibroblasts (Wang, et al.,
2015). Importantly, the number and volume of tumors formed by KRAS(G12V)-mutant
fibroblasts and PDAC xenografts was reduced by prostratin (Wang, et al., 2015). Moreover,
orthotopic mouse KRAS mutant PDAC tumor models displayed reduced tumor size, tumor
burden, and metastasis in response to prostratin (Wang, et al., 2015). Established tumor
growth was also inhibited by prostratin in both subcutaneous and orthotopic xenograft
models (Wang, et al., 2015). Similarly, inhibition of PKG-mediated KRAS Ser181
phosphorylation attenuated proliferation in NSCLC cells (Cho, et al., 2016). These results
suggested that phosphorylation of Ser181 was antagonistic to RAS function.

In contrast to the above studies, KRAS(G12V)-transformed xenograft tumor growth was
enhanced by expression of KRAS(G12V/S181D) (i.e. a phosphomimetic mutant), and nearly
abolished in xenografts expressing KRAS(G12V/S181A) (Barcelo et al., 2014). Similar
inhibition of tumor grow was observed in xenografts with the PKC inhibitors, Edelfosine
and Bryostatin-1 (Barcelo, et al., 2014). While these studies indicate the potential of
targeting protein kinases in RAS-driven cancers, the mechanism by which they act on
mutant RAS remains unclear: some of the studies indicate a pro-tumorigenic role for RAS-
phosphorylation while others suggest it is anti-tumorigenic. Furthermore, the ultimate
practicality of this approach remains in doubt as approval of drugs targeting PKC in the
clinic has remained elusive (Mochly-Rosen et al., 2012).

2.1.4.2. Co-Targeting Autophagy and MAPK Signaling: Although inhibitors targeting
signaling pathways downstream of RAS are relevant to treating RAS-driven and RAS-
dependent cancers, it is outside the scope of this chapter. There are a number of excellent
reviews that discuss such approaches [e.g. (Baines, et al., 2011; Liu et al., 2018)].
Nevertheless, there are a handful of recent papers that have shown success in treating
oncogenic RAS-dependent cancers by co-treating with inhibitors of MAPK signaling and
autophagy inhibitors.

In a physiological context, autophagy is a cellular quality control process that recycles
misfolded or aggregated cytoplasmic proteins and damaged organelles (Hansen and
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Johansen, 2011). In addition, autophagy is a stress response to starvation that provides cells
with nutrients through digestion of cellular organelles, or if starvation persists, initiation of a
distinct form of cell death called autophagic cell death (Galluzzi et al., 2018; Kroemer and
Levine, 2008). Importantly, due to their nutrient and oxygen deprived microenvironment,
tumor cells utilize autophagy (Degenhardt et al., 2006), and autophagy is increasingly
recognized to play a role in acquisition of drug resistance in cancer (Sui et al., 2013;
Zambrano and Yeh, 2016).

Pancreatic cancers depend on autophagy for tumor growth (Yang et al., 2011). Multiple
KRAS-mutant PDAC cell lines displayed increased levels of autophagic flux in response to
inhibition of the RAS-MAPK pathway (Bryant et al., 2019; Kinsey et al., 2019). Although
treatment of PDACs with inhibitors of the MAPK pathway have proven ineffective clinically
(Liu, et al., 2018), treatment of PDAC cells and tumor xenografts with a combination of an
autophagy inhibitor and an inhibitor to a member of the RAS-RAF-MAPK pathway resulted
in a synergistic inhibition of PDAC cells in culture as well as tumors in mice (Bryant, et al.,
2019; Kinsey, et al., 2019). This synergistic inhibition was not limited to PDAC but was also
seen in NRAS-mutant melanomas and BRAF-mutant colorectal cancers. Similar results
were observed in KRAS-mutant colorectal cancer cells and PDAC cells by siRNA co-
depletion of CRAF, BRAF, and the autophagy E1 ligase ATG7 with minimal effects on wild-
type cells (Lee et al., 2019). Perhaps most striking, compassionate treatment of a PDAC
patient refractory to standard-of-care treatment with trametinib (a MEK inhibitor) and
hydroxychloroquine (an autophagy inhibitor) resulted in reduced cancer pain, reduced
CA19-9 levels, a significant reduction in the primary tumor, and near complete resolution of
the metastatic liver lesions (Kinsey, et al., 2019). Thus, combinatorial inhibition of the
MAPK and autophagy pathways may provide a novel therapeutic approach for an
historically intractable disease. Indeed, several clinical trials are currently in progress to
assess this approach in PDAC as well as other RAS or RAF mutant cancers
(ClinicalTrials.gov Identifier: NCT03979651; NCT04214418; NCT04132505;
NCTO03754179; NCT02257424).

2.2 Direct Inhibitors of RAS

Targeting RAS directly by small molecules has been challenging due to a lack of amenable
binding pockets. Design of inhibitors targeting the nucleotide pocket has not been
considered possible due to the picomolar affinity of RAS for nucleotides coupled with the
millimolar levels of guanine nucleotides /n cellulo (Cox et al., 2014). To circumvent such
challenges, alternative approaches have been employed. Virtual screening of small
molecules, peptides targeting RAS-effector or RAS-GEF interactions, medicinal chemistry
to target specific mutated residues, and generation of RAS biologics (e.g. antibodies,
Monobodies, and DARPins) have identified numerous lead compounds. However, their
efficacy has been limited to either cell lines or mouse models and most have not advanced to
clinical evaluation. Nevertheless, a few promising leads have been developed, and some have
shown early clinical promise, renewing hope that oncogenic RAS will become a more
tractable therapeutic target in the near future (Table 2).
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2.2.1. Small Molecule Inhibitors of RAS

2211 Nonsteroidal Anti-Inflammatory Drugs: Nonsteroidal anti-inflammatory drugs
(NSAIDs) were recognized in the late 1980’s to early 1990’s to have anti-tumorigenic
activity (Ip et al., 1985; Pepin et al., 1992; Rao et al., 1995). The oxidative metabolite of the
NSAID Sulindac inhibited chemically-induced mammary tumors that were prone to HRAS
mutations (Table 2) (Thompson et al., 1995; Thompson et al., 1997). Sulindac directly
bound HRAS and prevented its interaction with RAF, the GEF CDC25, and p120GAP and
inhibited proliferation, MAPK activation, and RAF kinase activity in HRAS-transformed
fibroblasts (Herrmann et al., 1998). Clinically, NSAIDs were not found to have potent anti-
cancer effects, possibly due to dose-limiting side effects (Gurpinar et al., 2014).

2.2.1.2. Thepl Pocket: Four novel pockets (p1-4) on RAS were discovered using a
combination of computational methods and molecular dynamics simulations (Grant et al.,
2011). Virtual screening identified lead compounds (643000 and 117028) that bound to the
p3 pocket. Although some activity was observed in vitro, further development has not been
published. However, subsequent work identified the p1 pocket as a viable target of
compound binding (Fig. 2 and Table 2) (McCarthy et al., 2019).

The first reports of p1 pocket binding compounds came independently from two groups.
DCAI and cmpd12 bound a pocket adjacent to SW1/SW2 (Maurer, et al., 2012; Sun et al.,
2012), later recognized as the p1 pocket (Prakash et al., 2015a; Prakash et al., 2015b). Both
compounds inhibited nucleotide exchange (Sun, et al., 2012), and in the case of DCAI,
nucleotide release was attenuated by blocking RAS-SOS interaction (Maurer, et al., 2012).
Cmpd12 displayed a Kp for KRAS of 190uM, but only 78% inhibition of nucleotide
exchange was observed at ImM (Sun, et al., 2012). In cells, DCAI prevented GTP-loading
of RAS, and inhibited EGF-induced RAS-GTP (Maurer, et al., 2012). However, inhibition of
RAS signaling was not reported in either study and no further studies utilizing these
compound have been published.

Nonetheless, the pl pocket has remained an attractive site to target on RAS. The inhibitors
Kobe0065 and Kobe2602 were discovered by a virtual screen targeting the p1 pocket on
GTP-loaded HRAS(P40D) (Prakash, et al., 2015a; Shima et al., 2013). The compounds
inhibited the interaction of HRAS(G12V) with RAF, attenuated downstream MAPK
signaling, and reduced levels of phosphorylated AKT and GTP-loaded RALA (signaling
proteins downstream of PI3K and RALGDS discussed above). While the Kobe compounds
inhibited SOS-mediated nucleotide exchange /n vitro, in cells they failed to alter the levels
of RAS-GTP indicating that unlike previous p1 binders, the Kobe compounds specifically
inhibited the interaction of HRAS(G12V) with RAF (Shima, et al., 2013). Importantly, the
Kobe compounds inhibited the growth of HRAS(G12V)-transformed cells as well as cancer
cell lines harboring an oncogenic K, H-, or NRAS mutation and reduced growth of
colorectal cancer cell xenografts by 50% when given orally (Shima, et al., 2013). Despite
these promising results, further studies with the Kobe compounds have not been reported.

More potent pl pocket inhibitors have been recently described. BI-2852 was discovered
using NMR-based fragment screening and optimized by structure-based design (Kessler et
al., 2019). BI-2852 bound similarly to KRAS WT, (G12D) and (G12C) mutants regardless
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of GTP vs GDP. Further, BI-2852 effectively inhibited the interaction with SOS, CRAF, and
PI3K resulting in decreased nucleotide exchange, MAPK and AKT activation, and
proliferation. Interestingly, BI-2852 also inhibited the drop in KRAS(G12C)-GTP levels
caused by ARS-1620 treatment, indicating that BI1-2852 decreasing intrinsic GTPase activity
or reduces residual interaction of KRAS(G12C) with GAPs.

Another p1 binding compound, Cmpd11, bound RAS with nanomolar affinity and inhibited
RAS-RAF interaction (>10-fold reduction with 1uM cmpd11), as SOS-mediated nucleotide
exchange and release was only mildly affected. Treatment of KRAS mutant lung tumor cells
with cmpd11 reduced pERK levels and cell proliferation (McCarthy, et al., 2019). Testing of
the compounds /n vivo was not reported.

A unique inhibitor that simultaneously binds the KRAS p1 pocket and the membrane was
recently described using a novel screening assay that measured the BRAF activation by fully
processed KRAS(G12V) bound to liposomes (Jansen et al., 2017). Similar to the above p1
pocket binders, the initial hits were indole compounds, and medicinal chemistry generated
additional compounds including cmpd?2 that inhibited KRAS(G12V) activation in the
screening assay with a submicromolar ICsg. Cmpd2 inhibited the growth of KRAS(G12D)-
expressing pancreatic cancer cells, and dose-dependently reduced AKT and ERK activation.
Importantly, cmpd2 preferentially engaged prenylated, membrane bound KRAS vs soluble
KRAS (Jansen, et al., 2017). NMR measurements of paramagnetic relaxation enhancement
on nanodisc-tethered KRAS(G12V) revealed that cmpd2 simultaneously engaged
KRAS(G12V) and membrane. This dual interaction favored an orientation of KRAS relative
to the membrane that occluded the effector binding domain and prevented RAF engagement
(Fang et al., 2018). However, the in vivo efficacy of these compounds remains to be
evaluated.

2.2.1.3. Modulation of SOS-M ediated Nucleotide Exchange: Targeting RAS:SOS
interaction has also been used as an approach to develop direct RAS inhibitors (Table 2).
Compounds SCH-53239, SCH-53870, and SCH-54292 bound RAS in a pocket adjacent to
the SW2 region (Taveras et al., 1997). These compounds inhibited intrinsic nucleotide
exchange of NRAS(G12V) and reduced nerve growth factor-induced neurite outgrowth of
PC12 cells (Taveras, et al., 1997). Peri et al used molecular modeling to develop compounds
that inhibited CDC25-stimulated nucleotide exchange on HRAS (Peri et al., 2005).
Furthermore, these compounds downregulated pERK in fibroblasts, inhibited RAS-
dependent yeast growth, and proliferation of KRAS(G12R)-transformed fibroblasts (Peri, et
al., 2005). Further work has not been reported for these compounds.

A number of compounds bind SOS in a hydrophobic pocket in the CDC25 domain adjacent
to where RAS binds (Abbott et al., 2018; Burns et al., 2018; Burns et al., 2014; Hillig et al.,
2019; Hodges et al., 2018). These compounds were initially derived from the same screen
that discovered cmpd12 (Burns, et al., 2014; Sun, et al., 2012), and synthesis of derivatives
resulted in cmpd4 which displayed improved activation of SOS-mediated nucleotide
exchange on KRAS(G12D) in vitro and enhanced RAS-GTP levels in HelLa cells (Burns, et
al., 2014). While many of these small molecules enhanced SOS-mediated nucleotide
exchange, they paradoxically inhibited RAS signaling due to negative feedback
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phosphorylation of SOS by ERK which disrupted SOS-GRB?2 interaction, SOS membrane
localization, and consequently reduced RAS activation (Abbott, et al., 2018; Burns, et al.,
2018; Burns, et al., 2014; Hodges, et al., 2018; Howes et al., 2018). More potent compounds
were developed that inhibited ERK [cmpd17 and cmpd19, see (Abbott, et al., 2018)],
however, their effects on cell growth /n vitro or tumor growth /n vivo were not studied.

In contrast, BAY-293 binds to the same pocket on SOS1 but inhibits SOS1-KRAS
interaction and nucleotide exchange activity (Hillig, et al., 2019). This compound was
generated by chemical linking hits from an NMR-based fragment screen with optimized hits
from a high throughput screen and displayed enhanced binding affinity for SOS1 and
inhibition of SOS1-KRAS interaction (Hillig, et al., 2019). In wild-type cells, BAY-293
inhibited RAS activation, MAPK signaling, and cell proliferation. In contrast, BAY-293 was
no more effective than the inactive enantiomer at inhibiting KRAS(G12C) cells. However,
when combined with a RAS(G12C) inhibitor (see below), BAY-293 synergistically inhibited
cells indicating that cotreatment could improve the efficacy of KRAS(G12C)-targeted
inhibitors (Hillig, et al., 2019). While promising, further study is needed to determine the
clinical viability of SOS-binding small molecules.

Multiple groups have developed peptides that inhibit RAS:SOS interaction. The HBS3
peptide was based on the RAS-contacting aH helix of SOS (Patgiri et al., 2011). A
hydrogen bond surrogate (HBS) approach was used to produce stabilized a-helices with the
relevant SOS residues oriented to interact with RAS, and HBS3 was optimized for water
solubility and helical structure (Patgiri, et al., 2011). HBS3 bound to apoRAS and RAS-
GDP, and inhibited SOS-mediated nucleotide exchange /n vitro (Patgiri, et al., 2011). HBS3
treatment reduced RAS-GTP levels and MAPK activation in response to EGF stimulation
(Patgiri, et al., 2011). An independent group used a similar “stapled” peptide approach to
develop stabilized a-helix SOS (SAH-SOS)-based peptides (Leshchiner et al., 2015). The
resulting SAH-SOS1, peptide inhibited nucleotide binding by both wild-type and mutant
KRAS, disrupted KRAS-SOS interaction, and was cell permeable (Leshchiner, et al., 2015).
SAH-SOS1, treatment of KRAS mutant cancer cells reduced their viability which
correlated with reduced MAPK activity (Leshchiner, et al., 2015). Similarly, a cell
permeable RASGRF1 peptide inhibited RASGRF1-catalyzed nucleotide exchange /n vitro,
MAPK activation in cells, growth of KRAS-transformed fibroblasts, and IGF-stimulated
migration and invasion of urothelial-carcinoma-derived 5637 cells at 500nM (Sacco et al.,
2012). Unfortunately, none of these peptides were tested in mammalian animal models, and
therefore further study is required.

2.2.1.4. Inhibitorsof RAS/RAF interaction: A number of compounds with distinct or
unknown binding sites block RAS/RAF interaction (Table 2). MCP1 and its derivatives
inhibited RAS signaling and RAF activation, reduced RAS/RAF interaction in mammalian
cells, induced reversion and inhibited the invasiveness of HRAS(G12V) transformed
fibroblasts and NRAS(Q61K) HT-1080 fibrosarcoma cells, and inhibited growth of
KRAS(G12S) A549 lung carcinoma cells and KRAS(G12D) pancreatic adenocarcinoma
cells (Gonzalez-Perez et al., 2010; Kato-Stankiewicz et al., 2002). The MCP1 derivative,
MCP110, synergistically induced apoptosis and inhibited growth of multiple RAS mutant
human cell lines and Kaposi’s sarcoma-associated herpesvirus cell models when combined
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with MAPK inhibitors or microtubule-targeting drugs (Skobeleva et al., 2007). In mice,
MCP110 displayed reasonable tolerability, bioavailability, and persistence following oral,
intravenous, and intraperitoneal administration and moderately inhibited lung
adenocarcinoma xenograft growth a monotherapy (Skobeleva, et al., 2007). When combined
with paclitaxel, MCP110 drastically reduced the growth rate of mouse colorectal carcinoma
xenografts (Skobeleva, et al., 2007). Unfortunately, further preclinical evaluation has not
been reported.

The small molecule 3144 was discovered by a computational docking screen focused on
critical residues in the RAF binding region (SW1/SW2) on KRAS(G12D) (Welsch et al.,
2017). Although the authors were unable to obtain co-crystal structures of 3144 with KRAS,
several biophysical approaches demonstrated direct interaction with KRAS. Indeed,
mutations of predicted SW1/SW?2 interacting residues reduced binding. 3144 treatment
inhibited ERK and AKT activity and stimulated apoptosis in several RAS mutant cancer cell
lines /in vitro. Administration of 3144 either orally, or by a combination of i.v. and i.p.
injections, reduced the growth of KRAS-mutant xenograft tumors and NRAS mutant PDX
tumors (Welsch, et al., 2017). Further work on this promising drug candidate has not been
reported.

Cyclorasin cyclic peptides were discovered in a combinatorial peptide library screen,
inhibited RAS-RAF interaction, and were cell permeable (Upadhyaya et al., 2015). One
modified version, cyclorasin 9A5, displayed robust cellular uptake and potent
antiproliferative activity against RAS mutant cancer cells. Cyclorasin 9A5 selectively bound
GTP-loaded KRAS(G12V) near the SW1 loop, potentially overlapping with the p1 pocket as
determined by NMR (Grant, et al., 2011; Upadhyaya, et al., 2015). Treatment with
cyclorasin 9A5 reduced RAS:BRAF interaction as well as AKT and ERK activation in
various KRAS mutant cell lines (Upadhyaya, et al., 2015). As with many other small
molecules recently developed, further translational work is needed to explore the full
potential of this compound.

2.2.1.5. The Switch 2 Pocket: An important milestone in direct RAS inhibition was
achieved recently by the groundbreaking discovery of compounds that covalently bind to
KRAS(G12C) at the Cys12 residue in a unique binding pocket called the SW2 pocket (SII-
P) (Ostrem, et al., 2013). Surprisingly, these compounds only reacted with GDP- and not
GTP-loaded RAS yet effectively inhibited KRAS(G12C) mutant cells. This was due to the
fact that RAS(G12C) retains sufficient intrinsic GTPase activity that it continues to cycle in
cells thereby allowing for reaction with the inhibitor once GDP loaded. Newer iterations of
these compounds have been developed, e.g. ARS-853 (Patricelli et al., 2016) and ARS-1620
(Janes, et al., 2018), with enhanced binding and pharmacological properties compared to the
initial compounds and are available to the research community as tool compounds.

Recently, two additional KRAS(G12C) inhibitors, AMG510 (Canon, et al., 2019) and
MRTX849 (Hallin, et al., 2020), have advanced to clinical trials (ClinicalTrials.gov
Identifiers: NCT03600883 and NCT03785249, respectively). Like the earlier KRAS(G12C)
inhibitors, these compounds lock KRAS(G12C) in the inactive GDP-bound state (Canon, et
al., 2019; Fell, et al., 2018; Hallin, et al., 2020; Janes, et al., 2018; Ostrem, et al., 2013;
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Patricelli, et al., 2016). Structurally, one of the salient features of AMG510 is the
improvement in binding to KRAS(G12C) by interaction with a cryptic groove in
KRAS(G12C) to enhance potency and selectivity approximately 10-fold as compared to
ARS-1620 (Canon, et al., 2019) (Fig. 6).

AMG510 and MRT X849 treatment of KRAS(G12C) mutant cancer lines resulted in
accumulation of KRAS in the inactive state, and pronounced inhibition of KRAS-dependent
signaling, cancer cell growth, and regression of tumors in xenograft models (Canon, et al.,
2019; Hallin, et al., 2020). Initial clinical results with both AMG510 and MRTX849 have
been highly encouraging: significant tumor inhibition was observed in both lung and colon
adenocarcinoma cancer patients harboring KRAS(G12C) mutations (Canon, et al., 2019;
Hallin, et al., 2020). However, caution is warranted as cancer cells are notorious for
acquiring resistance to monotherapies, particularly those targeting oncogenic driver enzymes
(van Maldegem and Downward, 2020), and blocking the RAS pathway will inevitably lead
to emergence of drug resistance (Molina-Arcas et al., 2019). For KRAS(G12C) inhibitors it
might be doubly disadvantageous as higher levels of downstream effectors like RAF might
associate significantly with GTP-bound active RAS and reduce its cycling to the GDP state
thereby limiting reaction with KRAS(G12C) inhibitors (McCormick, 2020). Given this
concern, both Amgen and Mirati have explored various combination strategies including co-
inhibition of EGFR, PI3K, SHP2, AKT, mTOR, or MEK which improved responses in lung
and colon tumor xenograft models (Canon, et al., 2019; Hallin, et al., 2020; van Maldegem
and Downward, 2020). Given that KRAS mutations lead to an overall immune-suppressive
tumor microenvironment (Coelho et al., 2017; Cullis et al., 2018), AMG510 synergized with
immunotherapy (anti-PD1) to provide enhanced anti-tumor response in a preclinical
colorectal tumor model (Canon, et al., 2019). Thus, specific inhibition of KRAS within
tumor cells can alter the immune-suppressive tumor micro-environment and can synergize
with immune therapies. Thus, many are waiting with great expectations as these compounds
progress through clinical trials.

In an extension of the work to target G12C mutants, Genitle et al employed disulfide
tethering of a non-natural cysteine on KRAS(M27C) to discover compounds targeting an
expanded pocket around SW2 (Gentile et al., 2017). The compound 2C07 bound an
extended groove around the SII-P pocket which the group referred to as the SW2 groove
(SH-G). Importantly, 2C07 bound both GTP- and GDP-loaded K- and HRAS(M72C)
(Gentile, et al., 2017). Surprisingly, 2C07 did not affect the ability of GTP-bound
HRAS(M72C) to interact with the RAF-RBD despite significant alterations to SW1.
However, 2C07 inhibited the interaction of HRAS(M72C) with SOS to reduce nucleotide
exchange on HRAS(G12V/M72C). Furthermore, targeting S1I-G with a derivative of 2C07
inhibited HRAS(G12V/M72C) activation of PI3K (Gentile, et al., 2017). It is important to
note that 2C07 is only active on M72C mutants (the residue to which it is tethered) and the
above assays were performed /n vitro. However, 2C07 represents a lead compound for
further development of inhibitors targeting SII-G on RAS.

2.2.2. Biologics-Based RAS Inhibitors—A number of RAS inhibitors have been
generated based on antibodies and synthetic protein scaffolds (Khan, et al., 2020). While the
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applicability of these biological RAS inhibitors as therapeutics may be limited, they will
nevertheless assist in defining new drug targets on RAS.

2.2.2.1. RASAntibodies: Antibodies against RAS were the first developed RAS
inhibitors. The rat monoclonal antibody Y13-259 was produced against viral HRAS and
cross-reacted with both viral and endogenous RAS from multiple rodent cell lines (Furth et
al., 1982). Y13-259 bound near the SW2 region and was proposed to inhibit effector
interactions (Furth, et al., 1982; Lacal and Aaronson, 1986). When injected into NIH 3T3
fibroblasts, Y13-259 inhibited cell division (Mulcahy et al., 1985). Expression of a single-
chain variable fragment (scFv) of Y13-259 sequestered endogenous RAS in aggregates and
induced cell-cycle arrest (Cardinale et al., 1998). The anti-p21ser antibody was generated
against a synthetic peptide consisting of amino acids 5-16 of viral KRAS(G12S) (Clark et
al., 1985). Microinjection of the antibody reverted viral KRAS-transformed cells to a normal
phenotype (Clark, et al., 1985; Feramisco et al., 1985). While not useful as therapeutics,
these tools have indicated where RAS could be targeted by small molecules.

Interestingly, anti-p21ser inhibited GTP loading and failed to bind nucleotide-loaded RAS
suggesting that anti-p21ser bound to apoRAS (Clark, et al., 1985). These results raise the
possibility of targeting nucleotide binding as an approach to inhibit RAS despite the high
affinity of RAS for nucleotide. Indeed, recent studies support this possibility. A number of
RAS mutants (Q61L, G13D, and A146T) possess high intrinsic nucleotide dissociation rates
suggesting that they spontaneously release GTP and reside in a nucleotide-free state more
frequently than wild type RAS or other RAS mutants (Smith, et al., 2013). In addition, our
group discovered a role for apoRAS in regulating the PI3K Class 2p isoform (PIK3C2B)
(Wong et al., 2012). PIK3C2B activity was inhibited by apoRAS in vitro suggesting a
potential role for apoRAS in cell signaling. Furthermore, PIK3C2B interacted preferentially
with dominant-negative RAS vs WT or oncogenic versions in cells suggesting that
PIK3C2B was targeting apoRAS. Together, these findings suggest that it indeed may be
possible to target apoRAS as an approach to inhibit RAS function in cells. Some success
with such an approach has been found with heterotrimeric G-proteins. BIM-46187 inhibited
Gq by targeting the nucleotide-free state (Schmitz et al., 2014). Whether similar success is
possible with RAS remains to be seen.

2.2.2.2. RASIntrabodies: Intracellular antibodies (intrabodies) are single chain variable
fragments of antibodies (scFvs) composed of the variable light and heavy chains of
antibodies linked together (Cattaneo and Biocca, 1999; Rondon and Marasco, 1997).
Individually, the variable chains are considered the smallest immunoglobulin-based
recognition units (aka Domain antibodies or Dabs) (Ward et al., 1989). Intracellular Dab #6
(iDab#6) was isolated as a specific HRAS(G12V) affinity probe but also displayed cross-
reactivity to N- and KRAS (Table 2) (Tanaka et al., 2003). iDab#6 bound the SW1/SW2
region of RAS-GTP, prevented effector binding, inhibited HRAS(G12V)-mediated
transformation and activation of ERK and AKT, and blocked the growth of mutant-RAS
colorectal cancer and fibrosarcoma cell lines in culture (Tanaka, et al., 2003; Tanaka and
Rabbitts, 2010; Tanaka et al., 2007). When tested /7 vivo, iDab#6 blocked the ability of
HT-1080 fibrosarcoma cells [NRAS(Q61K)] and DLD-1 colorectal cancer cells
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[KRAS(G13D)] to form tumors in athymic nude mice (Tanaka, et al., 2007). Furthermore,
iDab#6 inhibited spontaneous lung tumor formation in a genetic mouse model (Tanaka and
Rabbitts, 2010).

Using iDab#6 as a tool for drug discovery, Quevedo et al utilized a surface plasmon
resonance (SPR)-based screen to identify compounds that bound HRAS(G12V) but not
when complexed with iDab#6 (Bery et al., 2018; Quevedo et al., 2018). Crystallography of
the lead compound showed that it bound in the p1 pocket and allowed for development of
the derivative Abd-7 which inhibited interaction of mutant H-, K-, and NRAS with the
RBDs from PI3Ka, PI3K+y, CRAF, and RALGDS (Quevedo, et al., 2018). Moreover, Abd-7
(20puM) inhibited EGF-stimulated ERK and AKT activation and proliferation of RAS-
mutant tumor cells (Quevedo, et al., 2018). Future work will be required to determine the
efficacy of this compound /in vivo.

Intrabodies against RAS that are self-internalizing have also been developed (Table 2). Shin
et al isolated a chimeric antibody that replaced the variable heavy chain of the cell
penetrating antibody, TMab4, with a variable heavy chain targeting KRAS(G12D) to yield
the antibody, RT11 (Shin et al., 2017). RT11 targeted a diverse set of oncogenic RAS
mutants in all three RAS isoforms, and blocked RAS interaction with CRAF, RALGDS, and
PI3Ka both /n vitroand in cells resulting in the concomitant inhibition of these signaling
pathways (Shin, et al., 2017). Mutational analysis indicated that RT11 bound the SW1/SW2
regions (Shin, et al., 2017). Furthermore, RT11 inhibited the growth of a diverse set of
human cancer cell lines expressing mutant K- and NRAS and showed no cytotoxicity
towards wild-type RAS-expressing cells (Shin, et al., 2017). Addition of an RDG peptide
that specifically bound tumor associated integrins conferred tumor specificity to the
antibody. The resulting chimeric antibody, RT11-i, exhibited improved anti-proliferative
activity on cultured cancer cells, reduced growth of KRAS and NRAS mutant tumors in
mice, and synergized with anti-tumor agents including cetuximab (Shin, et al., 2017) and
gemcitabine (Kang et al., 2018) to inhibit the growth of colorectal and pancreatic tumors in
mice.

Recently, a second generation of RT11-i was isolated with enhanced internalization and
endosomal escape, improved affinity of the VH chain for RAS, improved tumor affinity of
the RGD peptide, and a modified constant chain that conferred resistance to Fcy receptor—
mediated clearance (Shin et al., 2020). The resulting antibody, inRas37, had improved
binding to mutant RAS isoforms (~2-fold), and like RT11-i, colocalized on the inner
membrane with KRAS(G12V) and KRAS(G13D) in tumor cells, but remained cytosolic in
wild-type RAS-expressing cells (Shin, et al., 2020). inRas37, like RT11-1, disrupted mutant
RAS-RAF interaction in cultured cells, reduced oncogenic RAS-induced MAPK and AKT
activation, and inhibited the viability of mutant KRAS-expressing cells with single digit
micromolar ICgq’s. inRas37 displayed significantly enhanced anti-tumor activity over RT11-
i, reducing growth of LoVo tumor xenografts in mice by 75% compared to 45% for RT11-i
(Shin, et al., 2020). In mice with preestablished tumors, inRas37 inhibited growth of RAS
mutant tumors but not tumors with wild type RAS or tumors resistant to RAS knockdown
due to additional activating mutations in PI3K and/or B-catenin (Shin, et al., 2020).
Combination of inRas37 with inhibitors of PI3K or B-catenin synergized to reduce viability
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of the resistant cell lines in spheroid cultures and mouse xenografts (Shin, et al., 2020).
Additional studies will be required for translation to the clinic (Table 2).

2.2.2.3. sso7d-Based RAS Inhibitors: Proteins based on the sso7d protein scaffold
represent another family of engineered proteins used to target RAS. R11.1.6 is a sso7d
protein that favored binding to GppNHp-loaded KRas(G12D) over wild-type RAS
depending on the isoform of wild-type RAS (Table 2)(Kauke et al., 2017). KRAS(G12D)
interacted with R11.1.6 through the SW1/SW2 region, with one residue extending into the
pl pocket (Kauke, et al., 2017). Intriguingly, the interaction inhibited GTP hydrolysis, but
comparison of crystallographic structures indicated that R11.1.6 sterically competed with
RAF for binding to KRAS(G12D). In cells, R11.1.6 colocalized with KRAS(G12D) at the
membrane, pulled down both KRAS(G12D) and wild-type KRAS from cell lysates, reduced
co-immunoprecipitation of KRAS with BRAF, and inhibited MAPK signaling (Kauke, et al.,
2017). Although it is unlikely this inhibitor could be translated to the clinic due to delivery
issues, it provides a useful tool for the study of RAS.

2.2.24. RASTargeting Monobodies: Monobodies (Mbs) are synthetic binding proteins
based on the fibronectin type 111 (FN3) domain (Koide et al., 2012; Sha et al., 2017). These
designer proteins have been widely used to target many proteins given their ability to
selectively bind regions important to the function of the target protein (Sha, et al., 2017).
Indeed, the NS1 Mb bound with nanomolar affinity to both H- and KRAS but did not bind
NRAS or related small GTPases such as RRAS2 (Table 2) (Spencer-Smith, et al., 2017).
NS1 inhibited oncogenic HRAS and KRAS signaling both /n vitro and /n vivo but did not
impair signaling from NRAS or downstream oncogenic kinases such BRAF(VV600E) or
MEK(DD) (Khan et al., 2019; Spencer-Smith, et al., 2017). Although NS1 inhibited
oncogenic HRAS(G12V) activation of RAF, it did not affect HRAS:RAF interaction.
Structural studies revealed that NS1 bound the a4-a5 interface in the allosteric lobe, a
region implicated in RAS dimerization. Indeed, NS1 inhibited HRAS and KRAS
dimerization and nanoclustering (Spencer-Smith, et al., 2017). However, mutations of
residues proposed to mediate dimerization, i.e., Asp154 or Arg161, (Guldenhaupt, et al.,
2012), did not affect HRAS(G12V) signaling suggesting that RAS may utilize an alternative
interface for dimerization, such as the a3-a4 interface (Bery, et al., 2019; Spencer-Smith, et
al., 2017). Nevertheless, the importance of the a4-a5 interface in RAS function was
illustrated by the ability of NS1 to inhibit KRAS-dependent tumor growth in xenograft
models (Khan, et al., 2019).

Additional studies revealed that NS1 inhibited RAS at multiple levels (Spencer-Smith et al.,
2019). While NS1 did not affect HRAS interaction with RAF, KRAS:RAF interaction was
inhibited by NS1. This effect was mediated by the HVR region. Exchanging the HRAS
HVR for the KRAS HVR resulted in a chimeric oncogenic HRAS protein that bound RAF
to same extent as KRAS. Furthermore, NS1 reduced interaction of RAF with this HRAS
chimera. In contrast, exchanging the KRAS HVR for the HRAS HVR resulted in an
oncogenic KRAS protein in which interaction with RAF was unaffected by NS1. These
results suggest that NS1 may alter the KRAS HVR interaction with the PM thereby reducing
KRAS levels at the PM (Spencer-Smith, et al., 2017). Furthermore, NS1 inhibited GTP
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loading of WT RAS in cells following growth factor stimulation despite having no effect on
SOS-mediated nucleotide exchange on the isolated G-domain /n7 vitro. These results
suggested that NS1 binding of the a4-a5 interface may alter the orientation of RAS and
interfere with GEF binding. Together, the results with NS1 suggest that targeting the a4-a5
interface may provide a path to inhibit RAS /n vivo.

2.2.25. DARPiIn-Based RAS Inhibitiors: Designed ankyrin repeat proteins (DARPInS)
are another engineered protein scaffold used to target diverse proteins including RAS (Binz
et al., 2003). DARPins K27 and K55 were selected for binding KRAS(G12V), and both
inhibited SOS-mediated nucleotide exchange and RAS-RAF interaction (Table 2)(Guillard
etal., 2017). Neither DARPin was selective for any RAS isoform or mutation, but they were
specific for the nucleotide-bound state of RAS: K27 favored RAS-GDP (Kp = 3.9nM) and
K55 RAS-GTP (Kp = 167nM) (Guillard, et al., 2017). K27 bound RAS-GDP to inhibit
nucleotide exchange while K55 bound to GTP-loaded RAS. Both DARPIns prevented
interaction with multiple effectors, reduced ERK and AKT activation, and inhibited
anchorage-independent growth of RAS-mutant human tumor cells (Guillard, et al., 2017).

Recently, two additional DARPins, K13 and K19, that targeted KRAS(G12V) independent
of the nucleotide status with Kp’s of 30 and 10nM, respectively (Bery, et al., 2019). These
DARPiIns bound the a3-a4 helices in the allosteric lobe of KRAS(G12V) and inhibited
KRAS dimerization, suggesting an alternative dimerization interface to the a4-a5 interface
described in section 1.1. K13 and K19 were selective to KRAS vs NRAS and HRAS. As
with K27, K13 and K19 inhibited nucleotide exchange, but not effector interactions. In cells,
both DARPIns inhibited KRAS interaction with multiple effectors resulting in reduced
MEK, ERK and AKT activation without affecting wild type or mutant HRAS and NRAS
signaling (Bery, et al., 2019). As with many protein-based inhibitors, the RAS DARPIns are
not clinically viable in their current forms, but nevertheless represent important tools for
research and drug discovery.

2.2.2.6. DIRAS3: An Endogenous RAS Inhibitor: DIRAS3 is a 26 kDa RAS family
GTPase sharing 50-60% homology with the classical RAS family members. Like RAS,
DIRAS3 is prenylated at a C-terminal CaaX site, binds GTP with high affinity, exhibits
weak GTPase activity, and requires GTP-loading and membrane association for its
biological function (Luo et al., 2003). In contrast, the biological function of DIRAS3 is to
inhibit cell growth suggesting its role as a tumor suppressor. Interestingly, DIRAS3 is
downregulated in a number of cancers, and re-expression induces cytotoxicity, inhibits the
growth of tumor xenografts in mice, and reduces MAPK and PI3K signaling (Sutton et al.,
2019). Moreover, low DIRAS3 expression in PDAC patients predicts poor survival (Sutton,
etal., 2019). A recent study suggested that DIRAS3 functions as an endogenous inhibitor of
RAS (Sutton, et al., 2019). DIRASS interacted with KRAS at the PM and reduced RAS
nanoclustering. DIRAS3 bound the a5 helix of KRAS. Similar to NS1 Mb, DIRAS3
interacted with HRAS and KRAS but not NRAS (Spencer-Smith, et al., 2017; Sutton, et al.,
2019). DIRASS inhibited oncogenic HRAS and KRAS mediated signaling and
transformation; however, a DIRAS3 N-terminal deletion mutant (ANT DIRAS3) did not
inhibit KRAS function despite retaining comparable binding affinity to and subcellular
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localization with KRAS as WT DIRAS3 (Sutton, et al., 2019). Thus, DIRAS3 may represent
a naturally occurring RAS inhibitor. Whether inducing DIRAS3 re-expression in tumors
could be a valid therapeutic avenue remains to be seen. Nevertheless, these data underscore
the value of targeting the RAS allosteric lobe with Monobodies and DARPiIns as an
approach to inhibit RAS. However, the challenge with these and other anti-RAS biologics is
how to effectively deliver such therapeutic to tumor cells.

Conclusions/Future Directions

RAS plays an indispensable role in normal cell signaling and mammalian physiology, but is
frequently mutated as part of the tumorigenic processes. Thus, RAS has been a major focus
of cancer research in the ~40 years since it was first recognized as an oncogene. Although
there remain no FDA approved anti-RAS therapeutics, the recent development of highly
specific drugs that directly target KRAS(G12C) has provided significant hope for success.
These drugs have shown encouraging preclinical as well as early Phase 1 clinical results
(Canon, et al., 2019; Hallin, et al., 2020). Thus, success in therapeutically inhibiting RAS
appears in sight. Nevertheless, these drugs only inhibit a small portion of RAS mutant
cancers (<15%), and continued persistence will be needed to develop drugs that inhibit a
wider range of mutant RAS proteins. In addition, resistance to these inhibitors is all but
certain, thus necessitating the implementation of combination therapies to inhibit potential
bypass resistance pathways and/or engage the immune system in the hopes of establishing
more durable therapeutic responses. Given the newfound appreciation that is indeed possible
to directly inhibit RAS with clinically viable small molecules, there has been a resurgence in
interest in pharmacologically targeting RAS. Thus, there is great optimism that we will
eventually succeed in developing viable anti-RAS therapeutics for cancer patients, with the
light at the end of the tunnel indeed growing brighter.
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Figure 1. RAS structure.
Alignment of RAS isoforms. Secondary structure is indicated by the location of alpha

helices and beta strands. PTMs to specific residues are indicated as follows: farnesylation,
(F); ubiquitylation and acetylation, (U); nitrosylation and glutationylation, (I\);
SUMOylation, (S); and Ca?* binding, (C); phosphorylation, boxed residues (O); mutation
hotspots,orange arrowheads (A). Additionally, the dimer interface (a4-p6-a5) in
highlighted.
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Dimer
Interface

Figure 2. Three-dimensional visualization of RAS features.
All structures were generated using PDB: 5P21. A) Switch 1 (SW1; orange), Switch 2

(SW2; yellow), and the P-Loop (P; cyan) are shown in relation to the nucleotide binding
pocket occupied by GTP and Mg2* (green and magenta, respectively) and the p1 pocket.
Effector lobe is shown as white and allosteric lobe, grey. B) RAS is shown in the same
orientation as A) to illustrate the overlap of the RAF (blue) and SOS (black outline)
interaction surfaces with the switch regions. The interfaces for RAF and SOS were
extrapolated from Fetics et al and Boriack-Sjodin et al respectively (Boriack-Sjodin, et al.,
1998; Fetics et al., 2015). C) The a4-a5 dimer interface is indicated in red. D) A RAS dimer
is depicted with secondary structure highlighted, with the dimer interface colored red, SW1
and SW2 are orange and yellow, respectively.
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Ubiquitylation
A W

Proteasomal
Degradation

Figure 3. RAS ifecycle.
RAS is translated in the cytoplasm (*) where the Cys of the CaaX motif is prenylated by

FTase after which it associates with the endoplasmic reticulum (ER). In the ER, RAS is
modified RCEL1 followed by ICMT to remove the aaX of the Caax motif and methylation of
the C-terminal Cys, respectively. KRAS is trafficked to the PM by PDES while N- and
HRAS are transferred to the Golgi and palmitoylated by PAT. N- and HRAS are shuttled to
the PM from the Golgi by classical vesicular trafficking mechanisms. RAS function is
modulated by PTMs and targeted degradation. Numbers indicate points where RAS has been
targeted for indirect inhibition: (D Prenylation inhibitors are discussed in section 2.1.1.; @
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Inhibition of RAS processing in section 2.1.2.; @ Inhibition of KRAS trafficking in section
2.1.3.; @ Targeting RAS PTMs in section 2.1.4.
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Figure 4. RAS activation and direct inhibitors of RAS.
From left to right: D RAS is inactive when bound to GDP. @ RTK activation results in

recruitment of GRB2/SOS complex to the PM where SOS promotes GDP release from RAS
and formation of transient nucleotide-free state (apo-RAS; Q). @ Binding of GTP leads to
RAS recruitment of effectors. B Subsequent dimerization of the RAS/effector complex
activates effectors initiating signaling cascades. RAS inactivation occurs through GTP
hydrolysis catalyzed by GAPs. Numbers indicate points of direct RAS inhibition: D G12C
inhibitors (section 2.2.1.2.); @ Inhibitors of SOS-RAS (sections 2.2.1.3.,2.2.1.4.,2.2.2.1.,
and 2.2.2.5.); @ Inhibitors of apo-RAS (section 2.2.2.1.) @ Inhibitors of effector
interactions (sections 2.2.1.3.,2.2.1.5.,2.2.2.1.,2.2.2.3.,2.2.2.4.,2.2.25.,2.2.2.6., and
2.2.2.7.); ® Anti-RAS Biologics (see sections 2.2.2.6., and 2.2.2.7.). Coloring of RAS
molecule is the same as in Fig. 2.
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RAS Mutation Frequency by Isoform

I

G12D G12V G12C G13D G13R Q61H Q61R Q61L Q61K

Figure 5. RAS mutation frequency.
(A) Structures of wild-type KRAS (PDB:6GOD; yellow), NRAS (PDB:5UHV; magenta),

and HRAS (PDB:5P21; cyan) loaded with GppNHp were aligned and sized relative to their
mutation frequency in cancer (indicated as percentages). Mutation hotspots are indicated in
red and labeled with codon number. (B) The frequency of specific missense mutations is
graphed as the percentage of occurrences relative to the total number of mutations within
each isoform. Data were compiled from the Catalogue of Somatic Mutations (COSMIC),
v86 (Forbes et al., 2017).
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Figure 6. Compar ative structures of KRAS(G12C) inhibitors.
(A) Shokat cmpd 16 (PDB: M422); (B) ARS1620 (PDB:5V9U); (C) MRTX cmpd12 (PDB:

6N2K); (D) AMG510 (PDB: 60IM). Coloring is the same as described in Fig. 2A
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Table 1.
Indirect Inhibitors of RAS
Name Potency Type Binding M echanism of Model Tested Clinical Trials Selected
Site Action References
Peptidomimetic | 1Csq=0.5— FTI Catalytic I RAS Cell culture; (James, et al.,
FTase Inhibitors | 830nM domain of farnesylation and Mouse models of 1993; Kohl, et
(FT1) FTase membrane pancreatic, lung, al., 1994;
attachment and breast cancer Reiss, et al.,
1990)
Natural 1Cgp = FTI Catalytic | RAS Cell culture; (Gibbs, et al.,
Products-Based 12nm-13uM domain of farnesylation and Mouse 1993; Hara, et
FTls and FTase membrane fibrosarcoma al., 1993)
Derivatives attachment model
Lonafarnib 1Cs50 = 1.9nM FTase inhibitor FTase I RAS Cell culture; Used in nearly (Desjardins, et
(SCH-66336) farnesylation and Mouse models; 40 clinical al., 2011;
membrane Cancer clinical trials for Eskens, et al.,
attachment trials; Progeria various 2001; Gordon,
clinical trials cancers, etal., 2018;
progeria, and Kieran, et al.,
Hep D. 2007; Kim, et
Progeria: al., 2005;
NCT00425607 Njoroge, et al.,
Hep D.: 1998; Ravoet,
NCT03719313 etal., 2008;
Yurdaydin, et
al., 2018)
Tipifarnib 1C50 =7.9nM FTase inhibitor FTase | RAS Cell culture; Used in over (Alsina, etal.,
(R115777) farnesylation and Mouse models; 80 trials for 2004; Burnett,
membrane Clinical trials; various etal., 2012;
attachment Currently in Phase | cancers; Crul, etal.,
11 clinical trials for | Currently: 2002; End, et
head and neck NCT02383927, | al., 2001; Rao,
tumors. NCT03496766 et al., 2004)
BMS-214662 1Cs9 = 100nM | FTase inhibitor Catalytic I RAS Cell culture; NCT00006242 | (Rose,etal.,
(HRAS); domain of farnesylation and Mouse models of NCT00006213 | 2001)
>2.5uM FTase membrane lung, colon, NCTO00005973
(KRAS) attachment bladder, gastric, NCT00022529
and pancreatic NCT00006018
cancer; Phase | NCT00004877
clinical trials —
mostly solid
tumors
L-744832 IC50 = 2- FTase inhibitor FTase | RAS Cell culture; (Sepp-
20uM farnesylation and Lorenzino, et
membrane al., 1995)
attachment
DPI-1 and 1Csp = 340nM Dual FTase and I RAS family Cell culture; (Lobell, et al.,
DPI-2 (DPI-1); prenylation GGTase prenylation and Mouse model of 2001)
207nM inhibitor (DPI) membrane pancreatic cancer
(DPI-2) attachment
GGTI-2418 GGTase GGTase | RALA, RALB, Phase | trial for NCT03900442 (Karasic, et
inhibitor CDC42, and RAC advanced solid al., 2019)
geranylgeranylation | tumors
and membrane
attachment
L-778,123 1Cs0 = DPI FTase and I RAS family Cell culture; Phase | NCT00003430 (Hahn, et al.,
100nm-162uM GGTase prenylation and | trial for solid and | NCT00004057 | 2002; Lobell,
membrane liquid tumors etal., 2002;
attachment Morgan, et al.,
2012)
Bisphospohates/ FPPS inhibitor FPPS | farnesyl and Cell culture; Used in 100s (Salzano, et
Zoledronic acid geranylgeranyl Mouse models and | of clinical al., 2016; Xu,
lipid synthesis, human trials of trials, primarily | etal., 2019)
RAS lipidation, pancreatic, for bone-
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Name Potency Type Binding M echanism of Model Tested Clinical Trials Selected
Site Action References
and membrane prostate, lung, and related
localization breast cancer; maladies
Clinical trials
NSC1011 and ICgo~ 5— RCEL1 inhibitor RCE1 | RAS membrane Cell culture (Mohammed,
derivatives 10uM localization etal., 2016)
Cysmethynil 1Cgp~ 2 — ICMT inhibitor ICMT | RAS membrane Cell culture (Ramanujulu,
and derivatives 25uM localization etal., 2013)
Salirasib Kg=2-10uM | Farnesylcysteine | Galectins | Activated RAS Cell culture; NCT00531401 | (Borthakur, et
mimetic membrane Mouse models of al., 2007;
localization neurofibromatosis, Bustinza-
colon cancer, and Linares, et al.,
pancreatic cancer; 2010; Furuse,
Phase | and 11 etal., 2018;
trials for solid Riely, et al.,
tumors 2011; Rotblat,
et al., 2008)
Palmostatin B 1Cgp = 670nM APT inhibitor APT TRandom H/NRAS Cell culture (Dekker, et al.,
membrane 2010)
distribution
Deltarasin Kgq=41nM PDES inhibitor Prenyl- | KRAS/PDES Cell culture; (Zimmermann,
binding interaction and Mouse pancreatic etal., 2013)
pocket RAS trafficking to cancer model
the plasma
membrane
Deltazinone 1 Ky =8nM PDES inhibitor Prenyl- | KRAS/PDES Cell culture (Papke, et al.,
binding interaction and 2016)
pocket RAS trafficking to
the plasma
membrane
Deltasonamide Kg =203pM PDES inhibitor Prenyl- I KRAS/PDES§ Cell culture (Martin-Gago,
land 2 1) binding interaction and etal., 2017)
K4 = 385pM pocket RAS trafficking to
V) the plasma
membrane
Deltaflexin-1 1Csp = 10uM PDES inhibitor Prenyl- | KRAS/PDES Cell culture (Siddiqui, et
and -2 binding interaction and al., 2020)
pocket RAS trafficking to
the plasma
membrane
NSC87877 1C50 = 300nM | SHP1/2 Catalytic TpY32 / leffector Cell culture; (Chen, et al.,
inhibitior domain binding Mouse leukemia 2006; Perez-
model Fernandez, et
al., 2019;
Tsutsumi, et
al., 2018)
11-B08 1Csp = 5.5uM SHP2 inhibitor Catalytic TpY32 / leffector Cell culture; (Bunda, et al.,
domain binding Mouse glioma 2015;
model Tsutsumi, et
al., 2018;
Zhang, et al.,
2010)
1la-1 1Cs9 =200nM | SHP2 inhibitor Catalytic TpY32 / leffector 2/3D cell culture (Kano, etal.,
domain binding 2019;
Tsutsumi, et
al., 2018;
Zeng, et al.,
2014a)
PHPS1 1Cs0 = 2.1uM; | SHP2 inhibitor Catalytic TpY32 / Jeffector Ex vivo 3D- (Hellmuth, et
K;=0.73uM domain binding transdifferentiation al., 2008;
assay Ruess, et al.,
2018; Zhao et
al., 2019)
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Name Potency Type Binding M echanism of Model Tested Clinical Trials Selected
Site Action References
GS493 1C59 = 71nM SHP2 inhibitor Catalytic TpY32 / leffector Cell culture; (Grosskopf, et
domain binding Mouse pancreatic al., 2015;
and lung cancer Ruess, et al.,
models 2018;
Tsutsumi, et
al., 2018)
cmpd #57 SHP2 inhibitor SHP2 TpY32 / Jeffector Cell culture (Mainardi, et
binding al., 2018)
SHP099 IC50 = 71nM SHP2 inhibitor N- TpY32 / leffector Cell culture; (Chen, etal.,
terminal/C- binding Mouse pancreatic, 2016; Jiang, et
terminal/ lung, ovarian, and al., 2019;
Phosphatase breast cancer Kano, et al.,
domain models 2019; Pandey,
interface etal., 2019;
Wong, et al.,
2018; Zhao, et
al., 2019)
TNO155 SHP2 inhibitor SHP2 TpY32 / Jeffector Phase I clinical NCT03114319
binding trial dose finding
study for patients
with advanced
solid tumors
JAB-3068 SHP2 inhibitor SHP2 TpY32 / leffector Phase I clinical NCT03565003
binding trial dose finding
study for patients
with advanced
solid tumors
RMC-4550 ECso = 49nM SHP2 inhibitor SHP2 I Nucleotide Cell culture; (Nichols, et
allosteric exchange Mouse xenografts al., 2018)
site
RMC-4630 SHP2 inhibitor SHP2 TpY32 / leffector Phase I clinical NCT03634982
binding trial dose finding
study for patients
with advanced
relapsed or
refractory solid
tumors
Bryostatin-1 PKC agonist/ PKC TpS181 on RAS/ Cell culture; NCT00031694 | (Barcelo, et
inhibitor inhibition of RAS Mouse xenografts; NCT00006389 al., 2014;
phosphorylation 30+ Phase | and |1 Bivona, et al.,
trials for solid and 2006; Lam, et
liquid tumors al., 2010;
Mohammad,
et al., 1998)
Prostratin PKC agonist PKC Cell culture; (Wang, et al.,
Mouse 2015)
transformed
fibroblast and
pancreatic cancer
models
Edelfosine PKC inhibitor PKC Inhibition of RAS Mouse xenografts (Barcelo, et
phosphorylation al., 2014)
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Table 2.
Direct RAS Inhibitors
Name Potency Type Binding Site M echanism of Model Tested | Clinical Trials Selected
Action References
Sulindac Small Unknown | GEF Cell culture; Nearly 40 (Gurpinar, et
molecule nucleotide Rat breast clinical trials in al., 2014;
exchange, GAP | cancer model; | various cancers Herrmann, et
GTPase, RAF Clinical trials al., 1998;
interaction Thompson, et
al., 1995;
Thompson, et
al., 1997)
643000 and Small P3 pocket? | RAS-GTP Cell culture (Grant, et al.,
117028 molecule 2011)
DCAI ECsq = 15.8uM Small P1 pocket | SOS Cell culture (Maurer, et
molecule interaction al., 2012)
Cmpd 12 Kp =190uM Small P1 pocket | Nucleotide In vitro (Sun, etal.,
molecule exchange 2012)
Kobe0065 1C50 =10 - Small P1 pocket - | SOS- Cell culture; (Prakash, et
and Kobe 20uM molecule state 1 of SW1 | mediated Mouse colon al., 2015a;
2602 nucleotide carcinoma Shima, et al.,
exchange and model 2013)
RAF
interaction
BI1-2852 ECs0=5.8- Small Pocket | GEF, GAP, Cell culture (Kessler, et
6.7uM molecule between and effector al., 2019)
SW1/SW2 interactions
Cmpd 11 1C50 = 5uM Small P1 pocket | RAF Cell culture (McCarthy, et
molecule interaction al., 2019)
Cmpd2 ECgo = 2.7uM Small Membrane/P1 | Effector Cell culture (Fang, et al.,
molecule pocket engagement 2018; Jansen,
etal., 2017)
SCH-53239 | ICsq» 10— Small Pocket | Nucleotide Cell culture (Peri, etal.,
SCH-53870 | 20uM molecule adjacent SW2 exchange 2005;
SCH-54292 Taveras, et al.,
1997)
Cmpd4 > 100uM Small SOS ™ Nucleotide Cell culture (Burns, et al.,
needed for RAS | molecule exchange — 2014; Howes,
inhibition negative etal., 2018)
feedback
cmpd17 > 50uM needed Small SOS T Nucleotide In vitro (Abbott, et
cmpd19 for RAS molecule exchange — al., 2018)
inhibition negative
feedback
BAY-293 1Csp ~ 1 - 3uM Small SOS | SOS Cell culture (Hillig, et al.,
molecule interaction 2019)
HBS3 Kg=28- Peptide SOs1 | SOS Cell culture (Patgiri, et al.,
158uM interaction site | interaction and 2011)
nucleotide
exchange
SAH- IC50=5- Peptide SOS1 | SOS Cell culture (Leshchiner,
SOS1a 15uM interaction site | interaction and et al., 2015)
nucleotide
exchange
RASGRF1- | Activity Peptide RASGRF1 | Nucleotide Cell culture (Sacco, et al.,
TAT observed at interaction site | exchange 2012)
500nM
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Name Potency Type Binding Site M echanism of Model Tested | Clinical Trials Selected
Action References
MCP1 and 1C50 = 17.9uM Small Unknown | RAF Cell culture; (Gonzalez-
Derivatives molecule interaction Mouse tumor Perez, et al.,
models 2010;
Skobeleva, et
al., 2007)
3144 1C50p= 3.8uM Small SW1/SW2 | Effector Cell culture; (Welsch, et
molecule interaction Mouse breast al., 2017)
and pancreatic
cancer models
cyclorasin 1Cgp = 0.12uM Cyclic RAS-GTP | RAF Cell culture (Upadhyaya,
9A5 peptide SW1 loop interaction et al., 2015)
Cmpd 12 ECs = 0.32uM Small SII-P/C12 of Disrupts Cell culture (Ostrem, et
molecule RAS(G12C) SW1/2 al., 2013)
conformation;
traps KRAS in
a GDP-bound
state; ¥
interaction with
effectors and
activators
ARS-853 1Cs0 ~ 2uM Small SII-P/C12 of Disrupts Cell culture (Patricelli, et
molecule RAS(G12C) SW1/2 al., 2016)
conformation;
traps KRAS in
a GDP-bound
state; ¥
interaction with
effectors and
activators
ARS-1620 1Cgp = 120nM Small SII-P/C12 of Disrupts Cell culture; (Janes, et al.,
molecule RAS(G12C) SW1/2 Mouse 2018)
conformation; pancreatic and
traps KRAS in lung cancer
a GDP-bound models
state; |
interaction with
effectors and
activators
MRT X849 1Csp = 10nM Small SII-P/C12 of Disrupts Cell culture; NCT03785249; (Hallin, et al.,
molecule RAS(G12C) SW1/2 Mouse Positive results 2020)
conformation; pancreaticand | in lung and
traps KRAS in lung cancer colon
a GDP-bound models; Phase adenocarcinoma
state; ¥ 1/11 clinical patients
interaction with | trial for
effectors and patients with
activators advanced solid
tumors with
KRAS G12C
mutation
AMG 510 ICsp=4- Small SlI-P/C12 of Disrupts Cell culture: NCT03600883; (Canon, et al.,
32nM molecule RAS(G12C) SW1/2 Mouse Positive results 2019)
conformation; pancreatic and | in lung cancer
traps KRAS in lung cancer patients
a GDP-bound models: Phase
state; ¢ 1/11 clinical
interaction with | trial for
effectors and patients with
activators advanced solid
tumors with
KRAS G12C
mutation
2C07 BMEgp =1.10- | Small SlI-G Stabilizes GDP | /n vitro (Gentile, et
2.53mM molecule state; ¢ al., 2017)
RAS/SOS

interaction and
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Name Potency Type Binding Site M echanism of Model Tested | Clinical Trials Selected
Action References
nucleotide
exchange and
PI3K
interaction
Y13-259 Monoclonal | HRAS SW2 Sequestration Cell culture (Cardinale, et
antibody of RAS in al., 1998;
intracellular Furth, et al.,
aggregates 1982;
Mulcahy, et
al., 1985)
anti-p21ser Monoclonal | Viral | GTP loading Cell culture (Clark, etal.,
antibody KRAS(G12S) 1985;
residues 5-16 Feramisco, et
al., 1985)
iDab#6 Kq=26- Intrabody SW1/SW2 of | Effector Cell culture; (Quevedo, et
180nM RAS-GTP interaction Mouse al., 2018;
fibrosarcoma, Tanaka, et al.,
colorectal 2003; Tanaka
cancer, and and Rabbitts,
lung cancer 2010; Tanaka,
models et al., 2007)
Abd-7 1C5p=8- Small P1 pocket | PI3K, RAF, Cell culture (Bery, etal.,
10uM molecule and RALGDS 2018;
interaction Quevedo, et
al., 2018)
RT11(-i) ICsp=5- Chimeric RAS-GTP | PI3K, RAF, Cell culture; (Kang, et al.,
13uM cell- and RALGDS Mouse 2018; Shin, et
penetrating interaction pancreatic, al., 2017;
antibody fibrosarcoma, Shin, et al.,
and colorectal 2020)
cancer models
inRas37 IC5p=15- (Shin, etal.,
8uM 2020)
R11.1.6 Kq=4-40nM High RAS-GTP L GTP Cell culture (Kauke, et al.,
affinity SW2 hydrolysis and 2017)
scaffold RAF
based on association
sso7d
K27 and ICgp=2.4 Designed K27: RAS- K27: 1 SOS Cell culture (Guillard, et
K55 (K27); 167nM Ankyrin GDP SW1 interaction al., 2017)
(K55) Repeat K55: RAS- K55: | RAF
Proteins GTP interaction
(DARPins) SW1/SW2 and
prevented RAF
interaction
K13 and K13: K4 = DARPins KRAS(G12V) | RAS Cell culture (Bery, et al.,
K19 30nM a3-a4 dimerization, 2019)
K19: Ky = dimerization SOS nucleotide
10nM interface exchange, and
RAF, PI3K,
and RALGDS
interaction
NS1 Kq=15nM Monobody ad-ab | HIKRAS Cell culture; (Khan, et al.,
(HRAS) dimerization dimerization Mouse 2019;
Ky =65nM interface and signaling pancreatic, Spencer-
(KRAS) endometrial, Smith, et al.,
and lung 2017,
cancer models Spencer-
Smith, et al.,
2019)

Adv Cancer Res. Author manuscript; available in PMC 2021 January 09.



	Abstract
	Introduction
	RAS Biology
	RAS Structure
	The RAS Lifecycle
	RAS Prenylation and Membrane Association
	RAS Degradation

	RAS Signaling
	Upstream Signaling to RAS
	Downstream RAS Signaling
	RAS-RAF-MEK-ERK signaling
	RAS-PI3K Signaling
	RAS-RALGEF-RAL Axis
	RAS-TIAM1 Signaling
	RAS-RASSF

	Modulation of RAS Function by Post-Translational Modifications
	RAS Phosphorylation
	RAS Acetylation
	RAS Nitrosylation
	RAS Glutathionylation
	RAS Ubiquitylation and SUMOylation

	RAS Regulation by Allosteric Interactions
	RAS Ionic Interactions
	RAS Interaction with the Plasma Membrane



	Therapeutic Targeting of RAS
	Indirect Inhibitors of RAS
	Inhibition of RAS Prenylation
	Targeting Post-Prenylation RAS Processing
	Inhibition of RAS Trafficking to the Membrane
	Targeting Other RAS Post-Translational Modifications
	SHP2 Inhibition
	Kinase Agonists and Antagonists
	Co-Targeting Autophagy and MAPK Signaling


	Direct Inhibitors of RAS
	Small Molecule Inhibitors of RAS
	Nonsteroidal Anti-Inflammatory Drugs
	The p1 Pocket
	Modulation of SOS-Mediated Nucleotide Exchange
	Inhibitors of RAS/RAF interaction
	The Switch 2 Pocket

	Biologics-Based RAS Inhibitors
	RAS Antibodies
	RAS Intrabodies
	sso7d-Based RAS Inhibitors
	RAS-Targeting Monobodies
	DARPin-Based RAS Inhibitiors
	DIRAS3: An Endogenous RAS Inhibitor



	Conclusions/Future Directions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.
	Table 2.

