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Post-translational modification of KRAS: potential targets for

cancer therapy

Wei-hua Wang', Tao Yuan', Mei-jia Qian’, Fang-jie Yan', Liu Yang?, Qiao-jun He', Bo Yang', Jinsjian Lu® and Hong Zhu'

Aberrant activation of the RAS superfamily is one of the critical factors in carcinogenesis. Among them, KRAS is the most frequently
mutated one which has inspired extensive studies for developing approaches to intervention. Although the cognition toward KRAS
remains far from complete, mounting evidence suggests that a variety of post-translational modifications regulate its activation and
localization. In this review, we summarize the regulatory mode of post-translational modifications on KRAS including prenylation,
post-prenylation, palmitoylation, ubiquitination, phosphorylation, SUMOylation, acetylation, nitrosylation, etc. We also highlight the
recent studies targeting these modifications having exhibited potent anti-tumor activities.
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INTRODUCTION

RAS was the first mutated gene identified in human cancer over
three decades ago, and numerous studies have confirmed mutant
RAS as an essential driving factor for tumor initiation and
maintenance [1]. The three RAS genes encode four protein
isoforms, namely, HRAS, NRAS, KRAS4A, and KRAS4B, which share
a high degree of similarity in their primary sequence, protein
structure and biochemical properties [2]. The full-length RAS
proteins consist of a G domain (the N-terminal 1-165 aa) and a C-
terminal HVR. There are two regions within the G domain, switch |
(SI) and switch Il (Sll), which are responsible for conformational
changes during GDP-GTP cycling as well as binding with
downstream effectors, including RAF proteins, phosphatidylinosi-
tol 3-kinase (PI3K) and ral guanine nucleotide dissociation
stimulator (RALGDS) [3]. Contrary to the G domain, the HVR is
different in each isoform [4].

RAS proteins function as binary molecular switches that cycle
between ‘on’ and ‘off’ states depending on their binding to
guanosine triphosphate (GTP) or guanosine diphosphate (GDP).
The conversion between the two states is controlled by guanine
nucleotide exchange factors (GEFs) and GTPase-activating pro-
teins (GAPs) [4]. GEFs and GAPs are large, multidomain proteins
that interact with various molecules to regulate the activation of
RAS [5]. Generally, GEFs such as Son-of-Sevenless homologue 1
(SOS1) catalyze the exchange from the GDP- to GTP-bound form,
while neurofibromin of GAPs terminates the active state by
stimulating the hydrolysis of GTP [6]. Furthermore, the depen-
dence of RAS proteins on GEFs and GAPs as well as the activation
of downstream effectors are governed by another principle:
translocation [4]. RAS proteins act as cytosolic precursors,

undergoing a series of posttranslational modifications, membrane
association, and subcellular trafficking to the plasma membrane,
where the recruited GEFs and GAPs switch them on and off [6]. In
the plasma membrane, RAS proteins encounter downstream
effectors, which supports their oncogenic activity [7]. Indeed, the
interplay of RalGDS with RAS in the plasma membrane determines
the subsequent activation of RAS-like proto-oncogene A(RalA) and
RAS-like proto-oncogene B(RalB), which demonstrates that mem-
brane recruitment is a pivotal step in these activation processes
[8]. Once activated, RAS proteins play a causal role in human
diseases, including cancer, RASopathies, capillary malformations,
and psychiatric and neurodevelopmental disorders [9].

Analysis of the current data confirmed that 19% of cancer
patients harbored mutant RAS, while KRAS was the most
dominant mutation (~75%) [10]. Among these human cancers
with mutant RAS, the most common cases include pancreatic
adenocarcinoma, colon adenocarcinoma, rectum adenocarci-
noma, and lung adenocarcinoma (Table 1). Conventionally,
mutant RAS proteins are thought to be deficient in GAP-
mediated GTP hydrolysis and/or increased intrinsic nucleotide
exchange rates, resulting in abnormal accumulation of RAS in the
GTP-bound form. Accumulation of activated RAS is associated with
proliferation, survival, transformation, autophagy and apoptosis
[11, 12]. These events allow aberrant cells to flourish at the
expense of normally functioning cells, which drives tumorigenesis
(Figs. 1 and 2). However, among the somatic gain-of-function
mutations of RAS proteins, KRAS itself is the most frequently
mutated, yet it is the least available to target [13].

Despite decades of tenacious efforts, effective anti-KRAS
therapies in the clinic remain elusive. Attempts to inhibit RAS by
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Table 1. Frequency of mutation in RAS isoforms in selected human
cancers.
Cancer type KRAS (%) NRAS (%) HRAS (%) Total (%)
PAAD 75 <1 <1 76
COAD 43 5 2 53
READ 42 1 0 53
UCEC 25 8 2 35
LUAD 28 <1 <1 29
SKCM 2 28 2 33
ucs 12 2 0 14
THYM 1 3 9 13
THCA 1 8 3 12
STAD 9 1 1 11
PCPG 0 0 10 10

The results shown here are in whole or part based upon data generated by
the TCGA Research Network: https://www.cancer.gov/tcga.

PAAD pancreatic adenocarcinoma, COAD colon adenocarcinoma, READ
rectum adenocarcinoma, UCEC uterine Corpus endometrial carcinoma,
SKCM skin cutaneous melanoma, LUAD lung adenocarcinoma, UCS uterine
carcinosarcoma, THYM thymoma, THCA thyroid carcinoma, STAD stomach
adenocarcinoma, PCPG pheochromocytoma and paraganglioma.

interfering with GTP/GDP binding have proven fruitless because of
the lack of well-defined hydrophobic pockets on the surface of
RAS proteins and the picomolar affinity of GTP/GDP to KRAS, as
well as their high intracellular concentration [14]. RAS proteins
were once considered to be undruggable, which ignited greater
enthusiasm to pursue alternative strategies [15]. One is to target
upstream and downstream effectors, such as pharmacological
inhibition of extracellular regulated protein kinases (ERK) and
mitogen-activated protein kinase (MEK) [16]. Moreover, there have
been breakthroughs in regulating RAS directly, especially agents
toward KRAS®'?“, for which the mutation on codon 12 with
cysteine might be a target for inhibitors to overcome the lack of a
binding pocket. AMG 510 is the first agent targeting KRAS®'2 that
entered clinical trial, in which covalent binding with mutant
cysteine disrupted both SI and Sll, impaired the nucleotide
exchange from GDP to GTP, and impeded the interaction with
RAF. However, the dependence on mutant cysteine also limits its
clinical usage [17]. In addition, the concept of synthetic lethality
prompted insight into the indirect regulation of RAS [18]. Another
pivotal and feasible approach is to focus on posttranslational
modifications (PTMs), which allow RAS to associate with mem-
branes and to be subsequently activated. RAS proteins undergo a
series of PTMs to ensure their biological functions, which provides
a broader intervention approach [19]. Due to the unique structure,
direct targeting of modified RAS seems extremely difficult.
However, the modifications of RAS proteins are catalyzed by
relevant enzymes, which offers an important opportunity to
explore efficient and selective inhibitors to interfere with RAS-
driven cancer.

Targeting these modifications not only interferes with the
association with the plasma membrane but also modulates the
interaction with effectors and regulates protein stability, which has
been explored for years as vulnerabilities in RAS oncogenesis and
oncogene addiction in cancer [20, 21]. This review will summarize
the PTMs of KRAS and associated targeting strategies.

POSTTRANSLATIONAL MODIFICATIONS OF KRAS
Regulation of KRAS by plasma membrane targeting
With the recognition that the association of KRAS with the inner
face of the PM is pivotal for its oncogenic activity, early studies
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determined that a series of modifications modulate this

association.

Prenylation, proteolysis and methylation. RAS proteins contain a
CAAX tetrapeptide in the C-terminus that possesses a series of
modifications named CAAX processing, affording their attachment
to specific proteins and membranes [22]. First, the CAAX
motiffunctions as the substrate for cytosolicprenyltransferases,
farnesyltransferase (FTase) and geranylgeranyltransferase 1
(GGTase1), which allow RAS proteins to have weak affinity for
plasma membranes [23]. If the amino acid in the X position is
serine or methionine, exactly as in RAS proteins, FTase modifies
the cysteine-containing 15-carbon farnesyl isoprenoid. When the
CAAX motif ends with leucine, GGTasel adds a20-carbon
polyisoprene lipid to the cysteine residue [24, 25]. Although CAAX
prenylation is considered to be immediate and unregulated, small
GTP-binding protein GDP-dissociation stimulator (SmgGDS), clas-
sified as a guanine nucleotide exchange factor, can regulate the
farnesylation of multiple small GTPases [26]. Moreover, SmgGDS-
607 was discovered to promote the farnesylation of HRAS by
accelerating protein release from FTase [27]. In addition, regula-
tion of KRAS prenylation via interactions with the noncoding,
small nucleolar RNAs SNORD50A and SNORD50B was reported
[28]. Zoledronic acid (ZA), a nitrogen-containing bisphosphonate,
can disrupt the activity of RAS through prenylation [29]. Recently,
the prenyl-binding protein phosphodiesterase &(PDES) was
demonstrated to bind with KRAS4B and influence its trafficking
[30]. Moreover, inhibition of PDES with molecules such as
deltarasin or deltazinone hindered oncogenic signaling and
tumorigenic growth [31]. It is worth noting that in the presence
of FTase inhibitor, KRAS is capable of modification by GGTasel,
which allows its full biological function [32].

Next, prenylated RAS proteins shift to the surface of the
endoplasmic reticulum (ER) and interact with RAS-converting
enzyme 1 (RCE1). Prenylation seems to be a prerequisite for the
second step; one reason is that membrane transport mediates the
colocalization of RAS with RCE1, and another is substrate
specificity [33]. Then, RCE1 removes the last three amino acids
AAX by proteolysis, which converts prenylcysteine into the new C-
terminus [34]. Finally, the C-terminal prenylcysteine serves as a
substrate for isoprenylcysteine carboxyl methyltransferase (ICMT),
which catalyzes the methylation of RAS proteins, neutralizes the
negative charge, prevents plasma membrane repulsion and
thereby increases membrane affinity [35]. Of the steps in CAAX
processing, only the carboxyl methylation catalyzed by ICMT is
reversible (although no specific esterase has been identified).The
result of this processing is to remodel the globular hydrophilic
region in the C-terminus and render it hydrophobic, aiding RAS
protein insertion into the plasma membrane and ful filling their
biological activity.

Palmitoylation and depalmitoylation. Nevertheless, in addition to
the CAAX processing of RAS proteins, another element called
“second signals” within the HVR sequence is needed, which work
together to promote the association with the plasma membrane
and subcellular localization. In the case of NRAS or HRAS, the
“second signal” is palmitoylation of one or two cysteine residues
[36]. ForKRAS4B, this occurs at a polybasic region (PBR) that is
upstream of the CAAX motif, which consists of eight lysine
residues. These positively charged residues interact with the
negatively charged phospholipid headgroups of the plasma
membrane by electrostatic binding [37]. In brief, the association
of KRAS4B with the plasma membrane depends on its farnesyla-
tion and positively charged PBR. For KRAS4A, a combination of
cysteine palmitoylation at cysteine and lysine residues as in
KRAS4B is required [38, 39]. Evidence demonstrated that
palmitoylation afforded RAS proteins 100-fold higher affinity for
membranes than that of the prenylated protein alone [40]. For
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PTMsof KRAS proteins. A diagram of the full length of KRAS4A and KRAS4B is drawn, which contains the G domain and hyper variable

region (HVR). To distinguish KRAS4A and KRAS4B, different colors are utilized, and the amino acid sequence of the HVR is indicated with
abbreviations. For the G domain, the PTMs between KRAS4A and KRAS4B are similar, including ubiquitination, glycosylation, sumoylation,
phosphorylation, acetylation, nitrosylation, and ADP-ribosylation. Within the HVR, specific modifications and related residues share the

same color.
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Fig. 2 PTMs regulate the activation and carcinogenesis of KRAS. A series of modifications occur during the activation or inactivation of
KRAS. Each known enzyme that is responsible for a particular process is exhibited. KRAS proteins undergo consecutive modifications to assure
their attachment to the plasma membrane and subsequent activation. Meanwhile, there are other modifications that regulate their activation
and carcinogenic potency. These processes are indicated by three font colors, where red represents anticancer, green denotes pro-cancer, and
brown indicates unconfirmed processes. In addition, the consequence of each modification is also depicted by lines with different colors,
where the purple line represents the impact on the level of the GTP-bound state, the yellow line indicates the impact on protein stability, and
the pink line denotes the impact on interactions with effectors. GEF guanine nucleotide exchange factors, GAP GTPase-activating proteins,
FTase farnesyltransferase, NO nitric oxide, PIAS4 protein inhibitor of activated STAT 4, RCE1 RAS-converting enzyme 1, ICMT isoprenylcysteine
carboxyl methyltransferase, PKC protein kinase C, APT acyl protein thioesterase, and PAT protein acetyltransferases.

KRAS4A, palmitoylation occurs on cysteine 180 at the C-terminus
via thioester linkages and is referred to as S-palmitoylation [41].
Unlike other isoforms, although palmitoylation of KRAS4A
dramatically increases the efficiency of plasma membrane
targeting, it is not absolutely required because the polybasic
regions provide weak affinity for the plasma membrane [38]. The
protein palmitoylation machinery consists of a family of 25 protein
acyltransferases (PATs) each of which possesses a DHHC sequence
in its catalytic site but differs in subcellular localization and
substrate specificity [42]. Recently, a protein complex of DHHC
domain-containing 9(DHHC9) and Golgi complex-associated
protein of 16 kDa(GCP16) was identified as a PAT capable of
modifying HRAS, which colocalized with palmitoylated RAS on the
Golgi apparatus [43]. Although the DHHC9/DHHC9 complex
modifies HRAS, its knockdown fails to block HRAS palmitoylation,
suggesting that multiple PATs have activity toward RAS [44].
Considering the substrate promiscuity of PATs, it seems compli-
cated to characterize another special PAT specific to KRAS4A.

In addition to palmitoylation, the distribution of RAS proteins is
also mediated by depalmitoylation, in which the palmitoylation/
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depalmitoylation cycle guarantees that RAS proteins shuttle easily
between the plasma membrane and Golgi apparatus. Palmitoyla-
tion seems labile owing to the weak stability of the thioester bond
at physiological pH, but existing evidence demonstrates that
palmitoylation is reversed by cellular thioesterases [45]. The first
non-lysosomal proteins found to have thioesterase activity toward
RAS were acylproteinthioesterase 1 and 2 (APT1 and 2) [46].
Interestingly, other regulators of RAS depalmitoylation exist in
addition to APTs. For example, FKBP12, a 12 kDa FK506-binding
protein, mediates depalmitoylation of HRAS on a proline near the
palmitoylated cysteines [47]. However, the full repertoire, speci-
ficity and activity of cellular thioesterases that depalmitoylate RAS
remain largely uncharacterized [48].

Phosphorylation. Compared with KRAS4A, KRAS4B does not
require further posttranslational modification as a second signal
beyond CAAX progressing to associate with the plasma mem-
branes; however, the phosphorylation on tyrosine32, tyrosine64,
andserine181 is also associated with its biological functions [49]. It
has been reported that phosphorylation of KRAS4B on serine 181
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within the polybasic region is mediated by protein kinase Cs
(PKCs) and cGMP-dependent protein kinase 2 (PKG2), diminishing
the affinity for plasma membrane due to partial neutralization of
positively charged residue [50]. Phosphorylation promotes rapid
dissociation of KRAS from the plasma membrane and association
with intracellular membranes, including the outer membrane of
mitochondria. Moreover, phosphorylated KRAS was found to
translocate from the plasma membrane to the ER, where it
interacted with the inositol trisphosphate receptor (IP3R) and
thereby attenuated cell growth by blocking the interaction of
inositol 1,4,5-trisphosphatereceptor (IP3R) with the pro-survival
effector Bcl-XL [51]. In addition, phosphorylation on serine 181
might act as a regulator to modulate oncogenic properties of
KRAS in vivo. One report showed that this phosphorylation
inhibited tumor initiation by blocking the interaction with
calmodulin, thereby abrogating the suppression of noncanonical
Wnt signaling [52]. However, a conflicting report demonstrated
that the tumorigenicity capacity of KRAS required phosphorylation
on serine181, a phospho-mimetic mutation of KRAS with
enhanced tumorigenesis [53]. Therefore, whether phosphorylation
of KRAS on serine 181 is required for oncogenesis needs further
confirmation.

Regulation of KRAS by nucleotide exchange

KRAS acts as a molecular switch whose active or inactive state is
controlled by GEF or GAP. Interestingly, in addition to somatic
mutation, several other posttranslational modifications also
modulate the nucleotide exchange from GTP binding to GDP
binding.

Acetylation. It was recently shown that KRAS canbe acetylated on
lysine104, which decreased GEF-mediated nucleotide exchange
and increased the level of the inactive GDP-bound state,
attenuating the transforming activity of KRAS [54]. Results from
a molecular dynamics model demonstrated that acetylation at
lysine104 disturbed the switch llregion via electrostatic interac-
tion, which disrupted the interaction of KRAS and GEFs [55]. By
extension, histone deacetylase 6 (HDAC6) and sirtuin 2 (SIRT2)
were identified as deacetylases that regulated the level of
acetylated KRAS, and interference with either enzyme strikingly
impaired the survival of cancer cells expressing mutant KRAS [56].
Additionally, a later study discovered that lysine147 acts as a novel
substrate for SIRT2-mediated deacetylation, whose acetylation
status strongly affects the oncogenic properties of KRAS [57]. It is
important to note that lysine104 and lysine147 also function as
sites for mono/diubiquitination, as discussed below, and whether
there is a competitive relationship between acetylation and
ubiquitination should be explored in further research. In addition
to lysine104 and lysine147, which are located in the C-terminus, a
recent study reported that acetylation also occurred in the N-
terminus. The results from mass spectrometric characterization
and structural analysis showed that the acetyl group of the N-
terminus might maintain the stability of the switch regions and
the N-terminus [58].

Nitrosylation. The vital function of reactive oxygen species in
signal transduction prompted further investigations into direct
modification of RAS [59]. Evidence showed that nitrosylation of
cysteine 118 was mediated by nitric oxide (NO) and appeared in
all RAS isoforms, which led to a profound potentiation of GDP/GTP
exchange through conformational change. Therefore, this nitro-
sylation increases the level of the active GTP-bound state,
promoting the activation of RAS proteins [60, 61]. More
interestingly, nitrosylation of KRAS was demonstrated to partici-
pate in the positive regulation of inducible nitric oxide synthase
(iINOS), which enhanced the production of NO and thereby
increased the level of nitrosylation [62]. Moreover, endothelial
nitric oxide synthase (eNOS) also facilitates the nitrosylation and
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activation of KRAS, whose inhibition strongly inhibits tumor
initiation and maintenance [63]. Hence, this evidence supports the
association of redox regulation with activation of KRAS, which
might offer new insight into the regulation of RAS proteins.

Ubiquitination. Modification of proteins by ubiquitin, the so-
called ubiquitination, is regulated by ubiquitin-activating enzyme
(E1), ubiquitin-conjugating enzyme (E2), ubiquitin ligase (E3) and
deubiquitylation enzymes, and is of high importance for the
stability, activity and localization of proteins [64]. Studies
ascertained that lysine104, lysine117, and lysine147are sites for
mono/diubiquitination, acting as reversible triggers for signal
initiation. Mono-ubiquitination of KRAS at lysine147 impairs GAP-
mediated GTP hydrolysis, promoting GTP loading and enhancing
affinity to downstream effectors such as PI3K. Mono/diubiquitina-
tion on lysine117 accelerates nucleotide exchange and thereby
enhances activation [55, 65]. However, neither GAP-mediated GTP
hydrolysis nor nucleotide exchange is changed under mono-
ubiquitination at lysine104 of KRAS [55]. Considering the location
of lysine104 near the GEF binding region as well as the point
mutation experiment, ubiquitination at lysine104 might alter GEF-
mediated catalysis [66]. Nevertheless, the E3 ligases responsible
for the ubiquitination of KRAS at lysine147, lysine117 and
lysine104 remain to be determined. Most recently, the inactivation
of leucine zipper-like transcription regulator 1(LZTR1) was found
to inhibit KRAS ubiquitination, which provided an unexpected
layer of KRAS regulation [67].

SUMOylation. SUMOylation (small ubiquitin-like modification),
analogous to ubiquitination, also regulates many biological
functions of proteins by conjugating small ubiquitin-like modifiers
to lysine residues in a series of enzymatic reactions. It is not
surprising that SUMOylation is required for KRAS-driven tumor-
igenesis, and inhibition of the SUMO pathway by depletion of
ubiquitin-conjugating enzyme 9 (UBC9) attenuates the growth of
KRAS mutant colorectal cancer cells [68]. SUMOylation of KRAS at
lysine42 seemed to be related to its oncogenesis by regulating the
initiation and activation of downstream effects [69]. Further study
identified that the SUMO-protein ligase PIAS4 is responsible for
the SUMOylation of KRAS, which can be removed by SUMO-
specific peptidase 1/2 (SENP1/2), demonstrating that this process
is reversible [70]. However, the stoichiometry and physiologic
significance of these modifications still need to be ascertained.

Others

In addition to subcellular localization and nucleotide exchange,
several posttranslational modifications also affect the oncogenic
activity of KRAS in other ways, such as protein interaction and
protein stability. One indisputable discovery is that the phosphor-
ylation on tyrosine32 and tyrosine64 by Src leads to a conforma-
tional change of switch | and Il regions, which inhibits the
association of KRAS with downstream effectors [71]. Moreover, this
phosphorylation can be reversed by protein tyrosine phosphatase
non-receptor type 11(PTPN11), which was found to be required for
the growth of mutant KRAS-driven cancers [72]. In addition,
phosphorylated KRAS proteins have been found to form distinct
nanoclusters at the plasma membrane, which favors activation of
RAF and PI3K [73]. It is well known that polyubiquitination involves
the ubiquitin-proteasome system, which regulates intracellular
protein levels and functions [74]. Later, evidence demonstrated
that it was the ubiquitin ligase Nedd4-1 that targeted KRAS for
polyubiquitination at lysine5 and degradation [75]. Interestingly,
the deubiquitylation enzyme OTUBT1 inhibits KRAS monoubiqui-
tination by interfering with several E2s, which is independent of its
catalytic activity [76]. Another ubiquitin ligase that might be
responsible for KRAS is B-transducing repeat-containing protein
(B-TrCP1). A recent study showed that a complex of E2 and E3
maintains the protein stability of KRAS by degrading B-TrCP1 [77].
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E3 ligase ring finger protein 7 (RNF7) functions paradoxically in
KRAS-driven tumors, but whether it modulates KRAS ubiquitina-
tion and activity remains to be validated [78-80].

Many bacterial factors, such as Exoenzyme S (ExoS) and Lethal
Toxin (LT),also modify RAS proteins [81]. The first identified
bacterial toxin inactivating RAS is LT produced by Clostridiumsor-
deli, which acts as a glucosyltransferase that utilizes uridine
diphosphate-glucose (UDPG) to modify threonine35 of KRAS and
thereby inhibits MAPK signaling [82, 83]. The adenosine dipho-
sphate (ADP)-ribosyl transferase ExoSproduced by Pseudomonas
aeruginosacatalyzes the ADP-ribosylation of RAS onarginine41 and
arginine128. The modification onarginine41 attenuates GTP
loading and inhibits the interaction of RAS with effectors [84].

TARGETING THE PTM OF KRAS

RAS proteins undergo a series of continuous posttranslational
modifications, as described above, and these processes regulate
their attachment to the plasma membrane and their subcellular
localization, thereby regulating the activation and oncogenic
capacity of KRAS. Therefore, each of the steps in KRAS protein
“maturation” might represent a potential target for therapy.

Inhibition of prenylation

Considering that farnesylation functions as a prerequisite for
subsequent modifications, including proteolysis and methylation,
and RAS proteins lacking farnesylation are unable to attach to the
plasma membrane, interfering with farnesylation inspired intense
research for anti-KRAS therapy [85]. The intervention of farnesyla-
tion can be mediated in two ways: one is using mimetic
polypeptides of the CAAX motif to compete with KRAS for FTase,
another is utilizing an analog of farnesyl pyrophosphate (FPP) that
is involved in farnesylation to compete for binding to FTase [86].
Together, these peptides or small molecule inhibitors used to
impair the catalytic activity of FTase during farnesylation of KRAS
are termed farnesyltransferase inhibitors (FTIs). Among these
mimetic polypeptides, L-744832 might be available for combina-
tion therapy, which augmented radiation sensitivity in pancreatic
cancer cell lines at 5 or 10uM, and L-744832 together with
everolimus, an mTOR inhibitor, induced apoptotic cell death in
non-Hodgkin lymphomas [87, 88]. At the same time, several
nonpeptide molecular inhibitors targeting FTase selectively were
also widely designed, some of which, including BMS-214662,
lonafarnib, and tipifarnib, have been evaluated in clinical trials
[89]. Moreover, two of them, lonafarnib and tipifarnib, entered the
Phase il clinical trial stage and were approved for the treatment of
advanced solid cancer with mutant KRAS, such as pancreatic
cancer, non-small cell lung cancer, and colon cancer. Unexpect-
edly, data analysis of clinical trials showed that neither mono-
therapy nor combination therapy with lonafarnib and tipifarnib
was effective in improving outcomes [90]. Looking back, the
discrepancy between laboratory findings and clinical data
revealed that KRAS4B, the major isoform expressed in human
tumors, underwent alternative geranylgeranylation by the related
GGTasel in the presence of FTls, which maintained its membrane
association and biological function [32]. Overall, the effectiveness
of monotherapy with FTIs for KRAS-driven solid cancer has been
less than satisfactory.

To overcome GGTasel-mediated resistance to FTls, a method of
dual inhibition of FTase and GGTase1 was designed to target the
prenylation process of KRAS [24]. It was observed that dual
deletion of FTase and GGTasel impaired tumor development in
KRAS-driven lung cancer [91]. Moreover, L-778123, a mimetic
polypeptide of CAAX, was discovered to have a potential
inhibitory effect toward FTase (in vitro 1Cso=2nM) and
GGTase1 (in vitro 1C5o = 98 nM). However, recent studies showed
that although the prenylation of HDJ2 and Rap1A (both FTase and
GGTasel substrates) was inhibited by L-778123, KRAS, the
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intended target of L-778123, was not inhibited. The antitumor
effect of L-778123 might largely rely on other substrates of FTI or
GGTasel, such as Ras Homolog Family Member B (RhoB). The
lower efficiency in suppressing the prenylation level of KRAS
might hamper the clinical trial of L-778123 [92, 93]. In addition,
FTase and GGTase1 catalyze a broad range of substrates such as
RHO family proteins, which are essential for normal physiological
function, thus limiting the usability of this method due to high
toxicity and narrow therapeutic window [94]. Excitingly, FGTI-2734,
a new mimetic polypeptide of CAAX designed to dually inhibit
FTase and GGTase1, inhibited the membrane localization of KRAS
in pancreatic, lung, and colon human cancer cell lines, exhibiting
strong antitumor activity by inducing apoptosis in a xenograft
model derived from pancreatic cancer patients. Most importantly,
FGTI-2734 has little effect on the growth of tumors independent of
mutant KRAS, which warrants further preclinical and clinical
studies [95]. This evidence supports the notion that FGTI-2734
might be a promising KRAS-targeting agent that deserves further
development, and the strategy to target both FTase and GGTase1
deserves further study.

Finally, given that FPP is produced from the mevalonate
pathway, which, along with its subsequent metabolic product
geranylgeranyl pyrophosphate (GGPP), functions as an element
for farnesylation or geranylgeranylation, impeding the mevalonate
pathway might represent an indirect approach to disturb the
prenylation process [96]. Therefore, the traditional reagents statins
that inhibit the mevalonate pathway are generally considered to
exert suppressive effects on tumorigenesis [97, 98]. However, a
recent study suggested that the tumor-suppressive function of
statins might be mechanistically unrelated to the prenylation
process of KRAS [99]. Another emerging inhibitor of the
mevalonate pathway is zoledronic acid (ZA), which acts as a
bisphosphonate-based inhibitor. ZA targets the farnesyl pyropho-
sphate synthetase (FPPS) of the mevalonate pathway and impairs
RAS membrane localization, thereby hindering the growth of
breast cancer cells [100]. These inhibitors had shown anticancer
activity but were limited due to poor pharmacokinetic properties
and high affinity to bone mineral [101]. Moreover, the discovery of
allosteric non-bisphosphonate FPPS inhibitors boosted the strat-
egy to interfere with the mevalonate pathway [102].

Inhibition of postprenylation

After prenylation, KRASA proteins are modified by RCE1 and ICMT,
which mediate the process of proteolysis and methylation,
together called postprenylation processes. Given that either
farnesylated or geranylgeranylated KRAS undergoes postprenyla-
tion processes, there might be less worry about the problem of
selectivity. Therefore, a feasible approach to target prenylated
KRAS is inhibition of RCE1 or ICMT [103]. Indeed, deletion of RCE1
in @ mouse model resulted in incorrect cellular localization of the
KRAS protein. Nevertheless, compared with FTI treatment, the
reduction of KRAS-driven transformation of fibroblasts with
conditional elimination of RCE1 was small [104]. Interestingly,
evidence showed that a skin cancer cell line with deletion of RCE1
was strikingly sensitive to FTls [105]. Whether there is a viable
synergistic effect between RCE1 inhibitors and FTIs merits further
confirmation. Although RCE1 disruption induced a modest impact
on tumorigenesis, the results from genetic manipulation of ICMT
showed that, except for the effect on mislocalization, deletion of
ICMT strongly impeded the transformation capacity of fibroblasts
expressing oncogenic KRAS [106]. As discussed above, previous
studies defined the effect of targeting RCE1 and ICMT by
eliminating genes, which encouraged researchers to discover
small molecule inhibitors of the two enzymes.

Among the agents that had inhibitory effects toward RCET,
NSC1011 was considered the best compound, which had been
characterized to induce incorrect cellular localization of RAS
proteins in a human colon cancer cell line [107]. Furthermore,
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many updated RCE1 inhibitors were generated after the analysis
of the structure-activity relationship (SAR) of NSC1011, and these
new agents exhibited low cell toxicity and were more effective at
mislocalizing KRAS proteins [108]. However, deletion of RCE1 in a
mouse model caused the development of lethal cardiomyopathy
and exacerbated the development of KRAS-induced myeloproli-
ferative disease [109, 110]. Accordingly, it is necessary to assess
the safety and confirm the availability of agents developed to
target RCE1 in preclinical models.

In terms of the inhibitors of ICMT, according to the difference
among structural characteristics, they could be divided into
analogs of substrate or synthetic agents [111]. In detail, the
methyl group donor S-adenosylmethionine (AdoMet) is involved
in the methylation process of KRAS, and together with its
metabolite S-adenosylhomocysteine (AdoHcy) constitutes a feed-
back loop that can negatively regulate the activity of ICMT
[112, 113]. Therefore, one approach to interfere with ICMT was
using the analogs of AdoHcy or inhibiting the activity of AdoHcy
hydrolase; all of which increased the level of AdoHcy, resulting in
inhibition of ICMT. Indeed, these compounds have antitumor
activity, but the lack of selectivity and specificity limits their
potential [114, 115]. Moreover, another approach to couple with
the conception of analogs is developing agents to compete with
prenylated KRAS for methylation, for example, S-farnesyl-
thiopropionic acid-triazole compounds, which exhibited antitumor
effects at micromolar concentrations in a pancreatic cancer cell
line [116]. Among these synthetic compounds, cysmethynil is the
most potent compound characterized so far and is a derivative of
indole. Indeed, cysmethynil induces them is localization of RAS,
suppresses its activity, induces cell death through autophagy and
reduces the growth of xenograft tumors in human colon and
prostate cancer cells [117]. Unfortunately, the demerits in
pharmacokinetic properties such as poorwater solubility make it
inappropriate for clinical use [118]. Recently, further SAR analysis
of cysmethynil identified a novel derivative named compound
8.12, which is capable of impairing tumorigenesis of prostate and
liver cancer cells with improved pharmacokinetic properties [119].

Although inhibition of RCE1 and ICMT represents a potential
avenue for KRAS functional blockade and many agents are
undergoing preclinical testing, there might also be some
challenges. A report demonstrated that the RAS pathway was still
activated with the inhibition of RCE1 and ICMT, in which
mislocalized RAS could transduce activation signals from other
locations [120]. Of note, targeting the processes of prenylation
and postprenylation resulted in the generation of a few inhibitors
that are currently under development at various stages (Table 2).

Inhibition of palmitoylation/depalmitoylation

Compared with the other isoforms such as HRAS or NRAS, KRAS,
especially one of its splice variants KRAS4B, does not need
palmitoylation or depalmitoylation to ensure its affinity to the
plasma membrane and subsequent activation [121]. It is not
absolutely necessary for KRAS4A to be palmitoylated since
the polybasic regions can support weak efficiency for
plasma membrane targeting [38]. Accordingly, inhibition of
palmitoylation or depalmitoylation to affect the activity of KRAS
is generally considered an inferior target. However, the
palmitoylation-depalmitoylation cycle of KRAS4A enables it to
translocate to the mitochondrial membrane so that it encounters
hexokinase 1 (HK1) [122]. Early evidence showed that the survival
of cancer cells expressing oncogenic KRAS was dependent on the
separation of glucose and glutamine metabolism [123]. In return,
high glucose can induce KRAS mutation through O-GlcNAcylation
of some enzymes, which might provide persistent activation of
the RAS pathway. In addition, the effect of oncogenic induced
senescence (OIS) by KRAS is suppressed by O-GlcNAcylation,
which facilitates the development of lung cancer [124, 125]. These
results suggest that there might be positive feedback between
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oncogenic KRAS and glycometabolism. Thus, it will be interesting
to confirm the interplay between KRAS and glycometabolism, and
human cancer with high expression of KRAS4A might be sensitive
to a particular metabolic process, which can be utilized for
treatment.

Intervention of ubiquitination

In addition to oncogenic mutations, stability regulation of KRAS
also affects its activity and carcinogenicity, meaning that the
degradation of oncogenic KRAS in a particular way is feasible to
achieve treatment goals. There is one well-characterized ubiquitin-
proteasome system in which E3 together with E1 and E2 catalyzes
the binding of specific residues with ubiquitin, mediating the
degradation of proteins through the 26S proteasome as well as
their subcellular localization and functional state [126]. In this
system, the most crucial player is ubiquitin ligase, which has the
property of specific recognition of the substrate, and its abnormal
regulation is associated with the development of cancer [127].
Thus, finding and targeting the E3 ligase is another alternative
method to treat oncogenic KRAS-driven cancer [128]. Most
inspiringly, a recent study reported that the ubiquitin ligase WD
repeat domain 76 (WDR76) acts as a tumor suppressor, impeding
the proliferation, transformation, metastasis and invasion of
hepatoma cells through the degradation of HRAS by polyubiqui-
tination [129]. Aberrantly activated KRAS underwent a conforma-
tional change, which inhibited the ubiquitin ligase Nedd4-1-
mediated polyubiquitination and degradation, suppressing the
development of cancer [75]. However, there is a problem: while
some ubiquitin ligases function as tumor suppressors through the
degradation of oncogenic KRAS, developing strategies to activate
these ubiquitin ligases excessively might be inconvenient. There-
fore, targeting other E3 ligases that are responsible for mono/
diubiquitination or SUMOylation seems more easily implemented.
Moreover, some artificially engineered ubiquitin ligases, such as
RC-U and recombinant chimeric proteins, have been produced to
induce specific degradation of KRAS via the ubiquitin-proteasome
system, which was efficient in suppressing pancreatic cancer cell
growth in vitro and in vivo [130, 131]. Hence, there is hope for a
specific and druggable E3 ligase of KRAS, which might need
further efforts.

Others

In addition to the modifications discussed above, phosphorylation,
acetylation and nitrosylation can also regulate the oncogenic
function of KRAS proteins. Targeting KRAS phosphorylation on
serine181 is an intriguing possibility. Phosphorylation by PKC
promotes dissociation of KRAS from the plasma membrane and
association with intracellular membranes, where phosphorylated
KRAS interacts with Bcl-XL. The PKC agonist bryostatin-1 exhibits
antitumor activity in vitro and in vivo in a serine181 dependent
manner, suggesting an approach to therapy of KRAS-dependent
tumors with agents that stimulate phosphorylation of serine181
[132]. Acetylation at lysine104 and lysine147 by SIRT2 and HDAC6
increases the level of active KRAS with a GTP-bound state, and
deletion of SIRT2 enhances tumor growth in a KRAS-driven
pancreatic cancer cell line [57]. However, the specific enzyme that
mediates acetylation of KRAS needs to be confirmed, which might
be another feasible target for treatment. Although nitrosylation
promotes activation of all RAS isoforms, the key details in this
process are not completely clear, and determining the interplay of
redox regulation with RAS activation will provide another
intervention strategy.

DIRECT TARGETING OF KRAS

Similarly, direct targeting of KRAS has remained challenging due
to the specific features of its molecular structure. However, the
strategy to target KRAS directly is still under investigation and has
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branched off in different directions. One method is to prevent the
formation of the KRAS-GTP complex, in which competing GTP
analogs are designed to compete with nucleotide binding to RAS.
However, the actual inhibition of KRAS activation by these analogs
was lower than expected owing to the high affinity of GTP to KRAS
and high cellular GTP concentrations [133]. Another strategy to
prevent KRAS-GTP complex formation is to inhibit the interaction
of KRAS with GEFs. The best known GEF is SOS1; therefore, SOS1
inhibitors were synthesized to block the KRAS-SOS1 interaction.
Studies showed that these inhibitors suppressed SOS1-mediated

Acta Pharmacologica Sinica (2021) 42:1201-1211

nucleotide exchange and inhibited RAS activation, resulting in
inhibition of cell proliferation and downregulation of RAS
signaling [134]. However, the binding activity of these inhibitors
to KRAS is weak, and it is unknown whether the inhibitors have
similar effects on the KRAS mutational setting [135].

At the same time, with deeper insight into KRAS biology, several
small molecule inhibitors selectively targeting the KRAS®'%C
mutation with similar covalent binding mechanisms have
emerged as the most promising approach and are now reaching
advanced stages of clinical investigation. The inherently reactive

SPRINGER NATURE

WH Wang et al.
1207
Table 2. Selected inhibitors targeting PTMs of KRAS.
Compound Primary target Structure Stage Malignancy
Ox, //
- @ Solid tumors
BMS-214662 FTase j@( P2 Phase | Leukemia
= O
Br.
=
N Cl .
N Solid tumors
Lonafarnib FTase Phase II Leukemia
Solid tumors
Tipifarnib FTase Phase 11 Leukemia
Lymphoma
~ L -
L-778,123 FTase/GGTasel N NN ¢ Phasel Solid tumors
/@\ T Lymphomas
N o
N
Il
- Biological Human pancreatic,
FGTI-2734 FTase/GGTasel | /N oF V[h\ﬁ testi%l lung, and colon
FINN N & cancer cell
N< HO o
Zoledronic FPPS @\, ° P\OH Biological Human breast
Acid _p-OH testing cancer cell
HO~H\
o}
H X
N ? Biological Human colon
N
NSCI1011 RCEI Hooc/©/ testing cancer cell
Compound Biological Human prostate and
ICMT : .
8.12 testing liver cancer cell



Targeting post-translational modification of KRAS
WH Wang et al.

characteristic of cysteine, which is found at codon 12 of KRAS®'%¢,
can be used to develop covalent small molecule inhibitors.
Covalently targeting active site cysteines is a widely used strategy
in drug discovery [136]. Moreover, wild-type KRAS lacks cysteines
in the active site, so KRAS®'?C can be specifically targeted by this
covalent approach. Among the developed inhibitors, AMG510,
MRTX849 and ARS-3248 covalently bind to KRAS®'>C at the
cysteine, locking KRAS®'?C in an inactive state and inhibiting
KRAS-dependent signaling [137-139]. These inhibitors have been
tested in clinical trials to treat patients with non-small cell lung
cancer (NSCLQ) or solid tumors and exhibit impressive antitumor
activity with no obvious dose-limiting toxicity. Although covalent
KRAS®'2< inhibitors are regarded as the most promising approach,
there also exist several concerns [140]. One is that although
KRAS®'C is the most common mutant variant in NSCLC
accounting for ~40% of all KRAS mutant tumors and ~13% of all
lung adenocarcinomas, it is present in only ~3% of colorectal
cancer cases and a small subset of patients with pancreatic,
endometrial and urothelial cancers, which might be applied to
lower populations than expected [141, 142]. In addition, the
therapeutic potential of these inhibitors might be impaired by
intrinsic resistance mechanisms. Therefore, the combination of
these inhibitors with other agents, such as programmed cell death
protein 1 (PD-1), MEK, SHP2 or ErbB inhibitors, is evaluated in
preclinical and clinical trials [143]. Moreover, combination therapy
of these covalent inhibitors with FTls or other inhibitors that target
PTMs of KRAS might be worth further investigation.

CONCLUSION AND PROSPECTS

After almost four decades of extensive research concentrated on
the RAS superfamily of GTPases, this complex process has
provided an increasingly comprehensive characterization of the
goal: anti-RAS therapy. Although our understanding is still
incomplete, we can at least recognize the fact that RAS proteins
are substrates for a wide variety of PTMs, which play essential roles
in their biological function. Given that these modifications are
catalyzed by specific enzymes, each step of these processes might
represent a potential target for cancer treatment. Given that
among the RAS superfamily members, KRAS is the most frequently
mutated in human cancers, especially in those that urgently need
improved therapies, such as pancreatic cancer, the focus in this
review is firmly on KRAS. However, why KRAS is the most
frequently mutated in general and why the frequency of mutant
RAS proteins varies depending on the tissue of origin are
questions that remain to be answered.

The KRAS proteins are modified by prenylation, palmitoylation,
ubiquitination, phosphorylation, SUMOylation, acetylation and
nitrosylation. It is clear from the successful study above that
PTMs of KRAS are common in various tumors and expand the
scalability of KRAS regulation. There are some unique advantages.
In fact, the relevant enzymes are the key regulators of PTMs.
Compared to KRAS itself, these enzymes have well-defined
binding pockets that are more accessible to be targeted by small
molecules. Although substrate specificity might be the major
barrier to the clinical use of enzyme inhibitors, the role of one
particular enzyme in tumorigenesis varies, dictated by the
substrates it interacts with. Moreover, discovering and identifying
a specific enzyme that is responsible for a particular modification
during the maturation processes of KRAS may provide a more
promising therapeutic strategy with fewer adverse reactions.
Therefore, targeting the relevant enzyme-mediated KRAS PTMs
represents a powerful and efficient strategy for the treatment of
KRAS-driven cancer types. Evidence suggests that therapeutics
designed to target enzymes involved in these modifications
decrease the carcinogenicity of KRAS. Among these indispensable
modifications, the targeting processes of prenylation and post-
prenylation might be more reasonable, as these physiological
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behaviors mediate KRAS protein subcellular trafficking and
membrane localization. Although inhibition of one particular
procedure was insufficient to inhibit tumorigenesis, combination
therapy such as dual inhibition of FTase and GGTase1 could be
more effective. Other options, such as dual inhibition of FTase and
RCE1, if possible, might be worth further investigation. A
significant challenge in combination therapy is to reduce toxic
and side effects due to general inhibition of protein processing.
Hopefully, the discovery of FGTI-2734, a dual FTase and GGTase1
inhibitor, encourages researchers to continue exploring the dual
inhibition strategy, which effectively inhibits KRAS membrane
localization and growth of mutant KRAS-dependent tumors at
nontoxic doses.

In addition, combination therapy with inhibition of PTMs and
other treatment strategies has attracted much attention and
research. For instance, treatment with FTl augments the sensitivity
of cancer cells to radiotherapy. Moreover, targeting modifications,
including prenylation and postprenylation, blocks KRAS proteins
in the inactive state of GDP binding, while activated KRAS proteins
also undergo other modifications, such as ubiquitination and
sumoylation, whose inhibition with specific enzyme inhibitors is
worth the effort. Moreover, the development of a proteolysis
targeting chimera (PROTAC) and hydrophobic tagging approach
using specific recognition of enzymes with substrates and the
ubiquitination process might offer another feasible method to
degrade related enzymes and proteins directly. In essence,
targeting the PTMs of KRAS described above means targeting
plasma localization. Beyond that, there are still other ways to drug
KRAS. Some examples include targeting downstream effector
signaling, such as the mitogen-activated protein kinase (MAPK)
cascade, utilizing synthetic lethal interaction partners, such as
serine/threonine kinase 33 (STK33) and TANK-binding kinase 1
(TBK1), targeting KRAS-mediated metabolic processes, and incor-
porating immunization therapy. Another emerging hotspot is the
development of inhibitors of mutant KRAS. Among these
inhibitors, AMG510 and MRTX849 are now attracting considerable
attention. Although the latest analyses of clinical data show that
these inhibitors are less optimal than expected, the combination
strategy with inhibitors of PTM is worth investigating. These
promising developments broaden the outlook of anti-KRAS
therapies. In summary, although many obstacles stand in the
path to success, the continuous research efforts and constantly
developed novel strategies have made researchers confident in
the ability to defeat the oncogene KRAS.
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