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Abstract: Ras, a GTP-GDP binary switch protein, transduces signals from diverse receptors to regulate
various signaling networks. Three Ras genes encode for protein isoforms, namely, Harvey Ras (H-
Ras), Kirsten Ras (K-Ras, with two splice variants, K-Ras4A and K-Ras4B), and Neuroblastoma
Ras (N-Ras). The isoforms undergo a series of post-translational modifications that enable their
membrane attachment and biological activity. The activation of Ras isoforms is tightly regulated,
and any dysregulation affects cellular processes, such as cell division, apoptosis, differentiation,
cell migration, etc. The Ras gene is highly prone to mutation, and ~30% of cancers carry somatic
mutations in Ras, whereas germline mutations clinically manifest as various rasopathies. In addition
to regulation by the Guanine nucleotide exchange factors and the GTPase activation proteins, Ras
signaling, and localization are also regulated by phosphorylation-dephosphorylation, ubiquitination,
nitrosylation, and acetylation. Herein, we review the regulation of Ras signaling and localization by
various regulatory enzymes in depth and assess the current status of Ras drug discovery targeting
these regulatory enzymes.

Keywords: Ras-GTPase; isoforms; GEF; kinases; phosphatases; phosphorylation; dephosphorylation;
oncogene; therapy

1. Introduction

Ras GTPases, the cell’s molecular switches, regulate signal relays from diverse re-
ceptors. The canonical Ras gene encodes four protein isoforms: Harvey Ras (H-Ras),
Kirsten Ras (K-Ras, with two splice variants, 4A, and 4B), and Neuroblastoma Ras (N-Ras).
The nascent protein is synthesized in the cytosol by free polysomes [1]. This globular
hydrophilic protein undergoes a series of post-translational modifications (PTMs) in the
cytosol and the endoplasmic reticulum (ER). H-Ras and N-Ras and K-Ras4A further un-
dergo modification in the Golgi complex (GC) to be targeted to the inner leaflet of the
plasma membrane (PM), the primary platform for Ras signaling. Ras is primarily regulated
by the guanine nucleotide exchange factors (GEFs) that enable Ras to switch between a
GDP-complexed to a GTP-complexed state. The inactivation of Ras is affected by GTPase-
activating proteins (GAPs) that catalyze the reverse reaction. Additionally, various kinases
and phosphatases also regulate Ras signaling and localization.

2. Regulation of Ras by GEFs and GAPs

Ras cycles between an inactive GDP-bound state and an active GTP-bound state and
this guanine nucleotide exchange is reciprocally catalyzed by GEFs and GAPs. The main
RasGEF proteins are Son of Sevenless (SOS), Ras guanyl nucleotide-releasing proteins
(RasGRPs), and RAS Protein-Specific Guanine Nucleotide-Releasing Factors (RasGRFs).
Ras GEFs play specialized roles in developmental stages and cell-specific contexts, and
their deletion results in developmental defects [2,3]. In quiescent cells, the Ras GEFs remain
inactive or autoinhibited, but on receptor activation, these GEFs and different adaptor
proteins are recruited to the phosphotyrosine residues of the receptor. The kinetics of
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recruitment of adaptors, lipid second messengers, and Ca?* also play a pivotal role in the
activation of RasGEFs [4].

Son of Sevenless: Mammalian SOS consists of the ubiquitously expressed homologs
SOS1 and SOS2, which share 70% sequence similarity. SOS1 is composed of six domains,
namely, the N-terminus histone-domain (HD), followed by the Dbl homology domain (DH),
the Pleckstrin homology (PH) domain, the Ras exchange motif (REM), the Cell division
cycle 25 (CDC25) homology domain, and the proline-rich (PR) domain. In quiescent cells,
C-terminal proline-rich (PXXP) remains bound to Src Homology 3 (SH3) domain of the
adaptor protein Growth factor receptor bound 2 (Grb2). DH and PH autoinhibit SOS
activation by inducing steric hindrance at the allosteric site. HD further stabilizes this
autoinhibited state by docking to a helical linker between PH and REM domains [5]. On
receptor stimulation, the SOS1—Grb2 complex is recruited to the PM, where it binds to
the phosphotyrosine residues of the activated receptor. The catalytic core, also known as
SOScat, is the center portion of SOS1 and contains the REM and CDC25 domains. SOS
is activated on the binding of Ras-GTP to an allosteric site located between REM and
CDC25, which opens the active sites of SOS, and further stimulation from CDC25 leads
to nucleotide exchange. Thus, Ras acts as an allosteric modulator of SOS activation by
inducing positive feedback [6]. PH and HD domains also engage in interactions with
membrane lipids, such as phosphatidylinositol-4,5-bisphosphate (PIP2), to further release
this inhibition [7] (Figure 1). There are multiple phosphorylation sites on SOS, and a study
identified five MAP kinase sites—Ser1137, Ser1167, Ser1178, Ser1193, and Ser1197—on
human SOS1 (hSOS) and only one phosphorylation site on hSOS2 that regulate Grb2-SOS
association [8]. Ras activation by SOS predominantly activates signaling from the PM;
however, the phospholipase D2-controlled localization of Grb2—SOS—Ras to the GC also
suggests its role in activating Golgi-Ras [9]. SOS1 could also stimulate nucleotide exchange
in the ER pool of H-Ras [10].

Ras guanyl nucleotide-releasing proteins: There are four RasGRP proteins: RasGRP1
through to RasGRP4. Like SOS, RasGRP has a catalytic segment composed of REM and
CDC25; additionally, it has a calcium-binding helix-loop-helix EF-hand and C1 domain
which is similar to the Diacylglycerol (DAG)-binding domain of PKC, with the exception
of RasGRP2 [11]. Hence, RasGRP1 and RasGRP3 function in a DAG-dependent manner,
whereas calcium is the primary trigger for RasGRP2 activation. Divergence in the sequence
of the EF-hand(s) in different RasGRPs suggests that their binding to Ca?* and hence
their regulation might be different [12]. The C-terminus of RasGRP1 has ~140 residues
coiled-coil (CC). This region was later identified as the suppressor of PT (SuPT) and
the plasma membrane-targeting (PT) domain in RasGRP1. As a dimer stabilized by the
C1-dimer interface, in which the allosteric site of CDC25 is occluded, RasGRP remains
inactive in an autoinhibited form. This dimer state is further stabilized by the PT domain
of RasGRP1. Receptor activation induces an increase in DAG and Ca?*, which regulate
RasGRP’s activation. The RasGRP dimer is disrupted by the C1 domain’s binding to DAG
and the PT domain’s binding to phosphoinositides. In addition, the inhibitory linker is
released and the catalytic site is unblocked by the phosphorylation of CDC25 and the
binding of EF1 to calcium [13] (Figure 2).
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Figure 1. (A) Domain organization of the SOS isoforms SOS1 and SOS2 is similar. It comprises an
N-terminal Histone Fold domain (HD), the Pleckstrin homology (PH) domain, the Dbl homology
(DH) domain, the catalytic core ~500-residue comprise of the Ras Exchanger Motif (REM), the cell
division cycle 25 (CDC25) domain, and the disordered carboxy-terminal Proline-Rich (PR domain).
(B) In the cytosol of quiescent cells, SOS remains inactive in a specific conformation bound to the
Src Homology 3 (SH3) domain of the adapter protein Growth factor receptor bound 2 (Grb2). SOS
is autoinhibited by steric hindrance induced by DH and PH at the allosteric site in the catalytic
domain. The helical linker between the PH and REM domains is docked by the HD domain, further
stabilizing this conformation. On receptor stimulation, SOS-Grb2 is recruited to the PM, where Grb2
binds via its SH2 domain to the activated receptor at its phosphotyrosine residues. The binding of
HD and PH to the membrane phospholipids Phosphatidic acid (PA) and Phosphatidylinositol 4,5-
bisphosphate (PIP2) releases the autoinhibited state of SOS. The binding of Ras-GTP at the membrane
to the allosteric site located between REM and CDC25 opens the catalytic site on CDC25, enabling
nucleotide exchange.

DAG recruits RasGRP1/3/4 to the PM via its C1 domain, where it activates Ras. In
TCR-stimulated cells, DAG mediates PKC-dependent phosphorylation of Tyr184 on Ras-
GRP1, [14] whereas PKC phosphorylates Thr133 on RasGRP3 in BCR-stimulated cells [15].
PKA phosphorylates Ser116/117, Ser528, and Ser587 on RasGRP2, regulating its GTP ex-
change activity on Rap1 [16,17]. RasGRP2 is also phosphorylated on Ser394, which impairs
its nucleotide exchange activity [18]. Hence, a key step in the RasGRP-induced activation of
GTPase signaling is phosphorylation. RasGRP is the primary GEF responsible for the pref-
erential Ras activation in the Golgi in T-cells. High-grade TCR stimulation using 5 pug/mL
of anti- CD3 plus anti-CD28 antibodies activates H-Ras and N-Ras on the Golgi but only
~20% of K-Ras on the PM. The preferential activation of H-Ras on the Golgi is due to the
Src-dependent phosphoactivation of PLC-y at Tyr771, 783, and 1254 [19], which activates
RasGRP1 via DAG in the Golgi. By Ca?*-dependent activation of the Ras GTPase-activating
protein CAPRI, H-Ras is simultaneously deactivated at the PM [20]. In HEK293 cells, it
has also been demonstrated that RasGRP3 is redistributed to the ER in response to the
diacylglycerol analogue 1,2-dioctanoyl-sn-glycerol and the phorbol 12-myristate 13-acetate
(PMA) [21].
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Figure 2. (A) RasGRP domain organization comprises the catalytic Ras Exchanger Motif (REM), the
cell division cycle 25 (CDC25) domain, followed by regulatory calcium-binding EF-hand, a lipid
second messenger binding C1 domain which binds to the membrane, and a C-terminal Coiled-coil
domain (CC) comprising the SuPT (suppressor of PT) and PT (plasma membrane-targeting) domains.
(B) In quiescent cells, a RasGRP dimer is stabilized by a C1-dimer interface which blocks the allosteric
sites of CDC25. PT also facilitates this dimerized conformation of RasGRP. The SuPT domain of
RasGRP1 prevents the membrane-targeting activity of the PT domain. On receptor stimulation
(primarily lymphocyte receptors), the lipid second messenger Diacylglycerol (DAG) and calcium
are induced. RasGRP1, 3, and 4 are DAG-dependent, and the binding of the C1 domain to DAG
or phorbol esters and the PT domain to phosphoinositides disrupt the dimer. DAG binding also
releases the suppressive effect of SuPT on PT. The binding of EF to calcium and the phosphorylation
of CDC25 unblocks the catalytic site to initiate nucleotide exchange.

RAS Protein-Specific Guanine Nucleotide-Releasing Factor: RasGRF has a REM,
CDC25, and two PH domains (PH1 and PH2) and is closely related to SOS. In response to
receptor stimulation, PH1 interacts with membrane lipids, enhances membrane localiza-
tion, and binds to G-protein (3 /v subunits, whereas PH2 is necessary for calcium-mediated
activation. Protein oligomerization is mediated by the CC domain. The activation of Ras
and Ras-independent ionomycin—ERK activation is both regulated by the DH domain [22].
RasGRF1 has two Immunoreceptor Tyrosine-based Inhibition Motifs (ITIMs) (306 IFYQGL
and 639 IRYASV), and RasGRF2 contains one ITIM (639 IRYASV). These may play a role
in T-Cell Receptor—RasGREF signaling as well as be the target residues for Src homology
region 2 domain-containing (SHP) phosphatase [23]. The Cyclin Destruction Box (CBD)
motif, which is involved in ubiquitination and proteolytic degradation, is located between
the REM and the catalytic CDC25. The Proline-Glutamic acid-Serine-Threonine (PEST)
region is the target for calpain-type protease degradation, and PKA, CDK5 phosphory-
lation, which regulates RasGRF’s GEF activity [24]. RasGRF1(p140) and RasGRF2 (p135)
expression are primarily restricted to neuronal cells, and RasGRF2 is also expressed in
embryonic stem cells. RasGRF1 and GRF2 can activate both Ras and Rac owing to their
two GEF domains. RasGRF1 was first implicated in its ability to activate Ras in response
to calcium fluxes and G protein-coupled receptors signals. The ilimaquinone (IQ) domain
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of RasGRF mediates calcium/calmodulin binding [25], which enables calcium sensing
and signaling through N-methyl-D-aspartate (NMDA)-type receptor (NMDAR) and o-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type glutamate receptors
(Figure 3). RasGRF1 but not RasGRF2 contains a neuronal binding domain that binds to the
NR2B subunit of NMDAR [26]. A study has shown that RasGRF1 and RasGRF2 mediate
opposing synaptic plasticity and long-term potentiation (LTP) in the mouse hippocampus
by preferential activation of Ras/ERK and Rac/p38, respectively [27]. In addition to the IQ
domain, the CC, PH, and DH domains are required for calcium ionophore-induced MAPK
activation. RasGRF is expressed at high levels in post-natal neurons of the central nervous
system; hence, RasGRF plays a pivotal role in the activation of neuronal Ras [28]. The phos-
phorylation of Ras GRF1 at Ser916 is crucial for its physiological functions [29]. RasGRF1
and RasGRF2 preferentially activate PM and ER-associated H-Ras but not GC-associated
H-Ras [10]. Moreover, RasGRF demonstrates preferential activation of H-Ras over K-Ras
and N-Ras in vivo, primarily owing to the different C-terminal HVR regions and partially
to the palmitoylation [30]. Carbachol, a Muscarinic receptor agonist, specifically increases
the serine phosphorylation and the activity of RasGRF in the brain, which was reversed by
protein phosphatase 1 [31].
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Figure 3. RasGRF1 and RasGRF2 have two pleckstrin homology PH domains, wherein PH1 binds to
phospholipids and PH2 is required for calcium-mediated activation of RasGRF. PH1 along with the
ilimaquinone domain (IQ) and the coiled-coil (CC) domain is involved in interaction with various
scaffold proteins. The immunoreceptor tyrosine-based inhibition motif (ITIM), with a possible role
in ITAM-based activation and phosphatase-mediated regulation, is followed by the regulatory Dbl
homology (DH) domain. Flanked by the REM and CDC25 is the ubiquitinating Cyclin Destruction
Box (CDB) domain, the IQ motifs enable calcium sensing and NDMAR signaling via binding to

calcium and calmodulin.

Ras has an intrinsic GTPase activity which is accelerated by GAPs. The conserved
arginine finger of GAP moves the catalytic GIn61 closer to the y-phosphate of GTP, sta-
bilizes it, and neutralizes the negative charge on the phosphates. Thus, it stimulates the
hydrolysis of GTP [32]. In addition to the two well-characterized GAPs neurofibromin
(NF1) and Ras P21 Protein Activator 1 (p120GAP/RASA1), additional Ras GAPs have
been identified, such as IQGAP1, PLEXIN-B1, RASAL1, RASAL2, etc. C2GAP2 has been
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identified as a Ras GAP that negatively regulates folic acid-mediated chemotaxis, phagocy-
tosis, and micropinocytosis [33]. The GAP NF1 has two domains—a cysteine-serine-rich
domain (CSRD) and a C-terminal domain (CTD)—both of which are phosphorylated by
PKA. CSRD also gets phosphorylated by both PKC, which enhances its GAP activity, and
association with actin [34]. Phosphorylation of the CTD domain at Ser2576, 2578, 2580,
and 2813 and Thr2556 is essential for its interaction with 14-3-3 protein, which negatively
regulates its GAP activity [35]. p120GAP is also subjected to phosphoregulation by a kinase,
p210Per/aPl p120GAP associates with two proteins—p190 and p62—which are tyrosine
phosphorylated by p210°™/2bl and elevated levels of Tyr phosphorylated p190 complexed
with p120GAP inhibit the GTPase-promoting activity of p120GAP [36]. Erythropoietin also
induces tyrosine phosphorylation of p120GAP and inhibition of its activity [37].

Proteins with Ras-binding domains and Ras association domains have been defined
as Ras effectors. Ras engages in two major downstream pathways—the Ras-Raf-MEK1/2-
ERK1/2 and Ras-PI3K-Akt-mTOR pathways. Other Ras effectors include Tiaml, Ral-
GDS, AF6, PLC-¢, RIN, Norel, etc. GTP-bound Ras drives the relocalization of cytosolic
Raf to the PM. This exposes the inhibitory sites of Raf to phosphatase PP1 or PP2 for
dephosphorylation. Ras binding also promotes the phosphorylation of activating sites on
Raf kinase, which is a prerequisite for Raf dimerization. Phosphorylation of Ser338 and
Tyr341 synergizes Rafl activation. The residues Thr491 and Ser494 also get phosphorylated
and cooperate in the activation loop of Rafl [38]. PKA negatively regulates Rafl by
phosphorylating residues Ser43 [39], Ser259 [40], and Ser621 [41]. Another class of kinase
regulatory proteins is the MOBs (monopolar spindle-one-binder proteins), which are
crucial signal adaptors of the NDR (nuclear Dbf2-related)/LATS (large tumor suppressor)—
hippo pathway. The Hippo pathway includes key signaling cascades which regulate cell
proliferation, differentiation, and death, thus maintaining homeostasis. Dysregulation of
the hippo pathway leads to diseases such as cancers. Unlike MOB1A /B proteins, MOB3A
inhibits the Hippo pathway, thus permitting proliferation and suppressing Ras—BRaf
-driven senescence in cancer cells [42]. PI3K is recruited to the PM in response to the
phosphorylation of tyrosine residues of the receptor. As mentioned in an earlier section,
active PI3K catalyzes the conversion of PIP2 to PIP3. PIP3 further recruits effectors, such
as Akt, serine-threonine kinase PDK1, etc. PDK1 selectively phosphorylates Thr308 on
Akt, thus activating it [43]. Akt is also activated by phosphorylation at Ser437 by mTORC-
2 [44]. Phosphatases PP2A and PH domain leucine-rich repeat protein phosphatases 1
and 2 dephosphorylate Akt at Thr308 [45] and Ser473 [46], respectively, thus negatively
regulating PI3BK—AKkt signaling. A recent study generated a Ras-effector network by
identifying PPIs (protein—protein interaction) downstream of Ras up to three layers (L)
and their subcellular localization. The authors identified 2290 proteins, of which 43 were
high-confidence Ras effectors. These proteins interact via 19,080 binary protein—protein
interactions that are maximally distributed in the order of layer 3 > layer 2 > layer 1.
Moreover, the majority of the L1 proteins were in the extracellular environment, while the
L2 proteins were in the cytosol and the L3 proteins were in the nucleus [47].

3. Ras Post-Translational Modifications
3.1. C-Terminal Carboxy-Terminal Modifications and Membrane Targeting of Ras Isoforms

The biologically inactive pro-Ras polypeptide has a C-terminus CAAX motif. C rep-
resents an invariant cysteine; AA represents two aliphatic amino acids. The amino acid
residue at the X position determines the substrate specificity for farnesyl transferase versus
geranyl geranyl transferase 1. If X is methionine or serine, it undergoes farnesylation—the
addition of a 15-carbon farnesyl isoprenoid group from farnesyl diphosphate by an enzyme,
farnesyl transferase (FTase), by a stable thioether linkage. If the amino acid residue at
position X is leucine, it undergoes prenylation by geranyl geranyl transferase 1 (GGTase). In
the case of blocking the FT using a farnesyl transferase inhibitor (FTI), K-Ras and N-Ras un-
dergo alternative prenylation by GGTase [48]. Following prenylation in the cytoplasm, the
insertion of Ras into the membrane of the ER takes place, wherein the AAX motif is cleaved
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off by the Ras converting endopeptidases (RCE1). The farnesylated cysteine further gets
carboxymethylated by the enzyme isoprenylcysteine carboxyl methyltransferase (ICMT).
H-Ras, N-Ras, and K-Ras 4A are further modified in the GC by the addition of a 16-carbon
palmitoyl group to cysteine by palmitoyl acyltransferase (PAT) by a labile thioester bond.
H-Ras has dual palmitoylation on residues 181 and 184, N-Ras on 181, and K-Ras 4A on 180.
Palmitoylation imparts hydrophobicity to H-Ras, N-Ras, and K-Ras4A for their membrane
attachment. However, K-Ras 4B has a stretch of eight lysine residues that gives it a strong
positive charge, allowing its membrane interaction with the negatively charged polar head
of the PM phospholipids. Palmitoylation is a reversible process catalyzed by thioesterase
acyl protein thioesterasel (APT1). The cyclic palmitoylation and depalmitoylation shuttles
H- and N-Ras between the PM and subcellular compartments [49] (Figure 4).
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Figure 4. Post-translational modifications of Ras isoforms and their subcellular localization. 1. Syn-
thesized on the polyribosome, the nascent Ras protein undergoes the addition of a 15-carbon farnesyl
moiety at its CAAX motif followed by insertion into the endoplasmic reticulum (ER) membrane.
2. The AAX motif is cleaved by ER resident Ras converting enzyme (RCE1). The farnesylated Cysteine
is further carboxymethylated by the enzyme Isoprenylcysteine carboxyl methyltransferase (ICMT).
3. From the ER, H-Ras, K-Ras4A, and N-Ras are translocated to the Golgi complex (GC), where H-Ras
undergo the addition of a 16-C palmitic acid on residues 181 and 184, K-Ras4A on 180 and N-Ras on
181. H-Ras, K-Ras4A, and N-Ras are targeted to the plasma membrane (PM). 4. At the membrane, the
cytosolic enzyme Acyl-protein thioesterase (APT) cleaves off the palmitate residue and redistributes
Ras from the PM to the endomembranes. 5. On depalmitoylation, K-Ras4A loses its affinity to the PM
and translocates to an endomembrane, such as the outer mitochondrial membrane (OMM). 6. PDES
and ARL2 mediate the transport of K-Ras4B from the ER to the recycling endosomes, from where it is
targeted to the membrane. The targeting of K-Ras to the PM occurs via spatial cycles of solubilization,
trapping, and vesicular transport.

3.2. Microregulation of Ras Isoforms by Ubiquitination, Acetylation, and Nitrosylation

Furthermore, ubiquitination, acetylation, and nitrosylation have a role in the microreg-
ulation of Ras isoform activation and subcellular localization. The dynamic reversible
process of ubiquitination regulates the Ras isoform’s localization and signaling properties.
Rabex-5 acts as Rab5 GEF or an A20-like E3 ubiquitin ligase for Ras. Washington et al.
identified that the phosphorylation of Tyr4 is indispensable for the ubiquitination of Ras
and Phe substitution at this site, rendering Ras insensitive to Rabex5 ubiquitination [50].
Rabex5/RabGEF1 promotes mono- and diubiquitination of H-Ras and N-Ras [51]. H-Ras
is modified at Lys63, which stabilizes its association with the endosome and modulates
downstream signaling potential. Ubiquitination preferentially localizes H-Ras to endocytic
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compartments and impairs its ability to recruit Rafl and thus signaling to MAPK [52].
Monoubiquitination regulates H-Ras and K-Ras differently because ubiquitination of H-Ras
at Lys117 improves nucleotide exchange and GTP loading and its activation, but ubiquiti-
nation of K-Ras at Lys147 reduces GAP-mediated hydrolysis [53]. Baieitti et al. showed that
OTUBI1 deubiquitinates Ras, which results in the sequestration of Ras on the PM, hence
promoting Ras activation and tumorigenesis. The suppression of the deubiquitinase OTUB1
increases the mono- and diubiquitination of N-Ras [54]. The ubiquitination of K-Ras at
Lys147 enhances GDP release, thus activating Ras and enhancing its interaction with effec-
tors, such as Raf, PI3K, RalGDS, etc. [55]. The inactivation of the cullin-3 adapter protein
encoding leucine zipper-like transcription regulator 1 (LZTR1) decreases the ubiquitination
of K-Ras and enhances its PM localization [56]. Acetylation of K-Ras at Lys104 affects the
conformational stability of the «2 helix of switch II and displaces Tyr64, which is crucial for
K-Ras’s interaction with GEF [57]. This acetylation is primarily regulated by the class I/1I
histone deacetylases, HDACS6, and the class III sirtuin deacetylase family SIRT2 [58]. The
NKCD motif (Asn116-Lys 117-Cys118-Asp119) makes Ras redox-sensitive to ROS and RNS.
Nitric oxide synthase and inducible NO synthase (NOS2) nitrosylate Ras at Cys118, activate
the ERK/MAPK pathway, and induce neural stem cell proliferation [59], promoting the
formation of pancreatic tumors and promote an aggressive tumor phenotype in estrogen
receptor-negative breast cancer [60]. In T-cells, upon TCR engagement, N and H-Ras, but
not K-Ras, are selectively activated at the Golgi by nitrosylation of Cys118 located in the G4
motif by endothelium-derived nitric oxide (eNOS). Positive selection of T-cells is directed
by N-Ras activation at the GC, whereas negative selection of T-cells is induced by N-Ras
activation at the PM [61].

3.3. Regulation of Ras Signaling and Localization by Phosphorylation-Dephosphorylation
3.3.1. Regulation by Phosphorylation

The primary regulation of Ras activation is by the GEFs and GAPs. Upon EGFR
stimulation, a complex is formed between the EGFR-phosphorylated Shc—Grb2—SOS
that activates Ras isoforms [62]. Src protein-tyrosine kinase coordinately phosphorylates
Tyr239 and Tyr240 residues of the adaptor protein Shc, which enables its association
with Grb2 [63]. Grb2 is phosphorylated at Tyr209 by the Bcr/Abl oncoprotein and EGF
receptor, which impairs the binding of Grb2 to SOS [64]. Src can also directly bind to
and phosphorylate GTP-bound H/N-Ras on Tyr32 within the switch I region. Tyr32
phosphorylation on Ras reduces its affinity for its effector Raf but increases its binding
to the GAPs and GTP hydrolysis [65]. Further studies have shown that the Src-mediated
phosphorylation of K-Ras on Tyr32 and Tyr64 leads to conformational changes in the switch
I (aa 30-38) and switch II (aa 59-76) of K-Ras, which attenuate its sensitivities towards
GEF, GAPD, and binding to Raf. This results in the accumulation of phosphorylated-K-
Ras-GTP, which is insensitive to further activation or activating downstream Raf and is
termed the ‘dark state’ [66]. In 1989, it was first reported that purified insulin receptor
kinase phosphorylates H-Ras in the presence of poly (L-lysine) and K-Ras even in the
absence of a basic protein [67]. The positively charged polylysine residues in the HVR
of K-Ras4B interact with the phospholipid bilayer’s anionic headgroup [68]. Ballester
et al. showed that PKC-mediated phosphorylation at Ser181 of K-Ras4B neutralizes its
charges, lowering its membrane affinity [69]. This induces a reversible translocation of
K-Ras4B from the PM to the intracellular membranes of organelles, such as the GC, ER, and
mitochondria. Additionally, Ser171 may also act as a phosphate acceptor in K-Ras4B. At
the outer mitochondrial membrane, K-Ras-GTP associates with Bcl-XL in a PKC-dependent
manner to induce apoptosis [70]. Ras can also be phosphorylated by Abelson tyrosine-
protein kinase (ABL). RIN1 (Ras and Rab interactor-1) is an activator of ABL tyrosine
kinases. In a ternary complex, RIN1 also facilitates Ras Tyr137 phosphorylation by ABL.
The phosphorylation of Ras on Tyr137 allosterically alters the protein conformation and
effector binding [71]. ABL phosphorylates H-Ras at Tyr137, which leads to a conformational
change, increases the association of phosphorylated H-Ras with Rafl, and enhances H-Ras’s
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signaling capacity. This phosphorylation was found to be independent of the nucleotide-
bound state of H-Ras but dependent on the palmitoylation state [71]. Yin et al. identified
an array of 12 kinases whose knockdown led to 50% inhibition of N-Ras activity and
6 kinases that led to up to two folds of upregulation of N-Ras activity. The Ser/Thr-
protein kinase 19 (§5TK19) preferentially phosphorylates oncogenic N-RasQ61R at Ser89,
which enhances its binding with downstream effectors, and STK knockdown inhibits the
activity of N-Ras by 35% [72]. The Wnt/ p-catenin pathway stabilizes Ras activation,
which leads to ERK signaling cellular proliferation and tumorigenesis. Glycogen synthase
kinase 3 beta (GSK3f3), a Ser-Thr kinase and a negative regulator of the Wnt/ 3-catenin
pathway, phosphorylates H-Ras at Thr144 and Thr148. This recruits 3-transducin repeat-
containing proteins (3-TrCP), an E3-ubiquitin ligase substrate recognition protein, and
marks H-Ras for polyubiquitination and degradation [73]. Inhibition of H-Ras degradation
by an aberration in the Wnt/ 3-catenin pathway leads to Ras-induced transformation in
colorectal tumorigenesis. Contrarily, GSK3 is required for the proliferation and survival
of pancreatic cancers with K-Ras mutation [74].

3.3.2. Regulation by Dephosphorylation

As mentioned earlier, Tyr32 is a phosphoregulatory residue in Ras. Phospho-Tyr32
can be dephosphorylated by SHP2 (SH2-containing protein tyrosine phosphatase-2 phos-
phatase), which activates H/N-Ras and reinstates Ras downstream signaling by binding
to Raf [75]. SHP2 reverses the Src phosphorylation, thus unleashing K-Ras from its ‘dark
state’ and making it signaling competent (Figure 5).

Phosphorylation also alters the localization of proteins, such as the Kinase Suppressor
of Ras (KSR), which acts as a molecular scaffold for the Raf/MEK/ERK kinase cascade. In
quiescent cells, KSR is present in the cytosol associated with MEK [76], CDC25-associated
kinase 1 (C-TAK1) [77], and 14-3-3 [78]. 14-3-3 ensures the retainment of KSR in the cyto-
plasm by phosphorylating Ser297 and Ser392. Upon Ras activation, Raf is phosphorylated
at Ser338 and Tyr341 and the serine-threonine phosphatase Protein Phosphatase 2A (PP2A)
dephosphorylates KSR1 at Ser392 and Raf at Ser259 [79], which causes KSR1 and Raf to
move to the PM [77]. KSR1 further acts as a scaffold to facilitate the phosphorylation of
MEK by Raf. Hence, PP2A positively regulates Ras signaling. Protein tyrosine phosphatase
(PTP) 1B has also been implicated in the regulation of Ras. The loss of PTP1B results in the
attenuation of Ras activity by an increase in the expression of the GAP p120Ras. p62dok, a
62 kDa protein downstream of tyrosine kinase, binds to p120GAP and is a potential sub-
strate of PTP1B [80]. Overexpression of p62dok inhibits the activity of Ras, suggesting that
p62dok is a negative regulator of Ras [81]. Mutational studies have shown that tyrosines
296, 315, 362, 398, and 409 are crucial for the binding of p62dok to GAP [82].
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Figure 5. The various phosphoregulatory residues on H-Ras, K-Ras, and N-Ras and the effect of
phosphorylation-dephosphorylation on these residues (A) the H-Ras human Fasta sequence (left)
H-Ras human-PDB-ID 4EFL (Web*GL view), (B) the K-Ras4B human Fasta sequence (left) K-Ras
human-PDB-ID 3GFT (Web*GL view), and (C) the N-Ras human Fasta sequence (left) N-Ras human-
PDB-ID 3CON (Web*GL view). (PDB structures: H-Ras [76]; K-Ras [77]; N-Ras [78]; NGL (WebGL)
viewer.) The structures are adapted for visualization purposes only.

4. Therapeutic Approaches Targeting Enzymatic Regulation of Ras

Targeting of RasGEFs: Various therapeutic approaches have been designed to target
the Ras activators and post-translational regulatory enzymes. The depletion of SOS1 leads
to a decrease in the survival of tumors harboring K-Ras mutations but not wild-type K-Ras.
Further, this effect was not rescued by catalytically impaired (SOS1F92°4) or allosterically
impaired (SOS1M87E/R6884) SOS1 mutants, demonstrating the possibility of targeting both
for therapeutic interventions [5]. A small molecule inhibitor, BI-3406, selectively binds to
the catalytic site of SOS1 and prevents SOS1-K-Ras interaction and hence GTP binding to K-
Ras. BI-3406 administration inhibited SOS1-catalyzed K-Ras-GTP with an IC5p = 83-231 nm
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and reduced cellular proliferation and anchorage-dependent 3D growth in K-Ras mutant
cell lines and xenograft models. In addition to blocking the feedback reactivation observed
in the combination suppression of SOS1 and MEK, BI-3406 targets SOS1 specifically but
not SOS2. Moreover, cells carrying NF1 and EGFR mutations were also sensitive to BI-3406
treatment [83]. To find fragments and inhibitors binding to SOS1 or K-Ras to disrupt the
enzymatic activity of SOS1, Bayer and Boehringer Ingelheim used fragment screening and
high-throughput screening. The GDP-K-Ras: SOS1 PPI was blocked by identical selective,
cell-active quinazoline SOS1 inhibitors, Bayer Hit 7 and Boehringer Ingelheim Hit 8, with
ICsp values of 320 nm and 1 uM, respectively. By combining the activator fragment F1,
which stabilizes the KRasG12C-50OS1cat complex with the quinazoline inhibitor 7, Bayer
generated an inhibitor called BAY 293 with an IC5p = 21 nm [84]. In mutant cell lines, a
combinatorial treatment strategy combining BAY293 with ARS-853, a covalent inhibitor
of K-Ras G12C, showed an antiproliferative impact. In 2021, Boehringer Ingelheim in
collaboration with Amgen announced the clinical trial of BI 1701963, which is closely
related to BI-3406 and LUMAKRAS (sotorasib), in adult patients with locally advanced or
metastatic non-small cell lung cancer. Currently, BI 1701963 is in clinical trials to determine
its efficacy against K-Ras mutated cancers alone or in combination with K-Ras inhibitors, a
topoisomerase I inhibitor Irinotecan, or trametinib, an MEK inhibitor.

The therapeutic targeting of RasGRP is still in a nascent stage. Indirect inhibition
of RasGRP by means of PKC inhibitors shows inhibition of RasGRP3’s phosphorylation
and attenuation of activation of Ras. RasGRP3 is phosphorylated in vitro by PKC0 and
PKC-p2 [85]. Bryostatin 1 (Bryol), a potent activator of PKC, in combination with PMA
suppressed the PMA-induced activation of RasGRP3 in a prostate cancer cell line. Bryol
has divergent effects and selectively induces a few subsets of responses induced by PMA
and antagonizes other responses, e.g., Bryol downregulated PKCe«, caused a biphasic
downregulation of PKC §, and suppressed the phosphorylation of PKC and PKD in an
LNCaP cell line [86]. The limitation of this approach is exemplified by the fact that redun-
dant PKCs may regulate different RasGRPs and that PKCs have diverse cellular targets. As
mentioned earlier, DAG can regulate the activity of RasGRP both directly and indirectly by
membrane recruitment and PKC-mediated phosphorylation, respectively. DAG kinases
(DGKs) regulate the concentration of DAG available for signaling by metabolizing it to
phosphatidic acid. DGKC significantly eliminated RasGRP-induced activation of Ras [87].
However, DAG may recruit several proteins to the membrane surface; moreover, DGK
subtype-specific activators and inhibitors and their effects on all mammalian DGKs have
yet to be fully characterized.

As with RasGRP, attempts to target RasGRF have been very limited. As mentioned ear-
lier, the Ser916 phosphorylation on RasGRF1 represents a readout of its activation. NMDAR-
dependent induction of LTP requires Calmodulin-Dependent Kinase Kinase/Calmodulin
Kinase I (CaMKI), which activates the Ras-ERK pathway. Schmitt et al. showed that STO-
609, a pharmacological inhibitor of CaMKK, and dominant-negative CaMKI blocked the
phosphorylation of RasGRF1 and hence NMDAR-dependent ERK activation in hippocam-
pal neurons [88]. Additionally, further research into the potential therapeutic applications
of PKA [27] and other tyrosine kinases, such as Src [89] and Ack1 [90], in the phosphoregu-
lation of RasGRF1 is possible. As previously mentioned, there are multiple Ras effectors
which function in a context-/tissue-/cell-type-/condition-specific manner which limits
their therapeutic targeting.

Targeting of post-translational modifications of Ras: With the failure of FI1s, such
as lonafarnib and tipifarnib, in advanced clinical trials owing to their inability to block the
prenylation of N-Ras and K-Ras, dual inhibition of FFTase and GGTase was attempted.
However, this caused extensive toxicity. The limitations of RCE1 or ICMT inhibitors to be
translated to the clinic led to the next strategy, i.e., targeting Ras’s membrane association
using Farnesylcystein mimetics, namely, S-trans, trans farnesyl thiosalicylic acid (FTS). FTS
competes with Ras isoforms for membrane targeting by binding to the chaperone proteins,
and this leads to improper membrane trafficking and dislodging of Ras from the membrane.
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Unlike FTIs, FTS affects all the isoforms, as shown by the dislodging of H-Ras, K-Ras, and
N-Ras from their membrane anchoring sites and blockade of Ras activation in FTS-treated
Ras-transformed rodent fibroblasts [91]. FTS Salirasib disrupts the spatiotemporal local-
ization of all Ras isoforms [92,93] and has shown anti-tumor efficacy in several cell line
and xenograft models, such as pancreatic cancer [94], glioblastoma [95], and hepatocar-
cinoma [96]. However, in clinical trials of K-Ras mutated lung adenocarcinoma [97] or
refractory hematologic malignancies [98], the results obtained were not promising, albeit
the life expectancy of patients with pancreatic cancer was doubled in phase I/1I clinical
study with co-treatment of Salirasib and Gemcitabine [99].

In addition to Farnesylation, H-Ras, N-Ras, and K-Ras 4A undergo palmitoylation.
Although non-palmitoylated K-Ras 4B is the predominantly mutated Ras isoform (~85%),
emerging studies on the role of K-Ras4A in colorectal adenocarcinoma [100] present PAT
as an attractive anti-cancer drug target. Palmitoylation-defective mutants of N-Ras show
defective activation of PI3K and ERK [101]. The lipid-based PAT inhibitors, such as 2-
bromopalmitate (2BP), tunicamycin, and cerulenin analogs, are non-specific and their
modes of action are not well understood. Since the molecular identities, functioning, and
localization of ~23 mammalian ZDHHC PAT family members are not well characterized,
specific small molecule inhibitors against these have not yet been developed. Huntingtin
interacting protein 14 (HIP14) or DHHC17 palmitoylates H-Ras [102] and the specificity of
the DHHC9/GPC16 complex as the PAT for H-Ras and N-Ras further suggest the possibility
of specific PAT targeting. Acyl protein thioesterase (APT), like APT1, APT2, APTL1, and
Palmitoyl-protein thioesterase-1 (PPT1), reverses the process of palmitoylation. A chiral
acyl-p-lactone-Palmostatin B was one of the first APT inhibitors discovered by screening a
series of 3-lactone derivatives against APT1 (APT1 ICsp = 5.4 nM). Further optimization
yielded a more soluble and effective Palmostatin M (APT1; IC5p = 2.5 nM) [103,104]. By
screening a library of natural products, Zimmerman et al. developed boron-based inhibitors
that show APT isoform selectivity and low toxicity [105]. Using fluopol-activity-based
protein profiling (ABPP), Bachovchin et al. further developed a piperazine amide motif
containing lead molecules inhibitor 21 and inhibitor 1 which block APT1 and APT?2, respec-
tively [106]. Whether these inhibitors could be converted to pharmacological leads remains
to be validated.

As mentioned earlier, acetylation of Lys104 attenuates the transforming potential of
K-Ras. Yang et al. demonstrated that inhibition of HDACS6, using a specific inhibitor
Tubastatin A, and knockdown of SIRT2 resulted in increased K-Ras acetylation. This study
opens up the future possibility of generating specific inhibitors for targeting HDAC6 and
SIRT2 in K-Ras mutant cancers [58]. Further characterization of the regulators of Ras
ubiquitination-deubiquitination regulators, such as LZTR1 and OTUBI, could also possibly
open new avenues of therapeutic targeting. Although NOS inhibition and antioxidant
treatment showed little success in the treatment of neurodegenerative disorders, strategies
for specific targeting of Cys118 S-nitrosylation may be adopted for blocking Ras activation.
Another therapeutic target specific for pancreatic cancer patients with K-Ras mutation is
Glycogen synthase kinase 3/ 3. Inhibition of GSK3 was observed to reduce the growth of
primary and metastatic patient-derived xenografts in pancreatic cancer patients with the
K-Ras mutations KRasG12D, G12V, and G12C [74].

Targeting the phosphorylation-dephosphorylation of Ras: An emerging strategy to
combat Ras-driven malignancies is to target Ras’s phosphorylation, whereby either in-
hibitors/ligands can target the kinases or phosphatases, or the phosphorylation sites on
Ras. Although Src is conventionally considered a proto-oncogene, its role in the phospho-
regulation of K-Ras represents its tumor-suppressive functions, opening new avenues for
targeting Src kinase for Ras-cancer therapies. Reports of clinical trials using SHP inhibitors
have shown that therapeutic targeting of kinases has had some encouraging results. SHP2
dephosphorylates the phosphoregulatory Tyr32, thus activating Ras signaling, and SHP2
inhibitors are forerunning candidates for clinical trials. A combination therapy of RMC-
4630, an SHP2 inhibitor, and LY3214996, an ERK inhibitor, are currently in phase 1 of a
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clinical trial in patients with K-Ras mutant cancers, colorectal cancer (CRC), non-small cell
lung cancer (NSCLC), and pancreatic ductal adenocarcinoma (PDAC) [107]. Treatments
consisting of the SHP2 inhibitor BBP-398 in combination with Nivolumab [108] and So-
torasib [109] are in phase 1 clinical trials for NSCLCs and advanced solid tumors with
K-Ras mutations, respectively. The SHP2 inhibitor TNO155 alone and in combination with
EGF816 (nazartinib) is also in phase 1 of a clinical trial for patients with K-RasG12-mutant
NSCLC [110]. The first-in-human (phase 1/1b) study of the SHP2 Inhibitor BBP-398 in
patients with MAPK pathway- or RTK-driven advanced solid tumors was initiated in
2020 [111]. In addition, emerging small molecular inhibitors targeting the orthosteric or
allosteric sites of SHP2 include 11-B0862, 11a-147, GS49364, and SHP09947. These SHP2
inhibitors work by preventing dynamic cycling and stalling phosphorylated K-Ras-GTP in
the “dark state’ [66].

Phosphorylation of oncogenic N-RasQ61R at Ser89 by STK 19 enhances its downstream
signaling. Ser89 is conserved across all Ras isoforms, suggesting that other mutant Ras iso-
forms may also be preferentially phosphorylated, making STK a potential drug target. Qian
et al. identified chelidonine as a selective inhibitor of STK 19 (ICsy = 125.5 £ 19.3 mol/L),
which inhibited Ser89 phosphorylation of Ras in both in vitro and in vivo models [112].
The targeting of Ser89 phosphorylation provides a novel avenue in Ras cancer therapy;
however, the intrinsic kinase activity of STK 19 [113] and the efficacy of STK19 in clinical
trials still need to be confirmed.

ABL kinase inhibitors can constrain the tyr137 phosphorylation of Ras, which would
lead to a conformational shift of Ras to the GDP-bound state. Imatinib and dasatinib,
two ABL kinase or BCR-ABL fusion protein inhibitors, are being evaluated in a clinical
trial to treat CML. These inhibitors must be evaluated in terms of their efficacy regarding
Ras-mutational status. As GSK-3f3 is a potentially important therapeutic target in human
malignancies, the GSK-3f inhibitor 9-ING-41, alone or in combination with gemcitabine,
doxorubicin, lomustine, carboplatin, paclitaxel, irinotecan [114], etc., is currently being
assessed for its safety and efficacy in patients with refractory cancers. The specific role of
GSK-3f3 in the phosphorylation of H-Ras may be further evaluated for its potential to be
translated into a Ras-isoform-specific therapy. Another drug that targets Ras membrane
interaction is deltarasin, which blocks K-Ras-PDE66 interaction and has been shown to
attenuate K-Ras mutation-harboring tumors [115]. The lack of understanding of the speci-
ficity of PDE6b for various farnesylated proteins and the evitable dependence of K-Ras
on PDES6 ¢ are the drawbacks of drugs that target chaperone proteins. The PKC agonist
bryostatin reduced the growth of oncogenic K-Ras4B tumors but not that of K-Ras4B
phosphorylation-deficient tumors in mice [70]. As PKC mediates the activation of diverse
signaling molecules and bryostatin has divergent effects, the use of bryostatins and analogs
as anticancer drugs pose the problem of specific targeting of K-Ras4B phosphorylation
without hampering other PKC-dependent signaling molecules. Bryostatin alone or in com-
bination with other drugs, such as cisplatin, paclitaxel, vincristine, cytarabine, cladribine,
etc., is in various phases of clinical trials. Table 1 lists various drugs in different phases of
clinical trial.

Table 1. A list of the drugs under clinical trial compiled using data from the NIH US Library of
Medicine—ClinicalTrials.gov (www.clinicaltrials.gov; accessed on 20 January 2023).

S.No. Condition or Disease Intervention/Treatment Clinical Trial Status
1 Solid Tumors, KRAS Mutation; SOS1 Drug: B 1701.9 6.3 Phase 1

Drug: Trametinib
2 Non-Small-Cell Lung Carcinoma (NSCLC) Drug: Salirasib Phase 2
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Table 1. Cont.

S.No. Condition or Disease Intervention/Treatment Clinical Trial Status

Drug: Sotorasib

Pancreatic Cancer Drug: Liposomal Irinotecan (nal-IRI)
3 Unresectable Pancreatic Cancer Drug: 5 Fluorouracil (5FU) Phase 1
Metastatic Pancreatic Cancer Drug: Leucovorin (LV) Phase 2
KRAS P.G12C Drug: Gemcitabine (GEM)
Drug: Nab paclitaxel
\ Ililancreatlc Cancer, Colorectal Cancer Drug: RMC-4630
on-Small Cell Lung Cancer Drue: 1Y3214996 Phase 1
KRAS Mutation-Related Tumors &
Advanced EGFR mutant NSCLC, KRAS Drug: TNO155
G12-mutant NSCLC, Esophageal Squamous Cell = Drug: TNO155 in combination with Phase 1
Cancer (SCC), Head /Neck SCC, Melanoma EGF816 (nazartinib)
5 Tumor, Solid 33%_1135];5;)98 (formerly known as Phase 1
Solid Tumor, Adult
6 Metastatic Solid Tumor Drug: BBP-398 Phase 1
Metastatic NSCLC Drug: sotorasib
Non-Small Cell Lung Cancer
7 No.n—Small Cell Lung Cancer Drug: BBP-398 with nivolumab Phase 1
Solid Tumor
Cancer
Pancreatic Cancer
Sarcoma
Renal Cancer
Refractory Cancer
Refractory Neoplasm
Refractory Non-Hodgkin Lymphoma
Pancreatic Adenocarcinoma
Resistant Cancer Drug: 9-ING-41(GSK 3 §3 inhibitor)
Neoplasm Metastasis Drug: Gemcitabine—21-day cycle
Neoplasm of Bone Drug: Doxorubicin
Neoplasm, Breast Drug: Lomustine
8 Neoplasm of Lung Drug: Carboplatin Phase 2
Neoplasms, Colorectal Drug: Nab paclitaxel
Neoplasms, Pancreatic Drug: Paclitaxel
Malignant Glioma Drug: Gemcitabine—28-day cycle
Malignancies Drug: Irinotecan

Malignancies, Multiple

Bone Metastases

Bone Neoplasm

Bone Cancer

Pancreatic Cancer

Pancreatic Neoplasms

Breast Neoplasms

Acute T Cell Leukemia Lymphoma

5. Conclusions

Ras’s membrane targeting and functionality depend on post-translational modification,
which has led to the therapeutic targeting of the enzymes implicated in these processes.
Unfortunately, the application of FTIs and palmitoylation inhibitors in anti-cancer therapy
has been constrained by their poor selectivity, low specificity, and severe cellular toxicity.
The lack of hydrophobic druggable pockets in Ras has remained a long-standing obstacle
to the effective targeting of Ras. Since phosphoregulation has been identified as the
regulatory process in the signaling of not only wild-Ras isoforms but also oncogenic Ras,
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a better understanding of this process may circumvent the druggability issue. In-depth
research on how these post-translational modifications influence Ras’s interaction with
other proteins is necessary for the controlled targeting of Ras’s nitrosylated, acetylated,
ubiquitinated, and phosphorylated residues. In this review, we have discussed how the
GEFs—S0S, RasGRP, and RasGRF—control Ras activation and how the microregulation
mechanisms of acetylation, nitrosylation, and ubiquitination control Ras signaling and
localization. Based on the approach of focusing on Ras’s PTMs, we have also summarized
the numerous medications and therapeutic approaches in various phases of clinical trials.
Ras isoforms are differentially involved in various cancers, mouse embryonic development,
and infection [116], and their signaling specificities [117] and localization are not yet fully
deciphered. A comprehensive study of all the post-translationally regulated residues in
Ras isoforms with a special focus on phosphoregulatory residues and the isoform-specific
differences in the regulation of these sites in wild type and various mutants may offer a
new prospect in anti-Ras isoform-specific cancer therapy.
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