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A B S T R A C T   

RAS proteins (HRAS, KRAS, NRAS) participate in many physiological signal transduction processes related to cell 
growth, division, and survival. The RAS proteins are small (188/189 amino acid residues) and they function as 
GTPases. These proteins toggle between inactive and functional forms; the conversion of inactive RAS-GDP to 
active RAS-GTP as mediated by guanine nucleotide exchange factors (GEFs) turns the switch on and the intrinsic 
RAS-GTPase activity stimulated by the GTPase activating proteins (GAPs) turns the switch off. RAS is upstream to 
the RAS-RAF-MEK-ERK and the PI3-kinase-AKT signaling modules. Importantly, the overall incidence of RAS 
mutations in all cancers is about 19% and RAS mutants have been a pharmacological target for more than three 
decades. About 84% of all RAS mutations involve KRAS. Except for the GTP/GDP binding site, the RAS proteins 
lack other deep surface pockets thereby hindering efforts to identify high-affinity antagonists; thus, they have 
been considered to be undruggable. KRAS mutations frequently occur in lung, colorectal, and pancreatic cancers, 
the three most deadly cancers in the United States. Studies within the last decade demonstrated that the covalent 
modification of KRAS C12, which accounts for about 10% of all RAS mutations, led to the discovery of an 
adjacent pocket (called the switch II pocket) that accommodated a portion of the drug. This led to the devel
opment of sotorasib as a second-line treatment of KRASG12C-mutant non-small cell lung cancer. Considerable 
effort also has been expended to develop MAP kinase and PI3-kinase pathway inhibitors as indirect RAS 
antagonists.   

1. Overview of RAS and the MAP kinase and PI3-kinase signaling 
pathways 

RAS proteins participate in many signal transduction processes 
related to cell growth, division, and survival as described in studies that 
began in the 1960s [1]. Jennifer J Harvey working at the London Hos
pital Research Laboratories isolated a transforming retrovirus (Harvey 
sarcoma virus) from leukemic rats that was able to produce sarcomas in 
rodents as reported in 1964 [2]. Werner H Kirsten and LA Mayer 
working at the University of Chicago isolated a different (Kirsten sar
coma virus), but related, rat transforming virus [3]. HRAS and KRAS, the 
corresponding normal human cellular proto-oncogenes, were identified 
[4] from studies of these two transforming retroviruses by Edward M. 
Scolnick and colleagues at the National Institutes of Health [5]. In 1982, 
activated and transforming human RAS genes were discovered in human 

cancer cells by several groups including Geoffrey M. Cooper at Harvard 
[6], Robert Weinberg at the Massachusetts Institute of Technology [7], 
Mariano Barbacid and Stuart A. Aaronson at the National Institutes of 
Health [8], and Michael Wigler at the Cold Spring Harbor Laboratory 
[9]. A third RAS gene was subsequently discovered by investigators in 
the group of Robin Weiss at the Institute of Cancer Research [10,11] and 
Michael Wigler at the Cold Spring Harbor Laboratory [12] and named 
NRAS, for its initial identification in human neuroblastoma cells. Their 
gene symbols are HRAS, KRAS, and NRAS; alternative splicing of the 
KRAS gene product yields KRAS4a and KRAS4b isoforms where 4 refers 
to which exon 4 (a or b) is included in the final product. The three 
human RAS genes encode extremely similar proteins made up of chains 
of 188–189 amino acids. Gibbs et al. were the first to demonstrate that 
HRAS had GTPase activity and that an oncogenic variant (HRASG12V) 
exhibited only one-third of the GTPase specific activity as the wild type 
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enzyme [13]. 
The RAS-RAF-MEK-ERK MAPK (mitogen activated protein kinase) 

and PI3K (phosphatidylinositol 3-kinase) AKT-mTOR signaling modules 
are among the most important physiological signal transduction path
ways as well as significant oncogenic drivers of human malignancies 
[14–25]. These evolutionarily conserved pathways transmit extracel
lular signals (growth factors, cytokines) to intracellular signaling mod
ules. Significantly, the MAP kinase and PI3-kinase pathways are 
activated by many of the same transmembrane receptors. For example, 
activated EGFR becomes auto-phosphorylated at specific tyrosine resi
dues that interact with guanine nucleotide exchange factors (GEFs) such 
as SOS (from Drosophila Son Of Sevenless) as well as other adapter 
proteins such as GRB2 (Growth factor Receptor Bound protein 2). These 
factors facilitate the conversion of dormant RAS-GDP to the functional 
and active RAS-GTP in the plasma membrane [26–30]. These RAS pro
teins toggle between inactive and functional forms; the conversion of 
inactive RAS-GDP to active RAS-GTP turns the switch on and the 
intrinsic RAS-GTPase activity stimulated by the GTPase activating pro
teins (GAPs) such as NF1 (neurofibromin-1) turns the switch off (Fig. 1). 
Note that much of the PI3-kinase and RAS biochemistry and signaling 
occurs within the inner leaflet of the plasma membrane [29]. 

To activate the MAP kinase module, RAS-GTP promotes the creation 
of functional homodimers or heterodimers composed of A/B/CRAF by a 
complex process (the RAF acronym corresponds to Rapidly Accelerated 
Fibrosarcoma, initially described in mice) [14,15]. The RAF enzymes are 
protein-serine/threonine kinases that mediate the ATP-dependent 
phosphorylation and activation of MEK1 and MEK2 (MAP/ERK Ki
nase). The activated MEK protein kinases then mediate the phosphory
lation and activation of ERK1 and ERK2 (Extracellular Signal-Regulated 
protein Kinases). The A/B/CRAF and MEK1/2 protein kinases have 
restricted substrate specificities [15,17]. Consequently, the only docu
mented RAF substrates are MEK1/2 and the only documented MEK1/2 
substrates are ERK1/2. In contrast to the RAF and MEK enzyme families, 
ERK1/2 have broad substrate specificity and they mediate the phos
phorylation of literally hundreds of different cytosolic and nuclear 
proteins [19,31]. Accordingly, the linear MAP kinase module branches 

extensively at the ERK1/2 node (Fig. 2). The Kinase Suppressors of RAS 
(KSR1/2) are the closest relatives of the RAF family kinases (www.kina 
se.com/human/kinome). KSR1/2 are impaired protein kinases (but not 
kinase dead) that function as scaffolds to assemble RAF, MEK, and ERK 
to regulate signaling efficiency [19,31]. Components of the MAP kinase 
pathway including GEFs, GAPs, and protein kinases are listed in Table 1. 

PI3-kinases mediate the phosphorylation of phosphatidylinositol- 
4,5-bisphosphate (PI-4,5-P2) to generate phosphatidylinositol-3,4,5- 
trisphosphate (PIP3) according to the following chemical equation:  

PI-4,5-P2 + ATP → PI-3,4,5-P3 + ADP                                                   

These enzymes are divided into three classes: class I PI3-kinases 
mediate the conversion of PI-4,5-P2 to PIP3 and include the isoforms 
that are most frequently mutated in cancer. The class II PI3-kinases 
mediate the conversion of PI-4-P to PI-3,4-P2; this phospholipid occurs 
on early endosomes and participates in AKT protein kinase signaling 
[32,33]. Class III PI3-kinases catalyze the conversion of PI to PI-3-P, a 
major phospholipid that participates in autophagy and vesicular traf
ficking [34,35]. The class III Vps34 was first identified in budding yeast 
(Saccharomyces cerevisiae) as a protein involved in vesicle-mediated 
Vacuolar protein sorting (Vps) and vps34 refers to a complementation 
group name. Table 2 summarizes the properties of the three classes of 
PI3-kinases. 

The class I PI3-kinases are made up of p110 catalytic subunits that 
are encoded by four genes (PIK3CA, PIK3CB, PIK3CD, and PIK3CG) that 
correspond to the p110α, p110β, p110δ, and p110γ isoforms, respec
tively [36]. These catalytic subunits are constitutively bound to regu
latory subunits that are encoded by five genes (PIK3R1, PIK3R2, PIK3R3, 
PIK3R5, and PIK3R6) that correspond to the p85α, p85β, p55γ, p101, 
and p87 proteins (Table 2). The p85/p55 regulatory subunits form di
mers with p110α or p110δ catalytic subunits thereby forming complexes 
that are regulated chiefly by receptor protein-tyrosine kinases. In 
contrast, the p101 and p87 regulatory subunits heterodimerize with 
p110γ to form complexes that are regulated mainly by G protein-coupled 
receptors (GPCRs). Complexes containing the p110β catalytic subunit 

Fig. 1. The RAS cycle and RAS effector path
ways. The inactive GDP state (1) interacts with 
SOS1 (2) leading to the exchange of GTP for 
GDP and the formation of the active RAS-GTP 
complex (3). Conversion to the inactive GDP 
state is mediated by GAPs such as NF1 (4). The 
active RAS-GTP state leads to the activation of 
the MAP kinase pathway (5) or the PI3-kinase 
pathway (6). The regulatory and effector pro
teins are depicted as semi-transparent spheres. 
The switch I regions are colored blue; switch II, 
yellow, and P-loop, gray. This figure and 3B, 
4A, 6, and 8B/C/E/F/H/I were prepared using 
the PyMOL Molecular Graphics System Version 
1.5.0.4 Schrödinger, LLC.   
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are activated by receptor protein-tyrosine kinases as well as GPCRs. The 
p85/p55 regulatory subunits contain an N-terminal SH2 domain (nSH2), 
a C-terminal SH2 domain (cSH2), and an inter-SH2 (iSH2) coiled-coil 
domain that mediates the interaction with the various catalytic sub
units [25]. The SH2 domains bind to pYxxM amino acid motifs of acti
vated receptor protein-tyrosine kinases or their adapter proteins that 
result in the recruitment of PI3-kinases to the plasma membrane where 
their substrate (PI-4,5-P2) is abundant and triggers conformational 
changes that enhance PI3-kinase catalytic activity [37,38]. The class I 
and class II PI3-kinases contain a RAS-binding domain (RBD) that par
ticipates in the regulation of these enzymes. 

Following receptor protein-tyrosine kinase activation by its stimu
latory ligand, the activated receptor, its adapter proteins, or both un
dergo tyrosine phosphorylation at multiple YxxM motifs that interact 
with the SH2 domains of the p85 PI3-kinase regulatory subunits to alter 
the PI3-kinase catalytic subunit conformation while attracting it to the 
substrate-rich plasma membrane, a process that results in the biosyn
thesis of PIP3 [20]. Furthermore, the AKT protein kinase is activated 
following its binding to PIP3 within the plasma membrane to mediate 
downstream growth and survival pathways (Fig. 2). PIP3 signaling is 
terminated by phospholipid phosphatases. PIP3 is converted to PI-4, 
5-P2 following the hydrolysis catalyzed by PTEN (phosphatase and 
tensin homolog) or it is converted to PI-3,4-P2 in a reaction catalyzed by 
Ship2 (phosphatidyl-3,4,5-trisphosphate 5-phosphatase) [39]. 

CXCR4, a member of the family of chemokine-activated GPCRs, is 
expressed in immune response cells. This receptor is involved in both 
cancer development and progression and is implicated in the patho
physiology of small lymphocytic lymphoma and chronic lymphocytic 
leukemia [40]. Furthermore, many cancer cells express higher levels of 
CXCR4 when compared with their normal cellular counterparts. Acti
vation of PI3-kinase by GPCRs such as CXCR4 is mediated by the Gβ/γ 
subunit that activates both p110β and p110γ by a mechanism that is 
unclear [36]. The activation of p110β and p110γ by CXCR leads to the 

stimulation of AKT protein kinase activity. 
PIP3, which is generated by PI3-kinase, binds to the amino-terminal 

PH (pleckstrin homology) domain of AKT1 and attracts it to the plasma 
membrane [20–22]. AKT1 is activated following its phosphorylation at 
(i) T308 as catalyzed by PDK1 (Phosphoinositide-Dependent protein 
Kinase-1) and (ii) S473 as catalyzed by mTORC2 (mammalian target of 
rapamycin complex 2). AKT1, in turn, leads to the activation of 
mTORC1. PDK1, AKT1, and mTORC1/2 are protein-serine/threonine 
kinases. mTORC1 participates in the regulation of ribosomal S6 kinase 
(S6K) and 4E-BP (eukaryotic translation initiation factor 4E). AKT1 and 
mTORC1 protein kinases promote protein synthesis, cell growth, pro
liferation, survival, and angiogenesis [22]. The existence of parallel 
pathways downstream from activated receptors and oncogenes suggests 
a strategy of combining targeted inhibitors of RAF, MEK, or ERK of the 
MAP kinase pathway along with inhibition of PI3-kinase, AKT1/PKB, or 
mTOR of the PI3K pathway in the treatment of various neoplasms [41]. 
Components of the PI3-kinase pathway are listed in Table 3. 

2. Oncogenic mutations in the RAS and PI3-kinase pathways 

Prior et al. found that the overall incidence of RAS mutations in all 
cancers is about 19% [42]. They converted the RAS mutation fre
quencies found in cancer genetic databases with the number of patients 
with each type of tumor to arrive at this value. The total number of 
HRAS mutations in the 29 most common cancers in the United States 
was about 18,000, that for KRAS was about 202,000, and that for NRAS 
was about 44,000. The highest annual incidence of HRAS mutations 
occurred in bladder cancer (5700) and head and neck squamous cell 
carcinoma (3300) and the highest incidence of NRAS mutations 
occurred in skin cutaneous melanoma (15,000) and multiple myeloma 
(6000). In the case of KRAS mutations, the greatest incidence occurred 
in colon and pancreatic adenocarcinomas (each with about 49,000 cases 
per year), lung adenocarcinoma (30,000), rectal adenocarcinoma (26, 

Fig. 2. Schematic diagram illustrating the activation of the MAP kinase (A) and PI3-kinase pathways (B) by RAS-GTP.  
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000), endometrial carcinoma (10,000), multiple myeloma (5500), and 
breast cancer (3600). These data indicate that KRAS is the most 
frequently mutated of the three RAS isoforms in 19 of the 29 cancer 
types and is responsible for about 85% of RAS-mutant cancers. NRAS 
(17% of patients) and HRAS (7%) mutations show strong coupling to a 
smaller subset of cancer types. There are numerous activating codon 12, 
13, or 61 mutations that occur in each RAS isoform resulting from a 
single DNA base change. However, five mutations (G12D, G12V, G12C, 
G13D, and Q61R) account for 70% of all RAS-mutations found in pa
tients. KRASG12C mutations are the most common mutation in cigarette 
smokers with lung cancer owing to G:C > T:A transversions associated 
with bulky adducts generated by the mutagens in tobacco smoke [43]. In 
contrast, KRASG12D is the most common mutation observed in lung 
cancer patients who are nonsmokers. 

The spectrum of RAS mutations varies with the specific tumor types 
[44]. For example, KRAS mutations are found in nearly 100% of 
pancreatic ductal adenocarcinomas, about 45% of colorectal carci
nomas, and about 30% of lung cancers. The estimated incidence of these 
malignancies in the United States in 2021 for pancreas is 60,000; lung, 
236,000; and colorectum, 150,000 [45]. On the other hand, mutations 

Table 1 
RAS and MAP kinase pathway components.  

Component UniprotKB 
no. 

No. of 
amino 
acids 

MW 
(kDa) 

Comments from UniProt 

Receptor 
protein- 
tyrosine 
kinases      

Many 

HRAS P01112  189  21.3 GTPase 
KRAS4a P01116-1  189  21.7 GTPase; an alternative 

splice form 
KRAS4b P01116-2  188  21.4 GTPase; an alternative 

splice form 
NRAS P01111  189  21.2 GTPase 
GEFs; guanine-nucleotide exchange factors 
SOS1 Q07889  1333  152.4 Son of sevenless homolog 1 
SOS2 Q07890  1332  153.0 Son of sevenless homolog 2 
GRB2 P62993  217  25.2 Growth factor receptor- 

bound protein 2 
RASGRP1 O95267  797  90.4 RAS guanyl-releasing 

protein 1; exchange factor 
for H/K/NRAS 

RASGRP2 Q7LDG7  609  69.2 RAS guanyl-releasing 
protein 2; exchange factor 
for RRAS, RRAS2, NRAS, 
KRAS but not HRAS 

RASGRP3 Q8IV61  690  78.3 RAS guanyl-releasing 
protein 3; exchange factor 
for H/K/NRAS and RAP1 

RASGRP4 Q8TDF6  673  74.9 RAS guanyl-releasing 
protein 4; exchange factor 
for H/K/NRAS 

RAPGEF1 Q13905  1077  120.5 RAP guanine nucleotide 
exchange factor 1; activates 
H/K/NRAS and RAP1 

RAPGEF2 Q9Y4G8  1499  167.4 RAP guanine nucleotide 
exchange factor 2; activates 
H/K/NRAS and RAP1 

RASGRF1 Q13972  1273  145.2 RAS-specific guanine 
nucleotide-releasing factor 
1 aka CDC25; activates H/ 
K/NRAS 

RASGRF2 O14827  1237  140.8 RAS-specific guanine 
nucleotide-releasing factor 
2 that is regulated by 
calcium ion; activates H/K/ 
NRAS and RAC1 

GAPs; inhibitory regulators of the RAS pathway 
RASA1 P20936  1047  116.4 RAS GTPase-activating 

protein 1; stimulates the 
GTPase of normal but not 
oncogenic RAS 

RASA2 Q15283  850  96.6 RAS GTPase-activating 
protein 2 

RASA3 Q14644  834  95.7 RAS GTPase-activating 
protein 3 

RASAL1 O95294  804  90.0 RAS GAP-activating-like 
protein 1 

RASAL2 Q9UJF2  1139  128.6 RAS GTPase-activating 
protein nGAP 

RASAL3 Q86YV0  1011  111.9 RAS GAP-activating-like 
protein 3 

DAB2IP Q5VWQ8  1189  131.6 Disabled homolog 2-inter
acting protein; acts as a 
GTPase-activating protein 
(GAP) for the ADP 
ribosylation factor 6 
(ARF6) and RAS proteins 

NF1 P21359  2839  319.4 Neurofibromin 1; 
stimulates GTPase activity 
of RAS proteins 

SPRED1 Q7Z699  444  50.4 Sprouty-related, EVH1 
domain-containing protein 
1; works in conjunction 
with NF1 

SPRED2 Q7Z698  418  47.6  

Table 1 (continued ) 

Component UniprotKB 
no. 

No. of 
amino 
acids 

MW 
(kDa) 

Comments from UniProt 

Sprouty-related, EVH1 
domain-containing protein 
2; works in conjunction 
with NF1 

SPRED3 Q2MJR0  408  42.8 Sprouty-related, EVH1 
domain-containing protein 
3; works in conjunction 
with NF1 

SYNGAP1 Q96PV0  1343  148.3 RAS/RAP GTPase- 
activating protein SYNGAP 

Protein kinases 
ARAF P10398  606  67.6 Rapidly accelerated 

fibrosarcoma; mediates the 
phosphorylation of MEK1/ 
2 

BRAF P15056  766  84.4 Mediates the 
phosphorylation of MEK1/ 
2 

CRAF P04049  648  73.0 Mediates the 
phosphorylation of MEK1/ 
2 

MEK1 Q02750  393  43.4 MEK/ERK Kinase; dual 
specificity mitogen- 
activated protein kinase 
kinase 1 corresponding to 
the MAP2K1 gene 

MEK2 P36507  400  44.4 Dual specificity mitogen- 
activated protein kinase 
kinase 2 corresponding to 
the MAP2K2 gene 

KSR1 Q8IVT5  923  102.1 Kinase suppressor of RAS 1; 
dimerizes with BRAF and 
promotes BRAF-mediated 
phosphorylation of MEK1 
and MEK2 

KSR2 Q6VAB6  950  107.6 Kinase suppressor of RAS 2; 
dimerizes with BRAF and 
promotes BRAF-mediated 
phosphorylation of MEK1 
and MEK2 

ERK1 P27361  379  43.1 Extracellular signal-Related 
protein Kinase 1; mitogen- 
activated protein kinase 3 
corresponding to the 
MAPK3 gene 

ERK2 P28482  360  41.4 Mitogen-activated protein 
kinase 1 corresponding to 
the MAPK1 gene  
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in HRAS and NRAS rarely occur in these tumors. Both NRAS and KRAS 
mutations occur in just about equal frequencies (20% and 23%) in 
multiple myeloma [44] with an annual incidence of 35,000 in the United 
States [45]. In contrast, NRAS mutations predominate in melanoma 
(28% vs. 1% in HRAS and 0.8% in KRAS) with an annual incidence of 
about 106,000 in the United States. Additionally, codon mutations vary 
with each RAS isoform [44]. KRAS mutations occur predominantly at 
codon 12 (82%) and NRAS mutations occur predominantly at codon 61 
(62%) as illustrated in Table 4. On the other hand, activating mutations 
in HRAS are distributed among all three codons: 12 (27%), 13 (25%), 
and 61 (40%). 

Mutations involving the PI3-kinase pathway are among the more 
common mutations contributing to the pathogenesis of cancer [24,25]. 
For example, PIK3CA encodes the p110α catalytic subunit and it is 
mutated in greater than 10% of all cancers [46]. This isoform is chiefly 
responsible for mediating signaling by receptor protein-tyrosine kinases, 
making p110α an attractive therapeutic target. Furthermore, Zhang 
et al. reported that PIK3CA was amplified in 6% of all cancers [47]. 
These investigators also found that PTEN (phosphatase and tensin ho
molog) mutations occurred in 9% of all cancers in their data base. The 
gene product catalyzes the hydrolysis of PIP3 to form phosphatidyli
nositol 4,5-bisphosphate to thereby reverse the action of PI3-kinase. 
PI3-kinase overexpression and mutations that increase enzyme activity 
promote cell growth and proliferation and result in neoplastic trans
formation. Mutations of PIK3CA, PIK3R1, PTEN are mutually exclusive, 
but they occur in about one-third of all solid tumors. Besides the high 
incidence of cancers with mutations involving components of the 
PI3-kinase pathway, increased PI3-kinase activity results from other 
driver oncogenic mutations including those of RAS [4,28,29] and 
ERBB2/HER2 [48–50]. 

3. The structure of the RAS proteins 

The HRAS, KRAS4a, and NRAS encoded polypeptides contain 189 
amino acids and that of KRAS4b contains 188 residues (Fig. 3A). The G- 
domain of each is made up of residues 1–166 and the C-terminal hy
pervariable domain extends from residue 167 to residues 188/189. The 
G-domain consists of six β-strands that are surrounded by five α-helices 
(Fig. 3B/C). The primary structure of the catalytic domains of the RAS 
isoforms is highly conserved; residues 1–86 are invariant among the four 
RAS proteins and make up the effector lobe. This region includes resi
dues that are critical for RAS functioning including switch I (S-I; residues 

30–40) and switch II (S-II; residues 58–72), which engage effectors [51]. 
The switch residues interact with effector proteins such as RAF and PI3K 
as well as the regulatory GEFs and GAPs. The P-loop, or phosphate loop, 
that is adjacent to the GTP phosphates is made up of residues 10–14. The 
mutation hotspots in cancer are in the P-loop (G12/13) or in switch II 
(Q61). Residues 87–172 make up the allosteric lobe, which exhibits 
about 86% identity across the RAS isoforms. Each RAS isoform ends with 
a CaaX box sequence where C is cysteine, a is any aliphatic residue, and 
X is serine or methionine. The allosteric lobe and the hypervariable re
gion interact with membranes and contain all the isoform specific 
differences. 

There are three main aspects of RAS structures to consider: (i) their 
mode of interaction with guanine nucleotides, (ii) their interaction with 
RAS regulators and effectors, and (iii) their interaction with drugs. 
Although the initial structural studies focused in HRAS, we will consider 
later work with KRAS – when available – owing to the preponderance of 
KRAS mutations in cancer. Active RAS contains GTP while inactive RAS 

Table 2 
Classes of PI 3-kinases.a  

PI3K 
classes 

Catalytic subunits (gene) tissue distribution Regulatory subunits 
(gene) 

Class I 
IA p110α (PIK3CA) ubiquitous p85α (PIK3R1) 

p110β (PIK3CB) ubiquitous p55α (PIK3R1) 
p110δ (PIK3CD) hematopoietic p50α (PIK3R1)  

p85β (PIK3R2)  
p55γ (PIK3R3) 

IB p110γ (PIK3CG) hematopoietic p101 (PIK3R5) 
p84 (PIK3R6) 

Class II 
II PI3KC2α (PIK3C2A) ubiquitous None 

PI3KC2β (PIK3C2B) ubiquitous 
PI3KC2γ (PIK3C2G) gastrointestinal tract 
and liver 

Class III 
Complex I VPS34 (PIK3C3) ubiquitous Beclin I (BECN1)  

PIK3R4 (PIK3R4) 
ATG14 (ATG14) 

Complex II VPS34 (PIK3C3) ubiquitous Beclin I (BECN1) 
PIK3R4 (PIK3R4) 
UVRAG (UVRAG)  

a Data from Ref. [36]. 

Table 3 
PI3-kinase pathway components.  

Component UniprotKB 
no. 

No. of 
amino 
acids 

MW 
(kDa) 

Comments 

Lipid kinases 
PI3Kα P42336  1068  124.3 PI3-kinase α; upstream of 

PDK1 & AKT in the PI3K 
pathway 

PI3Kβ P42338  1070  122.8 PI3-kinase β; upstream of 
PDK1 & AKT 

PI3Kδ O00329  1044  119.5 PI3-kinase δ; upstream of 
PDK1 & AKT 

PI3Kγ P48736  1102  119.5 PI3-kinase γ; upstream of 
PDK1 & AKT 

PI3K-C2α O00443  1686  190.7 Phosphatidylinositol 4-phos
phate 3-kinase C2 domain- 
containing subunit alpha; 
upstream of AKT 

PI3K-C2β O00750  1634  184.8 Phosphatidylinositol 4-phos
phate 3-kinase C2 domain- 
containing subunit beta; 
involved in EGFR and PDGFR 
signaling and upstream of AKT 

PI3K-C2γ O75747  1445  165.7 Phosphatidylinositol 4-phos
phate 3-kinase C2 domain- 
containing subunit gamma; 
upstream of AKT 

Protein kinases 
PDK1 O15530  556  63.1 3-Phosphoinositide-Dependent 

protein Kinase 1; mediates the 
phosphorylation of many 
protein kinases including 
AKT1/2/3 and plays a role in 
many signal transduction 
pathways 

AKT1 P31749  480  55.7 RAC-α serine/threonine- 
protein kinase with hundreds 
of substrates and diverse 
functions including cell 
survival 

AKT2 P31751  481  55.8 RAC-β serine/threonine- 
protein kinase with diverse 
functions including insulin 
signaling 

ATK3 Q9Y243  479  55.8 RAC-γ serine/threonine- 
protein kinase expressed 
chiefly in brain 

mTOR P42345  2549  288.9 Mammalian target of 
rapamycin protein-serine/ 
threonine kinase with as many 
as 800 substrates; makes up 
mTORC1/2 signaling 
complexes that participate in 
cell growth, proliferation, 
survival, and protein synthesis  
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contains GDP and differences in their structures should help to explain 
their dissimilar properties. The early work of Milburn et al. indicated 
that the chief variation of the active and inactive forms of RAS (HRAS in 
their studies) resided in the switch I and switch II regions, which they 
defined and named [52]. Both regions are highly exposed and occur on 
the molecular surface of HRAS, KRAS, and NRAS where they can interact 
with regulatory and effector molecules. The functional differences are 
related to the presence (GTP) or absence (GDP) of the γ-phosphate of the 
guanine nucleotide. In the GTP state, the γ-phosphate forms polar bonds 
with T35 in switch I and G60 in switch II (Fig. 4A). 

Except for the γ-phosphate, the interactions of the guanine nucleo
tide and RAS are similar in the GDP and GTP states [52]. The guanine 
base interacts with the side chains of N116, D119, and the backbone of 
A146. The ribose of GDP and GTP interacts with the backbone of D30 
and K117. The α-phosphates interact with the backbones of G15 and A18 
and the β-phosphates interact with the backbones of G13, V14, K16, and 
S17. The Mg2+ ion coordinates with the sidechain (GDP state) or the 
backbone (GTP state) of S17 and the β-phosphate (GDP state) or β- and 
γ-phosphate (GTP state) (Fig. 4B/C). The γ-phosphate interacts with 
S17, T35, and G60. The interaction of the γ-phosphate with T35 and G60 
is strained in the GTP active-RAS state and these residues shift to an 
extended and relaxed position in the GDP inactive-RAS state (Fig. 4A). In 
contrast, the S17 residues are superimposable in both states (not shown). 
The strained and relaxed structures represent the two states of the RAS 
proteins. 

Milburn et al. hypothesized that the switch I and switch II regions 
that occur on the surface of the RAS proteins are important in their 
interaction with regulators and effectors [52]. Subsequent studies have 
demonstrated that this idea is correct. Numerous switch I and switch II 
residues of KRAS interact with the RAS-binding domain of NF1 (Fig. 5A). 
E33, E37, D38, and S39 (all switch I) form hydrogen bonds with N1430, 
K1419, K1423, and E1437, respectively. Similarly, Q61, E62, E63, and 
Y64 (all switch II) form hydrogen bonds with G1277, N1278, T1286, 
and L1390. E37 and D38 (both switch I) form salt bridges with K1419 
and K1423 while E62 and E63 (both switch II) form ionic bonds with 
K1283 and R1391. Of the 20 residues from KRAS that interact with NF1, 
nine are derived from switch I and eight are derived from switch II. 

Rabara et al. determined the X-ray crystal structure of KRAS- 
GMPPNP (5′ guanylyl-imidodiphosphate) bound to a portion of 
neurofibromin-1 [53]. Residues in the GTPase active site include KRAS 
Q61, Mg2+ bound to KRAS T35, and NF1 R1276 (the arginine finger) 
(Fig. 6). One of the functions of positively charged R1276 is to neutralize 
the negative charge of the phosphate group. These investigators suggest 
that a hydrogen bond forms between the amide nitrogen of the KRAS 
Q61 side chain and the main-chain carbonyl oxygen of the arginine 
finger (not evident in this conformation). These changes in the active 
site are postulated to stabilize and orient KRAS Q61 and NF1-R1276 in 
the active site for the GTP hydrolysis reaction. Q61 is a highly conserved 
residue that may activate a water molecule for an inline nucleophilic 
attack on the γ-phosphate of GTP [54]. 

Analysis of the interaction of KRAS with SOS1 indicates that E31, 
Y32, and R41 (all switch I) form polar bonds with K963, N944, and D910 
of SOS1, respectively. A59, G60, E63, S65, D69, Q70, and Y71 (all 
switch II) form polar bonds with T935, W809, R826, E1002, S881, S908, 
and Y912. E63 forms a second polar bond with K814. Of the 31 KRAS 
residues at the KRAS-SOS1 interface, six are furnished by switch I and 
eleven by switch II (Fig. 5B). Thus, only about one-half of this interface is 
comprised of switch residues. A study of the KRAS-CRAF interface in
dicates that four switch I residues form polar bonds with six CRAF res
idues: E31-K84, D33-K84, E37 with R59 and R67, D38 with T68 and 
R89, respectively. Of the 12 KRAS residues at this interface, eight belong 
to switch I and one belongs to switch II (Fig. 5C). Examination of the 
HRAS–PI3-kinase interface shows that D33 (switch I) forms polar bonds 
with K251 and K255; moreover, S39 (also switch I) forms hydrogen 
bonds with S230. Additionally, E37 (switch II) forms hydrogen bonds 
with T232 and a hydrogen bond and salt bridge with K223. Of the 11 
interface residues in this complex, five belong to switch I and one is from 
switch II (Fig. 5D). These data indicate that there is variation in the 
KRAS effector residues from case to case, but the end result is that the 
switch residues are an important participant in these interactions. 

4. Development of KRAS inhibitors 

Although the RAS oncogenes were among the first oncogenes to be 
discovered, three decades of effort were required to identify potentially 
efficacious RAS protein inhibitors for clinical use. Oncogenic RAS mu
tations produce the functional activation of this family of proteins by 
diminishing GTP hydrolysis [55]. The RAS isoforms bind to GDP and 
GTP with picomolar affinity, which makes it very difficult to develop 
guanine nucleotide-competitive inhibitors. Furthermore, the RAS pro
teins lack other deep surface pockets thereby hindering efforts to iden
tify high-affinity antagonists. This combination of protein properties led 
to the notion that RAS isoforms are undruggable proteins. 

In a pioneering study published in 2013, Shokat et al. developed 
covalent inhibitors that targeted the reactive C12 of mutant KRASG12C 

[55]. They hypothesized that covalent modification of this residue 
would allow for the continual inhibition of KRASG12C-driven signaling 
by allowing relatively low affinity, noncovalent attraction to the protein 
to be followed by the formation of an irreversible covalent bond 
resulting in the permanent inactivation of the oncogenic driver. This 
strategy targets the mutant protein with the potential to minimize 
adverse toxic events by leaving the wildtype protein unmodified. Given 
the long protein half-life of KRAS (≈ 22 h), covalent inactivation allows 
for a durable pharmacodynamic response [56]. The mutant C12 residue 
is near the GTP/GDP pocket and the switch regions that participate in 
effector interactions. Shokat et al. screened a library of compounds with 
the potential to form disulfide cross links with the mutant protein. Their 
early lead compounds failed to modify the three native HRAS cysteine 
residues and reacted only with C12. Moreover, the reaction was not 
diminished by 1 mM GDP indicating that their compounds modify an 
allosteric site that does not overlap with GDP. In contrast, the GTP-state 
of KRASG12C exhibits diminished reactivity with their thiol reagents 
indicating incompatibility between compound binding and the active 

Table 4 
RAS mutation frequency.a  

Allele Codon 12 Codon 13 Codon 61 Sum of columns 
2–4b 

KRAS, 
15.8% 

82% 14% 2% 98% 

of all 
cancers 

G12D 
(33.65%) 

G13D 
(12.6%) 

Q61H 
(1.3%)   

G12V 
(23.0%) 

G13C 
(0.8%) 

Q61R 
(0.4%)   

G12C 
(11.4%) 

G13S (0.2%) Q61L 
(0.3%)  

NRAS, 
2.4% 

23% 11% 62% 96%  

G12D 
(12.4%) 

G13D 
(5.9%) 

Q61R 
(29.0%)   

G12S (3.9%) G13R 
(2.6%) 

Q61K 
(21.9%)   

G12C (2.7%) G13V 
(1.5%) 

Q61L 
(6.3%)  

HRAS, 
0.7% 

27% 25% 40% 92%  

G12V 
(13.3%) 

G13R 
(19.3%) 

Q61R 
(18.6%)   

G12S (5.3%) G13D 
(1.8%) 

Q61L 
(10.5%)   

G12D (4.7%) G13V 
(1.8%) 

Q61K 
(8.2%)   

a Data from Ref. [44]. 
b Not 100% due to rounding errors, approximations, and other mutations not 

listed. 
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Fig. 3. (A) Primary structures of the human RAS proteins. The phosphate loop residues are highlighted in cyan; switch II residues, yellow; switch I residues are 
colored blue; and the hypervariable residues are colored red. (B) RAS structure. (C) RAS secondary structure. α-Helices are shown as yellow cylinders and β-sheets, 
blue arrows. The numbers indicate the beginning and end of each segment. N denotes the amino terminus and C denotes the carboxyterminus. 
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Fig. 4. (A) Superposition of the GDP and GTP states of KRAS. T35 and G60 are tightly linked to the γ-phosphate, but they are in a distant relaxed conformation in the 
RAS-GDP state. (B) Interaction of GDP with KRAS. (C) Interaction of GMPPNP with KRAS. Dashed lines in 4B and 4C denote polar bonds and the sun rays signify non- 
bonded interactions as calculated by LIGPLOT v.4.5.3 (https://www.ebi.ac.uk/thornton-srv/software/LIGPLOT/). 
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conformation of RAS. 
Ostrem et al. focused on the reactivity of compound 6 (Fig. 7A) with 

a KRASG12C construct that lacked the three native cysteines (C51S/ 
C80L/C118S) in order to eliminate the possibility of any adventitious 
reactions of the chemical warhead with the KRAS construct; the X-ray 
crystal structure of this construct was essentially the same as that of 
mutant KRASG12C [55]. They confirmed that compound 6 does not bind 
in the GDP pocket, but extends from C12 into an adjacent pocket 
composed largely of switch II as well as other residues (Fig. 8A). The 
covalently linked compound 6 forms a hydrogen bond with G60 
(Fig. 8B). The interaction of the ligand is illustrated in Fig. 8C where the 
interacting residues are shown as spheres where the yellow residues are 
made up of switch II components and the light blue spheres are addi
tional residues that make up the pocket. These investigators called this 
the switch II pocket (S-IIP). This fully formed pocket is not apparent in 
native RAS structures. The residues that make up this pocket are listed in  
Table 5. S-IIP is located between the central β-sheet of RAS and the α2- 
and α3-helices. Whereas the switch-II residues are re-ordered to produce 
the pocket, the switch-I residues have the same disposition as that 
observed in the KRAS GDP-bound state. The discovery of the switch-II 
pocket paved the way to the discovery of other KRASG12C inhibitors as 
described next. 

Lanman et al. provided a comprehensive description on the 

development of an indole compound (Fig. 7B) that led to the formula
tion of sotorasib, a substituted pyrido[2,3-d]pyrimidin-2-one (Fig. 7C) 
bearing an acrylamide warhead that is attacked by the mutant C12 thiol 
group of KRASG12C [56]. Structural studies with their lead compound 
demonstrated that it occupied a previously unknown cryptic pocket on 
the surface of KRAS that was made up of H95, Y96, and Q99 and they 
exploited this pocket during the design of sotorasib. The X-ray crystal 
structure shows that the drug makes numerous contacts with the switch 
II-pocket residues that are portrayed in Fig. 8D. Moreover, it forms polar 
bonds with the carbonyl group of E63 and the side chains of R68 and 
K16 (Fig. 8E). Sotorasib fits snugly into the switch II pocket as depicted 
in Fig. 8F, which also shows the location of the residues that make up the 
cryptic pocket that contain the methylisopropylpyridine group. Several 
of the properties of the drug are listed in Table 6. With the exception of a 
molecular weight of 560, this drug falls within the guidelines of Lip
inski’s rule of five (Ro5) for orally bioavailable drugs. The Ro5 implies 
that less than ideal oral effectiveness is more likely to be found when (i) 
the calculated Log P (cLogP) is more than 5, when (ii) there are more 
than 5 hydrogen-bond donors, when (iii) there are more than 5 × 2 or 
10 hydrogen-bond acceptors, and when (iv) the molecular weight is 
more than 5 × 100 or 500 [57]. The partition coefficient (P) is the ratio 
of the solubility of the un-ionized drug in the organic phase of 
water-saturated n-octanol divided by its solubility in the aqueous phase 

Fig. 5. RAS protein-protein hydrogen bond, salt bridge, and non-bonded contacts. The schematic representation of the four RAS interaction interfaces was created by 
PDBSum (http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=index.html). The interactions are indicated by the following nota
tion: hydrogen bonds, blue solid lines; salt bridge, red solid lines; non-bonded contacts, striped lines (width of the striped line is proportional to the number of atomic 
contacts). I labels the RAS switch I residues; II, switch II residues. 
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and is a measure of hydrophobicity. 
Sotorasib is a targeted covalent inhibitor (TCI) of KRASG12C that is 

FDA-approved for the second-line treatment of adult patients with 
KRASG12C-mutated metastatic or locally advanced non-small cell lung 
cancer (NSCLC), as determined by an FDA-approved test, and it is 
approved for patients who have received at least one prior systemic 
therapy. Sotorasib is currently in six clinical trials for various advanced 
solid tumors including NSCLC both alone and in combination with im
munotherapies, cytotoxic therapies, and targeted therapies (ClinicalT 
rials.gov). This drug demonstrated encouraging anticancer activity in 
patients with heavily pretreated advanced, or metastatic, solid tumors 
bearing the KRASG12C mutation. Of 126 patients with advanced NSCLC, 
a total of 46 experienced an objective response (four with a complete 
response and 42 with a partial response) with an overall response rate of 
37% and a disease control rate of 80% [58,59]. The median time to an 
objective response was 1.4 months and the median duration of the 
response was 11.1 months with a median progression free survival of 6.8 

months. Adverse events of any grade, regardless of attribution, were 
observed in 125 patients (99.2%); the most common adverse events 
were diarrhea (in 64 patients or 50.8%), nausea (in 39 or 31.0%), fatigue 
(in 32 or 25.4%), arthralgia (in 27 or 21.4%), an increase in the aspar
tate aminotransferase (in 27 or 21.4%), and an increase in the alanine 
aminotransferase (in 26 or 20.6%). There were no treatment-related 
deaths. In a study with 42 patients with KRASG12C-mutation–positive 
colorectal cancer, only 7% had a confirmed response and 74% had 
disease control [58]. See Refs. [58–60] for summaries of the findings of 
sotorasib (Lumakras) clinical trials. 

Although sotorasib is the only FDA-approved KRASG12C inhibitor, 
adagrasib (MRTX849) is a promising agent that is also a targeted co
valent inhibitor. Beginning with a tetrahydropyridopyrimidine lead 
compound (Fig. 7D), Fell et al. described the numerous steps in the 
formulation of adagrasib [61]. The presence of a hydroxyl group on the 
lead compound promoted its metabolism to glucuronides so that the 
deshydroxy analog was generated for further development. These 

Fig. 6. The GTPase active site of the KRAS-NF1 GAP complex. The arginine finger (R1276) from NF1 is inserted into the active site of KRAS and is a necessary 
participate in the stimulation of GTPase activity. S-I, switch I. 

Fig. 7. Structures of selected KRASG12C covalent inhibitors and their lead compounds.  
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investigators used X-ray crystal structures to formulate a strategy for 
implementing molecular changes in their inhibitory compounds. 
Accordingly, piperazine derivatives were introduced to displace a water 
bound to the side chain of T58 and the carbonyl group of G10. This 
strategy is designed to increase the affinity of the drug for its target. 
Addition of a cyanomethyl group to the piperazine increased the po
tency of an intermediate drug by 300-fold. Moreover, these investigators 
attached a chlorine atom to the naphthyl ring to produce a derivative 
that filled a lipophilic KRAS drug pocket made up of V9, T58, M72, and 
Y96. The end product of this process (adagrasib) is illustrated in Fig. 7E. 

Several properties of adagrasib are listed in Table 6. The properties 
fall within the criteria of Lipinski’s Ro5 for an orally effective drug with 

Fig. 8. (A) Interaction of compound 6 with KRAS as calculated by LIGPLOT v.4.5.3. (B) Compound 6 forms a single hydrogen bond with KRAS G60. (C) Interaction of 
compound 6 with the switch II pocket as depicted in spheres. The yellow residues are S-II components and the light blue residues are additional residues that make up 
the switch II pocket. (D) Interaction of sotorasib with KRAS; only one of three polar bonds is shown. (E) Sotorasib forms a hydrogen bond with each of three KRAS 
residues (K16, E63, R68) and a covalent bond with C12. (F) Interaction of sotorasib with the switch II pocket as depicted in spheres. (G) Interaction of adagrasib with 
KRAS. (H) Adagrasib forms a hydrogen bonds with each of three KRAS residues (G10, K16, H95) and a covalent bond with C12. (I) Interaction of adagrasib with the 
switch II pocket as depicted in spheres. 

Table 5 
List of all residues of the switch II pocket.a  

V9 T35 (S-I) E63 (S-II) F78 I100 
G10 A59 (S-II) Y64 (S-II) D92 R102 
C12 G60 (S-II) R68 (S-II) H95 V103 
K16 Q61 (S-II) D69 (S-II) Y96  
P34 (S-I) E62 (S-II) M72 (S-II) Q99   

a S-I and S-II denote members of the switch I and switch II regions of RAS [51], 
respectively. 
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the exception of the molecular weight of 604 Da [57]. Data from the 
X-ray crystal structure of adagrasib bound to KRASG12C demonstrates 
that there is extensive interaction with residues of the switch II pocket 
(Fig. 8G). Furthermore, there are polar bonds of the drug with G10, the 
ε-amino group of K16, and the NE2 nitrogen of H95 (Fig. 8H). Adagrasib 
makes hydrophobic contact with V9, K16 and switch II residues T58, 
A59, Q61, E62, Y64, R68, and M72. It also makes hydrophobic contact 
with Y96, Q99, I100, and V103. Note that H95, Y96, and Q99 do not 
form a cryptic pocket that interacts with this drug as observed for 
sotorasib. Adagrasib fits snugly into the switch II pocket as depicted in 
Fig. 8I. 

This drug is currently in five clinical trials for various solid tumors 
including NSCLC and colorectal cancer alone and in combination with 
immunotherapies, cytotoxic therapies, and targeted therapies (ClinicalT 
rials.gov). Among 51 patients with KRASG12C-mutation–positive NSCLC 
who had progressed after standard treatments, the objective response 
rate was 45% and the disease control rate was 96% [60]. The drug had a 
manageable safety profile. The most common grade 3 or greater treat
ment adverse events included nausea, vomiting, diarrhea, fatigue, and 
elevated aminotransferase levels and these are the same as described for 
sotorasib, perhaps indicating that these are drug class effects. 

Acquired resistance to cytotoxic, immune, and targeted therapies in 
patients with advanced cancers is nearly universal and that resistance 
occurs in patients with the KRASG12C mutation that were treated with 
sotorasib or adagrasib is not surprising. Awad et al. studied the ada
grasib resistance mechanisms of a cohort of 38 patients including 27 
with NSCLC, 10 with colorectal cancer, and one with appendiceal cancer 
[62]. Resistance mechanisms were found in 17 patients of whom 7 
exhibited multiple coincident mechanisms. Several had new KRAS mu
tations including G12D (1 with NSCLC and 3 with CRC), G12R (1 CRC), 
G12V (1 NSCLC/1 CRC), G12W (1 NSCLC), G13D (3 CRC), Q61H (1 
CRC), H95D (1 NSCLC), H95Q (1 CRC), H95R (2 CRC), and Y96C (1 
NSCLC). Several had acquired bypass mechanisms including MET 
amplification (2 NSCLC) and NRAS (1 CRC), BRAF (1 NSCLC/1 CRC), 
MAP2K1 (encoding MEK1, 1 CRC), and RET (1 NSCLC) mutations. 
Several developed oncogenic fusion proteins involving ALK (1 CRC), 
BRAF (2 CRC), CRAF (2 CRC), FGFR3 (1 CRC), and RET (1 CRC). 

It is worth commenting on a few aspects of this study. First, these 
investigators found that the H95D, H95Q, or H95R mutations, which are 
insensitive to adagrasib, do not confer resistance to sotorasib in vitro 
[62]. Second, the samples from patients with colorectal cancer exhibit a 
greater variety of resistance mechanisms than those from patients with 
NSCLC. Third, there is a large assortment of adagrasib resistance 
mechanisms. This contrasts with EGFR-mutant lung cancer where 
resistance to EGFR inhibitors (erlotinib, gefitinib) is predominantly due 
to the EGFRT790M mutation [49]. This allowed the development of a 
second-generation inhibitor such as osimertinib that is effective against 
the initial resistance mechanism [63]. Owing to the variety of resistance 
mechanisms involving KRAS mutations and several bypass pathways, a 
single antagonist cannot be developed to counteract the resistance to 
adagrasib. Another notable result of this study is that these investigators 
were able to elucidate resistance mechanisms in 6 of 10 colorectal 
cancer patients, but only 10 of 26 NSCLC patients. 

5. Approaches to target RAS indirectly 

5.1. Inhibitors of RAS post-translational processing 

Nucleotide exchange, membrane localization, and effector binding 
are required for the functioning of RAS [64]. Blocking any of these 
essential steps will inhibit RAS functioning. RAS requires three enzy
matic post-translational processing events to associate with the inner 
leaflet of the plasma membrane. First, prenylation of the CaaX box at the 
C-terminal end as catalyzed by farnesyltransferase (FTase) or ger
anylgeranyltransferase (GGTase-1) is necessary [65]. Second, the 
cleavage of the aaX residues as catalyzed by RAS-converting enzyme 
(RCE1) is essential [64]. Third, methylation of the remaining cysteine of 
the CaaX box as catalyzed by isoprenylcysteine carboxyl methyl
transferase (ICMT) is required for membrane association and RAS 
function [64]. Palmitoylation of HRAS C181, NRAS C181, or KRAS4a 
C180 as catalyzed by palmitoyltransferase promotes the membrane as
sociation of these isoforms [66]. KRAS4b contains a polybasic segment 
(175KKKKKKSKTK184) that promotes the membrane association of this 
RAS isoform; it lacks a cysteine residue in the hypervariable region. 

Considerable work on FTase inhibitors was performed at the turn of 
the 21st century, but the clinical results were disappointing [66]. This 
enzyme prefers methionine or serine at the X position whereas GGTase-1 
prefers leucine or isoleucine [67,68]. All RAS isoforms are farnesylated 
under physiological conditions. However, when cells or patients are 
treated with FTase inhibitors, KRAS and NRAS, but not HRAS, become 
geranylgeranylated and are able to interact with the plasma membrane 
and are fully functional. Accordingly, blockade of FTase is sufficient to 
inhibit the action of HRAS, but inhibiting both FTase and GGTase-1 is 
required to block the action of KRAS and NRAS. It appears that there has 
been a resurgence of interest in the strategy of inhibiting HRAS mutants 
using tipifarnib for the treatment of patients with head and neck squa
mous cell carcinoma and thyroid cancer and time will tell if this strategy 
is successful [64]. 

5.2. Inhibitors of the RAF-MEK-ERK MAP kinase pathway 

A/B/CRAF are protein kinases that are activated by the RAS proteins 
[14,15]. There are five targeted FDA-approved RAF inhibitors: dabra
fenib, encorafenib, regorafenib, sorafenib, and vemurafenib. Dabrafe
nib, encorafenib, and vemurafenib are BRAFV600E inhibitors that were 
approved for the treatment of melanomas bearing the V600E mutation 
[69,70]. Coupling MEK1/2 inhibitors with BRAF inhibitors is more 
effective in treating such melanomas and dual therapy is now the 
standard of care. Dabrafenib and trametinib, vemurafenib and cobime
tinib, and encorafenib plus binimetinib are the FDA-approved combi
nations for the treatment of BRAFV600E melanomas. Although such 
mutations occur in other neoplasms including thyroid, colorectal, and 
NSCLC, these agents are not as effective in treating these nonmelanoma 
neoplasms. However, dabrafenib is FDA-approved for the treatment of 
NSCLC and anaplastic thyroid cancers. Additionally, encorafenib is 
approved for the treatment of colorectal cancer bearing the BRAFV600E 

mutation. These data indicate that targeted RAF inhibitors have a place 

Table 6 
Properties of selected KRASG12C inhibitors.a  

Drug PubChem CID Formula MW (Da) HDb HAc cLogPd Rotatable bonds PSAe (Å2) Ring count Complexitya 

Compound 6  71815953 C16H20Cl2N2O3S  391  2  4  2.9  6  59.6  2  434 
Sotorasib  137278711 C30H30F2N6O3  561  1  7  4.0  5  102  5  1030 
Adagrasib  138611145 C32H35ClFN7O6  604  0  9  4.2  7  88.8  6  1060  

a Data from NIH PubChem (https://pubchem.ncbi.nlm.nih.gov/) except for cLogP. 
b No. of hydrogen bond donors. 
c No. of hydrogen bond acceptors. 
d Calculated Log10 of the partition coefficient was computed using MedChem DesignerTM, version 2.0, Simulationsplus, Inc. Lancaster, CA 93534. 
e PSA, Polar Surface Area. 
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in the armamentarium against specific neoplasms. Regorafenib is a 
multikinase inhibitor with activity against VEGFR1/2/3, BCR-Abl, 
BRAF, BRAFV600E, Kit, PDGFRα/β, RET, FGFR1/2, Tie2, and Eph2A 
[71]. It is FDA-approved for the treatment of advanced colorectal cancer 
and gastrointestinal stromal tumors [71]. The drug is less effective 
against colorectal cancer bearing RAS mutations than against these tu
mors with wildtype RAS [72]; the nature of the RAS mutations in this 
study was not specified. 

Although dabrafenib, encorafenib and vemurafenib are FDA- 
approved for the treatment of various neoplasms with BRAF muta
tions, these agents do not work well in KRAS-mutant cells [73–75]. 
Sorafenib is a multikinase inhibitor with activity against B/CRAF, 
BRAFV600E, Kit, Flt3, RET, VEGFR1/2/3, and PDGFRβ [76,77]. It is 
FDA-approved for the treatment of hepatocellular carcinoma, renal cell 
carcinoma, and differentiated thyroid cancer [69,70]. Its clinical effi
cacy in these disorders may be related to its inhibition of angiogenesis 
and it is in clinical trials in patients with patients bearing RAS mutations. 
However, two clinical studies indicated that sorafenib lacked a notice
able therapeutic effect in people with KRAS-mutant NSCLC, the findings 
of which indicate the inherent resistance to various interventions of 
tumors bearing RAS mutations [75,78]. Moreover, belvarafenib 
(HM95573) is a RAF antagonist that is in early clinical studies with 
cobimetinib or with cetuximab (a monoclonal antibody EGFR antago
nist) in patients with advanced solid tumors with RAS or RAF mutations 
(ClinicalTrials.gov) [75]. 

Similarly, lifirafenib (BGB-283) is a pan-RAF (A/B/CRAF) inhibitor 
that is in early clinical trials in patients with solid tumors [79]. Impor
tantly, antitumor activity with prolonged disease control was observed 
in patients with KRAS-mutant cancers, including NSCLC and endome
trial carcinoma. In contrast, lifirafenib had limited clinical activity in 
patients with KRAS-mutated colorectal or pancreatic cancers. These 
results were like those of a phase I clinical trial with RO5126766 (a 
novel RAF/MEK inhibitor) that showed promise in people with KRAS-
mutated NSCLC and endometrial/ovarian cancers, but not in patients 
with KRAS-mutated colorectal cancer [79]. Lifirafenib is also in an early 
clinical trial in combination with the MEK1/2 antagonist mirdametinib 
in patients with advanced solid tumors (ClinicalTrials.gov). 

There are four FDA-approved MEK1/2 protein kinase inhibitors: 
binimetinib, cobimetinib, selumetinib, and trametinib [70,80]. As noted 
above, binimetinib, cobimetinib, and trametinib are FDA-approved in 
combination with BRAF inhibitors for the treatment of melanomas. 
Trametinib is also FDA-approved for the treatment of patients with 
BRAFV600E-mutation positive NSCLC and selumetinib is approved for the 
treatment of neurofibromatosis type I (von Recklinghausen disease). 
Unfortunately, clinical studies indicate that selumetinib (AZD6244, 
ARRY-142886) or trametinib are ineffective in patients with KRAS-
mutant NSCLC [81,82]. Martinelli et al. reported that the mechanism for 
such primary resistance is that MEK1/2 inhibitors have a propensity to 
promote the paradoxical activation of the MAPK pathway in KRAS-
mutant tumors [83]. 

HL-085 is a MEK antagonist (undisclosed structure) that is planned 
for clinical studies in patients with KRAS-mutant positive NSCLC in 
combination with docetaxel (a drug that inhibits microtubule depoly
merization and attenuates the effects of Bcl-2 and Bcl-xL gene expres
sion). Moreover, a clinical trial of binimetinib in combination with 
erlotinib (an FDA-approved EGFR inhibitor used for the treatment of 
NSCLC and pancreatic cancer) in patients with NSCLC bearing KRAS or 
EGFR mutations is currently underway [75]. A trial of binimetinib in 
combination with cisplatin and pemetrexed (an antimetabolite) in pa
tients with KRAS-mutant NSCLC is also ongoing. Refametinib is a MEK 
inhibitor that is in clinical studies alone and in combination with (i) 
sorafenib, (ii) regorafenib, and (iii) copanlisib against various solid tu
mors including hepatocellular carcinoma (ClinicalTrials.gov). Copanli
sib is the PI3-kinase inhibitor mentioned previously. Refametinib had 
demonstrable activity in patients with KRAS-mutant hepatocellular 
carcinomas [84]. 

The dual MEK/RAF inhibitor RO5126766 (VS-6766) exhibited 
antitumor activity in clinical trials in patients harboring HRAS, KRAS, 
NRAS, and other mutations in various solid tumors [85]. The subsequent 
evaluation of RO5126766 in patients with solid tumors or multiple 
myeloma (12 NSCLC, five with a gynecological malignancy, four with 
colorectal cancer, one with melanoma, and seven with multiple 
myeloma) with RAS–RAF–MEK pathway mutations showed that 7 of 26 
evaluable patients demonstrated objective responses [86]. Remarkedly, 
the combination of RO5126766 with defactinib (a focal adhesion 
protein-tyrosine kinase inhibitor) obtained a 70% overall response rate 
(7 of 10 evaluable patients) in low grade serous ovarian carcinoma pa
tients harboring KRAS mutations [87]. Further clinical studies of 
RO5126766 for KRAS-mutant NSCLC patients are ongoing 
(NCT03681483 and NCT03875820). The use of a single RAF or MEK 
inhibitor in the treatment of KRAS-driven tumors has demonstrated 
limited effectiveness. Accordingly, the use of drug combinations repre
sents an alternative strategy. A clinical trial assessing the effectiveness of 
naporafenib (a BRAF/CRAF inhibitor) with trametinib in patients with 
KRAS- or BRAF-mutant NSCLC is underway. 

ERK is the final protein kinase in the MAPK pathway [18,19]. The 
resistance of KRAS-mutated tumors to RAF or MEK inhibitors is usually 
caused by ERK feedback activation of the MAP kinase pathway. Sullivan 
et al. reported on the findings of an early (phase I) clinical trial on pa
tients with advanced solid tumors using the ERK antagonist ulixertinib 
[88]. A total of 108 patients was enrolled in six cohorts: patients without 
prior MAPK-targeted therapy who had BRAF-mutant colorectal (17 
enrolled/11 evaluable), lung (16/12), or other cancers (24/21), 
NRAS-mutant melanoma (22/18), or any tumor type with a MEK mu
tation (8/4), and patients with melanoma who had received prior BRAF 
and/or MEK inhibitor treatment and who were refractory to, intolerant 
of, or progressed on these treatments (21/15). A variety of specific BRAF 
and NRAS mutations were included, as were several different tumor 
types. Collectively, 91 patients with tumors harboring mutations in 
BRAF, 24 with NRAS, 9 with MEK, 5 with no mutation identified, and 6 
with other mutations (5 KRAS and 1 GNAS, which encodes a 
Gα-stimulatory protein) were enrolled. Seventeen patients with 
NRAS-mutated melanoma were evaluable for response. Three patients 
(18%) achieved a partial response, 6 had stable disease, and 8 had dis
ease progression as the best response. Ulixertinib was generally well 
tolerated, with manageable and reversible toxicity. The most common 
side effects included rash (most commonly acneiform), fatigue, and 
gastrointestinal toxicities, including nausea, vomiting, and diarrhea. 
Combined inhibition of ERK may be a feasible strategy to prevent drug 
resistance. A clinical trial is assessing the effectiveness of the ERK1/2 
inhibitor LTT462 and trametinib against NRAS mutant melanoma 
(ClinicalTrials.gov). A Phase 1 study of the ERK1/2 inhibitor JSI-1187 
administered as monotherapy or in combination with dabrafenib for 
the treatment of advanced solid tumors with MAPK pathway mutations 
is also underway. 

5.3. Inhibitors of the PI3-kinase pathway 

The PI3-kinase-AKT-mTOR pathway is the second major signaling 
pathway downstream of RAS proteins [25]. There are five 
FDA-approved PI3-kinase inhibitors: alpelisib, copanlisib, duvelisib, 
idelalisib, and umbralisib. Alpelisib is an orally effective FDA-approved 
PI 3-kinase-α inhibitor used for the treatment of breast cancer. Copan
lisib, duvelisib, idelalisib, and umbralisib are PI 3-kinase-δ inhibitors 
that are approved for the third-line treatment of follicular lymphomas 
and other hematological disorders. Of the five approved drugs, all are 
orally bioavailable except copanlisib. Each of these agents is in dozens of 
clinical trials, but none of these studies appear to specifically address the 
nature of RAS or RAS mutations in response to these drugs. 

Buparlisib (BKM120) is a class I PI3-kinase inhibitor that is in 89 
clinical studies for many tumor types including NSCLC, colorectal, 
pancreatic, renal cell, breast, prostate cancers, head and neck squamous 
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cell carcinomas, and other advanced solid tumors (ClinicalTrials.gov). 
Binimetinib and buparlisib combinations were explored in patients with 
KRAS-, NRAS-, or BRAF-mutant advanced solid tumors until the 
maximum tolerated dose and recommended phase II dose were defined 
[89]. The cohorts were made up of patients with (i) EGFR-mutant 
advanced NSCLC after progression on an EGFR inhibitor, (ii) advanced 
RAS- or BRAF-mutant ovarian cancer, or (iii) advanced NSCLC with 
KRAS mutations. Of these cohorts, only six (12%) patients with RAS/
BRAF-mutant ovarian cancer achieved a partial response. The data 
indicate that the pharmacokinetics of binimetinib were not altered by 
buparlisib. Moreover, pharmacodynamic analyses revealed down
regulation of pERK and pS6K in tumor biopsies. Although dual inhibi
tion of MEK and the PI3K pathways showed promising activity in 
RAS/BRAF ovarian cancer, the overall study with continuous dosing 
resulted in intolerable toxicities. Alternative scheduling with pulsatile 
dosing may be advantageous when combining therapies. 

Pictilisib (GDC0941) is a class I PI3-kinase inhibitor that is in 17 
clinical trials in patients with various solid tumors including those of 
breast, brain (glioblastoma), and NSCLC. The drug is being evaluated as 
both a monotherapy as well as in combination with other agents 
including cobimetinib, erlotinib, palbociclib, and platinum-based cyto
toxic agents. It will take considerable effort to tease out the role of 
mutant RAS in the responses to these various mono- and combination 
therapies. Serabelisib is a PI3-kinase inhibitor that is in ten clinical 
studies targeting various solid tumors including those of the breast, 
endometrium, kidney, stomach, and NSCLC. It is being used in combi
nation with everolimus (an mTOR antagonist) and several cytotoxic 
agents. Considerable effort will be required to address the role of mutant 
RAS in response to these compounds. Inactivation of the MAPK or PI3K 
pathway alone has poor efficacy in the treatment of KRAS-mutated 
malignancies. The inhibition of the MAPK pathway leads to the activa
tion of the PI3K pathway thereby reducing KRAS-mutated cell sensi
tivity to MEK inhibitors. Accordingly, targeting the P13K-AKT-mTOR 
and RAF-MEK-ERK pathways simultaneously may be a promising 
approach. However, this tactic may be limited owing to the potential 
toxicity associated with this methodology. See Refs. [75,87] for a 
complete overview of strategies for the treatment of neoplasms with RAS 
mutations. 

6. Epilogue 

A large percentage of lung adenocarcinomas (32%), pancreatic 
ductal adenocarcinomas (86%), and colorectal cancers (41%) are driven 
by KRAS mutations [29]. These malignancies represent the three most 
lethal neoplasms in the United States: cancers of the lung account for 
132,000 deaths, those of the colon account for 53,000 deaths, and those 
of the pancreas account for 48,000 deaths per year [45]. These are fol
lowed by breast cancer with 44,000 deaths per year. Despite possessing 
KRAS mutations, NSCLC, colorectal cancer, and pancreatic cancer bear 
distinct phenotypes with their own tumor microenvironments. Despite 
some efficacy, these tumors are among the least responsive cancers to 
immune checkpoint-based therapies [90,91]. A significant number of 
other cancers are associated with NRAS and HRAS mutations. Although 
the RAS proteins have great sequence homology, each RAS protein is a 
unique entity and must be considered so in the development of direct or 
indirect inhibitors. In a similar vein, each KRAS mutant is unique. 

KRAS signaling varies with each tissue and cell type thereby differ
entially influencing the role of KRAS mutations on cancer biology [92]. 
Specific KRAS mutations and expression levels of the mutant KRAS 
protein vary between various cell types. For example, the KRASG12C 

mutation occurs in patients with NSCLC who smoked cigarettes while 
the KRASG12D occurs in patients with pancreatic cancer. In these two 
cases, KRAS mutations are a disease-initiating event. In contrast, KRAS 
mutations are a secondary event during the pathogenesis and progres
sion of colorectal cancers. The expression and signaling activity differ 
among various KRAS mutants adding to the difficulty of developing drug 

regimens. 
The identity of the tumor greatly impacts the response rate [29]. 

RAS-mutant pancreatic and colorectal cancers have a minimal response 
to inhibitors of the MAP kinase pathway. Similarly, clinical studies with 
sotorasib indicate that it is less effective in the treatment of RAS-mutant 
colorectal cancer than NSCLC. This suggests that the successful treat
ment of such colorectal cancers will require combination therapies to 
achieve a therapeutic response. As with many combination therapies, 
additive toxicities may prove problematic. 

The intractability of RAS-driven tumors has led to the development 
of targeted covalent inhibitors (TCIs) of KRASG12C. Owing to toxicity and 
safety concerns, drugs that form irreversible covalent derivatives were 
disfavored as a drug class [93]. Aspirin, however, is a targeted covalent 
antagonist that has been in the therapeutic armamentarium since 1899. 
Roth et al. discovered that it exerts its therapeutic effect by acetylating 
serine 530 of COX1 (cyclooxygenase 1) [94,95]. Moreover, irreversible 
proton pump inhibitors such as omeprazole, esomeprazole, and lanso
prazole that reduce stomach acid are effective, safe, and widely used in 
the treatment of dyspepsia, gastroesophageal reflux, and peptic ulcers 
[93]. That these three therapeutic agents are available to the public 
without a prescription indicates their measure of safety. These drugs 
react with an essential gastric proton pump (H+/K+ ATPase) cysteine to 
form an inactive disulfide adduct [96]. KRASG12C is a natural target for a 
covalent inhibitor owing to the absence of an appropriate 
small-molecule binding pocket. 

About 11.4% of all RAS-mutations (KRAS, NRAS, HRAS) are those of 
KRASG12C [44]. In addition to the Michael acceptors such as acrylamide, 
warheads made of aziridines, activated acetylenes, epoxides, vinyl sul
fones, and α-haloketones serve as irreversible inhibitors that react with 
cysteinyl residues [97,98]. In contrast, activated ketones, aldehydes, 
α-ketoheterocycles, α-ketoamides, α-cyanoacrylamide, cyanamide, car
bonitriles, and boronic acid derivatives are warheads that function as 
reversible covalent protein-cysteine inhibitors. However, each of these 
agents along with sotorasib and adagrasib have the potential to target 
only about 10% of all RAS mutations (KRASG12C), leaving about 90% of 
mutations untargeted. This limitation calls for an expanded repertoire of 
warheads and drugs. Exon 2 mutations are the most common KRAS 
alteration and involve the conversion of glycine-12 to aspartate, valine, 
alanine, serine, arginine, or cysteine with mutation to aspartate, valine, 
and cysteine being the most common (Table 4). This calls for alternate 
strategies for blocking noncysteine mutations and such warheads have 
been developed. For example, N-methyl isoxazolium derivatives react 
with protein-aspartates, glutamates, and cysteine with aspartate being 
an important target in KRASG12D. Because this mutation makes up about 
one-third of RAS mutations, developing drugs that are directed against 
the G12D mutation is clinically important. Moreover, since the mutant 
aspartate is near the switch II pocket, it should be possible to design 
targeted covalent KRASG12D inhibitors that are at least as effective in 
modifying the mutant protein as sotorasib. 

Additional warheads have been designed that react with other amino 
acid residues found in proteins. For example, vinyl sulfones and vinyl 
sulfonamides form adducts with protein-lysines (and cysteines) while 
sulfonyl fluorides, sulfonimidoyl fluorides, and aryl fluorosulfates form 
adducts with protein-lysines (and tyrosines). Additionally, N-acyl-N- 
alkyl sulfonamides react with surface-exposed protein-lysines and 2-car
bonylarylboronic acids are reversible inhibitors that attack protein- 
lysines. RAS mutations to lysine occur in NRAS and HRAS and repre
sent potential targets of these chemical warheads. α-Cyanoacrylamide 
and α-cyanoenone warheads react reversibly with histidine (as found in 
the KRASQ61H mutation). However, careful targeting will be required 
with these agents because they have the potential to react with many 
nonmutant target residues. Also in question is the possible existence of 
potential pockets in the region of mutations contiguous with the 13 and 
61 positions of the RAS targets. See Ref. [98] for a comprehensive list 
and review of warhead classes, structures, and properties. 

Targeted covalent inhibitors have arisen from the ranks of drugs to 
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be avoided to become an emerging paradigm. Much of this recent suc
cess can be attributed to the clinical efficacy of ibrutinib, a Bruton 
protein-tyrosine kinase (BTK) inhibitor that is used in the treatment of 
mantle cell lymphoma, chronic lymphocytic leukemia, Waldenstrom 
macroglobulinemia, and graph vs. host disease [99,100]. Moreover, the 
covalent inhibitor methodology has gained acceptance as a valuable 
component of the medicinal chemist’s toolbox and is ready to make a 
substantial impact on the formulation of enzyme antagonists and re
ceptor modulators [97] as demonstrated by the development and 
FDA-approval of sotorasib. The development of this first FDA-approved 
RAS mutant inhibitor represents a milestone in drug discovery. How
ever, it is approved as a second-line treatment and it is not a panacea. 
There is a great need for the development of additional and more 
effective RAS mutant antagonists, perhaps as components of combina
tion therapies. 
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