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Abstract
RAS genes are the most frequently mutated oncogenes and play critical roles
in the development and progression of malignancies. The mutation, isoform
(KRAS, HRAS, and NRAS), position, and type of substitution vary depend-
ing on the tissue types. Despite decades of developing RAS-targeted therapies,
only small subsets of these inhibitors are clinically effective, such as the allele-
specific inhibitors against KRASG12C. Targeting the remaining RAS mutants
would require further experimental elucidation of RAS signal transduction, RAS-
altered metabolism, and the associated immune microenvironment. This study
reviews the mechanisms and efficacy of novel targeted therapies for different
RASmutants, including KRAS allele-specific inhibitors, combination therapies,
immunotherapies, and metabolism-associated therapies.

KEYWORDS
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1 BACKGROUND

RAS mutations are detected in ∼21% of all cancers and
occur in three isoforms, namely KRAS, HRAS, and NRAS
[1–4], all of which encode 21 kDa guanine nucleotide-
binding proteins that cycle between GTP- and GDP-
bound states. This binary switch is regulated by guanine
nucleotide exchange factors (GEFs) andGTPase-activating
proteins (GAPs). Without upstream stimuli, the RAS pro-
tein maintains a GDP-bound state due to its intrinsic
GTPase activity and is unable to engage in downstream
signal transduction. When activated by upstream recep-
tors, GEFs, such as son of sevenless (SOS), promote the
change from GDP to GTP. GTP-bound RAS undergoes
conformational changes in the switch I and II regions,
which recruit various downstream effector molecules,
including RAF-MEK-extracellular-signal-regulated kinase
(ERK), phosphoinositide 3-kinase (PI3K)-Akt-mammalian
target of rapamycin (mTOR), and other non-canonical
downstream cascades (Figure 1). GAPs, such as neuro-
fibromin 1 (NF1), stimulate the GTP hydrolysis to return
RAS to the inactive state [5–7].
Single missense mutations at codons 12, 13, and 61

around the nucleotide-binding site ofRAShave been found
in multiple human cancers [8]. Early studies indicated
that these single amino acid substitutions disrupted both
intrinsic andGAP-stimulated GTPase activity, favoring the
accumulation of GTP-bound RAS proteins [9]. GTP-bound
RAS activates downstream signaling pathways, leading to
a spectrum of biological behaviors in cancer [10].
Fifty years since the identification of RAS in rat sarcoma

virus, several inhibitors have been developed (Figure 1).

However, only the KRASG12C inhibitor has been approved
for clinical use. The targeting of RAS is complicated by
several factors. First, the lack of a drug-binding pocket
makes it difficult to develop inhibitors with high affinity
and selectivity. Second, the efficacy of inhibitors targeting
key molecules of the RAS signaling pathway is limited by
feedback inhibition and compensatory circuits within the
signaling network. Third, inhibitors that do not discrimi-
nate between wild-type and mutated RAS proteins show
poor results in clinical trials.
Allele-specific RAS inhibitors, targeted protein degra-

dation, and gene therapy have been applied in the direct
targeting of RAS. However, these inhibitors are effective
only for a small subset of RAS mutants. The appli-
cation of RAS upstream inhibitors (i.e., SOS1 and Src
homology-2 domain-containing protein tyrosine phos-
phatase 2 [SHP2]) and concurrent inhibition of RAS
downstream effectors is considered an effective indirect
RAS-targeted therapy. Moreover, there is growing evi-
dence for the regulation of the immunemicroenvironment
and cellular metabolism by RAS signaling—a connection
that has been innovatively exploited in drug discovery
and therapy. This review describes the mechanisms and
anti-tumor efficacy of novel RAS-targeted therapies and
provides perspectives on the development of well-tolerated
and effective inhibitors for all RASmutants.

2 RASMUTATIONS AND VARIANTS

The mutation, isoform (i.e., KRAS, HRAS, and NRAS),
position, and type of substitutions in RAS vary
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F IGURE 1 The signal transduction network of RAS and corresponding inhibitors targeting RAS itself and related molecules. External
stimuli lead to the activation of RTKs, such as EGFR which in turn activate the SOS, increasing the level of GTP-bound activated RAS.
Blockade of upstream RTKs, SOS and SHP2 potentially down-regulates the exchange of GDP for GTP in RAS. Inhibitors directly targeting
RAS proteins themselves have been developed, such as KRASG12C allele-specific inhibitors that lock KRAS in the GDP-bound inactivated
state. Activated RAS orchestrates a large spectrum of biological behaviors of cancers by activating downstream effectors, including
RAF-MEK-ERK and PI3K-Akt-mTOR. Thus, multiple inhibitors have been developed to targeting these cascades at different levels.
Abbreviations: RTKs, receptor tyrosine kinase; EGFR, epidermal growth factor receptor; SOS, Son of Sevenless; GEF, guanine nucleotide
exchange-factor; GAP, GTPase-activating proteins; NF1, neuro-fibromin 1; SHP2, Src homology-2 domain-containing protein tyrosine
phosphatase-2; ERK, extracellular signal regulated kinase; PI3K, phosphoinositide 3-kinase; mTOR, mammalian target of rapamycin; Grb2,
growth factor receptor-bound protein 2; RC-U, (RBD+CRD)CRAF-U-Box

depending on tissue type (data from GENIE 10.1 [11])
(Figure 2). In terms of isoform variability, KRASmutations
occur in 14.3% of all malignancies, 76.5% of pancreatic
ductal adenocarcinoma (PDAC), 42.9% of colorectal
cancer (CRC), and 27.4% of non-small cell lung cancer
(NSCLC) cases. NRAS mutations have been detected in
2.5% of malignancies, especially in melanoma (23.0%).
HRAS mutations (0.8%) occur less frequently and have
been detected in a subset of bladder (4.06%) and head and
neck cancers (4.21%). Regarding the position of greatest
variability, ∼78.3% of KRASmutations occur at G12, while
58.2% and 29.1% of NRAS and HRAS mutations occur
at Q61, respectively. Regarding the associated type of
substitution, the KRASG12D mutation is common in PDAC,
while KRASG12C is the predominant mutation in NSCLC.
These distinct RAS mutant distribution patterns may be

due to the selective environmental pressures during tumor
initiation and progression [12].
Notably, KRAS is unique in that it encodes for two vari-

ants (KRAS4A andKRAS4B) via alternative splicing. These
variants have different C-terminal membrane-targeting
regions owing to the alternative splicing of exon 4 and
thus have different post-translational modifications and
membrane localizations [13]. Previous studies showed that
KRAS4A was not necessary in embryo development [14]
and its relative mRNA level was lower than those of
KRAS4B in human cancer [15, 16]. However, a recent
study indicated that KRAS4A protein levels were equal
to or higher than that of KRAS4B in several cancer cell
lines [13], and KRAS4B was dispensable at high levels
of KRAS4A [15]. Furthermore, while both isoforms were
required in KRAS-mutated tumor initiation [17], they had
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F IGURE 2 The frequency of RASmutations in human malignancies. The isoforms, position and type of substitution of RAS mutations
vary by tissue types in clinical observations. (A) The frequency of the most common isoforms of RASmutations across tumor types. (B)
Distribution of different position of substitution of KRAS, NRAS and HRASmutations across tumor types. (C) Distribution of KRAS
mutations that are in G12 for pancreatic, lung and colorectal cancers and that of NRASmutations that are in Q61 for melanoma and thyroid
cancer. Data are acquired from GENIE (Version 10.1). Abbreviations: PDAC, pancreatic ductal adenocarcinoma; LUAD, lung
adenocarcinoma; CRC, colorectal cancer. HNSCC, head and neck squamous cell cancer

distinct functions in stress resistance [17] and metabolism
[18]. Thus, approaches targeting RAS-driven cancers vary
depending on the specific isoform and codonmutations as
these determine biological and clinical behaviors.

3 THERAPEUTIC STRATEGIES TO
TARGET RAS DIRECTLY

RAS proteins are difficult to target given the lack of
a pocket for allosteric inhibitor binding. Moreover, the
high binding affinity of RAS to nucleotides hinders the
efficacy of inhibitors by increasing competition for the
GTP-binding domain. Below we discuss novel covalent
inhibitors that can directly target RAS.

3.1 Allele-specific inhibitors

3.1.1 KRASG12C allele-specific inhibitors

Pioneering studies adopted a structure-guided disul-
fide fragment-based screening of inhibitors targeting the

KRASG12C mutant (hereafter G12Ci) and identified a novel
allosteric switch II pocket [19]. The crystal structure of the
compound-bound KRASG12C mutant indicated that G12Ci
bound to cysteine-12 (C12) and extended to occupy the
pocket, allosterically inhibiting interaction with effectors
and regulatory proteins, thus restricting activation and sig-
nal transduction [19, 20]. Further experiments confirmed
that G12Ci attenuated the SOS1- and ethylenediaminete-
traacetic acid (EDTA)-catalyzed nucleotide exchange of
KRASG12C and the phosphorylation level of downstream
kinases [19–22]. However, it is puzzling how the G12Ci that
preferentially interacts with GDP-bound KRAS mutant
can decrease KRAS-GTP levels. Indeed, the impairment
of GTPase activity and guanine nucleotide exchange rate
vary between RAS isoforms, mutation positions and sub-
stitution types. GTPase activity is maintained in the G12C
mutation [9], which allows the KRASG12C mutant to
cycle between the GTP- and GDP-bound states, making
it susceptible to inhibitors. Introducing co-mutations (e.g.,
A59G, Q61L, and Y64A) to KRASG12C inhibited the intrin-
sic hydrolysis level and decreased the inhibitory effect of
G12Ci on KRASG12C-GTP level [21], indicating that G12Ci
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required intact GTPase activity to trap KRASG12C in the
inactive state.
Although in vitro experiments showed a decrease in

KRASG12C-GTP levels after treatment with inhibitors,
many early G12Ci (e.g., compound 12) showed poor
KRASG12C engagement [20]. As a result, studies attempted
to optimize the in vivo pharmacokinetics (PK) and bind-
ing affinity ofG12Ci toKRASG12C proteins. Structure-based
drug screening identified a more potent compound, ARS-
853,with a 600-fold faster engagement rate than compound
12. Although it showed profound anti-proliferative effects
in a panel of KRASG12C cell lines, ARS-853 and its analogs
showed reduced metabolic stability and bioavailability in
a mouse model [22]. Moreover, narrow structure-activity
relationships limited the optimization of ARS-853. Janes
et al. [22] redesigned the drug scaffold by shortening
themetabolically active 2-amino-1-(piperazin-1-yl)ethan-1-
one linker and adopting a rigid bicyclic quinazoline core,
thus establishing ARS-1620. Crystal structure analysis of
drug-bound KRASG12C suggested that, compared to ARS-
853, ARS-1620 could fit into the region between the switch
II and α3 helices, enabling additional interaction with H95
that supported a more rigid conformation for covalent
binding to C12. Besides, the fluorophenol warhead of ARS-
1620 extended into the hydrophobic region of the switch II
pocket and forms several hydrogen bonds, further enhanc-
ing the binding potency. Biochemical assay showed that
the covalent binding of ARS-1620 with KRASG12C occurred
10-fold faster than for ARS-853, thus exhibiting selec-
tive therapeutic effects in cell line- and patient-derived
xenografts with theKRASG12C mutant [22]. ARS-3248 (JNJ-
74699157) is the latest derivate of ARS-1620, with improved
potency. Its clinical efficacy remains unknownas the phase
I clinical trial (NCT04006301) was incomplete.
Amgen (Thousand Oaks, CA, USA) in collaboration

with Carmot Therapeutics (Berkeley, CA, USA) identified
and optimized a set of compounds with potent anti-
KRASG12C activity through their custom electrophile drug
screening platform [23]. They assessed the crystallographic
structure of the most selective compounds during each
screening iteration and found that the additional occu-
pancy of the previously unexploited Y96/H95/Q99 groove,
in which H95 adopted an alternative orientation, could
enhance the potency. This led to the identification of
AMG 510 (sotorasib)—a clinically approved G12Ci with
improved PK properties and 10-fold greater potency com-
pared to ARS-1620, according to a nucleotide exchange
assay [24]. In the preclinical experiments, AMG 510 exhib-
ited profound allele-specific anti-tumor efficacy and syn-
ergized with chemotherapy and targeted therapy in a
KRASG12C-mutated cancers. in vivo tumor inhibition stud-
ies of CT26-KRASG12C xenografts indicated that AMG 510
may have immunomodulatory effects because it showed

lower therapeutic efficacy in immune-deficient than in
immune-competent mice. In the same disease model,
AMG 510 acted synergistically with anti-programmed cell
death protein 1 (PD-1) and improved survival rates com-
pared with the individual agents. The underlying mech-
anism of immunomodulation has been attributed to a
pro-inflammatorymicroenvironmentwith enhanced long-
term tumor-specific T-cell responses [24]. A phase I clini-
cal trial of AMG 510 (NCT03600883) in the treatment of
advanced KRASG12C-mutated solid tumors demonstrated
excellent safety and anti-tumor activity [25]. No dose-
limiting toxic effects or treatment-related deaths were
observed, 19 of 59 patients (32.2%) with NSCLC had a
confirmed response, compared to 3 of 31 patients (7.1%)
with CRC. In a phase II trial of AMG 510, Amgen found
that 46 of 124 (37.1%) NSCLC patients with KRASG12C
achieved a confirmed response, of which four had a com-
plete response [26]. However, in the phase II trial for
KRASG12C-mutated CRC, only 6 of 62 patients (9.7%) had
objective response [27]. Differences in disease biology and
adaptive signaling responses to AMG 510 might under-
lie the differences in the clinical activity of AMG 510
observed between NSCLC and CRC [28]. For example, it
was reported that CRC with KRASG12C had higher basal
receptor tyrosine kinase (RTK) activation and stronger
response to growth factor stimulation than NSCLC. In
this setting, KRASG12C inhibition induced higher phospho-
ERK rebound in CRC, leading to less profound and
more transient inhibition of KRAS downstream signal-
ing in CRC [29]. Subgroup analysis based on molecular
biomarkers was conducted to explore the relationships
between drug response, mutations, and immune profiles.
AMG 510 elicited clinical responses from a wide spectrum
of patients with co-mutations, such as serine/threonine
kinase 11 (STK11)/liver kinase B1 (LKB1) and kelch-like
ECH-associated protein 1 (KEAP1), which were generally
associated with a poor prognosis for patients with NSCLC.
AMG 510 also induced a long-term therapeutic effect in all
programmed cell death ligand 1 (PD-L1) expression sub-
groups, most of whom did not respond to immunotherapy
with ramucirumab and docetaxel [26]. The US Food and
Drug Administration (FDA) has approved AMG 510 for
the treatment of locally advanced or metastatic KRASG12C-
mutated NSCLC, and a phase III trial comparing sotorasib
with docetaxel in end-stage NSCLC patients with the
KRASG12C mutant is underway (NCT04303780).
MRTX849 (adagrasib), developed by Mirati Thera-

peutics (San Diego, CA, USA), is another leading G12Ci
currently under clinical evaluation (NCT03785249). From
the Array BioPharma covalent fragment collection, Fell
et al. [30] identified a series of tetrahydropyridopyrim-
idines as irreversible covalent inhibitors of KRASG12C
in vivo, though these compounds required further
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optimization owing to their rapid clearance and poor
bioavailability. Subsequent structure-based analyses of
metabolite liabilities associated with the unsatisfactory PK
properties led to the synthesis of analogs with enhanced
potency, absorption, distribution, metabolism, and excre-
tion (ADME) [31]. Among these, MRTX849 is the most
promising candidate with significantly optimized PK
properties and robust anti-tumor efficacy [31]. MRTX849
and anti-PD-1 acted synergistically in vivo; however, this
effect was significantly reduced in an immune-deficient
KRASG12C mouse model. Therefore, the underlying
mechanism is related to tumor microenvironment (TME)
remodeling by MRTX849, which increases the antigen
presentation and the infiltration of anti-tumor immune
cells, while decreasing immunosuppressive components
[32]. Preliminary clinical data from phase I/Ib and II trials
showed that 23 of 51 (45%) NSCLC patients and 3 of 18
(17%) CRC patients with the KRASG12C mutant showed
a confirmed response to MRTX849 [33, 34]. KRASG12C
patients harboring an STK11 co-mutation showed a better
response (9 of 14) to MRTX849 than those with wild-
type STK11 [33]. At the transcriptional level, the STK11
co-mutation conferred a cold immune phenotype to the
tumor, with low expression of immune-related signatures,
such as CD4 and CD8. MRTX849 upregulated the levels of
immune transcripts and interferon (IFN) signatures in 2 of
3 patients with STK11 co-mutations, possibly through the
recruitment of cytotoxic T cells to the TME, thus reversing
the STK11-mediated immune suppression [33].
Although preclinical experiments and clinical trials

showed promising therapeutic results for G12Ci, some
patients inevitably developed resistance to monothera-
pies. Several cell line- and patient-based models were
used to identify the potential mechanisms of resistance,
which can be divided into two categories. First, the drug-
induced signal reprogramming bypasses the inhibitory
effect. For instance, MRTX849 inducedmolecular changes
in five KRASG12C xenograft-bearing mice and, although
G12Ci rapidly inhibit KRAS-associated signaling (confer-
ring their anti-tumor effects), downregulated a set of genes
involved in the negative feedback of mitogen-activated
protein kinase (MAPK) pathway, such as dual-specificity
phosphatase (DUSP) and sprouty(SPRY), allowing the
reactivation of ERK-dependent signaling [35]. Compen-
satory activation of upstream RTKs occurred after G12Ci
treatment [35–37]. The active RTKs shifted KRASG12C to
a G12Ci-insensitive GTP-bound state, thus simultaneously
promoting the activation of wild-type KRAS-MAPK/PI3K
cascades [35–38]. Single-cell transcriptional profiling of
KRASG12C-mutated lung cancer cells revealed an adaptive
cell state in response to G12Ci. The subsets of adaptive
cancer cells can circumvent the effects of GDP-bound
state-specific G12Ci as they produced new KRASG12C cells

undergoing epidermal growth factor receptor (EGFR)- and
aurora kinase-promoted GTP exchange [39]. Second, inhi-
bition by G12Ci is reduced by the secondary mutation of
KRASG12C or de novo mutation of RAS-associated signal-
ing molecules. Multiple de novo activating mutations in
theRAS-MAPKcascade (KRASG12D, KRASG12V,NRAS, and
BRAF) can drive oncogenesis in a KRASG12C-independent
manner. A previously undescribed allele KRASY96D poten-
tially conferred “survival advantages” under the selective
pressure of G12Ci. Further in vitro structural and func-
tional analyses indicated that the Y96 residue was located
at the switch II pocket, where the substitution of single
amino acid can disrupt the hydrogen bond between the
Y96 andG12Ci and promoted the resistance [40]. Similarly,
acquired RAS-associated signaling mutations, including
substitution, amplification, and fusion of oncogenes, were
detected in 17 of 38 MRTX849-refractory patients with
RTK/RAS/MAPK/PI3K cascades. Similar secondaryKRAS
mutations were observed in the switch II pocket of 4
patients, including Y96C, H95Q, H95R, H95D, and R68S
[41]. A positive-selection screening of underlying G12Ci-
resistant mutations in a KRASG12C Ba/F3 cell popula-
tion harboring secondary lentivirus- or chemical-induced
mutations also suggested similar alterations [41, 42]. Map-
ping these residues onto the crystallographic structures of
the G12Ci-bound KRASG12C protein indicated that these
mutations disrupted the binding of drugs non-covalently.
This differential binding mechanism caused drug-specific
resistance mutations, because exogenous expression of
several H95 mutants in KRASG12C Ba/F3 cells confer resis-
tance to MRTX849 but not AMG 510. However, the R68S
and Y96C could mediate the resistance to both AMG 510
and MRTX849. Notably, multiple concurrent resistance
mutations appear to be more commonly detected in CRC
than inNSCLC,which explains different clinical responses
to the G12Ci.
In conclusion, novel KRASG12C allele-specific inhibitors

have shown promising results in preclinical models and
clinical trials (Table 1). G12Ci showed better clinical
response in lung adenocarcinoma (LUAD) than in other
cancers. However, the emergence of drug resistance gen-
erally limits the therapeutic effect. Combination thera-
pies co-targeting both KRASG12C proteins and reactivating
pathways and novel compounds with different inhibitory
mechanisms may effectively overcome these limitations.

3.1.2 KRASG12D allele-specific inhibitors

The KRASG12C mutation predominantly occurs in LUAD,
whereas KRASG12D is the most frequently detected muta-
tion in RAS-mutated cancers. The inhibitory effects of
G12Ci are dependent on the warhead forming covalent
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bond with C12 and extending to occupy the switch II
pocket. Unlike KRASG12C, the KRASG12D protein lacks a
reactive residue adjacent to the switch II pocket and neces-
sitates novel targeting strategies. Several attempts were
made to target a pocket in the RAS between switch I
and II [43, 44]. Inhibitors, such as BI-2852, bind to the
switch I/II pocket in both the GTP- and GDP-bound state
of KRASG12D, preventing the interaction between RAS and
SOS1 as well as downstream effectors. A binding site near
proline 110 in KRAS (P110 site) was used to develop a series
of inhibitors involvingKAL-21404358 [45].However, owing
to their weak affinity, these inhibitors showed limited cel-
lular activity. MRTX1133 is a potent selective non-covalent
G12Di generated by structure-based optimization of the
binding affinity to the mutant D12 side chain. MRTX1133
demonstrated nanomolar activity in the cellular assays
and anti-tumor efficacy in the tumor models bearing the
KRASG12D mutation [46]. TH-Z835, which was generated
using a similar strategy as that for MRTX1133, effectively
disrupted MAPK signaling and reduced tumor volume in
KRASG12D-mutated PDAC by forming a salt-bridge bond
with D12 [47]. In a mouse model, it appeared to act
synergistically with anti-PD-1 antibodies. Despite these
promising results, more comprehensive pharmacological
characterization and preclinical testing are required before
applying G12Di in clinical trials.

3.2 Other direct-targeting strategies

As previously stated, KRASG12C mutations account for a
small subset of cancers, and drug resistance inevitably
impedes the therapeutic effects of existing G12Ci. More-
over, the anti-tumor efficacy of G12Di needs further
testing in clinical settings. To address these shortcom-
ings, researchers are developing complementary direct-
targeting strategies for RAS-mutated malignancies.

3.2.1 Targeted protein degradation

Targeted protein degradation techniques allow for the
direct removal of pathogenic proteins. Proteolysis-
targeting chimeras (PROTACs) and macromolecules
(e.g., macrodrug degraders) are synthesized to act as a
“bridge” between proteins of interest and E3 ligases. The
recruitment of E3 ligases results in ubiquitination of the
protein, which serves as a marker for degradation by the
ubiquitin-proteasome system. Because the clearance of
target proteins ablates all of their associated functions,
direct protein degradation is assumed to be superior to
traditional treatments involving small-molecule inhibitors
[48, 49]. Given that RAS proteins participate in a complex

and redundant signal network and rely heavily on protein-
protein interaction, degradation is a powerful strategy for
the sequestration of oncogenic RAS. Therefore, efforts
have been made to develop KRAS-specific degrader
molecules.
Initial efforts focused on using the RAS-binding domain

along with the cystine-rich domain of CRAF and incor-
porating them into the U-Box-based ubiquitin ligase to
create chimeric proteins known as (RBD+CRD)CRAF-U-
Box (RC-U) [50]. Transfection of RC-U into pancreatic
cancer cell lines significantly reduced the KRAS pro-
tein levels in a ubiquitin-dependent proteasome-mediated
manner. Similarly, lowering the KRAS protein level inhib-
ited pancreatic cancer proliferation both in vitro and
in vivo. However, RC-U also reduced the protein lev-
els of HRAS and NRAS. Nonselective RAS degradation
may cause severe on-target toxicity, preventing the use
of this approach in clinical practice. Bery et al. [51] engi-
neered KRAS-specific designed ankyrin repeat proteins
(DARPins) with E3 ligases to specifically target KRAS
and generate macrodrug degraders. This KRAS-specific
degrader selectively inhibited RAS-downstream signaling
and proliferation of KRAS-mutated cancers in vivo and
in vitro. While the degrader reduced wild-type KRAS lev-
els, no obvious decrease in proliferation was observed in
RASwild-type cells, including untransformed cells, which
supported a favorable safety profile. Nevertheless, the clin-
ical applications of these macrodrugs are limited by a
lack of an efficient delivery method for macromolecules
into RAS-mutated cells. More viable options include cell-
permeable small-molecule PROTACs or small-molecule
degraders converted from G12Ci. Zeng et al. [52] designed
a PROTAC with a quinazoline scaffold of ARS-1620 as a
binder and thalidomide derivatives as E3 ligase ligand. The
lead compound successfully engaged in cereblon (CRBN)
and enabled CRBN/KRASG12C dimerization, resulting in
the efficient reduction of exogenously expressed GFP-
KRASG12C in reporter cells. However, it did not degrade
endogenous KRAS in lung or pancreatic cancer cells. Sub-
sequent experiments revealed that the insufficient polyu-
biquitination of KRASG12C and the ineffective recruitment
of CRLCRBN to membrane-anchored exogenous KRAS
significantly reduced the degradation activity. LC-2, an
endogenous KRASG12C degrader, was generated using a
similar strategy [53]. This compound, which combined
MRTX849 with a von Hippel-Lindau (VHL) E3 ligase lig-
and, caused rapid and sustained degradation in cancer cell
lines with homozygous or heterozygous KRASG12C alleles.
Despite its potential in vitro, LC-2 was unable to partici-
pate in catalytic rounds of degradation, a critical procedure
that allowed for maximal degradation in vivo [54]. These
PROTACs have a similar warhead to that of G12Ci, imply-
ing that they are susceptible to the secondmutations in the
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switch II pocket. Further research is needed to determine
whether these compounds can overcome the reactivation
caused by signal reprogramming and acquired resistance.
In summary, both PROTACs and macrodrug degraders
induced robust degradation of exogenously expressed RAS
in vitro, though several bottlenecks limited future clini-
cal applications. Further research is required to improve
in vivo delivery efficiency and mutant-allele targeting
specificity.

3.2.2 Gene therapy

Gene therapy has seen early success in treating mono-
genic disorders, such as immunodeficiencies and storage
disorders. Gene therapy, as opposed to small-molecule
inhibitors that require an ideal binding pocket and PK
properties, provides a tailored treatment that specifically
targets pathogenic genes with few off-target toxicities.
Antisense oligonucleotide (ASO) or RAS-specific small
interfering RNA (siRNA)-containing vectors have been
designed to facilitate RAS knockdown in oncogenic RAS
mutations. AZD4785, a high-affinity constrained ethyl-
containing therapeutic ASO, was designed to selectively
reduce cellularKRASmRNA levels and showed significant
therapeutic effects in KRAS-mutated cancer models both
in vitro and in vivo [55, 56]. Notably, AZD4785-induced
inhibition of KRAS was not hampered by feedback reac-
tivation of the RAS pathway. However, following phase
I study (NCT03101839), the clinical trial of AZD4785 was
halted owing to insufficient knockdown of KRAS. More-
over, AZD4785 did not distinguish between wild-type and
mutated KRAS, which may contribute to its on-target tox-
icity in normal cells. Another group of researchers used
a biodegradable polymer matrix to load anti-KRASG12D
siRNA, known as siG12D LODER [57], and found a sig-
nificant decrease in KRAS expression and tumor growth
in vitro and in vivo. In addition, siG12D LODER com-
bined with chemotherapy was evaluated in a phase I/IIa
clinical trial (NCT01188785), achieving 2 partial responses
(PR) and 10 stable diseases (SD) out of 12 patients with
locally advanced pancreatic cancer [58]. In addition to
polymers, nanoparticles, such as liposomes, were used to
target KRAS or downstream effectors by RNA interfer-
ence and are superior to viral-based systems. However,
low tumor-targeting specificity and rapid clearance ham-
per the systematic delivery of these nanoparticles. Unlike
nanoparticles, exosomes containmembrane proteins, such
as CD47, which act as “don’t eat me” signals and promote
circulation retention [59, 60]. Furthermore, KRAS muta-
tions confer cancer cells with constitutive macropinocyto-
sis, which increases exosome uptake. iExosomes—derived
from fibroblast-like mesenchymal cells and loaded with

siRNA specifically targeting the KRASG12D mutation—
reduced pancreatic tumor growth and metastasis in a
mouse model, whereas regular liposomes containing the
same siRNA had a much smaller effect [61]. A phase I
clinical trial evaluating iExosomes for the treatment of
patients with pancreatic cancer harboring the KRASG12D
mutation has recently begun participant recruitment
(NCT03608631). Gene therapy using various vectors to
deliver oligonucleotides targeting RAS has demonstrated
promising therapeutic effects, though the safety profile of
these nanoparticles requires further evaluation.

3.2.3 Cytosol-penetrating antibody

Although several monoclonal antibodies (mAbs) against
membrane proteins have been approved for clinical use,
they are ineffective against cytosolic proteins because
of their inability to penetrate the cytosolic region. Ear-
lier studies used retroviruses or transgenic techniques
to express immunoglobulin heavy chain variable domain
fragments against the RAS protein and confirmed that
antibody-mediated blockade of RAS-effector interactions
could effectively inhibit the growth of RAS-mutated can-
cer cells [62, 63]. Consequently, RT11 cytosol-penetrating
antibodies were developed to target intracellular GTP-
bound oncogenic RAS [64]. RT11 entered the cytosol via
clathrin-mediated endocytosis, which used heparan sul-
fate proteoglycan (HSPG) as a receptor, disrupting the
interaction between RAS and its effectors. However, HSPG
is ubiquitously expressed in epithelial cells, which may
result in on-target toxicity. The RGD10 cyclic peptide,
which bound to tumor-associated integrins, was linked
to produce RT11-i with a high tumor specificity. RT11-i
demonstrated profound anti-tumor efficacy and bioavail-
ability in mice bearing RAS-mutated xenografts. A second
generation of iMab, known as inRAS37, demonstrated
improved anti-tumor activity, PK properties and tumor
accumulation [65]. Intrinsic or acquired PI3K or β-catenin
mutations drove resistance to inRAS37, which could be
overcomeby combinatorial treatmentswith corresponding
inhibitors [65]. Despite promising preclinical results, no
clinical trials of cytosol-penetrating antibodies have been
conducted.

4 THERAPEUTIC STRATEGIES TO
TARGET RAS INDIRECTLY

Despite progress in the direct inhibition of KRASG12C-
mutated cancers, therapeutic strategies targeting other
RAS isoforms and mutant alleles remain elusive. Con-
siderable efforts have been expended to indirectly target
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proteins involved in RAS nucleotide exchange, process-
ing, membrane anchoring, and upstream and downstream
signal transduction.

4.1 Inhibitors disrupting RAS
nucleotide exchange

Following the failure of compounds that interfered with
RAS processing and membrane anchoring in clinical tri-
als [66, 67], the focus shifted to disrupting RAS nucleotide
exchange. Although point mutations impair the intrinsic
GTPase activity of RAS proteins, RAS can still undergo
nucleotide exchange between the GTP- and GDP-bound
states. In this scenario, hyperactivation of RAS is caused
by the GEF-catalyzed GTP upload of RAS. Thus, target-
ing RAS nucleotide exchange is now considered a potential
therapeutic strategy for RAS-mutated malignancies.

4.1.1 SOS1 inhibitors

SOS1 is one of the most important GEFs of RAS and
mediates the allosteric cross-activation of wild-type RAS
by the KRAS mutant, in addition to increasing the level
of GTP-bound RAS [68]. SOS1 gene ablation and GEF
function silencing reduced tumor growth in RAS-mutated
cancers but not RAS-wild-type cells [68]. Several early
attempts to target SOS1 have been made. Fragment-based
screening was used to identify the first series of small
molecule inhibitors that bound KRAS between the switch
I and switch II regions, disrupting its interaction with
SOS1 [69]. However, these compounds had a low affin-
ity for KRAS. Researchers also developed peptides that
mimic the SOS helix, thereby inhibiting the RAS-SOS
interaction. Even with nanomolar affinity, the cellular
inhibitory effects of these peptides were relatively low [70,
71], and some of these inhibitors paradoxically activated
RAS nucleotide exchange and exhibited biphasic modula-
tion of RAS-GTP levels via negative feedback [72]. Hillig
et al. [73] recently developed potent small-molecule SOS1
inhibitors using a structure-guided design, which com-
bined fragment-based andhigh-throughput screening. The
final compound, BAY-293, demonstrated sub-micromolar
anti-tumor activity against various tumor cell lines. How-
ever, BAY-293 inhibited proliferation and the MAPK path-
way more in RAS wild-type cells than in RAS-mutated
cells, raising concerns regarding intolerant toxicity in vivo.
BI-3406—the first orally administered SOS1-KRAS interac-
tion inhibitor—reduced the level of GTP-bound RAS and
cell proliferation in most RAS-driven cancers while spar-
ing RAS wild-type cells in vitro and in vivo [74]. Tumors
harboring RASQ61H and RASG12R mutant showed resis-
tance to BI-3406. The RASQ61H mutant severely impaired

intrinsic GTPase activity [9], requiring fewer upstream sig-
nal to maintain RAS-GTP levels, whereas the RASG12R
mutant abolished the interaction with the allosteric bind-
ing site of SOS1, resulting in KRAS-independent survival
[75]. BI-3406 acted synergistically with the MEK inhibitor
trametinib and the KRASG12C inhibitor AMG 510 in the
treatment of RAS-mutated cancers, as it reduced MAPK
reactivation caused by inhibitor-induced relief of negative
feedback. BI 1701963, a clinical candidate derived from
BI-3406, has progressed to phase I clinical trials in com-
bination with MEK inhibitors and G12Ci (NCT04111458).
However, a recent study found that KRASG13D had a higher
affinity for SOS than the other isoforms and tended to
form ternary complexes with SOS, in which KRASG13D-
GTP allosterically modulated SOS activity to accelerate the
nucleotide exchange rate of wild-type KRAS [76]. Surpris-
ingly, RAS-SOS inhibitors had little effect on oncogenic
RAS-induced SOS-mediated transactivation of wild-type
RAS. Further experiments revealed that G12Ci ARS-1640
could not block KRASG12C-GDP within its ternary com-
plex with SOS. In general, these findings highlighted the
critical need for novel RAS-SOS inhibitors capable of
disassociating ternary complexes.

4.1.2 SHP2 inhibitors

SHP2 is a non-receptor ubiquitous protein tyrosine phos-
phatase (PTP) involved in RAS-associated signaling and is
encoded by the protein tyrosine phosphatase non-receptor
type 11 (PTPN11) gene. SHP2 modulates RAS signaling
in two ways. The canonical model showed that SHP2
acted as a scaffold protein by binding Grb2 and SOS1 and
integrating signals from upstream RTKs, thus increasing
RAS-GTP levels [77, 78]. On the other hand, Src were
found to disrupt RAS binding to downstream effectors
as well as guanine nucleotide exchange by phosphoryla-
tion of RAS tyrosine. SHP2 can dephosphorylate tyrosine
in RAS, thus restoring the downstream signaling and
GTPase cycling [79, 80]. SHP2 inhibition is a promis-
ing strategy for the treatment of RAS-mutated cancers,
particularly those that rely on RAS nucleotide cycling.
Genetic ablation of PTPN11 inhibited tumor initiation and
delayed the tumor development in genetically engineered
mousemodel (GEMM) harboringKRASG12D-mutated lung
and pancreatic cancers [81]. However, orthosteric SHP2
inhibitors that showed promising effects in preclinical
models were unsuccessful in clinical trials owing to their
low potency and lack of selectivity for SHP2 [82]. SHP099
is the first allosteric inhibitor that concurrently binds to
the three domains of SHP2 and stabilizes SHP2 in an
auto-inhibitory conformation. SHP099 was highly sensi-
tive to SHP2 because it had no affinity for a panel of 21
phosphatases and 66 kinases [83]. While SHP099 did not
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affect the cell growth and proliferation ofRAS-mutated cell
lines in two-dimensional culture systems [83], experiments
using three-dimensional spheroids revealed the sensitiv-
ity of SHP2 in KRAS-mutated cancers [84]. Eight SHP2
inhibitors have entered the clinical development (Table 2).
In addition to its direct action on tumor cells, SHP2 is
involved in the modulation of other components of the
TME. PD-1 plays an important role in the T cell exhaus-
tion [85]. When activated by its ligands, PD-1 recruits
SHP2 to its immune-inhibitory motifs; activated SHP2 can
dephosphorylated nearby signal molecules, such as CD28,
resulting in decreased cytokine secretion and T cell pro-
liferation [86, 87]. Inhibition of SHP2 increased CD8+ T
cell infiltration in tumors, while decreasing the amount of
pro-tumorigenic M2 macrophages via attenuation of CSF1
receptor signaling [88]. The synergistic anti-tumor effect of
SHP2 inhibitor and anti-PD-1 antibody was demonstrated
in the KRAS-mutated immune-competent mouse model
[89]. Consequently, a phase Ib trial of TNO155 in combina-
tion with the PD-1 antibody spartalizumab is now actively
recruiting participants (NCT04000529).

4.2 Inhibitors of RAS upstream
signaling

Upstream stimuli are considered dispensable for con-
stitutively active RAS mutants to transduce oncogenic
signals to downstream, and early clinical trials showed that
RAS-mutated malignancies were unresponsive to EGFR
inhibition [90–92]. Moreover, the emergence and amplifi-
cation ofKRASmutationwas observed in the CRC patients
who had become refractory to anti-EGFR mAbs [93, 94],
supporting the idea that RAS mutations generate aber-
rant proteins with constitutively active catalytic activity
conferring independence from upstream signaling. How-
ever, two pooled retrospective analyses of patients with
chemotherapy-refractory CRC revealed that those with the
KRASG13D mutant had a better prognosis when treated
with cetuximab than thosewith otherKRASmutations [95,
96]. Two further retrospective analyses and a prospective-
cohort study (ICECREAM) showed no statistically signifi-
cant difference between the two subgroups in terms of the
clinical benefits of EGFR-targeted therapies [97–99]. Nev-
ertheless, recent experimental and clinical data revealed
an unexpected role for an overactivated upstream signal
in RAS-induced tumors. An oncogenic RAS mutant was
found to upregulate EGFR expression early in tumorigene-
sis, and deletion of the egfr gene in theGEMMsignificantly
reduced the development of KrasG12D-induced PDAC [100,
101]. In addition to EGFR, other members of the ERBB
family (originally named because of their homology to
the erythroblastoma viral gene product, v-erbB) trans-

duce upstream signals to promote tumorigenesis in an
autochthonous KrasG12D lung cancer mouse model. The
pan-ERBB inhibitors afatinib and neratinib have demon-
strated promising therapeutic effects in preclinical models
[102–104]. It is clear from these controversial findings that
EGFR-targeted therapies cannot yet be used in patients
withRAS-mutated tumors, including thosewithKRASG13D
mutations.

4.3 Inhibitors of RAS downstream
signaling

Disrupting the aberrant binding of RAS proteins to down-
stream effectors could eliminate their oncogenic function
as the signal is propagated via downstream interactions.
However, with more than ten distinct downstream effec-
tors, it remains difficult to determine the appropriate
cascade to block. Recent efforts have yielded multi-
ple inhibitors targeting the MAPK and PI3K pathways
(Table 2). Although conceptually straightforward and sim-
ple, the limitations of RAS downstream effector inhibitors
were revealed in preclinical models and clinical trials of
RAS-mutated malignancies.

4.3.1 MAPK pathway inhibitors

For decades, treatment strategies for RAS-mutated malig-
nancies have prioritized the development of inhibitors that
block kinases in the MAPK pathway, which is thought
to be the primary oncogenic effector molecules. However,
these inhibitors provide only limited therapeutic benefits
for tumors harboring RASmutant.
RAF inhibitors. Sorafenib, a first-generation RAF

inhibitor, has been approved by the US FDA for advanced
renal cell carcinoma, hepatocellular carcinoma, and thy-
roid cancer. Its anti-tumor efficacy is related to the
inhibition of multi-tyrosine kinases involved in tumor
progression and angiogenesis [105], though the clinical
results for RAS-mutated malignancies were disappoint-
ing [106], probably due to the insufficient suppression
of ERK-driven cancer growth [107]. Next-generation RAF
inhibitors (type 1.5), such as vemurafenib and dabrafenib,
induced significant responses in BRAFV600 metastatic
melanoma [108–111]. However, inRAS-mutated cells, these
type 1.5 inhibitors were found to paradoxically activate
ERK [112–114]. The “paradox breaker” second-generation
RAF inhibitors (type 2), such as LY3009120, LXH254
and lifirafenib, showed therapeutic effects in the preclin-
ical models of RAS-mutated and BRAF-mutated tumors
[115–117]. However, none of these inhibitors have been
approved for clinical uses in RAS-mutated cancers owing
to the limited efficacy in the clinical trials [118–121].
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MEK inhibitors. Three MEK inhibitors (trametinib,
cobimetinib, and binimetinib) have been approved by
the US FDA for clinical use in patients with BRAFV600-
mutated melanoma [122]. No clinical benefit was observed
for these inhibitors in the RAS-mutated tumors [123–127].
Regarding constitutively active RAS, MEK inhibitors
relieve the ERK-mediated feedback inhibition of RAF,
which increases the feedback phosphorylation ofMEKand
reduce inhibitor binding affinity. However, patients with
NRAS-mutated melanoma who received pimasertib, an
oral selective MEK inhibitor, showed longer progression-
free survival than those who received dacarbazine in a
phase II clinical trial [128].
ERK inhibitors. Overactivation of ERK is the central

mechanism of RAS signaling in cancer. Moreover, vari-
ous mechanisms of RAF and MEK inhibitor resistance
are mediated by recovery of ERK activation. In preclin-
ical studies, ERK inhibitors demonstrated effective anti-
tumor activity in RAS-mutated cancers [129]. SCH772984,
an allosteric and ATP-competitive ERK inhibitor, rapidly
inhibited the activation of ERK in a panel of KRAS- and
NRAS-mutated tumors [130]. However, MK8353, a mod-
ified compound of SCH772984 with improved PK prop-
erties, failed to improve clinical results in RAS-mutated
cancer (there was no response among the five evalu-
able patients with RAS-mutated cancer [131]). GDC-0994
demonstrated promising single-agent activity in multiple
in vivo models, including KRAS-mutated tumor-bearing
mice [132, 133]. However, it showed unsatisfactory anti-
tumor efficacy among RAS-mutated cancers in a phase I
clinical trial [134]. It was reported that incomplete RAF-
MEK-ERK cascade suppression may resulted in adaptive
resistance that circumvented ERK inhibition mediated
by upstream signaling molecules, which emphasized the
need for a combination of MEK, BRAF, and EGFR
inhibitors to maintain a durable MAPK inhibition [134].
Other ERK inhibitors, including LY-3214996 and KO-947,
are currently being tested in phase I clinical trials. In
addition to directly targeting ERK catalytic subunits, dis-
ruption of ERK dimerization was found to suppress tumor
development [135]. DEL-22379 bound to the dimeriza-
tion interface and prevented the interaction of two ERK
isoforms, resulting in significant pro-apoptotic effects in
RAS-mutated cell line xenografts [136]. Furthermore, DEL-
22379 had milder adverse effects than those that directly
inhibit the catalytic activity. To date, no clinical trials of
DEL-22379 have been initiated.

4.3.2 PI3K pathway inhibitors

Aberrant flux through the RAS-PI3K cascade plays a
critical role in the development and maintenance of RAS-

induced tumors. The induced mutation in pi3k catalytic
subunit alpha (pi3kca) which encodes the p110α catalytic
subunit, is unable to interact with RAS and attenuates
tumor formation, progression and metastasis in a mouse
model [137–139]. These findings largely promoted the
development of pharmacological compounds targeting the
PI3K pathway in recent years.
Wortmannin is the first PI3K inhibitor that non-

selectively inhibits all isoforms of class I PI3K. Recently,
several synthetic pan-PI3K inhibitors were developed.
These compounds demonstrated broad-spectrum anti-
tumor effects in various preclinical models via multiple
molecular targets. The US FDA has only approved four
class I PI3K inhibitors thus far. However, these compounds
showed limited anti-tumor activity in RAS-transformed
cell lines and mouse models [140–143]. A recent compu-
tational simulation of PI3Kα activation revealed a new
drug-binding site between the lipid substrate-binding and
the ATP-binding pockets of active PI3Kα, which provided
a novel active state-specific drug design principle for PI3K
inhibitors [144].
This field also attempted to develop inhibitors that tar-

get Akt, the main downstream effector of PI3K. Similarly,
Akt inhibitors alone demonstrated no significant anti-
tumor effects in KRAS-mutated xenografts [145, 146], and
a significant level of adverse effects was observed in mul-
tiple clinical trials, primarily due to on-target toxicities to
systemic metabolism and off-target toxicities. Subsequent
dose-limiting effect severely limited the clinical efficacy of
these compounds [147]. In addition, relief of the negative
feedback of the PI3K cascade led to the pathway reactiva-
tion and abolished the long-term inhibitory capacity of the
inhibitors.

4.4 Regulatory circuits and feedback
inside the RAS signaling network

As a single agent, inhibitors of RAS downstream effectors
have only promoted tumor regression and survival in a
small subset of patients. This unresponsiveness could be
attributed to the redundancy and adaptive reprogramming
of the RAS signaling network. Instead of being a simple
linear and unidirectional pathway, the RAS downstream
pathways are interconnected, redundant, and regulated
by multiple negative feedbacks, ensuring stable signal
outputs under natural conditions.
ERK-mediated negative-feedback circuits have been

extensively studied. ERK interacts with and phosphory-
lates a wide range of substrates, including key components
of the RTK-MAPK cascade (Figure 3A). For instance,
ERK inhibits EGF-induced EGFR kinase activity by phos-
phorylating T669 [148]; SOS1 can be phosphorylated by
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F IGURE 3 Regulatory circuits and feedbacks inside the RAS signaling network. Regulatory circuits and feedbacks inside the RAS
pathways are activated following extracellular stimuli to ensure the stable signal outputs. These pro-homeostatic mechanisms could cause
pathway reactivation in response to target therapies against RAS-associated cascades. (A) Vertical inhibitory feedbacks involving upstream
molecules, downstream MAPK and PI3K pathways. The activation of ERK feeds back to negatively regulate the MAPK pathway by
phosphorylation of SOS1, RAF and MEK, as well as promoting the transcription of SPRY and DUSPs, which increase the activity of NF1 and
subsequently downregulate the level of RAS-GTP. Likewise, the activation of Akt prevents the nuclear localization of FOXO, decreasing the
transcription of multiple RTKs thus reducing the upstream stimuli. Activated S6K could reduce PI3K signaling by impeding the activity of
mTORC2 and IRS-1. (B) Horizontal circuits include cross-inhibition (blue line) and cross-activation (yellow line) between MAPK and PI3K
pathways. The activation of ERK leads to the phosphorylation of GAB1, attenuating the GAB1-mediated recruitment of PI3K to the EGFR. In
addition, activated ERK phosphorylates MEK, which in turn promotes the membrane recruitment of PTEN to inhibit the activation of PI3K
cascade. Akt-mediated phosphorylation of RAF de-couples its interaction of upstream activators or downstream substrates, thus halting the
MAPK pathways. Except cross-inhibition, both ERK and RSK participate in the cross-activation of PI3K pathways by phosphorylating TSC,
impeding its inhibition effect on Rheb which in turn activates the mTROC1. Abbreviations: MAPK, mitogen-activated protein kinase; PI3K,
phosphoinositide 3-kinase; ERK, extracellular signal regulated kinase; SOS, Son of Sevenless; DUSP, dual-specificity phosphatase; SPRY,
Sprouty; NF1, neuro-fibromin 1; FOXO, forkhead box, class O; RTK, receptor tyrosine kinase; S6K, S6 kinase; EGFR, epidermal growth factor
receptor; PTEN, phosphatase and tensin homolog; IRS-1, insulin receptor substrate-1; KSR-1, kinase suppressor of Ras-1; GAB1,
Grb2-associated binder-1; PDK-1, phosphoinositide-dependent kinase-1; TSC, tuberous sclerosis complex; SPRED1, Sprouty Related EVH1
Domain Containing 1;

ERK, thereby preventing RAS activation [149, 150]; ERK
phosphorylates multiple S/TP sites in BRAF and CRAF,
disrupting their upstream interactions and heterodimer-
ization [151, 152]; and ERK phosphorylation at the T292
residue of MEK1 may reduce the catalytic activity of the
MEK1/MEK2 dimer [153]. In addition to the catalytic com-
ponents of the MAPK cascade, some protein scaffolds
are associated with signaling. The kinase suppressor of
Ras-1 (KSR1) forms a ternary complex with BRAF and
MEK, thereby increasing MEK activation. However, the

binding of active ERK to KSR1 allows for the phospho-
rylation of KSR1, resulting in its dissociation and release
from the plasma membrane, thus weakening signal trans-
duction [154]. Furthermore, ERK translocation to the
nucleus promotes the expression of numerous genes, some
of which encode proteins that regulate the activation of
the MAPK cascade, known as “transcriptional-dependent
feedback”. ERK-mediated expression of DUSPs attenuates
ERK activity via dephosphorylation [155, 156]. Similarly,
ERK activates the expression of SPRY proteins, which
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are then translocated to the plasma membrane [157] and
phosphorylated at a specific N-terminal tyrosine residue.
Evidence suggested that SPRY proteins uncoupled mul-
tiple upstream growth factor signals and repressed the
pathway activation ofRAS [158].Moreover, Sprouty-related
protein with an EVH1 domain (SPRED1), a member of the
SPRY superfamily that is also transcriptionally induced by
ERK, may induce the plasma membrane localization of
NF1, thereby decreasing RAS-GTP levels [159].
Similar negative regulatory mechanisms may apply to

the PI3K pathway, which have mostly been attributed
to the forkhead box, class O (FOXO)-dependent activa-
tion of RTK expression and mTORC1-mediated insulin
receptor substrate-1 (IRS-1) inhibition (Figure 3A). Akt-
mediated phosphorylation of FOXO prevents its nuclear
localization, which inhibits the transcriptional activation
of RTKs [160]. The activation of mTORC1 and downstream
S6 kinase (S6K) decreases the expression and stability of
IRS-1, an adaptor protein that connects the growth factor
signal to the PI3K-Akt pathway [161–163], thereby atten-
uating pathway activation. S6K activation results in the
phosphorylation of mTORC2, which inhibits the maximal
activation of Akt [164].
In addition to vertical inhibitory circuits, some effector

molecules with broad-spectrum catalytic activity in both
MAPK and PI3K pathways (e.g., ERK, RSK, AKT, and
S6K) are linked to the output signal [160, 165] (Figure 3B).
Notably, the MAPK and PI3K cascades can repress each
other’s activity, so called cross-inhibition. For instance,
the activation of ERK leads to the phosphorylation of
Grb2-associated binder-1 (GAB1) at six serine/threonine
residues, four of which are adjacent to the SH2-binding
motif specific to the PI3K p85 subunit; thus, the GAB1-
mediated recruitment of PI3K to EGFR is attenuated, as
is the subsequent Akt activation [166]. Moreover, ERK-
mediated phosphorylation of MEK1 at the Y292 residue
contributes to the membrane recruitment of phosphatase
and tensin homolog (PTEN) as part of a ternary com-
plex containing the adaptor protein membrane-associated
guanylate kinase, WW and PDZ domain-containing pro-
tein 1 (MAGI1), decreasing the phosphatidylinositol 3,4,5-
trisphosphate (PIP3) concentration and Akt activation
[167, 168]. Aktmay also dampenMAPK activation by phos-
phorylating BRAF and CRAF at specific serine residues,
disrupting RAF coupling to upstream activators or the
downstream substrate MEK [169]. In addition to cross-
inhibition, extensive research shows that excessive acti-
vation of the MAPK cascade can also promote mTORC1
activation. Both ERK andRSK can phosphorylate tuberous
sclerosis complex (TSC) at different serine residues, pre-
venting its inhibition of Ras homologue enriched in brain
(Rheb), which activates the mTORC1 [170–173].

However, tumors may use these pro-homeostatic mech-
anisms to avoid downstream RAS inhibitors. Treatment
with a single-agent inhibitor reduces negative feedback
and cross-inhibition of the RAS downstream pathway,
preventing long-term pathway repression and causing
pathway reactivation.

4.5 Vertical and horizontal inhibition

Signal reprogramming through reactivation of upstream
RTKs and downstream effectors of the MAPK and
PI3K cascades mediates resistance to RAS-targeted ther-
apy. Therefore, a single drug is insufficient in silencing
upstream oncoproteins, and concurrent inhibition at mul-
tiple levels should be conducted to improve its efficacy
(Table 3).

4.5.1 Vertical inhibition

Combination with upstream RTKs and associated
molecules. Direct blocking of KRAS and downstream
MAPK/PI3K cascades alleviates the negative-feedback
inhibition of RTKs, which in turn reactivates the down-
stream signaling [102]. RTK expression is intrinsically
heterogeneous and sensitive to stimulation by growth fac-
tors in a subset of cancers, including CRC, rendering
it naturally resistant to inhibitors targeting RAS. There-
fore, a combination of RAS and RTK inhibitors could
improve treatment efficacy. For instance, Egfr knockout
only delayed tumor initiation in Kras/Trp53-driven PDAC
GEMM, whereas the concurrent ablation of Egfr and Raf1
gene led to rapid tumor regression. Similar results were
obtained with pharmacological inhibition of EGFR and
RAF1 knockdown in patient-derived PDAC tumor models
bearing KRAS mutations [174]. MEK inhibitors acted syn-
ergisticallywith EGFR inhibitors and pan-ERBB inhibitors
to improve anti-tumor effects in KRAS-mutated CRC and
NSCLC cell lines and prolonged the survival of mice
bearing KRASG12D-mutated NSCLC [102, 104]. Further-
more, inhibition of KRASG12C leaded to the reactivation
of RTKs thus activating wild-type RAS (NRAS and HRAS)
which was unresponsive to G12Ci. Moreover, basal high-
activity or feedback-reactivatedRTKs promote the guanine
nucleotide exchange, thus upregulating the expression
level of GTP-bound KRAS and abrogating its affinity to
G12Ci. Vertical inhibition using a combination of G12Ci
and RTK inhibitors showed some therapeutic effects. For
example, findings from in vitro experiments using matri-
ces of G12Ci and inhibitors of HER kinases (i.e., afatinib)
indicated a synergetic cytotoxic effect among KRASG12C



YANG et al. 57

T
A
B
L
E

3
C
om

bi
na
tio
n
th
er
ap
y
fo
rR

A
S-
m
ut
at
ed

m
al
ig
na
nc
ie
si
n
cl
in
ic
al
tr
ia
ls

D
ru
g

St
ud

y
ph

as
e

D
is
ea
se
se
tt
in
g

C
lin

ic
al
Tr
ia
ls
.g
ov

id
en
ti
fi
er

St
at
us

C
om

bi
na
tio
ns
of
KR

A
SG

12
C
al
le
le
-s
pe
ci
fic

in
hi
bi
to
rs

A
M
G
51
0
tr
am

et
in
ib

I/
II

A
dv
an
ce
d
so
lid

tu
m
or
s

N
CT

04
18
58
83

Re
cr
ui
tin
g

A
M
G
51
0
TN

O
15
5

A
M
G
51
0
RM

C
-4
63
0

A
M
G
51
0
af
at
in
ib

A
M
G
51
0
pa
lb
oc
ic
lib

A
M
G
51
0
ev
er
ol
im
us

A
M
G
51
0
an
ti-
PD

-1
/P
D
-L
1a
nt
ib
od
ie
s

M
RT

X8
49

af
at
in
ib

I/
II

A
dv
an
ce
d
so
lid

tu
m
or
s

N
CT

03
78
52
49

Re
cr
ui
tin
g

M
RT

X8
49

TN
O
15
5

I/
II

A
dv
an
ce
d
so
lid

tu
m
or
s

N
CT

04
33
06
64

A
ct
iv
e,
no
tr
ec
ru
iti
ng

M
TR

X8
49

an
ti-
PD

-1
an
tib
od
y

II
N
SC
LC

N
CT

04
61
35
96

Re
cr
ui
tin
g

M
RT

X8
49

ce
tu
xi
m
ab

II
I

C
RC

N
CT

04
79
39
58

Re
cr
ui
tin
g

M
TR

X8
49

BI
-17
01
96
3

I
A
dv
an
ce
d
so
lid

tu
m
or
s

N
CT

04
97
52
56

Re
cr
ui
tin
g

M
RT

X8
49

pa
lb
oc
ic
lib

I
A
dv
an
ce
d
so
lid

tu
m
or
s

N
CT

05
17
88
88

Re
cr
ui
tin
g

G
D
C
-6
03
6
ce
tu
xi
m
ab

I
A
dv
an
ce
d
so
lid

tu
m
or
s

N
CT

04
44
98
74

Re
cr
ui
tin
g

G
D
C
-6
03
6
be
va
ci
zu
m
ab

G
D
C
-6
03
6
er
lo
tin
ib

G
D
C
-6
03
6
an
ti-
PD

-L
1a
nt
ib
od
y

C
om

bi
na
tio
ns
of
M
A
PK

pa
th
w
ay
in
hi
bi
to
rs

Li
fir
af
en
ib
m
ird
am

et
in
ib

I/
II

A
dv
an
ce
d
so
lid

tu
m
or
s

N
CT

03
90
51
48

Re
cr
ui
tin
g

C
ob
im
et
in
ib
G
D
C
-0
99
4

I
A
dv
an
ce
d
so
lid

tu
m
or
s

N
CT

02
45
77
93

C
om

pl
et
ed

C
om

bi
na
tio
ns
of
M
A
PK

an
d
PI
3K

pa
th
w
ay
in
hi
bi
to
rs

Se
lu
m
et
in
ib
M
K
22
06

I
PD

A
C

N
CT

01
65
89
43

C
om

pl
et
ed

Tr
am

et
in
ib
G
SK
21
41
79
5

II
M
el
an
om

a
N
CT

01
94
19
27

C
om

pl
et
ed

Tr
am

et
in
ib
ev
er
ol
im
us

I
A
dv
an
ce
d
so
lid

tu
m
or
s

N
CT

00
95
57
73

C
om

pl
et
ed

Pi
m
as
er
tib

vo
xt
al
is
ib

I
A
dv
an
ce
d
so
lid

tu
m
or
s

N
CT

01
39
08
18

C
om

pl
et
ed

A
bb
re
vi
at
io
ns
:P
D
-1
,p
ro
gr
am

m
ed

ce
ll
de
at
h
pr
ot
ei
n
1;
PD

-L
1,
pr
og
ra
m
m
ed

ce
ll
de
at
h
pr
ot
ei
n-
lig
an
d
1;
PD

A
C
,p
an
cr
ea
tic

du
ct
al
ad
en
oc
ar
ci
no
m
a;
C
RC

,c
ol
or
ec
ta
lc
an
ce
r;
N
SC
LC

,n
on
-s
m
al
lc
el
ll
un
g
ca
nc
er
;M

A
PK

,
m
ito
ge
n-
ac
tiv
at
ed

pr
ot
ei
n
ki
na
se
;P
I3
K
,p
ho
sp
ho
in
os
iti
de

3-
ki
na
se
s



58 YANG et al.

cell lines [24, 35]. However, results from in vivo xenograft
models bearing KRASG12C indicated that the combination
of G12Ci with individual RTK inhibitors did not effectively
overcome the adaptive feedback reactivation in different
cancer models, because of their variation in RTK depen-
dency [37]. Alternatively, both SHP2 and SOS1 inhibitors
are promising candidates for combination therapies with
G12Ci as they can abrogate the reactivation of multiple
RTK-mediated RAS pathways [24, 35, 37]. Several clinical
trials evaluating the combination of G12Ci with inhibitors
of HER kinase, SHP2, and SOS1 are under active recruiting
(NCT04185883, NCT04793958, NCT04975256).
Combination with MAPK effectors. Monotherapies

with MAPK inhibitors have shown low efficacy in the
treatment of RAS-mutated malignancies, which is mainly
attributed to inhibitor-induced ERK reactivation. A com-
bination of MAPK inhibitors may act to repress this
pathway to a greater extant. For example, drug-induced
ARAF mutant dimers conferred a potential mechanism
of acquired resistance to belvarafenib, while a combina-
tion with MEK inhibitors could delay the ARAF-mediated
resistance [175]. Co-targeting of RAF and MEK is signif-
icantly effective in BRAFV600E melanoma by abrogating
pathway reactivation [176, 177]. A preclinical study indi-
cated that the RAF inhibitor lifirafenib acted synergisti-
cally with the MEK inhibitor mirdametinib to alleviate
drug-induced RAF-dependent MEK reactivation, leading
to the sustained blockage of MAPK signaling [178]. An
ongoing phase Ib/II clinical trial was recently designed
to evaluate the clinical efficacy of the combination of
lifirafenib and mirdametinib in patients with KRASmuta-
tions or other MAPK pathway aberrations (NCT03905148).
ERK acts as a central node in mediating MAPK inhibitor
resistance. Therefore, the combination of ERK and MAPK
inhibitors could potentially improve their individual activ-
ities. For example, the ERK inhibitor VTX-11e re-sensitized
KRAS-mutated cell lines to the MEK inhibitor mirdame-
tinib [179]. In addition, VTX-11e exhibited synergistic
effects with the MEK inhibitors selumetinib and trame-
tinib in NRAS-mutated melanoma with enhanced anti-
tumor effects and suppression of pathway reactivation
[180]. The effect of the combination of GDC-0994, another
ERK inhibitor, with the MEK inhibitor cobimetinib, was
evaluated in KRAS-mutated xenografts and GEMM mod-
els. The findings showed that the combination suppressed
MAPKpathway and significantly attenuated tumor growth
compared to their individual effects [181]. However, a
phase Ib trial testing the combination of GDC-0994 and
cobimetinib was terminated because of intolerable over-
lapping and cumulative toxicity [182]. Synergistic effects
were observed between G12Ci and MAPK inhibitors in
several KRASG12C mouse models. Compared with the
individual agents, the minimal effective dose of a combi-

nation of AMG 510 and the MEK inhibitor mirdametinib
induced an enhanced anti-tumor effect in mice bearing
KRASG12C-mutated xenografts [24].

4.5.2 Horizontal inhibition

TheMAPK and PI3K cascades are key effectors of RAS sig-
naling, and they are interconnected. Repression of one cas-
cade can relieve feedback inhibition of the other cascades,
leading to pathway reactivation. Several preclinical studies
reported significant therapeutic effects of a combination of
various therapies concurrently inhibiting the MAPK and
PI3K pathways in RAS-mutated malignancies [183–185].
However, negligible therapeutic effects were observed in
clinical trials owing to the limited long-term tolerability
of the co-inhibition of MEK and PI3K [186–188]. The abil-
ity of KRAS to directly activate PI3K cascades in lung
cancer mainly relies on a coordinate signal from insulin-
like growth factor1 receptor (IGF1R), and a combination
of IGF1R and MEK inhibitors resulted in selective inhibi-
tion of KRAS-mutated LUAD [189]. Notably, the addition
of mTOR inhibitors with G12Ci instead of MEK inhibitor
showed further improved efficacy [190]. A phase I trial
of the MEK inhibitor selumetinib and Akt inhibitor MK-
2206 showed a partial response in a subset of patients with
KRAS-mutated NSCLC and ovarian cancers. However, the
overlapping toxicities of these inhibitors limited the dosage
[145]. A phase II trial of this combination showed no
effect comparedwith the use ofmodified FOLFOX (mFOL-
FOX) in KRAS-mutated end-stage pancreatic cancer. The
lack of clinical response was mainly attributed to the
high frequency (45%) of toxicity-related treatment delays
and dose reductions [191]. Dual-inhibition of MEK and
Akt was not effective for the treatment of NRAS-mutated
melanoma [192]. The combinations of MEK inhibitors and
mTOR inhibitors were evaluated, and the findings show
that they were limited by poor tolerability [193–195]. In
addition, RAS activates downstream RAF and PI3K by
interacting with the well-conserved RAS-binding domain
(RBD). Rigosertib is a RAS-mimetic inhibitors that inter-
acts with the RBDs of RAF and PI3K, resulting in their
inability to bind to RAS [196]. Rigosertib effectively inhib-
ited RAF-MEK-ERK and PI3K-Akt signaling and showed
promising cytotoxic effect inKRAS-mutated CRC cells and
patient-derived xenografts (PDX) [197, 198].
Combination therapies against RAS-associated effec-

tors showed promising therapeutic effects among various
preclinical tumor models as they effectively abrogated
pathway reactivation. However, the narrow in vivo ther-
apeutic window limited their clinical application. Tradi-
tional combinations are administered at the maximum
tolerated dose (MTD),which is accompanied by significant
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overlapping toxicities. Multiple low-dose (MLD) therapy is
a promising alternative that, unlike traditional combina-
tions, comprises multiple inhibitors at low doses to reduce
toxicities in normal cells. A low concentration of each
drug decreases the selective pressure on each node of the
pathway, thereby reducing the possibility of acquired resis-
tance. For instance, vertical inhibition of RAF and ERK at
lowdoses showed long-termpathway repression and favor-
able safety profiles in organoids and tumor-bearing mice
withKRAS-mutated cancers [199]. The therapeutic efficacy
of theMLD strategy has yet to be evaluated in clinical trials.

5 IMMUNOTHERAPY

Tremendous progress has been made in understanding
the crosstalk between tumor cells and TME, as well as
development of immunotherapy. Tumor cells can exhaust
immune cells and reshape a pro-tumorigenic immune
microenvironment through direct contact or secretion of
signal molecules such as cytokines [200]. Recent findings
indicated that oncogenic RAS, in addition to its function
in promoting proliferation, played an important role in
modulating tumor immune microenvironment.

5.1 Immune checkpoint inhibitors
(ICIs)

Immune checkpoint pathways comprising PD-1, PD-L1,
and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)
downregulate immune function, thus maintaining home-
ostasis. Tumor cells can utilize immune checkpoints to
escape the immune response [201]. For instance, tumors
expressing PD-L1 on the cell membrane can directly
repress the immune activity of the microenvironment
by interacting with PD-1 on T cells, resulting in tumor
progression.
SevenmAbs targeting the immune checkpoints showing

favorable benefits were approved for clinical use. However,
significant tumor regression was only observed in a small
subset of patients [202, 203]. Therefore, it is imperative to
identify the populations thatmay benefit from ICIs. Tumor
PD-L1 expression, CD8+ tumor-infiltrating lymphocytes
(TILs) are well established biomarkers of response to ICIs
[204, 205]. Studies reported that RASmutation was linked
to the upregulation of PD-L1 [206, 207]. Mechanically,
oncogenic RAS promoted MEK signaling-mediated phos-
phorylation and inhibition of theAU-rich element-binding
protein tristetraprolin (TTP), which in turn stabilized PD-
L1 mRNA [208]. However, the association between RAS
mutation and CD8+ TILs varies between different cancer
types. A recent immunological characterization of Chinese

NSCLC patients indicated that KRASmutation was associ-
ated with the increased infiltration of CD8+ T cells [209].
On the contrary, oncogenic KRAS promoted migration of
myeloid-derived suppressive cells to the TME via down-
regulating the expression of interferon regulatory factor
2 (IRF2) in the KRAS-mutated CRC [210] and induced
immune suppressive TME in the PDAC via BRAF and
MYC [211]. Also,KRASmutant induced high levels of gran-
ulocyte macrophage colony-stimulating factor (GM-CSF)
and interleukin 6 (IL6) secretion that converted T cells to
the immunosuppressive regulatory T cells (Treg) via the
MEK-ERK-activator protein 1 (AP1) pathway [212]. MEK
inhibition was reported to reshape the TME and promote
the CD8+ T cell infiltration in the breast cancer and CRC
mousemodel [213]. Increased immune-suppressive cells in
the TME greatly hampered the infiltration and anti-tumor
function of the cytotoxic T cells. Thus, the clinical response
to ICIs may discriminate between different tumors and
genomic backgrounds.
A retrospective study of patients with advanced NSCLC

treated with ICIs reported no differences between patients
with KRAS-mutated and other types of NSCLC [214].
A systematic review and meta-analysis of patients with
advanced NSCLC treated with ICIs showed increased
overall survival in the KRAS-mutated subgroup, but the
treatment-KRAS mutation interaction was not significant
[215]. Several confounding factors such as co-mutations
may have resulted in the superior therapeutic effects in
KRAS-mutated NSCLC. ICIs were particularly effective
in a subgroup of NSCLC patients harboring concurrent
mutations in TP53 and KRAS, as indicated by the high
expression levels of PD-L1 and mutation burden [216]. In
contrast, mutations in STK11/LKB1 resulted in resistance
to ICIs [217]. Therefore, RASmutation status alone is not a
reliable biomarker for predicting the response to ICIs. Fur-
ther subgroup analyses should be conducted to identify the
populations benefiting from ICI treatments to elucidate
the associated mechanisms.

5.2 Adoptive cell therapy and cancer
vaccine

Gene mutations in cancer cells lead to the generation of
neoantigens—peptides that are processed and presented
on cell surfaces. These foreign antigens can be recog-
nized by the immune system and induce the activation of
neoantigen-reactive CD8+ cytotoxic T cells, which infil-
trate and kill cancer cells. However, most solid tumors,
also known as “cold tumors”, do not present with infil-
tration of cytotoxic T cells, which is associated with poor
prognosis and lack of response to ICIs [204, 218, 219]. Ther-
apies are currently being developed to trigger immune



60 YANG et al.

cell infiltration in “cold tumors”. Adoptive cell therapy
transfuses ex vivo expanded autologous lymphocytes that
recognize tumor cells and exert anti-tumor effects [220].
Initial attempts to transfuse TILs isolated from metastatic
melanoma patients were proved to induce regression of
tumor [221]. With regard to RAS-mutated malignancies,
studies indicated that RAS mutations were immunogenic
and can be recognized byT cells in a human leukocyte anti-
gen (HLA)-dependent manner [222]. In addition, CD4+
T cells recognizing the KRASG12V mutant were reported
in patients with NSCLC [223]. However, these therapies
rely on personalized isolation and autologous transfusion
of TILs from specific patients, and transfusion to different
patients remains challenging.
Recent advances in our understanding of tumor antigen

recognition and viral vector design enabled the integration
of synthetic genes into T cells. This, along with the con-
servedmutational profile of RAS, allows for the large-scale
generation of T cells that target specific tumor antigens,
including engineered T-cell receptor (TCR) and chimeric
antigen receptor (CAR)-T cell therapies [224]. These tech-
niques overcome the reliance on personalized endoge-
nous TCR-mediated anti-tumor functions and signifi-
cantly improve the efficacy and generalizability of adop-
tive cell therapy. Murine T cells were highly reactive to
KRASG12V protein after the administration of RAS mutant
peptides to transgenic mice expressing HLA-A*11:01, and
the G12D mutant can be isolated [225]. TCR can then be
identified and genetically integrated into peripheral blood
lymphocytes, which selectively exert cytotoxic effects in
KRAS-mutated cancer in vitro and in vivo [225]. Sev-
eral KRAS mutant epitopes, such as HLA-A*03:01 and
HLA-A*11:01 inKRASG12V mutant, were recently identified
[226]. The adoptive transfer of T cells carrying TCR spe-
cific for these epitopes led to significant tumor regression
in a xenograftmodel ofmetastatic lung cancer [227]. Trans-
fusion of CD8+ T cells expressing HLA-C*08:02-restricted
TCRs and targeting KRASG12D antigen in TILs (initially
identified in a patient with metastatic CRC) showed a 9-
month partial response and regression in lung metastatic
lesions [228]. Recently, similar autologous T cells engi-
neered to express two allogeneic HLA-C*08:02-restricted
KRASG12D-reactive TCRs were used to treat a patient with
metastatic pancreatic cancer. The patient had regression
of visceral metastases, and the response was ongoing at
6 months [229]. However, tumor cells with downregu-
lated expression of class I HLA that do not present and
process peptides can escape engineered TCR T cell ther-
apy, which is restricted to patients with compatible HLA
[220]. In contrast, CAR-T cells can recognize tumor cells in
an HLA-independent manner; however, the antigen must
be located on the cell membrane. Mesothelin (MSLN), a
tumor-associated antigen, is highly expressed in KRAS-
mutated LUAD [230]. MSLN-targeted CAR T cells specif-

ically recognized and killed MSLN-high LUAD both in
vitro and inmousemodels, with no off-target toxicity [231].
These results provide a promising basis for clinical trials of
CAR-T cells targeting MSLN in KRAS-mutated LUAD.
In addition to direct transfection of T cells, peptides from

mutated RAS proteins can be synthesized as a vaccine to
induce a T-cell response in RAS-mutated tumors. KRAS-
peptide vaccines were tested as a single agent in clinical
trials where they induced transient T-cell responses but
no clinical effects [232, 233]. Adjuvants, such as GM-CSF,
have been combined with RAS-mutated peptides to effec-
tively augment the immune response. Co-administration
of TG01, an injectable cancer vaccine, with GM-CSF
induced long-term immunological memory against the
KRASmutation and promoted the survival of patients with
PDAC [234]. A phase I/II trial of TG01/GM-CSF plus gemc-
itabine inKRAS-mutated PDACpatients showed increased
immune activation as well as disease-free and overall sur-
vival rates compared to the adjuvant gemcitabine alone
[235]. The clinical efficacy of anotherRAS-mutated peptide
TG02/GM-CSF as a single agent or combined with PD-
1 mAbs was assessed in the treatment of KRAS-mutated
CRC. However, the trial was terminated because of chang-
ing priorities. Lipid nanoparticle (LNP)-based delivery
of mRNA encoding neo-epitopes of RAS mutations can
be used for vaccination to circumvent the limitation of
directly injecting peptides into circulation in the TME. The
mRNA can be efficiently absorbed by antigen-presenting
cells and translated into peptides, which are subsequently
presented on the cell surface to elicit a T-cell response.
mRNA 5671 is an mRNA vaccine comprising four com-
mon KRAS mutations. A clinical trial testing the effects
of mRNA-5671/V941 as monotherapy and in combination
with pembrolizumab is ongoing (NCT03948763).

6 TUMORMETABOLISM

In addition to activating downstream RAF-MEK-ERK
and PI3K-Akt cascades, aberrant RAS signaling modu-
lates tumor metabolism. RAS-induced metabolic repro-
gramming results in enhanced glycolysis, glutaminolysis,
autophagy and macropinocytosis [236], which support
non-homeostatic proliferation—a hallmark of cancer [237,
238]. RAS-mutated cells rely heavily on the metabolic
adaption to sustain proliferation, which provides rationale
for targeting metabolism of RAS-mutated malignancies
(Figure 4).

6.1 Targeting glucose metabolism

Dysregulation of glucose metabolism, particularly
enhanced glucose uptake and glycolysis, occurs in various
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F IGURE 4 RASmutations rewire tumor metabolism. RAS-induced metabolic reprogramming involving enhanced glycolysis,
glutaminolysis, autophagy and macropinocytosis supports the tumor proliferation and survival. Mutated RAS dysregulates tumor metabolism
by enhancing the expression of transporters and rate-limiting enzymes of both glucose and glutamine metabolism. The intermediates of
glycolysis and glutaminolysis fuel the TCA cycle that provides materials for the biosynthesis of lipids and nucleotides, as well as the
production of ATP through oxidative phosphorylation. Glutamine metabolism is critical in maintaining redox homeostasis, as it acts as
nitrogen donor and provides NADPH for the production of GSH. Besides, oncogenic RAS activates NRF2 to transcriptionally modulates redox
balance of tumor. RAS-mutated tumor cells exhibit elevated levels of autophagy and macropinocytosis, which digest extra- and intra-cellular
macromolecules into free nutrients to support survival and proliferation under nutrient-depleting condition. Abbreviations: HK1, hexokinase
1; HK2, hexokinase 2; G-6-P, glucose 6-phosphate; F-6-P, fructose 6-phosphate, F-1,6-BP, fructose 1,6-bisphosphate; G-3-P, glyceraldehyde
3-phosphate; G-1,3-BP, glycerate 1,3-bisphosphate; PFK1, phosphofructokinase-1, GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
LDHA1, lactate dehydrogenase A1; SLC, solute carrier; GLUT, glucose transporter; GOT, glutamate oxaloacetate transaminase; GLS,
glutaminase; GLUD, glutamate dehydrogenase; α-KG, α-ketoglutarate; TCA, tricarboxylic; GSH, glutathione; GSSG, glutathione disulfide;
ME1, malic enzyme 1; NADPH, nicotinamide adenine dinucleotide phosphate hydrogen; NADH, nicotinamide adenine dinucleotide
hydrogen; NRF2, nuclear factor erythroid 2-related factor 2

cancers. In addition to ATP, the intermediate products are
metabolized to generate amino acids and lipids for cell
proliferation and survival. Oncogenes, such as mutated
RAS, modulate glucose metabolism in several ways. Tran-
scriptome and metabolomic analyses using an inducible
KrasG12D PDAC mouse model revealed that withdrawal of
KrasG12D expression decreased glucose uptake and lactate
production, as well as the expression of glucose trans-

porters and rate-limiting enzymes of glycolysis, including
hexokinase 1 (Hk1), hexokinase 2 (Hk2), and phospho-
fructokinase 1 (Pfk1), as well as lactate dehydrogenase A
(Ldha) [239]. Moreover, KrasG12D inactivation attenuated
the channeling of glucose intermediates into the hex-
osamine biosynthesis and pentose phosphate pathways
[239], which were implicated in the formation of lipids,
glycosylation of proteins and synthesis of nucleic acid.
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In addition to transcriptionally modulating metabolic
enzyme expression, KRAS4A can directly interact with
the HK1, abrogating the allosteric inhibition of HK1, and
enhancing glycolytic flux [18]. A previous study indicated
that, although a single endogenous Kras mutant allele
was sufficient for tumor initiation, tumor progression
required a gain in mutated Kras copy number, as observed
in advanced lung tumors of KrasG12D/+;p53null mice [240].
Mechanistically, an increase in the copy number of KRAS
resulted in metabolic rewiring with increased glycolysis
and channeling of glucose metabolism to the tricarboxylic
(TCA) cycle and glutathione (GSH) synthesis. Although
RAS mutant-induced alteration in glucose metabolism
supports cell proliferation and survival, it also increases
the susceptibility of tumor cells to glucose depletion, thus
providing a potential target in RAS-driven malignancies.
Several studies explored the development of inhibitors
that blocked glucose transporters (GLUT), the first rate-
limiting step of glycolysis. Fourteen isoforms of GLUT
have been identified [241], with GLUT1 being the most
widely studied in oncotherapy owing to its overexpression
in most cancers [242, 243]. BAY-867 is a highly selective
GLUT1 inhibitor that blocks basal- and stress-induced
glycolysis in tumor cells. BAY-867 impeded the growth
of a subset of ovarian and triple-negative breast cancers
with increased glycolysis flux [244–246]. However, the
anti-tumor efficacy of BAY-867 has yet to be evaluated
in RAS-mutated models. WZB117 is a selective GLUT1
inhibitor that exhibits synergistic effects with cell cycle
checkpoint kinase ataxia telangiectasia and rad3-related
protein (ATR)/ checkpoint kinase 1 (CHK1) inhibitors
in the treatment of KRAS-mutated cancers. This com-
bination treatment exhibited enhanced S-phase arrest
and promoted the accumulation of genotoxic damage
and apoptosis in KRAS-mutated cancer cells [247, 248].
In addition to restricting glucose uptake, the targeting of
key glycolytic enzymes provides a promising strategy for
cancer treatment. Dehydroascorbate (DHA), the oxidized
form of vitamin C, is mainly transported into cells by
GLUTs. Elevated level of intracellular DHA decreases
the pool of reduced GSH and promotes accumulation
of reactive oxygen species (ROS), ultimately causing the
inactivation of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). KRAS-mutated cells with upregulated GLUT
expression and glycolysis flux are highly susceptible to
high doses of vitamin C [249]. The clinical application
of glucose metabolism inhibitors is limited by their high
toxicity, as most targets are ubiquitously expressed in
different tissues and cell types. For instance, GLUT1 is
highly expressed in erythrocytes and brain epithelial cells
[250], and the inhibition of GLUT1 can simultaneously
affect blood glucose homeostasis and brain glucose supply.
Therefore, further validation should be conducted to eval-

uate the efficacy and safety profiles of potent inhibitors
targeting RAS-mutated tumor glucose metabolism.

6.2 Targeting glutamine metabolism

Glutamine is a non-essential amino acid (NEAA) that
occurs predominantly in human sera and supports the
growth of dividing cells. Many tumors present a “glu-
tamine addiction” or, in other words, an increased demand
for glutamine compared to normal cells. RAS-mutated
malignancies exploit metabolic reprogramming that mod-
ulates multiple nodes in the glutamine metabolism to
supply energy and biosynthetic intermediates for the pro-
liferation and survival [251]. The KRAS mutation is asso-
ciated with the upregulation of solute carrier (SLC) 1A5,
which serves as a key transporter for glutamine uptake,
the first rate-limiting step of glutamine metabolism [252].
In addition, RAS stabilizes the transcriptional factor MYC
[253], which promotes the expression of awide spectrumof
key enzymes of glutamine metabolism, including glutam-
inase (GLS) [254, 255]. The GLS-mediated deamination of
glutamine generates glutamate, which participates in both
catabolic and anabolic processes. Glutamate can further
be converted in mitochondria to α-ketoglutarate (α-KG)—
through a process catalyzed by glutamate dehydrogenase
(GLUD) or transaminase—and act as a carbon source for
the TCA cycle. The TCA cycle is linked to oxidative phos-
phorylation for ATP generation [256] and provides the pre-
cursors for synthesis of nucleotides, amino acids, and fatty
acids. Glutamate can donate nitrogen to generate other
NEAAs (e.g., aspartate) through the action of transami-
nase enzymes to produce proteins and nucleotides [257].
The KRAS mutant upregulates the expression of gluta-
mate oxaloacetate transaminase 1 (GOT1) and GOT2 in
PDAC cells, which mediate the conversion of glutamate
to aspartate for nucleotide production [258]. Furthermore,
glutamate plays a key role in sustaining the intracellular
amino acid pool, as it can be exchanged for the essential
amino acid leucine through SLC7A5/SLC3A2 antiport sys-
tem to maintain activation of the mTOR pathway [259].
A recent study using GEMM revealed that slc7a5 was
indispensable for the growth of KrasG12D-mutated CRC.
Deletion of slc7a5 dysregulated the steady state of intra-
cellular amino acid level and repressed transcription [260].
Glutamine is also implicated in the modulation of cellular
redox homeostasis. GSH is a major antioxidant substance
generated from glutamate, cysteine and glycine. The level
of glutamate substrate limits the synthesis of glutathione as
it serves as the substrate and is also involved in the uptake
of cysteine and glycine [261]. Glutamine also supports
NADPHproduction, which serves as a reducing equivalent
for GSH production [258, 262].
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Mutated RAS plays an important role in maintaining
redox balance in cancer cells. KRAS-mutated PDAC cells
rely on glutamine as nitrogen donor and exhibit increased
aspartate synthesis. Aspartate is transported to the cytosol,
where it is converted to malate and utilized to generate
NADPH through the action of malic enzyme 1 (ME1) [258].
In addition, theKRASmutant improves antioxidant effects
by activating nuclear factor erythroid 2–related factor 2
(NRF2)—a key regulator of cellular redox status—bymod-
ulatingGSHmetabolism [263]. Loss of theKEAP1 genewas
shown tohyperactivateNRF2 andpromoted tumorigenesis
in a glutaminolysis-dependent manner through a com-
bination of CRISPR-Cas9-based screening and metabolic
analyses in theKRAS-driven LUADGEMM [264]. Notably,
the aberrant KEAP/NRF2 pathway compensated for the
redox stress in tumors with loss of LKB1, a common
mutation co-occurring with KRAS, conferring oxidative
adaption and tumor progression [265]. Metabolic repro-
gramming can increase the reliance of tumor cells to
glutamine and, combined with glutamine deprivation, can
inhibit the growth of KRAS-mutated malignancies [258,
266].
CB-839 (telaglenastat) is an allosteric GLS1 inhibitor

that effectively blocks the conversion of glutamine to
glutamate, leading to significant anti-tumor effects in
multiple preclinical breast cancer [267], ovarian cancer
[268] and leukemia models [269]. LUAD with concurrent
KRAS/KEAP1 or LKB1 mutations was highly sensitive to
CB-839 [264, 265]. Suppression of glycolysis by chronic
mTOR inhibitors in autochthonousKrasG12D;Lkb1−/− lung
squamous cell carcinoma GEMM induced resistance,
which was mediated by upregulation of the glycogen
synthase kinase 3 α/β (GSK3α/β) signaling pathway
that enhanced glutaminolysis to induce the TCA cycle.
Therefore, CB-839 can effectively attenuated GLS activ-
ity and overcomed the adaptive resistance against the
mTOR inhibitor MLN0128 [270]. A clinical trial evaluat-
ing the efficacy of CB-839 andMLN0128 on advanced-stage
NSCLC (harboring KRAS, KEAP1, and LKB1mutations) is
under active recruitment. CB-839 can decrease nucleotide
levels in tumors by inhibiting the synthesis of glutamine-
derived aspartate required for nucleotide biosynthesis.
Consequently, CB-839 delays the progression of cancer
cells to the S-phase and could potentially act synergisti-
cally with other agents inducing cell cycle arrest. Notably,
CB-839 significantly enhanced the anti-proliferative effects
of the cyclin-dependent kinase 4 and 6 (CDK4/6) inhibitor
palbociclib and poly (ADP-ribose) polymerase (PARP)
inhibitors niraparib and talazoparib in KRAS-mutated
CRC xenografts [271]. Clinical trials evaluating the poten-
tial of a combination of CB-839 with CDK4/6 or PARP
inhibitors in the treatment of KRAS-mutated solid tumors
are underway (NCT04265534, NCT03875313).

V-9302 is a smallmolecule specific antagonist of SLC1A5
that effectively blocks glutamine uptake in multiple tumor
cell lines and exhibits a 100-fold higher potency than
other related inhibitors [272]. V-9302 reduced the viabil-
ity of more than half of the tumor cell lines, with the
most sensitive cell lines harboring alterations in KRAS or
downstream effectors. The inhibition of SLC1A5-mediated
glutamine uptake decreased the level of phosphorylated
(p)-S6 and p-ERK. In addition, deprivation of glutamine
by V-9302 inhibited the synthesis of GSH and increased
intracellular ROS levels. A recent study reported that sen-
sitivity to V-9302 in SLC1A5-knockout 143B cell line was
similar to that of the parental cells, indicating potential
off-target effects [273]. Further experiments demonstrated
that the anti-tumor effect of V-9302 was mediated by the
concurrent inhibition of serotonin N-acetyltransferase 2
(SNAT2) and L-type amino acid transporter (LAT1), which
disrupted intracellular amino acid homeostasis. Therefore,
the exact target of V-9302 and its therapeutic effects in the
treatment of RAS-mutated malignancies require further
investigation.
Inhibition of glutamine metabolism showed promising

in vitro and in vivo anti-tumor activity in KRAS-mutated
LUAD. However, a recent study reported that GLS inhibi-
tion was not a viable therapeutic strategy for PDAC [274].
Although exposure to GLS inhibitors, such as BPTES and
CB-839, inhibited proliferation in vitro, these inhibitors
did not inhibit tumor growth in vivo. Integration of
proteomics and metabolomic analyses revealed that dys-
regulation of metabolism in cancer cells resulted in drug
resistance. Long-term treatment led to the upregulation of
multiple compensatory pathways, such as fatty acid oxi-
dation, and some GLS-independent glutamate-producing
enzymes, which restored the levels of glutamine, α-KG
and GSH. Although KRAS-mutated LUAD cells grown in
culture relied on glutamine to replenish theTCAcycle, glu-
tamine dependency was lost when these cells were used
to induce tumor formation in mice [275], likely because
glucose metabolism was the main source of carbon inter-
mediates in the TCA cycle. These findings indicated that
multiple factors determined requirement of glutamine in
RAS-induced tumorigenesis [276]. Further experiments
are required to explore glutamine-dependent malignan-
cies.

6.3 Targeting autophagy and nutrient
scavenging

Tumor cells require a large amount of nutrient to meet
the high demand for biosynthesis and sustain the non-
homeostatic proliferation [238]. Despite the upregula-
tion of membrane transporters conferring higher uptake
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ability, tumor cells often experience glucose, amino acid,
and lipid deprivation, which is attributed to the abnor-
mal vasculature and high interstitial fluid pressure in the
TME [277]. A previous study also reported significantly
lower levels of various nutrients in tumor region com-
pared to the adjacent region [278]. Tumor cells bypass the
limited nutrient supply by alternative methods, includ-
ing autophagy and nutrient scavenging. Autophagy is a
process involving the formation of double-membrane vesi-
cles that sequester specific organelles and proteins and
target them for lysosomal degradation [279]. Scavenging
involves uptake of nutrients in the form of less desirable
extracellular macromolecules [277]. The oncogenic RAS
pathway is associated with enhanced basal autophagic flux
and constitutivemacropinocytosis (i.e., non-selective scav-
enging of extracellular fluid and macromolecules through
large vesicles), which promotes the survival and prolif-
eration of tumor cells under low nutrient levels [280,
281]. KRAS suppression or ERK inhibition decreases gly-
colytic and mitochondrial functions, thus, tumor cells are
more reliant on autophagy [282]. Notably, blockade of the
MAPK pathway alleviates LKB1 inhibition, which in turn
activates the AMP-activated protein kinase (AMPK)-Unc-
51-like kinase 1 (ULK1) pathway to upregulate protective
autophagy. Therefore, co-targeting of the MAPK pathway
and autophagy is a promising strategy for the treatment
of RAS-mutated malignancies [282–284]. A recent study
indicated that macropinocytosis of necrotic cell debris
(necrocytosis) in TME directly supplied tumor cells with
amino acids, sugars, fatty acids and nucleotides. These pro-
cesses conferred resistance of tumor cells to nutrient stress-
inducing therapies such as gemcitabine, 5-fluorouracil,
doxorubicin and radiotherapy. Resistance can be alle-
viated by administration of macropinocytosis inhibitors
such as 5-(N-ethyl-N-isopropyl) amiloride (EIPA) [285].
Given that autophagy and nutrient scavenging share the
same “digest center” lysosome, lysosome inhibitors could
potentially inhibit these alternative metabolic pathways.
Recent clinical trials indicated that the lysosome inhibitor
hydroxychloroquine sulfate (HCQ), combined with stan-
dard chemotherapy, did not improve overall survival but
induced a higher overall response rate in patients with
metastatic CRC and PDAC [286, 287]. This effect can be
attributed to the weak inhibition of autophagy in vivo,
which is not sufficient to starve tumor cells [288]. Chloro-
quine derivatives targeting palmitoyl-protein thioesterase
1 (PPT1) were recently explored, and the findings showed
a dozen-fold higher potency in lysosome inhibition than
HCQ [289, 290]. Future studies should evaluate whether
these novel lysosome inhibitors affect the growth and pro-
liferation of RAS-mutated malignancies and whether their
effects are sustained in vivo.

7 CONCLUSIONS AND FURTHER
STUDIES

Although past failures created a perception of the RAS
protein being undruggable, recent breakthroughs in the
development of KRASG12C allele-specific inhibitors have
greatly contributed to the targeting of RAS mutants in
malignancies. Both AMG 510 and MRTX849 have been
approved for the treatment of refractoryKRASG12C NSCLC.
Although not all mutated RAS proteins have been success-
fully targeted, the most urgent topics for future research
are clear.
First, most KRASG12C mutants are detected in patients

with LUAD; thus, an urgent need exists for inhibitors
targeting more common alleles, such as KRASG13D and
KRASG12V in CRC and PDAC. Preliminary clinical data
indicated that monotherapy with allele-specific inhibitors
inevitably induced acquired drug resistance through path-
way reactivation and secondary mutations. Combination
therapies that reduce the negative feedback inhibition of
tumor cells can overcome drug resistance to allele-specific
and RAS-downstream effector inhibitors. However, this
may result in the overlapping of on-target toxicities. MLD
strategies are particularly promising given their high safety
profiles and have already shown therapeutic effects in
KRAS-mutated malignancy models.
Second, substantial progress has been made in under-

standing RAS-altered metabolism and immunotherapy
outcomes. Although these studies provide new therapeu-
tic targets for other RAS mutants, the safety profiles of
related therapies are unknown, and selectively targeting
key metabolic processes and immune microenvironment
components remains challenging.
Third, studies should investigate the context depen-

dency of RAS mutant-associated phenotypes according to
the isoform and codon mutation. For instance, KRASG12C
inhibitors have demonstrated significant clinical responses
in LUAD compared to those in CRC. Therefore, further
description of the context and complexity related to each
malignancy is important for the development of effective
therapeutic strategies targeting RAS.
In summary, although the results of targeting RAS

over the past few decades have been tortuous, recent
advances in direct and indirect targeting provide reasons
for optimism.
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