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Abstract: KRAS is among the most commonly mutated oncogenes in human cancers, driving tumour initiation, progression,
and therapeutic resistance through dysregulation of multiple signalling pathways. For many years, KRAS was regarded as an
undruggable target because of its high affinity for guanosine nucleotides and the absence of suitable drug-binding pockets.
Recent advances in structural biology and medicinal chemistry have fundamentally changed this perspective, enabled the
development of mutation-specific inhibitors and established KRAS as a clinically actionable target in precision oncology.

The discovery of the switch-11 binding pocket facilitated the design of selective covalent inhibitors targeting KRAS G12C,
leading to the clinical approval of sotorasib and adagrasib for selected patients with KRAS G12C-mutated malignancies. These
breakthroughs have validated direct KRAS inhibition as an effective therapeutic strategy. However, durable clinical responses
remain limited by intrinsic and acquired resistance, pathway reactivation, tumour heterogeneity, and the lack of effective
therapies for non-G12C KRAS mutations.

Emerging therapeutic approaches are expanding the scope of KRAS-targeted treatment through the development of pan-
KRAS inhibitors, mutation-specific agents targeting KRAS G12D and other variants, targeted protein degradation technologies,
RNA-based therapeutics, genome-editing strategies, and KRAS-directed immunotherapies. In parallel, rational
combination therapies targeting EGFR, SHP2, MEK/ERK, PIBK-AKT-mTOR signalling, immune checkpoints, and tumour
metabolism are being investigated to enhance treatment efficacy and overcome resistance. This review summarizes recent
advances in KRAS biology, therapeutic innovation, resistance mechanisms, and combination strategies, highlighting future
opportunities for precision cancer medicine and the continued evolution of KRAS-directed drug development.
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l. INTRODUCTION

Cancer remains one of the leading causes of morbidity and
mortality worldwide and is characterized by the accumulation of
genetic and epigenetic alterations that disrupt normal cellular
homeostasis, leading to uncontrolled proliferation, survival,
invasion, and metastasis. Advances in molecular oncology have
identified several oncogenic signalling pathways that drive
tumour initiation and progression, among which the RAS
signalling network is one of the most extensively investigated.
The RAS family of small guanosine triphosphatases (GTPases),
comprising HRAS, NRAS, and KRAS, functions as a molecular
switch that regulates cell proliferation, differentiation,
apoptosis, metabolism, and cytoskeletal organization through
multiple downstream signalling cascades, including the RAF—
MEK-ERK and PI3BK-AKT-mTOR pathways (1-3).

Among the three RAS isoforms, KRAS is the most
frequently mutated oncogene in human cancer and accounts for
approximately 85% of all RAS mutations. Activating KRAS
mutations occur in nearly 90% of pancreatic ductal
adenocarcinoma, 35-45% of colorectal cancer, and 25-30% of
non-small cell lung cancer, where they promote constitutive
activation of intracellular signalling independent of
extracellular growth factors. Persistent KRAS signalling
enhances cell proliferation, metabolic reprogramming, immune
evasion, angiogenesis, and resistance to apoptosis, thereby
contributing to tumour progression, metastasis, and poor
clinical outcomes (4-6).

For more than three decades, KRAS was regarded as an
"undruggable" therapeutic target because of its exceptionally
high affinity for guanosine diphosphate (GDP) and guanosine
triphosphate (GTP), together with the absence of deep
hydrophobic binding pockets suitable for small-molecule
inhibitors. Consequently, therapeutic strategies primarily
focused on inhibiting downstream effectors of KRAS signalling
rather than directly targeting the mutant protein, yielding only
limited clinical success (7-9).

A major breakthrough in KRAS drug discovery occurred
with the identification of the switch-11 pocket (S-11P) within the
inactive GDP-bound conformation of the KRAS G12C mutant.
This structural discovery enabled the rational development of
selective covalent inhibitors that irreversibly bind the mutant
cysteine residue and stabilize KRAS in its inactive state. The
subsequent clinical approval of sotorasib and adagrasib
validated direct KRAS inhibition as an effective therapeutic
strategy and established KRAS as a clinically actionable target
in precision oncology (10-12).

Despite these remarkable advances, durable therapeutic
responses remain limited by intrinsic and acquired resistance,
tumour heterogeneity, adaptive reactivation of signalling
pathways, and the limited efficacy of current therapies against
non-G12C KRAS mutations. Current research is therefore
focused on the development of next-generation mutation-
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specific inhibitors, pan-KRAS inhibitors, targeted protein
degradation strategies, RNA-based therapeutics, genome-
editing technologies, KRAS-directed immunotherapies, and
rational combination regimens designed to improve treatment
efficacy and overcome resistance (13-15).

This review comprehensively summarizes the molecular
biology of KRAS, its role in oncogenic signalling, structural
advances that enabled direct drug targeting, clinically approved
KRAS inhibitors, mechanisms of therapeutic resistance,
emerging therapeutic strategies, and future perspectives in
precision cancer medicine (16).

1. HISTORY OF KRAS

The discovery of the RAS oncogene family represents a
landmark achievement in molecular oncology and significantly
advanced the understanding of the genetic basis of cancer. The
earliest RAS genes were identified during studies of rat sarcoma
viruses in the 1960s, establishing the first evidence that viral
oncogenes could drive malignant transformation. Subsequent
molecular investigations led to the identification of the human
HRAS, NRAS, and KRAS proto-oncogenes, which encode
highly conserved small GTP-binding proteins involved in the
regulation of cell growth, differentiation, survival, and
intracellular signal transduction (17-19).

In 1982, KRAS was identified as a human oncogene,
marking a pivotal milestone in cancer genetics. Further studies
demonstrated that activating mutations in KRAS occur
predominantly at codons 12, 13, and 61, resulting in impaired
GTP hydrolysis and persistent activation of downstream
signalling pathways, including the RAF-MEK-ERK and
PI3BK-AKT cascades. These constitutively active mutations
promote uncontrolled cellular proliferation, metabolic
reprogramming, and resistance to apoptosis, establishing KRAS
as one of the principal oncogenic drivers in pancreatic,
colorectal, and non-small cell lung cancers (20-22).

Despite its well-established role in tumorigenesis, KRAS
remained resistant to pharmacological inhibition for more than
three decades because of its high affinity for guanine
nucleotides and the absence of suitable ligand-binding pockets.
Consequently, KRAS gained the reputation of being an
"undruggable" target, prompting researchers to focus on indirect
therapeutic strategies targeting downstream effectors. A major
breakthrough occurred in 2013 with the discovery of the switch-
Il pocket (S-11P) in the KRAS G12C protein, which enabled the
development of selective covalent inhibitors and fundamentally
changed the landscape of KRAS-targeted drug discovery. This
progress ultimately led to the clinical approval of sotorasib in
2021 and adagrasib in 2022, representing the first direct KRAS
inhibitors approved for clinical use and opening a new era of
precision oncology (23-26).
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Table 1. Historical Milestones in KRAS Research and Therapeutic Development

Year/Period Major Milestone Significance
1960s Discovery of RAS oncogenes in rat Established RAS as one of the first oncogenes associated with
sarcoma viruses malignant transformation.
Identification of the human KRAS Demonstrated that KRAS functions as a proto-oncogene and plays a
1982 oncogene critical role in human cancer development.

Characterization of activating KRAS

1980s-1990s mutations (codons 12, 13, and 61)

Revealed the high prevalence of KRAS mutations in pancreatic,
colorectal, and lung cancers and their role in constitutive signaling.

KRAS recognized as an "undruggable”

High nucleotide-binding affinity and lack of suitable binding pockets

2000s therapeutic target limited direct drug development.

Discovery of the switch-11 pocket (S-11P) in|Enabled structure-based drug design and the development of selective
2013 KRAS G12C covalent KRAS inhibitors.

Clinical success of the first KRAS G12C | Provided proof-of-concept that direct pharmacological inhibition of

2019 inhibitors in early-phase clinical trials KRAS is feasible.

First FDA approval of Sotorasib (AMG 510)| Marked the first approved targeted therapy against KRAS G12C-
2021 mutated cancers, representing a major breakthrough in precision

oncology.

FDA approval of Adagrasib (MRTX849) |Expanded therapeutic options for patients with KRAS G12C-mutated

2022 malignancies and validated KRAS as a clinically actionable target.

Development of pan-KRAS inhibitors,
KRAS G12D inhibitors, PROTACs, RNA
therapeutics, and combination therapies

2023-Present

Represents the next generation of KRAS-targeted therapeutic
strategies aimed at overcoming resistance and broadening clinical
applicability.

1. KRAS STRUCTURE AND FUNCTION
KRAS (Kirsten Rat Sarcoma Viral Oncogene Homolog)
is a member of the RAS superfamily of small guanine
nucleotide-binding proteins (small GTPases), which also
includes HRAS and NRAS. These proteins function as
molecular switches that transmit extracellular signals to
intracellular ~ pathways controlling cell  proliferation,
differentiation, survival, migration, and metabolism. Among
the RAS isoforms, KRAS is the most frequently mutated in
human malignancies and represents a major oncogenic driver in
pancreatic, colorectal, and non-small cell lung cancers (27-29).

Structurally, KRAS is composed of a highly conserved G-
domain (residues 1-166), which mediates nucleotide binding
and intrinsic GTPase activity, and a C-terminal hypervariable
region (HVR) (residues 167-188), which undergoes post-
translational modifications required for membrane anchoring.
The G-domain contains several highly conserved functional
motifs, including the phosphate-binding loop (P-loop), Switch-
I, and Switch-1l regions. These dynamic domains undergo
conformational changes during GDP-GTP exchange and
regulate interactions with downstream effector proteins,
thereby controlling intracellular signal transduction (30-32).

Under physiological conditions, KRAS cycles between an
inactive GDP-bound conformation and an active GTP-bound
state. Activation is mediated by guanine nucleotide exchange
factors (GEFs), which facilitate GDP release and GTP binding,
whereas GTPase-activating proteins (GAPs) accelerate GTP
hydrolysis, restoring the inactive state. This tightly controlled
molecular cycle ensures accurate transmission of growth factor
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signals and maintenance of cellular homeostasis (33-35).

Oncogenic mutations, predominantly affecting codons 12,
13, and 61, impair intrinsic GTP hydrolysis and reduce GAP-
mediated inactivation, resulting in persistent activation of
KRAS. Constitutively active KRAS continuously stimulates
downstream signaling pathways that promote uncontrolled
proliferation, resistance to apoptosis, metabolic adaptation,
angiogenesis, and metastatic progression, thereby contributing
to tumor initiation and maintenance (36-38).

» RAF-MEK-ERK (MAPK) Signalling Pathway

The RAF-MEK-ERK cascade is the principal downstream
signalling pathway activated by mutant KRAS. Following
activation, KRAS recruits RAF kinases to the plasma
membrane, initiating sequential phosphorylation of MEK1/2
and ERK1/2. Activated ERK subsequently translocate to the
nucleus, where it regulates transcription factors controlling cell-
cycle progression, proliferation, differentiation, and survival.
Persistent activation of this pathway is a defining feature of
many KRAS-driven tumours and represents an important
therapeutic target (39-41).

» PI3K-AKT-mTOR Signalling Pathway

KRAS also activates the phosphatidylinositol-3-kinase
(PI3K) signalling pathway, leading to phosphorylation of AKT
and activation of the mammalian target of rapamycin (nTOR).
This signalling network regulates protein synthesis, glucose
metabolism, cell growth, survival, and resistance to apoptosis.
Aberrant activation of the PI3K-AKT-mTOR pathway
contributes significantly to tumour progression and is a major
mechanism underlying resistance to targeted therapies in
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KRAS-mutant cancers (42—44).

» RALGDS-RAL Signalling Pathway

In addition to MAPK and PI3K signalling, activated
KRAS interacts with Ral guanine nucleotide dissociation
stimulator (RALGDS), resulting in activation of the RALA and
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RALB GTPases. This pathway regulates vesicle trafficking,
cytoskeletal remodelling, cell polarity, migration, invasion, and
metastatic dissemination. Increasing evidence indicates that
RAL signalling plays a crucial role in KRAS-mediated tumour
progression and represents a promising target for future
therapeutic intervention (45-47).

Table 2. Structural Organization and Functional Domains of KRAS

Structural Region Residues Structural Features Biological Function
Highly conserved Binds GDP/GTP and mediates intrinsic GTPase
G-domain 1-166 Catalytic domain containing activity
nucleotide-binding motifs
P-loop
(Phosphate-binding 10-17 Conserved phosphate-binding Stabilizes GDP/GTP phosphate groups during
loop) motif nucleotide binding
Dynamic conformational domain| Mediates interactions with RAF, PI3K, and other
Switch-1 region 30-38 downstream effector proteins
Regulates GTP hydrolysis and contains the switch-II
Switch-11 region 6076 Flexible catalytic region pocket targeted by KRAS G12C inhibitors
Hypervariable region Membrane-targeting domain Undergoes prenylation and facilitates plasma
(HVR) 167-188 containing the CAAX motif | membrane localization essential for KRAS signaling

EVOLUTION OF KRAS DRUG DEVELOPMENT

For more than three decades, KRAS was regarded as one of
the most challenging molecular targets in oncology because of
its exceptionally high affinity for guanosine diphosphate (GDP)
and guanosine triphosphate (GTP), limited surface pockets for
ligand binding, and rapid nucleotide exchange kinetics. These
structural characteristics hindered the development of
conventional small-molecule inhibitors, leading to the
widespread perception that KRAS was an "undruggable"
oncogene (48-50).

Early therapeutic strategies focused primarily on indirect
inhibition of KRAS signaling by targeting downstream
effectors, including the RAF-MEK-ERK and PI3K-AKT-
mTOR pathways, or by inhibiting post-translational
modifications required for KRAS membrane localization.
Although these approaches demonstrated promising preclinical
activity, their clinical efficacy was limited by pathway
redundancy, adaptive feedback mechanisms, and the rapid
emergence of drug resistance (51-53).

A major turning point in KRAS drug discovery occurred
following advances in structural biology that revealed a
previously unrecognized switch-11 pocket (S-11P) within the
inactive GDP-bound conformation of KRAS G12C. This
discovery provided the first druggable binding site on mutant
KRAS and enabled the rational design of mutation-selective
covalent inhibitors capable of irreversibly binding the mutant
cysteine residue while locking KRAS in its inactive
conformation (54-56).
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Subsequent medicinal chemistry efforts led to the
development of highly selective KRAS G12C inhibitors with
potent antitumor activity in preclinical models. These findings
culminated in successful clinical trials and the regulatory
approval of direct KRAS inhibitors, demonstrating for the first
time that mutant KRAS could be pharmacologically targeted in
patients. This milestone fundamentally changed the therapeutic
landscape of KRAS-driven cancers and stimulated the
development of next-generation mutation-specific inhibitors,
pan-KRAS inhibitors, targeted protein degraders, RNA-based
therapeutics, and rational combination strategies designed to
overcome resistance and improve long-term clinical outcomes
(57-60).

V. ADAGRASIB (MRTX849)

Adagrasib (MRTX849) is a highly selective, orally
administered covalent inhibitor designed to target the KRAS
G12C mutation. The drug irreversibly binds to the mutant
cysteine residue within the switch-11 pocket, stabilizing KRAS
in its inactive GDP-bound conformation and preventing
downstream oncogenic signalling. This mutation-selective
mechanism minimizes inhibition of wild-type KRAS while
effectively suppressing aberrant signalling in KRAS G12C-
mutant tumours (61-63).

Pharmacologically, adagrasib exhibits prolonged target
engagement, favourable oral bioavailability, and an extended
half-life, allowing sustained inhibition of KRAS signalling.
Inhibition of mutant KRAS results in reduced activation of
the RAF-MEK-ERK and PI3K-AKT-mTOR pathways,
thereby suppressing tumour-cell proliferation, enhancing
apoptosis, and limiting tumour progression. Preclinical
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investigations demonstrated durable antitumor activity across
multiple KRAS G12C-driven cancer models, supporting its
advancement into clinical evaluation (64—66).

Clinical studies subsequently established the efficacy of
adagrasib in patients with previously treated KRAS G12C-
mutated non-small cell lung cancer (NSCLC), leading to
durable objective responses and meaningful disease control.
Therapeutic activity has also been demonstrated in colorectal
cancer; however, adaptive activation of epidermal growth
factor receptor (EGFR) signalling significantly reduces
treatment efficacy. Consequently, combination regimens
incorporating EGFR inhibitors have emerged as a promising
strategy to overcome resistance and improve clinical outcomes
in KRAS G12C-mutant colorectal cancer (67—69).

Although adagrasib represents a major advance in
precision oncology, long-term therapeutic benefit remains
limited by acquired resistance mediated through secondary
KRAS mutations, bypass pathway activation, and tumour
heterogeneity. Current research therefore focuses on optimizing
combination therapies and developing next-generation KRAS
inhibitors capable of targeting multiple KRAS variants and
overcoming resistance mechanisms (70-72).

VI SOTORASIB

Sotorasib (AMG 510) is the first clinically approved,
orally active, mutation-selective inhibitor targeting KRAS
G12C, representing a landmark achievement in precision
oncology. The drug was rationally designed to exploit the
cysteine residue created by the G12C substitution and irreversibly
binds to the switch-I1l1 pocket (S-1IP) of KRAS. Covalent
binding stabilizes the protein in its inactive GDP-bound
conformation, thereby preventing GTP loading and suppressing
oncogenic KRAS signalling (73-75).

Selective inhibition of KRAS G12C by sotorasib
effectively suppresses multiple downstream signalling
cascades, particularly the RAF-MEK-ERK and PI3K-AKT-
mTOR pathways, resulting ininhibition of cellular proliferation,
induction of apoptosis, and reduced tumour growth. Because its
activity is mutation-specific, sotorasib preferentially targets
malignant cells harbouring the KRAS G12C mutation while
largely preserving physiological signalling mediated by wild-
type KRAS (76-78).

The clinical efficacy of sotorasib has been demonstrated
across several KRAS G12C-mutated solid tumours, most
notably non-small cell lung cancer (NSCLC). Clinical trials
reported durable objective responses, prolonged disease
control, and manageable safety profiles in patients who had
received previous systemic therapies, ultimately leading to
regulatory approval for advanced KRAS G12C-mutated
NSCLC. These findings established direct KRAS inhibition as
a clinically effective therapeutic strategy and validated KRAS
as a druggable oncogenic target (79-81).
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Sotorasib has also shown clinical activity in metastatic
colorectal cancer (CRC) harbouring KRAS G12C mutations.
However, single-agent efficacy is comparatively modest
because adaptive activation of epidermal growth factor receptor
(EGFR) signalling restores downstream MAPK activity.
Consequently, combination regimens incorporating EGFR
inhibitors, particularly panitumumab, have demonstrated
improved antitumor activity and are increasingly being explored
as an effective therapeutic strategy for KRAS G12C-mutated
CRC (82-84).

Despite its clinical success, several limitations remain.
Acquired resistance develops through secondary KRAS
mutations, activation of bypass signalling pathways, genomic
heterogeneity, and adaptive pathway reactivation. Furthermore,
sotorasib demonstrates limited activity against other KRAS
variants, including G12D, G12V, and G13D, highlighting the
need for next-generation KRAS inhibitors and rational
combination therapies capable of producing more durable
clinical responses (85-87).

KRAS INHIBITOR RESISTANCE MECHANISMS

Although selective KRAS G12C inhibitors have
significantly improved the treatment of KRAS-mutant
malignancies, the durability of clinical responses is frequently
compromised by intrinsic and acquired resistance. Resistance
develops through multiple molecular mechanisms involving
genetic alterations, adaptive signalling networks, and dynamic
changes within the tumour microenvironment. Understanding
these mechanisms is essential for designing next-generation
therapeutic strategies and optimizing combination treatment
approaches (88-90).

One of the most frequently reported resistance
mechanisms involves secondary mutations within KRAS,
particularly alterations affecting the switch-1l pocket or
adjacent residues that reduce inhibitor binding affinity. These
mutations restore KRAS activation despite continued drug
exposure, resulting in persistent downstream oncogenic
signalling (91-93).

Resistance may also arise through KRAS amplification or
increased expression of mutant KRAS protein, allowing
sufficient signalling activity to persist despite pharmacological
inhibition. In parallel, activation of compensatory signalling
pathways—including receptor tyrosine kinases, SHP2, EGFR,
MET, FGFR, and PI3K—can bypass KRAS inhibition and
reactivate  MAPK or PI3K-AKT signalling, thereby
promoting continued tumour cell survival and proliferation
(94-96).

Alterations in downstream signalling components,
including BRAF, MEK, ERK, and PI3K, further contribute to
therapeutic failure by restoring proliferative signalling
independently of KRAS. In addition, tumour heterogeneity and
clonal evolution facilitate the selection and expansion of
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resistant cellular subpopulations during treatment, ultimately
leading to disease progression and reduced therapeutic
durability (97-99).

Emerging evidence also indicates that metabolic
reprogramming, epithelial-to-mesenchymal transition, immune
evasion, and remodelling of the tumour microenvironment
contribute to resistance against KRAS-targeted therapy. These
findings support the development of combination strategies
incorporating KRAS inhibitors with SHP2 inhibitors, EGFR
inhibitors, immune checkpoint inhibitors, MEK inhibitors, and
metabolic modulators to overcome resistance and improve long-
term clinical outcomes (100-102).

VIII. KRAS IN CANCER METABOLISM

Oncogenic KRAS is a key regulator of metabolic
reprogramming, enabling cancer cells to adapt to the increased
energetic and biosynthetic demands required for continuous
growth. In addition to promoting uncontrolled proliferation,
mutant KRAS rewires multiple metabolic pathways that
support nutrient acquisition, ATP generation, redox
homeostasis, and macromolecular biosynthesis. These
metabolic adaptations allow tumour cells to survive under
hypoxic and nutrient-deprived conditions commonly found
within the tumour microenvironment (103-105).

One of the most prominent metabolic alterations induced
by mutant KRAS is enhanced glucose metabolism. KRAS
activation increases the expression of glucose transporters,
particularly GLUTL, thereby promoting glucose uptake and
glycolytic flux. In pancreatic ductal adenocarcinoma (PDAC),
KRAS redirects glucose-derived intermediates into the pentose
phosphate pathway, hexosamine biosynthetic pathway, and
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nucleotide biosynthesis, supporting rapid cellular proliferation
and anabolic growth (106-108).

Mutant KRAS also profoundly influences glutamine
metabolism, which is essential for maintaining mitochondrial
function, antioxidant defence, and cellular biosynthesis. KRAS-
driven tumours utilize non-canonical glutamine metabolic
pathways to generate nicotinamide adenine dinucleotide
phosphate (NADPH), thereby reducing oxidative stress and
sustaining tumor cell survival. This metabolic dependency is
particularly evident in pancreatic cancer, where glutamine
metabolism represents a potential therapeutic vulnerability
(109-111).

Beyond glucose and glutamine utilization, KRAS
regulates lipid metabolism, mitochondrial bioenergetics, and
autophagy. Enhanced de novo lipid synthesis supplies
phospholipids and cholesterol required for membrane
biogenesis during rapid cell division, while increased
autophagic activity provides recycled nutrients that support
mitochondrial function and cellular survival under metabolic
stress. These coordinated metabolic adaptations contribute to
therapeutic resistance and facilitate long-term tumour
maintenance (112-114).

Growing evidence suggests that targeting KRAS-
associated metabolic vulnerabilities—including glycolysis,
glutaminolysis,  fatty = acid  metabolism,  oxidative
phosphorylation, and autophagy—may complement direct
KRAS inhibition. Rational combination therapies integrating
metabolic inhibitors with KRAS-targeted agents are therefore
being actively investigated as a strategy to overcome resistance
and improve clinical outcomes in KRAS-driven malignancies
(115-117).

Table 3. Metabolic Reprogramming Induced by Oncogenic KRAS

Metabolic Process KRAS-Mediated Effect Biological Consequence
Increased GLUT1 expression and Enhanced ATP production and biosynthetic precursor
Glucose metabolism glycolytic flux generation
Pentose pathway Increased diversion glucose carbon Nucleotide synthesis and NADPH production
phosphate
Glutamine metabolism Enhanced utilization glutamine Maintenance of redox balance and mitochondrial function
Lipid metabolism Increased de novo fatty acid and Membrane biogenesis and tumour growth
cholesterol synthesis
Autophagy Activation of nutrient recycling pathways | Survival during hypoxia and nutrient deprivation
Mitochondrial metabolism Metabolic adaptation and oxidative stress |  Sustained tumour cell proliferation and resistance
regulation
IX. KRAS AMPLIFICATION AND ALTERNATIVE KRAS, resulting in overexpression of the KRAS protein and

TARGETING APPROACHES

KRAS amplification is an important molecular alteration
that contributes to sustained oncogenic signalling and disease
progression in several solid tumours. Unlike activating point
mutations, gene amplification increases the copy number of

persistent activation of downstream signalling pathways.
Elevated KRAS expression enhances cell proliferation,
promotes tumour survival, facilitates invasion, and has been
associated with poor clinical outcomes and reduced sensitivity
to targeted therapies (118-120).
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Experimental and clinical studies indicate that tumours
with KRAS amplification often remain highly dependent on
KRAS signalling, making this alteration a potential therapeutic
target. Increased KRAS protein levels can diminish the efficacy
of mutation-specific inhibitors by maintaining sufficient
signalling activity despite pharmacological inhibition.
Consequently, therapeutic strategies directed against amplified
KRAS require broader approaches capable of suppressing
KRAS signalling irrespective of mutation subtype (121-123).

Several alternative therapeutic strategies have therefore
been developed to overcome the limitations of mutation-
selective KRAS inhibitors. These include the development of
pan-KRAS inhibitors, which target multiple KRAS mutant
variants, and pan-RAS inhibitors, which inhibit signalling
across the RAS protein family. In addition, inhibitors targeting
upstream regulators such as SHP2 and SOS1 disrupt KRAS
activation by preventing nucleotide exchange, while
downstream inhibitors of the RAF-MEK-ERK and PI3K-
AKT-mTOR pathways suppress KRAS-mediated oncogenic
signalling. Combination therapies integrating these approaches
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have demonstrated encouraging preclinical and early clinical
activity in overcoming adaptive resistance (124-127).

Emerging technologies have further expanded the
therapeutic  landscape for KRAS-dependent cancers.
Proteolysis-targeting chimeras (PROTACS) designed to degrade
KRAS proteins, together with RNA-based therapies, synthetic
lethality approaches, and combination immunotherapies, are
being investigated to achieve broader and more durable
suppression of KRAS-driven tumours. These strategies have
the potential to address both KRAS-mutant and KRAS-
amplified malignancies while reducing the likelihood of
acquired resistance (128-130).

Overall, KRAS amplification represents an additional
mechanism of oncogenic dependence beyond canonical point
mutations. Continued advances in pan-KRAS inhibitors,
pathway-directed therapies, targeted protein degradation, and
rational combination regimens are expected to expand treatment
options and improve clinical outcomes for patients with
KRAS-driven cancers (131-132).

Table 4. Alternative Therapeutic Strategies for KRAS-Driven Cancers

Therapeutic Strategy

Target/Mechanism

Potential Clinical Benefit

Pan-KRAS inhibitors

Multiple KRAS mutant isoforms

Broader mutation coverage

Pan-RAS inhibitors

HRAS, NRAS and KRAS

Suppression of RAS family signalling

SHP2 inhibitors

Block upstream KRAS activation

Delay adaptive resistance

SOS1 inhibitors

Prevent GDP-GTP nucleotide exchange

Reduce KRAS activation

MEK/ERK inhibitors

Inhibit downstream MAPK signalling

Complement KRAS inhibition

PIBK-AKT-mTOR

Block survival signalling

Reduce tumour growth and resistance

inhibitors
PROTAC degraders KRAS protein degradation Eliminate oncogenic KRAS protein
RNA-based therapeutics Suppress KRAS mRNA Mutation-independent KRAS inhibition
X. EMERGING KRAS THERAPEUTIC reducing KRAS gene expression rather than directly inhibiting

STRATEGIES

The clinical success of KRAS G12C inhibitors has
significantly advanced precision oncology; however, their
therapeutic benefit remains restricted by mutation specificity,
acquired resistance, and limited long-term efficacy.
Consequently, considerable research efforts are focused on
developing next-generation therapeutic approaches capable of
targeting a broader spectrum of KRAS alterations while
overcoming resistance mechanisms. Emerging strategies
include RNA-based therapeutics, immunotherapy, targeted
protein degradation, gene-editing technologies, pan-KRAS
inhibitors, and rational combination therapies (133-135).

» RNA-Based Therapeutics

RNA-based therapeutics have emerged as a promising
strategy for suppressing KRAS-driven tumor growth by
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the protein. Small interfering RNA (siRNA), antisense
oligonucleotides (ASOs), and messenger RNA-targeting
technologies selectively degrade or silence KRAS transcripts,
resulting in decreased protein synthesis and attenuation of
downstream oncogenic signalling. These approaches may
provide broader therapeutic coverage across multiple KRAS
mutations, including variants that remain difficult to target with
small-molecule inhibitors. Nevertheless, challenges related to
targeted delivery, molecular stability, immune activation, and
efficient intracellular uptake continue to limit their widespread
clinical application (136-138).

> KRAS-Directed Immunotherapy

Mutant KRAS proteins generate tumour-specific
neoantigens that can be recognized by the immune system,
creating opportunities for highly selective immunotherapeutic
interventions. Current strategies include peptide and mRNA

WWW.ijisrt.com 159




Volume 11, Issue 8, August — 2026
ISSN No:-2456-2165

vaccines, adoptive T-cell therapy, T-cell receptor (TCR)-
engineered lymphocytes, and immune checkpoint inhibitor
combinations. Early clinical studies have demonstrated
encouraging antitumor activity, particularly when KRAS-
targeted immunotherapy is combined with conventional
systemic treatment. However, treatment efficacy remains
influenced by antigen presentation, human leukocyte antigen
(HLA) restriction, tumour immune evasion, and the
immunosuppressive tumour microenvironment (139-141).

» PROTAC-Mediated KRAS Degradation

Proteolysis-targeting chimeras (PROTACS) represent an
innovative therapeutic platform that eliminates KRAS protein
through ubiquitin-mediated proteasomal degradation. Unlike
conventional inhibitors that temporarily suppress protein
activity, PROTAC:s recruit endogenous E3 ubiquitin ligases to
KRAS, resulting in selective degradation of the target protein
and sustained inhibition of oncogenic signalling. This approach
offers potential advantages for overcoming resistance
associated with conformational alterations or incomplete target
inhibition. Although still in the early stages of development,
PROTAC technology has demonstrated considerable promise
as a future strategy for treating KRAS-driven malignancies
(142-143).

» CRISPR-Based Gene Editing

Genome-editing technologies based on the CRISPR-Cas
system offer a fundamentally different strategy by directly
modifying or disrupting mutant KRAS alleles at the DNA level.
Potential applications include selective correction of
pathogenic mutations, permanent inactivation of oncogenic
KRAS, and transcriptional repression using CRISPR
interference platforms. While these approaches have shown
encouraging preclinical results, several challenges—including
efficient in vivo delivery, off-target editing, immunogenicity,
and long-term safety—must be addressed before routine
clinical implementation becomes feasible (144).

Overall, emerging KRAS-directed therapeutic platforms
extend well beyond conventional small-molecule inhibition and
are reshaping the future of precision oncology. The integration
of RNA therapeutics, immunotherapy, targeted protein
degradation, genome-editing technologies, and rational
combination strategies is expected to broaden the spectrum of
treatable KRAS alterations, overcome therapeutic resistance,
and improve long-term clinical outcomes for patients with
KRAS-driven cancers (145).

XI. FUTURE PERSPECTIVES

The successful development of KRAS-targeted therapies
has transformed a long-standing challenge in oncology into a
major achievement in precision medicine. Although KRAS
G12C inhibitors have demonstrated significant clinical benefits,
important challenges remain, including acquired resistance,
limited activity against non-G12C mutations, and tumour
heterogeneity (146,147).
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Future research is focused on developing next-generation
KRAS inhibitors with broader mutation coverage, including
agents targeting KRAS G12D, G12V, and pan-KRAS variants.
Combination therapies involving KRAS inhibitors with EGFR,
SHP2, MEK, PI3K, or immune checkpoint inhibitors are also
being investigated to enhance treatment efficacy and delay
resistance (147,148).

Advances in molecular profiling, biomarker-guided
patient selection, liquid biopsy, and real-time monitoring of
tumour evolution are expected to improve personalized
treatment strategies. In addition, emerging technologies such as
RNA-based therapeutics, targeted protein degradation, and
genome-editing approaches may further expand the therapeutic
landscape for KRAS-driven cancers (149,150).

Overall, continued integration of innovative drug
development with precision oncology is expected to improve
the durability of treatment responses and broaden the clinical
application of KRAS-targeted therapies.

XII. CONCLUSION

KRAS has evolved from one of the most challenging
oncogenic targets to a clinically actionable therapeutic target in
cancer treatment. The development of direct KRAS G12C
inhibitors, particularly sotorasib and adagrasib, has
demonstrated that selective inhibition of mutant KRAS can
produce meaningful clinical benefits in several solid tumours.

Despite these advances, therapeutic resistance, mutation
diversity, and adaptive signalling continue to limit long-term
treatment success. Ongoing research on next-generation KRAS
inhibitors, pan-KRAS inhibitors, RNA-based therapeutics,
PROTAC technology, immunotherapy, and rational
combination strategies is expected to overcome these
limitations and improve patient outcomes.

In conclusion, the rapid progress in KRAS biology,
structural drug design, and precision medicine has established
KRAS-targeted therapy as an important therapeutic class.
Continued clinical and translational research will further
expand treatment options and support more personalized and
durable therapies for patients with KRAS-driven cancers.
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