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Abstract
Silent mutations within the RAS gene have garnered increasing attention for their potential roles in tumorigenesis and therapeutic 
strategies. Kirsten-RAS (KRAS)  mutations, predominantly oncogenic, are pivotal drivers in various cancers. While extensive 
research has elucidated the molecular mechanisms and biological consequences of active KRAS mutations, the functional signifi-
cance of silent mutations remains relatively understudied. This review synthesizes current knowledge on KRAS silent mutations, 
highlighting their impact on cancer development. Silent mutations, which do not alter protein sequences but can affect RNA 
stability and translational efficiency, pose intriguing questions regarding their contribution to tumor biology. Understanding 
these mutations is crucial for comprehensively unraveling KRAS-driven oncogenesis and exploring novel therapeutic avenues. 
Moreover, investigations into the clinical implications of silent mutations in KRAS-mutant tumors suggest potential diagnos-
tic and therapeutic strategies. Despite being in early stages, research on KRAS  silent mutations holds promise for uncovering 
novel insights that could inform personalized cancer treatments. In conclusion, this review underscores the evolving landscape of 
KRAS silent mutations, advocating for further exploration to bridge fundamental biology with clinical applications in oncology.
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Introduction

RAS is recognized as the first tumor oncogene in humans, 
isolated from soft-tissue tumors.[1]  As one of the most 
common driver genes in cancers, the RAS oncogene 
consists of Harvey-RAS (HRAS), Neuroblastoma-RAS 
(NRAS), and Kirsten-RAS (KRAS).[2] KRAS  mutation 
accounts for approximately 85% of RAS variations in 
human cancers. The KRAS encoding gene is situated on 
the short arm of chromosome 12 (12p11.1-12.1), com-
prising six exons. And, the encoded protein of KRAS is a 
guanosine-binding protein with guanosine triphosphatase 
activity, GTPase KRas (KRAS), consisting of either 188 
or 189 amino acids and exhibiting a molecular weight of 
21.6 kDa.[3]

Usually, the activity of KRAS protein is inhibited strictly 
in normal cells. Nevertheless, the “inactive” state of the 
protein is unleashed upon specific mutations in KRAS 
encoding region, such as G12C, G12D, G12S, G12V, 
Q61H, etc. Subsequently, the activation of downstream 
pathways in KRAS ultimately leads to tumorigenesis.[4] 
The heterogeneous and bioactivities of KRAS mutations 
have been identified extensively.[5,6] Our attention is often 

directed toward non-silent mutations rather than silent 
mutations, due to the latter historically regarded as pre-
dominantly neutral. As investigation into KRAS function 
deepens, silent mutations are increasingly recognized for 
their significant roles in tumorigenesis.[7]

In this review, we provide a comprehensive overview of 
the biological functions associated with KRAS mutations, 
with particular emphasis on elucidating the role of silent 
mutations in KRAS-mutant tumors.

KRAS Mutation-Mediated Tumorigenesis

Regulation of KRAS protein activity

The activity of KRAS protein is regulated via switch-
ing the states between “inactive” and “active” in cells. 
Guanosine diphosphate (GDP)-bounded KRAS protein 
is in an “inactive” state, while guanosine triphosphate 
(GTP)-bounded protein is “active” state.[8] Due to 
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GTP-bounded KRAS protein is a closed conformation, it 
is easily to interact with downstream pathways [Figure 1]. 
Simply put, the status of KRAS protein is determined by 
the binding nucleotide status.

Conventionally, two key factors are considered to reg-
ulate the KRAS  state between “inactive” and “active.” 
One of the factors is GTP-activating protein (GAP) rep-
resented by neurofibromin-1 (NF1), which can promote 

Figure 1: The KRAS signaling pathway functions differently in normal cells compared to cancer cells. (A) In normal cells, the activity of the KRAS protein is regulated by upstream RTKs 
such as EGFR, FGFR, and PDGFR. The levels of activated KRAS are determined by a balance between GTP hydrolysis and nucleotide exchange. Upon activation, KRAS initiates downstream 
pathways that regulate cell growth and proliferation. (B) In cancer cells, KRAS mutation leads to spontaneous activation of KRAS protein effects. This aberrant activation promotes cell 
proliferation and migration, ultimately contributing to tumorigenesis and tumor progression. AKT: Protein kinase B; EGFR: Epidermal growth factor receptor; ERK: Extracellular signal-re-
lated kinase; FGFR: Fibroblast growth factor receptor; GAP: GTP-activating protein; GDP: Guanosine diphosphate; GEF: Guanosine exchange factor; GRB2: Growth factor receptor-bound 
protein 2; MEK: Mitogen-activated protein kinase/ERK kinase; GTP: Guanosine triphosphate; KRAS: Kirsten-RAS; PDGFR: Platelet-derived growth factor receptor; PI3K: Phosphoinositide 
3-kinase; PIP2: Phosphatidylinositol diphosphate; PIP3: Phosphatidylinositol triphosphate; RTKs: Receptor tyrosine kinases; SHP2: Src homology 2 domain-containing protein tyrosine 
phosphatase; SOS: Son of sevenless.



Chinese Medical Journal 2025;138(3) www.cmj.org

280

the hydrolysis of GTP-bounded state into GDP-bounded 
state.[9] The other is the guanosine exchange factor (GEF) 
represented by the son of sevenless (SOS) protein, which 
catalyzes the binding of GTP to KRAS. In the normal 
cells without mitotic signals [Figure 1A], KRAS protein 
usually binds to GDP. While the normal cells transform 
to cancer cells due to KRAS mutation, the KRAS protein 
will binding to GTP [Figure 1B]. The state alteration is 
regulated through intrinsic GTP hydrolysate activity and 
interaction with GAP.[10]

KRAS-mediated upstream and downstream pathways

The upstream signals determine the KRAS protein binds 
to GDP or GTP. Epidermal growth factor receptor 
(EGFR) has been demonstrated to mediate the down-
stream KRAS pathway activation.[11] Furthermore, KRAS 
can activate several downstream pathways, including the 
mitogen-activated protein kinase (MAPK) pathway and 
phosphoinositide 3-kinase (PI3K) pathway. Activation of 
these KRAS-downstream pathways contributes to main-
taining tumor cell stemness [Figure 1B].

Receptor tyrosine kinases (RTKs) are recognized as 
important membrane protein to regulate the KRAS protein 
activity. RTKs such as fibroblast growth factor receptor 
(FGFR), platelet-derived growth factor receptor (PDGFR), 
EGFR, human epidermal growth factor receptor 2 (HER2), 
human epidermal growth factor receptor 3 (ERBB3), and 
human epidermal growth factor receptor 4 (ERBB4) on the 
cell membrane bind to corresponding ligands to phospho-
rylate themselves, and then activate the downstream signal 
proteins. When growth factor receptor-bound protein 2 
(GRB2) binding to EGFR, it becomes one the best acti-
vators for KRAS pathway. Furthermore, GRB2  mediates 
the recruitment/activation of Src homology 2 domain-con-
taining protein tyrosine phosphatase (SHP2), which in 
turn recruit SOS and activate KRAS protein.[12] Then, the 
activated KRAS protein-mediate downstream pathways 
activation can transmit the signals to the nucleus, leading 
to the activation of transcription factors (TFs) contribute to 
the cell proliferation and growth [Figure 1]. Downstream 
pathways of KRAS include MAPK (RAF/mitogen-activated 
protein kinase/ERK kinase [MEK]/extracellular signal-re-
lated kinase [ERK]) pathway[13] and PI3K (PI3K/protein 
kinase B [AKT]/ mammalian target of rapamycin [mTOR]) 
pathway.[14] In the MAPK (RAF/MEK/ERK) pathway, the 
GTP-binding KRAS protein promotes the RAF recruitment, 
resulting in the dimerization and phosphorylation of RAF. 
Activated RAF further mediates MEK phosphorylation, 
ultimately activating ERK in a highly selective manner. In 
the PI3K (PI3K/AKT/mTOR) pathway, the GTP-binding 
KRAS protein activates PI3K via phosphorylation, leading 
to the transformation of phosphatidylinositol diphosphate 
(PIP2) into phosphatidylinositol triphosphate (PIP3). Sub-
sequently, PIP3 activates the protein kinase AKT, ultimately 
mediating mTOR activation.

Activity and frequency of KRAS mutation in human cancers

In normal cells, KRAS protein activity is strictly regulated 
by GEF and GAP. However, KRAS mutations disrupt this 
balance. When oncogenic mutations occur in KRAS gene, 

the encoding KRAS protein disrupts the GAP-mediated 
hydrolysis of GTP,[4] leading to the persistent activation 
of KRAS and subsequent activation of downstream 
pathways, including MAPK, PI3K, and Ral guanine 
nucleotide exchange factors. Finally, the activation of 
these downstream pathways promotes cell proliferation 
and migration, ultimately contributing to tumorigenesis 
and progression [Figure 1B].

KRAS mutations are prevalent in approximately 20% of 
human cancers, with the highest frequency in pancreatic 
cancer (approximately 86%), followed by colorectal can-
cer (approximately 41%), and lung cancer (approximately 
35% in Western population, Asian population showed 
lower percentage) [Figure  2A left].[5,15–17] The primary 
mutations in KRAS are frequently observed at codons 12, 
13, or 61, while lower-frequency mutations usually occur 
at codons 63, 117, 119, and 146.[4,18] Overall, the preva-
lence of KRAS mutations at codons in common cancers 
was as follows: 72.2% at codon 12, 9.8% at codon 13, 
14.8% at codon 61, and 3.2% at codon 146 [Figure 2A 
right]. However, the incidence of KRAS mutations fluctu-
ates based on the origin of tumor cells and tissues.

The heterogeneity of KRAS  subtypes underscores the 
diverse mutational landscapes in various cancers. For 
instance, Q61 mutations are prevalent in multiple myeloma 
(MM), G12 mutations account for nearly all cases (92%) in 
pancreatic adenocarcinoma (PAAD), and colorectal adeno-
carcinoma (COAD) exhibits a high occurrence of G13 and 
A146  mutations [Figure  2B]. The mutation frequency at 
the same locus is also diverse [Figure 2C]. For mutations at 
G12 locus, the predominant mutation in PAAD and COAD 
is KRASG12D. While in lung adenocarcinoma (LUAD), the 
most prevalent mutation is KRASG12C. The frequency of 
KRASG12R in PAAD is higher at 18%, surpassing the fre-
quencies observed in COAD at 2% and LUAD at 1%.

Biological Properties of KRAS Mutation

Wild-type KRAS allele

Wild-type KRAS allele exhibits growth inhibition in 
KRAS  mutant tumors. The loss of the wild-type KRAS 
allele enhances mutation-induced tumorigenesis in KRAS   
mutant tumors, and the allele imbalance can impact 
the tumor’s response to treatment.[19] Wild-type KRAS 
is believed to exert growth inhibition by competing for 
membrane locations and sharing activation regulators, 
downstream mediators, or signaling pathways.[20]

The mechanism underlying the growth inhibition of wild-
type KRAS on tumors may involve the formation of dimer 
with the mutant KRAS protein. When wild-type and 
mutant dimers are disrupted, this growth-inhibiting effect 
disappears.[21] Furthermore, this growth inhibition can be 
overcome either by the loss of wild-type KRAS allele or 
an increase in the copy number of the KRAS mutant.[22]

Classical KRAS mutation

Classical KRAS  mutations frequently manifest at G12, 
G13, Q61, A146, etc. When these mutations occur in 
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these loci, normal cells undergo transformation into 
cancer cells. However, numerous distinctions exist among 
various KRAS  mutant subtypes.[10] These distinctions 
can be categorized into approximately four functional 
groups as follows: (1) interference with GTP hydrolysis; 
(2) enhancement of nucleotide exchange; (3) a hybrid of 
both; and (4) to be determined[6] [Figure 2D]. Briefly, the 

first category consists of G12 mutations. Any sense muta-
tion in G12 strongly affects the hydrolytic action of GAPs 
on GTP, leading to elevated levels of KRAS-GTP and the 
activation of downstream signals.[23] The second category 
consists of G13, K117, A146, and other similar mutations 
(A18, L19, T20, Q22, L23, F28, D57, N116, D119, and 
K147). The primary characteristic of this category is the 

Figure 2: Frequency and classification of KRAS mutations in cancers. (A) Left: the frequency of KRAS mutations in PAAD, COAD, and LUAD, respectively. Right: the allele frequency of 
KRAS mutations across different exons. (B) The distribution of KRAS subtypes in different cancers. The majority of KRAS mutations in PAAD, COAD, and LUAD are found on exon 12. (C) 
The frequency of KRASG12 subtypes in PAAD, COAD, and LUAD, respectively. (D) The functional classification of KRAS mutations. Source: cBioPortal (https://www.cbioportal.org/). COAD: 
Colorectal adenocarcinoma; GTP: Guanosine triphosphate; KRAS: Kirsten-RAS; LUAD: Lung adenocarcinoma; PAAD: Pancreatic adenocarcinoma.

https://www.cbioportal.org/
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strongly enhancement of nucleotide exchange, thereby 
strengthening KRAS’s ability to bind GTP.[24] The third 
category consists of A59 and Q61 and other similar 
mutations (G60 and A66). The function of this subtype 
involves a combination of GTP hydrolysis and nucleotide 
exchange.[25] The last category does not engage in direct 
interactions with guanosine. The biological characteris-
tics of KRAS proteins with these mutations need further 
investigation. Nevertheless, it is anticipated that such 
mutations may influence a wide range of KRAS functions, 
particularly those linked to germline mutations.[26]

When it comes to activating downstream signaling path-
ways, various KRAS  mutation subtypes exhibit distinct 
preferences.[27] Briefly, KRASG12D  displays a heightened 
affinity for activating the PI3K/AKT signaling pathways, 
whereas KRASG12C or KRASG12V  shows lower levels of 
phosphorylated AKT or increased RAL activation com-
pared to other mutation subtypes.[27]

Clinical significance for classical KRAS mutation

The influence of specific mutation subtypes on the biolog-
ical behaviors of KRAS  mutant tumors varies widely.[4] 
Distinctions have been identified between KRAS subtypes 
and clinical significances in patients with KRAS  muta-
tions. The prognosis and treatment response associated 
with KRAS mutations have been extensively investigated 
across various cancer settings.[28]

In PAAD, patients with KRASG12D mutation exhibit a poorer 
prognosis compared to those with wild-type KRAS, or 
KRASG12R, or KRASG12V mutations. The patients harboring 
KRASG12V mutation, while ranking second only to KRASG12D, 
also have a worse prognosis than others.[29] Conversely, 
patients with the KRASG12R mutation tend to fare better.[30]

In COAD, the patients with KRASG12D and KRASG12V muta-
tions are associated with poorer overall survival (OS),[31,32] 
whereas those with KRASG13 mutation show the opposite 
trend.[31,33] In addition, patients with the KRASA146 muta-
tion have better OS than those with other mutation subtypes. 
Regarding to the patients with the KRASQ61  mutation, 
they typically experience poorer progression-free survival 
(PFS) and OS.[34] According to the tumor stages, patients 
with limited-stage KRAS-mutant COAD generally exhibit 
a poor prognosis, whereas no significant prognostic value 
is associated with KRAS mutation in advanced COAD.[35]

In LUAD, patients with KRASG12C or KRASG12V mutation 
have a better prognosis than those with other KRAS muta-
tion subtypes.[36] The favorable prognosis for patients 
with KRASG12C or KRASG12V mutations may be attributed 
to their better response to chemotherapy compared 
to other subtypes. Interestingly, these patients show a 
poorer response to sorafenib (a multikinase inhibitor that 
inhibits RAF, vascular endothelial growth factor receptor  
[VEGFR], etc.).[37] However, specific KRASG12C inhibitors 
like sotorasib, adagrasib, or divarasib demonstrate excellent 
therapeutic efficacy and significantly prolong PFS.[38–40]

In summary, the prognosis and treatment response of 
KRAS  mutations vary significantly based on factors 

such as subtypes, stages, and treatments. Contradictory 
outcomes may arise in different clinical settings, empha-
sizing the impact of specific KRAS  mutation subtypes. 
The complexities in prognosis and treatment response are 
not solely attributable to KRAS function but also involve 
intricate interactions within upstream and downstream 
signaling pathways as well as genetic backgrounds.

Silent Mutations in Tumors

Most of studies focus on non-silent mutations altering 
amino acid sequences in KRAS-mutant tumors, as they 
have evident biochemical effects and significant roles 
in tumorigenesis and tumor evolution. While the silent 
mutations, though less studied, are crucial components of 
KRAS mutations. Further exploration of the significance 
of silent mutations in KRAS-mutant tumors is warranted.

Definition of silent mutations

The amino acid sequence of a protein is determined by 
codons, groups of three adjacent nucleotides, allowing 
for 64 possible variations. Among these, 3 are translation 
termination codons, and the remaining 61 encode 20 
amino acids, leading to codon redundancy.[41] If a base 
change in a codon does not alter the encoded amino acid 
due to codon degeneracy, it’s termed a synonymous or 
silent mutation.[42] While silent mutations do not affect 
the protein’s amino acid sequence, they may impact the 
use of synonymous codons, introducing codon usage 
bias (CUB).[43] CUB, a non-random phenomenon, varies 
across organisms and genes within the same genome, pro-
viding insights into genetic information and preferences in 
translation processes.

Discovery of silent mutation

The Catalogue of Somatic Mutations in Cancer (COS-
MIC) aims to comprehensively explore somatic mutations 
in human cancers, cataloging gene mutations in coding 
sequences.[44] Leveraging COSMIC data, numerous silent 
drivers of human cancers, comprising 6–8% of all driver 
mutations from single nucleotide substitutions, have been 
identified.[45] Sharma et al[46] analysis of 18,028 samples 
from 88 tumors revealed silent mutations as the second 
most frequent point mutation type (23.4%), surpassing 
nonsense mutations, deletions, and insertions. Nucleotide 
changes leading to silent mutations closely resemble 
those causing missense mutations, with non-random 
distribution across amino acid codes.[46] This underscores 
the significance of silent mutations in understanding the 
mutational landscape and potential functional conse-
quences in cancer.

Significance of silent mutations

Chromosomal alterations in suppressor genes and 
oncogenes constitute a focal point in cancer research. 
Historically, silent mutations, characterized by their lack of 
amino acid alteration, were deemed neutral and often mar-
ginalized.[7] However, advancements in high-throughput 
sequencing methodologies have illuminated the substantive 
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impact of silent mutations on the etiology, progression, 
and therapeutic responses of cancers [Figure 3A]. Lots of 
investigations underscore the non-neutral and potentially 
deleterious nature of silent mutations.[47] These mutations 

exert influence over diverse steps of protein biosynthesis, 
including modulating transcriptional processes, posttran-
scriptional regulatory mechanisms, translational efficiency, 
and protein stability [Figure  3B]. Therefore, inclusion of 

Figure 3: Functions of silent mutation. (A) Silent mutations play important roles in the etiology, progression, and therapeutic responses of cancers. (B) Silent mutations exert significant 
effects on gene expression. They regulate transcription, splicing sites, mRNA stability, translation efficiency, and protein folding. (C) Non-silent mutation and silent mutation in KRAS-mu-
tant cancer. Silent mutations are often spatially adjacent to classical mutations. (D) The distribution of silent mutations in KRAS-mutant cancers predominantly concentrates at sites of 
such as G13G, G12G, and G60G. Source: COSMIC (https://cancer.sanger.ac.uk/cosmic). KRAS: Kirsten-RAS; mRNA: Messenger RNA; miRNA: MicroRNA; Pre-mRNA: Premessenger RNA; 
TF: Transfer factor.

https://cancer.sanger.ac.uk/cosmic
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silent mutations in cancer research is crucial for compre-
hensive understanding of the genomic landscape.

Transcriptional and Post-transcriptional Regulation of Silent 
Mutation

Studies have demonstrated that silent mutations 
occurring in regulatory regions, such as promoters or 
enhancers,[48–50] can disrupt or create new TF-binding 
sites. TF is DNA-binding proteins interacting specifically 
with cis-acting elements in genes, play a crucial role in 
regulating transcription processes. The coding exon 
region, typically considered in the context of protein-cod-
ing, also serves as a transcriptional regulatory region. 
Consequently, silent mutations in this region may impact 
the binding of TF, potentially altering the efficiency of 
transcription.[51]

Splicing site regulation of silent mutation

Premessenger RNA (Pre-mRNA), the initial product of 
transcription, undergoes critical Pre-mRNA splicing, 
removing intronic sequences to form mature mRNA.[52] 
This process, orchestrated by the spliceosome, is vital for 
gene expression. Splicing regulatory elements like exonic 
splicing enhancers (ESEs) and exonic splicing silencers 
(ESSs) modulate spliceosome binding, ensuring accurate 
splicing site identification. Disruptions in this process, 
caused by misidentification of exon-intron boundaries 
or intron retention, lead to human diseases.[53] Silent 
mutations, estimated to cause 15% of genetic diseases 
by influencing splicing regulatory sites, impact the spli-
ceosome’s composition, affinity, and function. Notably, 
silent mutations in TP53,[54] BRCA1,[55] BRCA2,[56] 
APC,[57] and KRAS[58] induce exon hopping, altering 
splicing sites and, subsequently, protein structure and 
function. Understanding the implications of silent muta-
tions in splicing regulation is crucial for unraveling their 
role in cancer.

mRNA stability regulation of silent mutation

The secondary structure of mRNA, involving stems, rings, 
and their combinations, is determined by the primary 
nucleotide sequence through base pairing.[59] Changes in 
individual nucleotides, such as silent mutations, hold the 
potential to significantly alter this secondary structure, 
impacting mRNA stability and consequently influencing 
gene expression and function.[60]  A notable example is 
a silent mutation in CYP2D6, where changes in mRNA  
secondary structure lead to degradation and reduced 
mRNA expression.[61] Similarly, silent mutations in genes 
encoding green fluorescent protein affect mRNA degra-
dation rates by modifying secondary structure, thereby 
affecting mRNA expression levels.[62] Further analysis 
underscores the division of codons into stable (GC3) 
and destabilizing (AT3) groups at the third base position, 
emphasizing their role in mRNA stability.[63] Micro RNA 
(miRNA), a regulatory RNA of approximately 22 nucle-
otides, plays a role in downregulating gene expression. 
Silent mutations can influence miRNA binding sites, inhib-
iting miRNA binding and subsequently increasing mRNA 

stability and protein expression levels.[64] In melanoma 
cells, silent mutations induce increased mRNA stability 
for the oncogene BCL2L12, attributed to the disruption 
of miR-671-5p targets within the coding sequence.[65]

Translational efficiency regulation of silent mutation

Silent mutations play a pivotal role in shaping transla-
tional efficiency. These mutations exert their influence 
on key factors, including CUB, transfer RNA (tRNA) 
availability, mRNA structure, and ribosomal binding and 
transport. Interestingly, different codons exhibit varied 
translation rates, with rare codons affecting local trans-
lation control due to lower associated tRNA abundance. 
Silent mutations introducing rare codons diminish tRNA 
availability, subsequently impacting translation rates and 
protein function, exemplified in multidrug resistance 1 
polypeptide (MDR1).[42] Structural alterations induced by 
silent mutations in mRNA modify translational efficiency, 
as seen in DeltaF508 of the cystic fibrosis transmembrane 
conductance regulator (CFTR) protein.[66] The optimal 
mRNAs bound more ribosomes than non-optimal ones, 
silent mutations can impact ribosomal binding to change 
translation speed.[67] Silent mutations also influence ribo-
somal transport, either creating pause sites that lead to 
translation interruptions or potentially altering the speed 
of peptide chains within the ribosomal tunnel.[68]

Protein folding regulation of silent mutation

Silent mutations traditionally equal to synonymous 
changes with no impact on protein folding. However, 
emerging evidences challenge the viewpoint that synon-
ymous rare codons affect translation speed and accuracy, 
revealing their pivotal roles in protein folding regulation, 
covalent modification, and expression level control.[69] 
The intricate interplay of codon usage, tRNA availability, 
ribosomal transport, and translation synthesis rate 
collectively influences protein folding dynamics. The 
conformational outcomes of cotranslational and post-
translational proteins are strongly influenced by these 
translation dynamics, potentially leading to misfolding 
and altered protein structure due to modifications in 
translation speed.[70] Silent mutations, particularly those 
introducing rare codons, demonstrate the ability to sig-
nificantly impact translation and cotranslational folding 
in proteins such as γ-B-crystallin and MDR1.[71,72] These 
findings suggest a previously unrecognized role for silent 
mutations in shaping protein folding, challenging conven-
tional viewpoints. As silent mutations exert their influence 
across various stages of gene expression, including tran-
scription, splicing, mRNA stability, and translation, their 
role in the intricate regulation of protein folding becomes 
increasingly apparent, revealing a multifaceted impact on 
protein concentration, structure, and function.[73]

Silent Mutations in KRAS-Mutant Tumors

Distribution

Usually, these silent mutations occur in close to the 
locations of non-silent KRAS mutations (G12X, G13X, 
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and Q61X) [Figure 3C].[4] This co-localization of silent 
mutations with missense mutation sites has been con-
sistently observed in silent mutations associated with the 
development of cancers.[43]  According to COSMIC,[44] 
among the 139 identified KRAS silent mutations, G13G 
(19%), G12G (19%), and G60G (15%) stand out as the 
most prevalent KRAS silent mutations [Figure 3D].

Significance of silent mutations in KRAS-mutant tumors

In the same gene family, KRAS  shows a higher preva-
lence of rare codons compared to HRAS. The expression 
of mutant KRAS proteins is constrained by these rare 
codons.[74] Mutations that convert the rare codons in 
KRAS to common codons have been identified to increase 
the expression levels of mRNA and protein.[75] Here, 
we highlight some recent studies in the field and those 
that affect KRAS expression and biological function 
[Table 1]. The codon bias observed in KRAS influences 
various aspects of the gene expression process and 
post-translational modifications, fostering enhanced 
transcription and translation efficiency.[76] Furthermore, 
silent mutations in KRAS can induce alterations in the 
protein structure through the process of cotranslational 

protein folding.[76] Codon bias also plays a key role in 
KRAS-driven resistance, providing a rationale insight 
for potential overcoming resistance.[77] Studies have 
shown that when silent mutations occur in exon 3, the 
translation of KRAS  mRNA becomes more efficient, 
leading to an increased expression of the KRAS-mutant  
protein.[74,78]

The silent mutation can also induce non-silent mutations. 
For instance, the G60G silent mutation in KRAS  gene 
eliminated the splicing regulatory site, leading to the 
generation of functional KRAS (Q61K) variants.[58,79] 
By establishing NIH3T3 cell lines with common silent 
KRAS mutations (G12G, G13G, G60G), it was observed 
that all KRAS-mutant cell lines harboring silent muta-
tions showed heightened expression of KRAS mRNA 
and protein. Moreover, these KRAS-mutated cell lines 
demonstrated accelerated growth rates and increased inva-
siveness.[80] Therefore, this evidence suggests that silent 
mutations found in KRAS may contribute to tumorigenesis 
by increasing the expression levels of KRAS mRNA and 
modifying the structure of KRAS protein.

However, silent mutations in KRAS exhibit heterogene-
ous. It has been confirmed that silent mutations exert a 

Table 1: KRAS silent mutations reported in previous studies.

KRAS silent mutations Variants Codon change Cell lines Influence References

G10G c.30A>C GGA>GGC HEK293 Affect the transcript 
secondary structure 
leading to KRAS 
protein significant 
increase

[46]

G12G c.36 T>C GGT>GGC HEK293, HeLa Strongly induce 
KRAS mRNA and 
protein expression

[46]

G12G c.36 T>G GGT>GGG HEK293 Significantly decrease 
KRAS protein expres-
sion

[46]

G13G c.39 C>G GGC>GGG HEK293 Decreases protein 
expression

[46]

G13G c.39C>A GGC>GGA HEK293 Increases mRNA and 
protein expression

[46]

33 synonymous 
mutations in  
exon 3

33 synonymous 
mutations in  
exon 3

33 synonymous muta-
tions in  
exon 3

Mouse embryonic fibro-
blasts

Increased the average 
amount of KRAS 
protein

[74]

33 synonymous 
mutations in  
exon 3

33 synonymous 
mutations in  
exon 3

33 synonymous muta-
tions in  
exon 3

BM KSL cells and HSCs Increased Kras protein 
and Erk1/2-mediated 
augmentation of 
Cdk4/6 activation

[78]

G60G c.180T>A, C, or G GGT>GGA, GGC, 
GGG

PC-9 Eliminates the splice 
donor site and yields 
a functional KRAS 
(Q61K) variant

[58]

G12G, G13G, G60G c.36 T>G, A, Cc.39 
C>G, A, Tc.180 
T>G, A, C

NIH3T3 Expressed much more 
KRAS protein

Cause increases in 
proliferation and 
saturation density

More invasive in multi-
ple assays

[80]

HSCs: Hematopoietic stem cell; KRAS: Kirsten-RAS; mRNA: Messenger RNA.
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notable impact on KRAS expression in the context of 
KRAS G12G mutations. Specifically, the c.36 T>C (G12G) 
variant strongly enhances the expression of KRAS mRNA 
and protein, while the c.36 T>G (G12G) variant has the 
opposite effect, significantly reducing the expression of 
KRAS mRNA and protein.[46] Interestingly, in different 
tumor cell lines with the same KRAS silent mutation, the 
biological function of silent mutations is not exactly the 
same.[76] In HepG2 cells, the effects of codon usage on 
KRAS protein and RNA were much smaller than those in 
the other cell lines. In contrast, in Huh7 cells the differ-
ences were larger than those seen in HEK-293T cells.[76] 
This variability might be attributed to differences in tRNA 
concentrations across distinct tumor cell lines, impacting 
the translational efficiency of KRAS.[81] Moreover, these 
distinctions could be interconnected with intricate signal-
ing pathways or diverse genetic backgrounds.

Study prospectives of silent mutations in KRAS-mutant 
tumors

The landscape of cancer research has historically been 
dominated by the exploration of non-silent mutations. 
However, recent advancements in the understanding of 
silent mutations, particularly in the context of KRAS, have 
opened up new prospectives for investigation and poten-
tial therapeutic interventions. New databases containing 
information on silent mutations, such as Pan-Cancer 
Analysis of Whole Genome (PCAWG)[82] and Synony-
mous Mutations in Cancer Database (SynMICdb),[46] 
also attach importance to silent mutations. Undergoing 
a paradigm shift, these databases have now recognized 
the substantial significance of silent mutations. This trans-
formation provides researchers with access to valuable 
insights into the intricate world of silent mutations within 
the context of KRAS mutant tumors.

The development of gene editing technologies has empow-
ered researchers to understand the functions of the specific 
KRAS  silent mutation. Using the clustered regularly 
interspaced short palindromic repeats (CRISPR) editing 
makes the modification and study of the KRAS  gene 
more accessible.[83] Designing a method to generate dif-
ferent alleles of KRAS mutations in cell lines has become 
more straightforward. By editing tumors with specific 
KRAS silent mutations, researchers can comprehensively 
investigate the distinct biological traits associated with 
these mutations.[58]

Targeting specific KRAS silent mutations for clinical use

The promising strategy of therapeutic targeting of 
KRAS silent mutations should be considered for incorpo-
ration into future clinical practice. Targeting KRAS silent 
mutations through therapeutic approaches like antisense 
oligonucleotides (ASOs) represents a promising strategy in 
clinical oncology.[84] ASOs, due to their ability to target 
mRNA with high precision and minimal side effects, have 
emerged as a viable option.[85] In recent years, the explora-
tion of ASO-based therapies has manifested in 100 phase I 
trials, with 25% progressing to phase II/III trials.[84]

Targeting KRAS mutations with ASO could be a prom-
ising strategy for clinical use. For example, AZD4785, 
a high-affinity constrained ethyl-containing therapeutic 
ASO targeting KRAS  mRNA, reduces KRAS  gene 
expression.[86,87] In a groundbreaking study by Kobayashi  
et al[58], intratumoral injection of oligonucleotides demon-
strated a reduction in target lesions in the patients with 
KRASG60G silent mutations. They designed mutation-spe-
cific oligonucleotides to target ESE motif-mediated 
splicing, rendering the KRAS (Q61) protein non-func-
tional. This innovative therapeutic strategy provides 
new possibilities for precision medicine, suggesting that 
targeting specific KRAS silent mutations could be a viable 
approach in treating of KRAS mutant cancers.

Conclusions

KRAS mutations have been extensively studied in recent 
decades, and KRAS  mutations lead to the activation 
of KRAS protein, which in turn continuously activates 
downstream pathways contributing to tumorigenesis 
and progression. The biological characteristics of dif-
ferent KRAS  mutation subtypes are discussed in this 
review. Here, we aim to deepen our understanding of the 
biological traits of silent mutations within KRAS-mutant 
tumors through an extensive literature review. Research 
on KRAS silent mutations is just beginning in the explo-
ration of KRAS functions and clinical practices. This 
indicates that there is still much that we have yet to 
uncover, presenting ample opportunities for discovering 
novel insights and implementing them in clinical prac-
tice.
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