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Simple Summary

Colorectal cancer is no longer considered a single disease but rather a collection of biologi-
cally distinct tumor subtypes characterized by specific genetic alterations. These molecular
differences have transformed patient management by enabling personalized treatment
strategies based on individual tumor profiles. This review summarizes the most clinically
relevant genetic biomarkers currently used in colorectal cancer, including microsatellite
instability, RAS and BRAF mutations, HER2 amplification, and NTRK fusions, while also
discussing emerging biomarkers such as circulating tumor DNA, tumor mutational bur-
den, transcriptomic signatures, microbiome-derived markers, epigenetic alterations, and
artificial intelligence-based prediction models. We propose a practical framework that
categorizes biomarkers according to their current clinical applicability and future trans-
lational potential. Understanding how these biomarkers influence diagnosis, prognosis,
treatment selection, and disease monitoring may help clinicians and researchers navigate
the rapidly evolving landscape of precision oncology and support the development of more
individualized approaches for patients with colorectal cancer.

Abstract

Colorectal cancer (CRC) remains one of the leading causes of cancer-related morbidity
and mortality worldwide despite substantial advances in screening, surgical techniques,
systemic therapies, and multidisciplinary care. The increasing implementation of preci-
sion oncology has fundamentally transformed CRC management by enabling molecu-
larly guided therapeutic strategies based on tumor-specific genetic alterations. In recent
years, the molecular landscape of CRC has expanded considerably beyond traditional
histopathological classification, incorporating a growing number of clinically actionable
biomarkers with prognostic, predictive, and therapeutic significance. This review provides
a comprehensive and up-to-date overview of the genetic landscape of CRC, focusing on
established biomarkers currently integrated into clinical practice, including microsatellite
instability /mismatch repair deficiency (MSI/dMMR), KRAS, NRAS, BRAF, HER?2, and
NTRK alterations. In addition, emerging biomarkers such as tumor mutational burden
(TMB), POLE/POLD1 mutations, circulating tumor DNA (ctDNA), DNA damage repair
(DDR) alterations, transcriptomic signatures, and artificial intelligence-based molecular
prediction models are critically discussed. Particular emphasis is placed on their biological
significance, diagnostic methodologies, prognostic and predictive value, and potential
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role in treatment selection. A structured, database-informed narrative review identified
140 relevant publications, primarily published between January 2020 and June 2026, sup-
plemented by earlier seminal studies and major clinical guidelines. Based on the available
evidence, we propose a Clinical Actionability Framework for CRC, categorizing biomarkers
into three hierarchical tiers according to their level of clinical validation and therapeutic
relevance: established standard-of-care biomarkers, emerging clinical biomarkers, and
future precision oncology biomarkers. Collectively, current evidence supports a progres-
sive transition from single-gene testing toward integrated multi-omics precision medicine.
Advances in comprehensive genomic profiling, liquid biopsy technologies, transcriptomics,
radiogenomics, and artificial intelligence are expected to further refine patient stratification,
optimize therapeutic decision-making, and facilitate the development of adaptive preci-
sion oncology models. Understanding the evolving genetic landscape of CRC is therefore
essential for maximizing treatment efficacy and improving patient outcomes in the era of
personalized cancer care.

Keywords: colorectal cancer; precision oncology; molecular biomarkers; MSI; KRAS; BRAF;
HER2; NTRK; ctDNA; tumor mutational burden; transcriptomics; artificial intelligence;
personalized medicine

1. Introduction

Colorectal cancer (CRC) remains one of the most frequently diagnosed malignancies
and a leading cause of cancer-related mortality worldwide. Despite significant advances in
screening programs, surgical techniques, systemic therapies, and multidisciplinary man-
agement, CRC continues to impose a substantial global health burden [1-3]. Recent global
estimates confirm that CRC continues to impose a substantial burden of incidence and
mortality, reinforcing the need for improved prevention, early detection, risk stratification,
and personalized therapeutic strategies [4].

The development and progression of CRC are driven by a complex accumulation
of genetic and epigenetic alterations that affect multiple cellular pathways involved in
proliferation, apoptosis, DNA repair, angiogenesis, and immune surveillance. Traditionally,
colorectal carcinogenesis has been described through three major molecular pathways: chro-
mosomal instability (CIN), microsatellite instability (MSI), and the CpG island methylator
phenotype (CIMP). Among these, the CIN pathway accounts for the majority of sporadic
CRC cases and is characterized by sequential alterations involving genes such as APC,
TP53, and KRAS. In contrast, MSI results from defects in the DNA mismatch repair (MMR)
system and is present in approximately 10-15% of CRCs, while epigenetic dysregulation
contributes substantially to tumor heterogeneity and disease progression [1-3].

The integration of molecular biomarkers into routine clinical practice has transformed
CRC management, enabling personalized therapeutic strategies and improving patient
stratification. Biomarker-guided approaches now influence treatment selection, prognosis
assessment, and therapeutic monitoring across multiple stages of disease.

Among currently established biomarkers, MSI-H/dMMR status has emerged as one
of the most clinically relevant predictors of response to immunotherapy. The remarkable
efficacy of immune checkpoint inhibitors in MSI-H metastatic CRC has fundamentally
changed treatment paradigms and demonstrated the value of genomic profiling in thera-
peutic selection. However, MSI-H tumors represent only a minority of CRC cases, whereas
the majority of patients harbor microsatellite-stable (MSS) disease, which remains rela-
tively resistant to immunotherapeutic approaches. This limitation has stimulated extensive
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research into additional genomic, transcriptomic, and microenvironmental biomarkers
capable of improving patient stratification and predicting treatment response [3].

Simultaneously, technological advances in next-generation sequencing (NGS), liquid
biopsy, circulating tumor DNA (ctDNA) analysis, artificial intelligence-assisted pathology,
and multi-omics profiling have expanded the molecular landscape of CRC beyond tradi-
tional single-gene testing. Comprehensive genomic profiling now enables the simultaneous
assessment of multiple actionable alterations, facilitating more precise molecular classifica-
tion and supporting the transition toward individualized treatment algorithms. Emerging
evidence suggests that future clinical decision-making will increasingly rely on integrated
molecular signatures rather than isolated biomarkers alone.

According to the Global Cancer Observatory, GLOBOCAN 2024 estimated 1,206,011 new
cases of colon cancer and 778,594 new cases of rectal cancer worldwide. Taken together,
these estimates correspond to approximately 1.98 million newly diagnosed colorectal
cancers in a single year. Colon and rectal cancers were estimated to cause 556,774 and
339,370 deaths, respectively, resulting in a combined mortality burden of approximately
896,000 deaths. The corresponding five-year prevalence was approximately 3.41 million
for colon cancer and 2.33 million for rectal cancer, equivalent to more than 5.74 million
individuals living within five years of a CRC diagnosis worldwide. These data demonstrate
the substantial global burden of CRC and reinforce the importance of improving prevention,
molecular stratification, and access to effective biomarker-guided therapies. According to
GLOBOCAN 2024 estimates, colon and rectal cancers together accounted for approximately
1.98 million new cases and 896,000 deaths worldwide [4].

Given the rapidly evolving therapeutic landscape and the growing complexity of
molecular diagnostics, a comprehensive synthesis of currently established and emerging ge-
netic biomarkers is warranted. Therefore, this review aims to provide an updated overview
of the genetic landscape of CRC, focusing on clinically actionable molecular alterations,
their biological significance, diagnostic methodologies, prognostic and predictive value,
and their integration into contemporary precision oncology frameworks. Furthermore, we
discuss emerging technologies and future directions that are expected to shape the next
generation of personalized CRC management [3,5].

2. Materials and Methods
2.1. Study Design

This article was conducted as a structured narrative review intended to provide a clin-
ically oriented synthesis of established and emerging molecular alterations in CRC. It was
not designed as a systematic review or meta-analysis. Accordingly, no review protocol was
prospectively registered, no formal duplicate screening process was performed, and no stan-
dardized risk-of-bias instrument was applied. The preparation of the review was informed
by the principles of transparent narrative-review reporting, including a clear justification
of the review question, description of the literature-identification approach, appropriate
referencing of key statements, and balanced presentation of the available evidence.

2.2. Literature Identification and Source Selection

A database-informed literature search was conducted in PubMed /MEDLINE, Scopus,
Web of Science Core Collection, and Embase, supplemented by targeted searches in Google
Scholar and manual examination of the reference lists of relevant publications. The search
primarily focused on literature published between January 2020 and June 2026. Seminal
earlier publications and major clinical guidelines were also included when required to
describe established molecular pathways, hereditary syndromes, classification systems, or
practice-changing evidence.
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Publications were selected purposively according to their relevance to the biological,
diagnostic, prognostic, predictive, or therapeutic implications of molecular alterations
in CRC. Priority was given to clinical guidelines, randomized and prospective clinical
studies, high-quality systematic reviews and meta-analyses, clinically informative real-
world studies, and major translational investigations. The search was intended to identify
representative and clinically influential evidence rather than to generate an exhaustive or
quantitatively reproducible systematic-review dataset.

2.3. Eligibility Criteria

2.3.1. Inclusion Criteria

Studies were considered eligible if they met one or more of the following criteria:
Published in peer-reviewed journals.

Written in English.

Published between 2020 and 2026.

Focused on CRC molecular biology, genetics, or precision oncology.

Investigated clinically relevant biomarkers, including MSI/dMMR, KRAS, NRAS,
BRAF, Human epidermal growth factor receptor 2 (HER2), NTRK, TMB, ctDNA, DDR
alterations, transcriptomic signatures, or Al-derived biomarkers.

Reported diagnostic, prognostic, predictive, or therapeutic implications of
molecular alterations.

Included clinical trials, observational studies, real-world evidence studies, systematic
reviews, meta-analyses, translational studies, or molecular profiling investigations.

2.3.2. Exclusion Criteria
Studies were excluded if they met any of the following conditions:

Non-English publications.

Conference abstracts without full-text availability.

Editorials, letters, expert opinions, or commentaries lacking original scientific content.
Animal-only studies without translational relevance to human CRC.

Studies focused exclusively on non-colorectal malignancies.

Publications with insufficient methodological details or unavailable full texts.

Duplicate publications or overlapping datasets.

2.4. Study Selection Process

The initial database search yielded 302 potentially relevant articles. Articles were
assessed for thematic relevance using prespecified inclusion considerations consistent with
the objectives of this structured narrative review.

Studies were prioritized based on:

Clinical applicability of investigated biomarkers.
Relevance to precision oncology and targeted therapies.
Quality of study design.

Therapeutic implications.

Diagnostic methodology.

Recency of publication.

Following full-text evaluation, 140 articles were selected for final qualitative synthesis.
The final dataset included clinical trials, systematic reviews, meta-analyses, real-world
evidence studies, translational investigations, and molecular profiling studies addressing
the contemporary genetic landscape of CRC.
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2.5. Data Extraction and Synthesis
For each included study, the following information was extracted:

Author and publication year.

Study design.

Sample size and patient population.
Molecular biomarkers investigated.
Detection methodologies.
Prognostic and predictive findings.
Therapeutic implications.

Emerging translational applications.

Given the heterogeneity of study designs, biomarker platforms, and reported out-
comes, a qualitative synthesis approach was adopted. Evidence was organized according
to biomarker categories and subsequently integrated into a practical CRC-oriented clini-
cal implementation framework informed by established precision-oncology classification
systems, particularly ESCAT and OncoKB [6].

2.6. Measures to Reduce Selection and Interpretation Bias

Several measures were applied to reduce selection and interpretation bias. First, litera-
ture identification was conducted across multiple databases, including PubMed /MEDLINE,
Scopus, Web of Science Core Collection, and Embase, supplemented by targeted searches in
Google Scholar and manual screening of the reference lists of major guidelines and pivotal
publications. This approach was intended to reduce dependence on a single database or
indexing system.

Second, publications were considered according to predefined thematic eligibility
criteria covering hereditary susceptibility, molecular carcinogenesis, analytically validated
biomarkers, therapeutic actionability, molecular residual disease, treatment resistance, and
emerging multi-omics technologies. Priority was given to international clinical guidelines,
randomized and prospective clinical trials, major translational cohorts, and high-quality
meta-analyses. Narrative reviews were used mainly to provide broad biological con-
text rather than to support specific therapeutic efficacy claims when original evidence
was available.

Third, the synthesis deliberately incorporated negative, inconclusive, and conflicting
evidence. For example, the revised discussion of TMB includes studies showing that
isolated TMB-high status in microsatellite-stable CRC does not consistently predict benefit
from immune-checkpoint inhibition. This approach was intended to reduce emphasis on
positive or confirmatory findings alone.

Following the second-round review, the manuscript underwent a comprehensive
claim-to-citation audit. Each substantive statement was reassessed against the scope and
findings of the cited publication, and references that were indirect, non-CRC-specific, or
unrelated to the corresponding claim were removed or replaced. References concerning
other tumor types or only indirectly related biomarker concepts were removed or replaced
with CRC-specific primary evidence. Nevertheless, because the review did not include
formal duplicate independent screening, protocol registration, or a standardized risk-of-
bias assessment, residual selection and interpretation bias cannot be excluded.

2.7. CRC-Oriented Clinical Implementation Framework

To facilitate navigation of the heterogeneous biomarker landscape, this review uses
a simplified CRC-oriented clinical implementation framework. The framework is in-
formed by established precision-oncology systems, including the ESMO Scale for Clinical
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Actionability of Molecular Targets and OncoKB, but it is not intended to replace these
alteration-specific evidence classifications [6-8].

Whereas ESCAT and OncoKB primarily evaluate the evidence supporting spe-
cific alteration-tumor-therapy relationships, the present framework organizes broader
biomarker domains according to their current function in CRC care. These functions include
hereditary-risk assessment, diagnosis, prognosis, treatment selection, treatment exclusion,
minimal-residual-disease assessment, resistance monitoring, and future biomarker devel-
opment. The categories should therefore be interpreted as a practical narrative organization
of the review rather than as a newly validated evidence-grading system.

To provide a transparent overview of the evidence selection process, the study identi-
fication, screening, eligibility assessment, and inclusion stages are presented in Figure 1.

N
Searches were conducted in PubMed/MEDLINE, Scopus,
1. LITERATURE IDENTIFICATION | _ ___ Web of Science Core Collection, and Embase (01/2020-06/2026),
Database and manual searches supplemented by Google Scholar and manual reference list
I screening of relevant publications and major clinical guidelines.
* J
Publications were selected purposively based on relevance to the
2. SOURCE SELECTION biological, diagnostic, prognostic, predictive, or therapeutic implications
. of molecular alterations in colorectal cancer. Priority was given to
Relevance-based prioritization clinical guidelines, randomized and prospective studies, high-quality
* J reviews/meta-analyses, real-world studies, and key translational work.
-
Selected publications were organized into thematic domains reflecting
|!!J 3. THEMATIC ORGANIZATION | ___._ the molecular landscape of colorectal cancer and its clinical applications.
Domaintbased classification Ther?'les are nqn—mutually exclusive; individual studies may inform
L ) multiple domains.
Evidence within each theme was synthesized qualitatively, with
4. NARRATIVE SYNTHESIS [ ___._ emphasis on clinical validity, clinical utility, and current level of
N ; K ; - implementation. Contradictions and knowledge gaps were identified
Evidence integration and interpretation shddisciisecd.

v

@

5. CLINICAL INTEGRATION highlighting established and emerging biomarkers, implementation

Implications and future directions in colorectal cancer.

The synthesized evidence was integrated into a clinical framework

challenges, and research priorities to inform precision oncology

2 Note on methodology: This figure illustrates the process used for this structured narrative review. It does not represent a PRISMA
flow diagram and no quantitative counts are provided. The review was not conducted as a systematic review or meta-analysis.

Figure 1. Literature identification and thematic synthesis process used for the structured narrative review.

3. Molecular Pathways of Colorectal Carcinogenesis

Colorectal carcinogenesis is a multistep evolutionary process driven by the progres-
sive accumulation of genetic and epigenetic alterations. Rather than representing a single
disease entity, CRC encompasses a heterogeneous group of tumors arising through dis-
tinct molecular pathways that differ in their biological behavior, prognostic significance,
and therapeutic vulnerabilities. Understanding these pathways is fundamental for the
implementation of precision oncology and biomarker-guided treatment strategies [1,3].

Traditionally, three major molecular mechanisms have been recognized in CRC de-
velopment: chromosomal instability (CIN), microsatellite instability (MSI), and the CpG
island methylator phenotype (CIMP). These pathways are not entirely independent and
may partially overlap, contributing to the substantial molecular heterogeneity observed
among CRC patients.
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3.1. Chromosomal Instability Pathway

Chromosomal instability represents the predominant molecular pathway in CRC, ac-
counting for approximately 70-85% of sporadic CRC cases. This pathway is characterized
by large-scale chromosomal abnormalities, including gains and losses of chromosomal seg-
ments, aneuploidy, loss of heterozygosity, and structural rearrangements. These alterations
result in the activation of oncogenes and inactivation of tumor suppressor genes, ultimately
promoting malignant transformation and tumor progression [1].

The classical adenoma—carcinoma sequence described by Fearon and Vogelstein re-
mains the best-known model of CIN-driven tumorigenesis. Early in this process, inacti-
vating mutations in the APC gene lead to dysregulation of the Wnt/ 3-catenin signaling
pathway and uncontrolled cellular proliferation. Subsequent activating mutations in KRAS
further enhance tumor growth and survival, while later alterations involving TP53, SMAD4,
and other tumor suppressor genes facilitate invasion and metastatic dissemination [3,7].

3.2. Microsatellite Instability Pathway

Microsatellite instability results from defects in the DNA mismatch repair (MMR)
system, leading to the accumulation of insertion and deletion errors within repetitive DNA
sequences known as microsatellites [9]. The MMR machinery is primarily composed of
the proteins MLH1, MSH2, MSH6, and PMS2, which are responsible for correcting DNA
replication errors and maintaining genomic integrity [10-12].

Deficient mismatch repair (IMMR) leads to the hypermutated phenotype characteris-
tic of MSI-high (MSI-H) tumors. Approximately 10-15% of all CRCs exhibit MSI-H status,
whereas only about 4-5% of metastatic CRC cases belong to this subgroup. MSI-H tumors
may arise either through germline mutations associated with Lynch syndrome or through
sporadic epigenetic silencing of the MLH1 promoter [9]. The hypermutated phenotype
of MSI-H tumors contributes to increased immunogenicity and underlies their clinical
responsiveness to immune checkpoint inhibitors. This immunogenic microenvironment
explains the remarkable sensitivity of MSI-H CRC to immune checkpoint inhibitors tar-
geting the PD-1/PD-L1 axis, which have fundamentally changed treatment paradigms in
advanced disease [9,12].

3.3. CpG Island Methylator Phenotype

The CpG island methylator phenotype (CIMP) is characterized by widespread pro-
moter hypermethylation resulting in transcriptional silencing of critical regulatory genes.
Unlike CIN and MSI, which primarily involve genetic alterations, CIMP reflects epigenetic
dysregulation and represents an important mechanism of colorectal tumorigenesis [3,13,14].

CIMP-positive tumors frequently exhibit proximal colon localization, poor differen-
tiation, mucinous histology, and a higher prevalence among older female patients. No-
tably, CIMP is strongly associated with BRAF V600E mutations and often coexists with
sporadic MSI-H tumors through methylation-induced silencing of MLHI. This molecu-
lar association creates a biologically distinct CRC subgroup with unique prognostic and
therapeutic implications [13].

Increasing evidence suggests that epigenetic alterations contribute not only to tumor
initiation but also to treatment resistance, immune evasion, and metastatic progression.
Consequently, epigenetic biomarkers and methylation-based molecular classifications are
becoming important areas of translational CRC research [13,14].

3.4. Molecular Heterogeneity and Pathway Interactions

Although CRC molecular pathways are commonly described as separate entities,
substantial overlap exists between them. For example, MSI-H tumors frequently harbor
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BRAF V600E mutations, while MSS tumors are more commonly associated with KRAS
alterations. Emerging studies have also identified additional molecular features, including
tumor mutational burden (TMB), POLE/POLD1 mutations, DNA damage repair defects,
and transcriptomic subtypes that further refine molecular classification.

Recent advances in next-generation sequencing have revealed that CRC should be
viewed as a dynamic evolutionary disease rather than a collection of static genetic al-
terations. Tumor evolution under selective pressures imposed by therapy can lead to
clonal expansion, emergence of resistance mechanisms, and changes in molecular profiles
over time. Therefore, contemporary precision oncology increasingly relies on compre-
hensive genomic profiling and longitudinal molecular monitoring to guide therapeutic
decision-making [3,8].

Collectively, these molecular pathways form the biological framework upon which
modern biomarker-driven management of CRC is built. The following sections discuss the
major actionable genetic alterations currently used in clinical practice and their implications
for targeted therapy, immunotherapy, and personalized patient care (Table 1) [3,5].

Table 1. Clinical Actionability and Precision Oncology Relevance of Established and Emerging

Biomarkers in CRC.
Approximate Recommended Therapeutic Current
Biomarker Prevalence Testing Method Clinical Utility Implications Implementa- Ref

tion Status

Tier 1—Established Standard-of-Care Biomarkers

Prognostic biomarker;

10-15% overall; . . Pembrolizumab,
MSL-H/dMMR  4-5% metastatic  THC, PCR,NGs  Predictor of immunotherapy == 0 ) ), 1A [1,9]
’ ’ response; Lynch syndrome o 4 !
CRC screening ipilimumab
KRAS
Predictor of Gl12C-targeted
KRAS 40-55% NGS, PCR anti-EGER resistance therapies under 1A [1,15-17]
clinical
implementation
Predictor of No approved
__QO,
NRAS 3-8% NGS, PCR anti-EGFR resistance targeted therapy 1A [1,18]
Guideline-supported Direct targeted
predictor of resistance to options currentl
Extended RAS anti-EGFR antibodies. papply only to y
(KRAS/NRAS) NGS, PCR The%‘aI:.)eutlc 1mp11§at10n: selocted KRAS 1A [17,18]
Restriction of cetuximab or variants. not
panitumumab to RAS NRAé
wild-type disease ’
Adverse prognostic Encorafenib +
BRAF V600E 8-15% NGS, PCR biomarker; therapeutic cetuximab =+ 1A [1,19]
stratification binimetinib
HER?2 Resistance mechanism to Tristcl;f;ri%ab’
Amplification 2-5% IHC, ISH, NGS anti-EGFR therapy; trastuzumz/ib 2A [2,20]
p predictive biomarker
deruxtecan
. RNA-based NGS, Tumor-agnostic Larotrectinib
0, ’ 7
NTRK Fusions <1% pan-TRK IHC predictive biomarker entrectinib 2A [21,22]
Tier 2—Emerging Clinical Biomarkers
Tumor . . .
Mutational Variable e e e honfit | Investigational 2B [23]
Burden (TMB)
Identification of
POLE/P.OLDl <3% NGS ultraTml'ltated tumors; Investigational 2B [24,25]
Mutations potential immunotherapy
predictor
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Table 1. Cont.
Approximate Recommended Therapeutic Current
Biomarker PP . Clinical Utility ape! Implementa- Ref
Prevalence Testing Method Implications .
tion Status
. . Minimal residual disease .
Circulating i . Expanding
Not prevalence- Liquid biopsy detection; recurrence - -
Tumor DNA . . clinical 2B [25,26]
dependent (NGS/ddPCR) monitoring; resistance . .
(ctDNA) implementation
assessment
Potential predictor of inhiblijéf—ll:ase d
DDR Alterations 5-15% NGS panels immunotherapy . 2B [26,27]
. strategies under
responsiveness . o
investigation
Tier 3—Future Precision Oncology Biomarkers
Transcriptomic Applicable across Prognostic stratification;
Signatures (CMS) CRC RNA sequencing treatment-response Investigational 3 [26-28]
prediction
. . Prediction of
Microbiome- Metagenomic immunotherapy response;
Derived Emerging geno Py response; Investigational 3 [29,30]
. sequencing host-tumor interaction
Biomarkers -
profiling
Epigenetic
Biomarkers . .
(SEPT9, Emerging Methylation Early d.etectlo.n . am.:I Investigational 3 [31]
. assays, NGS prognostic stratification
methylation
signatures)
Non-Coding Prognostic and predictive
RNAs (miRNAs, Emerging RNA profiling o8 P Investigational 3 [32,33]
biomarker development
IncRNAs)
. Non-invasive molecular -
Al/Radiogenomic . Digital pathology, prediction and Future precision /
. Emerging CT/MRI oncology 3 [34]
Biomarkers Lo treatment-response .
radiomics applications

estimation

1A = Established standard of care; 2A = Clinically actionable in selected settings; 2B = Emerging /under clinical
validation; 3 = Investigational.

3.5. Hereditary and Germline Predisposition to CRC

Although most CRCs are sporadic, a clinically important proportion arises in the
setting of inherited cancer-predisposition syndromes. The distinction between somatic
tumor alterations and germline pathogenic variants is essential because germline find-
ings have implications not only for the affected patient but also for biologically related
family members [33].

Lynch syndrome is the most common hereditary CRC syndrome and results from
germline pathogenic variants involving MLH1, MSH2, MSH6, PMS2, or EPCAM. Tumor
dMMR or MSI-H status may provide an initial indication of Lynch syndrome; however,
sporadic MLH1 promoter hypermethylation is also a frequent cause of AMMR. Therefore, tu-
mor testing should be integrated with MLH1 methylation or BRAF assessment, clinical and
family-history evaluation, genetic counseling, and germline testing when appropriate [34].

Adenomatous polyposis syndromes include familial adenomatous polyposis and
attenuated familial adenomatous polyposis, most commonly caused by pathogenic APC
variants, as well as MUTYH-associated polyposis, which follows an autosomal-recessive
inheritance pattern and is generally associated with biallelic MUTYH variants. Other
inherited conditions involving genes related to DNA proofreading, base-excision repair, or
hamartomatous polyposis may also increase CRC risk.

Identification of a hereditary syndrome directly influences clinical management
through intensified colonoscopic surveillance, screening for extracolonic malignancies,
selection and timing of prophylactic or risk-reducing surgery, reproductive counseling,
and cascade testing of relatives. Germline genetics should therefore be regarded as an
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integral component of the CRC genetic landscape rather than solely as an adjunct to somatic
molecular profiling [35].

3.6. Mechanistic Integration of KRAS, NRAS, BRAF, and HER2 Alterations

Under physiological conditions, ligand binding promotes EGFR dimerization and
activation, followed by recruitment of intracellular adaptor proteins and conversion of
RAS from its inactive GDP-bound form to the active GTP-bound state. Activated RAS
subsequently stimulates RAF, MEK, and ERK, resulting in transcriptional programs that
regulate cellular proliferation, differentiation, and survival. Parallel activation of the
PIBK-AKT pathway contributes to cell survival, metabolism, and resistance to apoptosis.

Activating mutations in KRAS or NRAS impair normal GTP hydrolysis and maintain
RAS in a constitutively active state. Consequently, downstream MAPK signaling becomes
partially independent of extracellular EGFR activation. This mechanism explains why
RAS-mutated tumors generally do not benefit from cetuximab or panitumumab despite
pharmacological inhibition of the upstream receptor. Extended RAS testing therefore
serves primarily as a negative predictive biomarker for anti-EGFR therapy. The negative
association between KRAS or NRAS mutations and cetuximab benefit was demonstrated in
large molecular analyses of patients with metastatic CRC [35].

BRAF functions immediately downstream of RAS. The V600E substitution produces
constitutive BRAF kinase activation and persistent MEK-ERK signaling. In CRC, BRAF
inhibition alone is insufficient because pathway suppression triggers rapid feedback ac-
tivation of EGFR and reactivation of MAPK signaling. This feedback reactivation pro-
vides the biological rationale for combined BRAF and EGFR inhibition, validated in previ-
ously treated disease by BEACON CRC and subsequently extended to first-line treatment
through BREAKWATER [36].

HER?2, encoded by ERBB2, is a receptor tyrosine kinase capable of forming highly ac-
tive homo- or heterodimers with other members of the ERBB receptor family. Amplification
or overexpression of HER2 activates both the MAPK and PI3K-AKT pathways and may
bypass dependence on EGFR signaling. HER2 amplification may, therefore, contribute to
resistance to anti-EGFR treatment in selected RAS/BRAF wild-type tumors while simulta-
neously defining a subgroup susceptible to HER2-directed treatment. Clinical activity has
been demonstrated with trastuzumab plus lapatinib in the HERACLES study and with
tucatinib plus trastuzumab in MOUNTAINEER [20,37].

4. Clinically Actionable Biomarkers in CRC

The transition from conventional histopathological classification toward precision
oncology has fundamentally transformed CRC management. Molecular biomarkers now
play a central role in diagnosis, prognostic assessment, treatment selection, and therapeutic
monitoring. Current international guidelines recommend assessment of MMR /MSI and
extended RAS and BRAF status in appropriate CRC settings, while HER2 amplification
and NTRK fusions are evaluated particularly in advanced disease when the results may
guide molecularly matched treatment [38].

Among established CRC biomarkers, MSI-H/dMMR status is a clinically validated
predictor of benefit from immune-checkpoint inhibition. More recently, rare genomic
alterations such as HER2 amplification and NTRK fusions have expanded the therapeutic
landscape of CRC, providing novel opportunities for targeted interventions.

4.1. Microsatellite Instability and Mismatch Repair Deficiency

Microsatellite instability (MSI) represents a cornerstone biomarker of precision oncol-
ogy in CRC. MSI results from defective DNA mismatch repair (IMMR), typically involving
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loss of function of the MLH1, MSH2, MSH6, or PMS2 genes. Approximately 10-15% of
all CRCs and about 4-5% of metastatic CRCs exhibit MSI-H/dMMR. These tumors may
arise through Lynch syndrome-associated germline alterations or through sporadic MLH1
promoter hypermethylation [39].

The clinical significance of MSI-H tumors is largely related to their high mutational
burden and increased neoantigen generation, which promote strong antitumor immune
responses. Initially recognized as a prognostic biomarker, MSI-H status is now primar-
ily valued as a predictive biomarker for immunotherapy. The introduction of immune
checkpoint inhibitors (ICIs) has transformed the management of MSI-H/dMMR CRC,
with studies consistently demonstrating superior outcomes compared with conventional
chemotherapy. The KEYNOTE-177 trial established pembrolizumab as a first-line treatment
option for metastatic MSI-H/dMMR CRC, confirming the pivotal role of MSI testing in
therapeutic decision-making [40—42].

Several approaches are available for MSI assessment, including immunohistochemistry
(IHC), polymerase chain reaction (PCR)-based assays, and next-generation sequencing
(NGS). Validated NGS platforms may provide an efficient option when simultaneous
assessment of MSI status and additional genomic alterations is clinically indicated, although
IHC and PCR remain established methods for MMR /MSI evaluation [23].

Despite its established clinical value, MSI alone does not fully explain treatment-
response heterogeneity. Although MSI-H/dMMR status is strongly predictive of benefit,
not all tumors respond, and primary or acquired resistance may be influenced by diag-
nostic misclassification, impaired antigen presentation, immune exclusion, and additional
genomic or microenvironmental factors. Consequently, current research is increasingly
focused on integrated biomarker models that combine MSI with genomic, transcriptomic,
and immune-related parameters [33-35].

MSI/dMMR in Metastatic CRC

In metastatic CRC, MSI-H/dMMR status is an established predictive biomarker for
immune-checkpoint inhibition. These results established PD-1 blockade as a major first-line
treatment option for this molecular subgroup [36].

More recently, the phase IIIl CheckMate 8HW trial evaluated combined PD-1 and CTLA-
4 inhibition. In the first-line comparison, nivolumab plus ipilimumab produced substan-
tially longer progression-free survival than chemotherapy, with 24-month progression-free
survival rates of 72% and 14%, respectively [37]. A subsequent randomized analysis across
treatment lines also demonstrated superior progression-free survival with nivolumab plus
ipilimumab compared with nivolumab monotherapy. These findings support dual immune-
checkpoint blockade as an important treatment option for MSI-H/dMMR metastatic CRC,
although treatment selection should also consider immune-related toxicity, comorbidities,
treatment availability, and patient preference (Table 2).

Nevertheless, MSI-H/dMMR status does not guarantee response. Primary resistance
may reflect misclassification of MMR/MSI status, limited tumor immunogenicity, impaired
antigen presentation, immune-exclusion mechanisms, or coexisting genomic and microenvi-
ronmental factors. Therefore, treatment failure should prompt verification of the molecular
diagnosis and evaluation of alternative resistance mechanisms rather than an assumption
that all MSI-H tumors share the same therapeutic sensitivity.
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Table 2. Representative Pivotal Studies Defining the Prognostic and Predictive Roles of MSI/dMMR
in Colorectal Cancer.

Study

Clinical Setting
and Population

MSI/dMMR Definition

MSI/dMMR Population

Principal Finding

Clinical Interpretation

Ribic et al., 2003 [29]

Retrospective analysis of
patients with stage IT-III
colon cancer
from randomized
adjuvant studies

PCR-based
microsatellite testing;
MSI-H distinguished

from MSI-L/MSS

Of 570 evaluable tumors,
95 (16.7%) were MSI-H

Fluorouracil-based
adjuvant therapy
benefited patients with
MSS/MSI-L tumors but
did not demonstrate
benefit in MSI-H tumors

Established the
prognostic and
treatment-predictive
importance of MSI in
localized colon cancer
and supported
avoidance of
fluoropyrimidine
monotherapy in stage II
MSI-H disease

KEYNOTE-177 [43]

Phase III first-line trial;
307 patients with
unresectable or
metastatic CRC

Centrally confirmed
MSI-H or dMMR

All enrolled patients
were MSI-H/dMMR

Median PFS was
16.5 months with
pembrolizumab versus
8.2 months with
chemotherapy; ORR was
43.8% versus 33.1%

Established
MSI-H/dMMR as a
predictive biomarker for
first-line PD-1 blockade
in metastatic CRC

CheckMate 8SHW

Phase I1I first-line
comparison in
unresectable or
metastatic CRC

Locally confirmed
MSI-H and /or dAMMR

All patients in the
primary comparison
were MSI-H/dMMR

Twenty-four-month PFS
was 72% with
nivolumab plus
ipilimumab versus 14%
with chemotherapy

Demonstrated
substantial benefit from
combined PD-1 and
CTLA-4 blockade
in metastatic
MSI-H/dMMR CRC

NICHE-2

Prospective neoadjuvant
study in locally
advanced,

dMMR confirmed
before enrollment

111 patients included in
the efficacy analysis

Pathological response
occurred in 109/111
patients (98%); major
pathological response in

Demonstrated marked

sensitivity of localized

dMMR colon cancer to
short-course

Cercek et al., 2025 [44]

non-metastatic 95% and pathological neoadjuvant
colon cancer complete response immune-checkpoint
in 68% blockade
Supports

Prospective
nonoperative-
management study in
locally advanced
rectal cancer

dMMR confirmed
before treatment

49 patients with rectal
cancer completed
dostarlimab treatment

All 49 patients achieved
a clinical complete
response and elected
nonoperative
management

organ-preserving
strategies in carefully
selected dMMR rectal

cancer, although
long-term surveillance
and broader validation

remain essential

Abbreviations: dMMR, deficient mismatch repair; MSI, microsatellite instability; MSI-H, microsatellite instability-
high; MSI-L, microsatellite instability-low; MSS, microsatellite stable; ORR, objective response rate; PFS,
progression-free survival. MSI/dMMR was assessed using different platforms and eligibility definitions across
studies. Results should therefore not be interpreted as a pooled MSI score or direct cross-trial comparison.

4.2. KRAS and NRAS Mutations: Predictors of Anti-EGFR Resistance and Emerging Therapeutic Targets

Mutations in the RAS gene family are among the most common molecular alterations
in CRC and play a central role in therapeutic decision-making. KRAS mutations occur in
approximately 40-55% of CRC cases, whereas NRAS mutations are identified in 3-8% of
tumors. Both alterations result in constitutive activation of the MAPK signaling pathway;,
promoting tumor growth and reducing dependence on EGFR-mediated signaling [1].

The most important clinical implication of RAS mutations is their predictive value for
resistance to anti-EGFR monoclonal antibodies. Multiple clinical trials have demonstrated
that patients harboring KRAS or NRAS mutations derive minimal benefit from cetuximab
or panitumumab therapy. Current guidelines recommend extended RAS testing before anti-
EGER treatment, restricting cetuximab or panitumumab to appropriately selected RAS wild-
type metastatic CRC, restricting these therapies to patients with RAS wild-type tumors [45].

Most RAS-mutated metastatic CRCs are microsatellite stable, and RAS mutations
exclude benefit from currently approved anti-EGFR antibodies. Although targeted options
have expanded for selected variants such as KRAS G12C, many other RAS-mutated tumors
continue to lack directly matched therapies [43,46—49].

KRAS G12C mutations, present in a small proportion of CRCs, can be targeted using
KRAS G12C inhibitors, with greater clinical activity generally observed when these agents
are combined with EGFR blockade [50,51].
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Although NRAS mutations similarly predict resistance to anti-EGFR antibodies, no
NRAS-specific targeted treatment has been established as a standard therapy in CRC [42].

Beyond their established role as predictive biomarkers, RAS mutations are increasingly
being investigated through liquid biopsy technologies. ctDNA studies have described the
disappearance of previously detectable RAS-mutant clones after withdrawal of anti-EGFR
therapy, a phenomenon often termed NeoRAS conversion and investigated as a potential
basis for anti-EGFR rechallenge [52,53].

4.3. BRAF V600E: From Adverse Prognostic Marker to First-Line Therapeutic Target

BRAF mutations are among the most clinically relevant molecular alterations in CRC
because of their strong prognostic impact and increasing therapeutic actionability [54].
BRAF V600E identifies a clinically and biologically distinct subgroup of CRC characterized
by aggressive disease behavior, frequent right-sided localization, and complex interactions
with MSI and CpG island methylation. Its interpretation should therefore include assess-
ment of MSI/dMMR status, particularly because BRAF V600E may accompany sporadic
MLH1 promoter methylation [51].

The phase Il BEACON CRC trial established combined BRAF and EGFR inhibition
for previously treated BRAF V600E-mutated metastatic CRC. Encorafenib plus cetuximab,
with or without binimetinib, improved survival and response outcomes compared with
irinotecan-based therapy plus cetuximab. The doublet of encorafenib and cetuximab
subsequently became the principal targeted strategy in the previously treated setting [51].

The therapeutic role of BRAF inhibition has now moved into first-line treatment. In
the phase IIIl BREAKWATER trial, the addition of encorafenib and cetuximab to mFOL-
FOXG6 resulted in significantly longer progression-free and overall survival compared to
standard first-line treatment in patients with BRAF V600E-mutated metastatic CRC. These
findings represent a major change from the previous treatment sequence, in which BRAF-
targeted therapy was generally reserved for disease progression after at least one prior
systemic regimen [36].

Resistance remains clinically relevant and may involve MAPK pathway reactiva-
tion, EGFR-mediated signaling, alternative RAS/RAF alterations, MET or PI3K pathway
activation, and intratumoral clonal heterogeneity. Acquired resistance to BRAF /EGFR-
directed therapy may involve MAPK pathway reactivation, emergent RAS/RAF alter-
ations, EGFR-mediated signaling, MET amplification, PI3K-pathway alterations, and
clonal heterogeneity [55-57].

4.4. HER? Alterations in CRC: An Emerging Precision Oncology Target

HER?2 amplification occurs in a small subset of CRCs, particularly among RAS/BRAF
wild-type metastatic tumors. Although HER2 amplification is well established in breast
and gastric cancers, its clinical relevance in CRC has only recently been recognized through
advances in molecular profiling and targeted therapy development [58].

HER? alterations occur in approximately 2-5% of CRC cases and are more frequently
observed in metastatic, RAS/BRAF wild-type tumors. Activation of HER2 signaling pro-
motes tumor growth through the MAPK and PI3K/AKT pathways and may contribute
to resistance against anti-EGFR therapies. Consequently, HER2-positive CRC represents a
distinct molecular subtype with important therapeutic implications [2].

One of the most significant clinical observations is the association between HER2
amplification and resistance to cetuximab or panitumumab. Some patients with RAS/BRAF
wild-type tumors fail to respond to anti-EGFR therapy because of HER2-driven downstream
signaling, highlighting the importance of comprehensive molecular testing [5].
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The therapeutic landscape of HER2-positive CRC has evolved rapidly. Dual HER2
blockade with combinations such as trastuzumab plus pertuzumab or trastuzumab plus
lapatinib has demonstrated meaningful clinical activity in metastatic disease. Tucatinib
plus trastuzumab demonstrated clinically meaningful activity in MOUNTAINEER, while
trastuzumab deruxtecan was evaluated in the DESTINY-CRC program [59].

Accurate identification of HER2-positive tumors relies on immunohistochemistry
(IHC), fluorescence in situ hybridization (FISH), and increasingly on next-generation se-
quencing (NGS), which enables simultaneous assessment of multiple actionable biomark-
ers. As comprehensive genomic profiling becomes more widely adopted, early detec-
tion of HER? alterations is expected to play an increasingly important role in precision
oncology strategies [60].

Ongoing research is focused on optimizing HER2-targeted therapies, overcoming
resistance mechanisms, and evaluating combinations with immunotherapy and novel
antibody-drug conjugates [61].

4.5. NTRK Fusions: Rare Alterations with High Therapeutic Relevance

NTRK gene fusions represent rare but highly actionable molecular alterations in CRC.
Although they occur in less than 1% of CRC cases, these genomic events have gained
substantial clinical importance because they predict remarkable responses to selective TRK
inhibitors. Unlike many conventional biomarkers, NTRK fusions are considered tumor-
agnostic biomarkers, meaning that treatment eligibility is determined by the presence of
the fusion rather than the tissue of origin [62,63].

The NTRK gene family comprises NTRK1, NTRK2, and NTRK3, which encode the
TRKA, TRKB, and TRKC receptors, respectively. Chromosomal rearrangements involving
these genes generate constitutively active fusion proteins that drive persistent oncogenic
signaling through pathways such as MAPK and PI3K/AKT [58].

NTRK fusions are more frequently observed in specific molecular subgroups, including
MSI-H/dMMR tumors and RAS/BRAF wild-type CRC. Despite their rarity, they define
a clinically relevant subset of patients who may derive substantial benefit from targeted
therapy. RNA-based NGS is particularly useful for confirming expressed NTRK fusions,
while DNA-based NGS and pan-TRK IHC may serve as components of context-dependent
testing algorithms [5].

The development of TRK inhibitors has transformed the management of NTRK fusion-
positive cancers. Larotrectinib and entrectinib have demonstrated high response rates
across NTRK fusion-positive solid tumors, although CRC-specific patient numbers remain
limited. These findings highlight the importance of comprehensive molecular profiling and
reinforce the shift toward biomarker-driven treatment selection [24,52].

Although resistance to first-generation TRK inhibitors may occur, next-generation
agents such as selitrectinib and repotrectinib are being investigated to overcome acquired
resistance mechanisms. As molecular diagnostics continue to evolve, improved detection
of rare but highly actionable alterations such as NTRK fusions is expected to further expand
precision oncology opportunities in CRC [53].

5. Emerging Biomarkers Beyond Standard Molecular Testing

Although MSI/dMMR, RAS, BRAF, HER?, and NTRK alterations constitute the foun-
dation of molecular testing in CRC, these biomarkers do not fully capture the biological
complexity of the disease. Significant heterogeneity persists among patients with appar-
ently similar molecular profiles, resulting in substantial variability in treatment response,
resistance development, and clinical outcomes.

https://doi.org/10.3390/ cancers18152526


https://doi.org/10.3390/cancers18152526

Cancers 2026, 18, 2526

15 of 41

Recent advances in next-generation sequencing, liquid biopsy technologies, transcrip-
tomics, artificial intelligence, and multi-omics integration have identified a new generation
of biomarkers capable of refining patient stratification and improving therapeutic decision-
making. These emerging biomarkers may complement established molecular markers and
contribute to a more comprehensive precision oncology framework.

5.1. Tumor Mutational Burden (TMB): A Context-Dependent and Controversial Biomarker

TMB refers to the number of somatic coding mutations detected per megabase of ana-
lyzed genomic sequence. Its potential predictive value in CRC remains context-dependent
and controversial. A high number of mutations may increase neoantigen generation and
theoretically enhance tumor recognition by the immune system. However, TMB is not
a single standardized biological measurement. Its value varies according to sequencing
platform, panel size, bioinformatic pipeline, germline filtering, variant inclusion criteria,
tumor purity, and the threshold used to define a high result [20].

Interest in TMB as a treatment-selection biomarker increased following the tumor-
agnostic evaluation of pembrolizumab in TMB-high solid tumors. A threshold of at least
10 mutations per megabase was used in the KEYNOTE-158 biomarker analysis. Neverthe-
less, that analysis evaluated selected non-colorectal tumor cohorts and did not establish
that the same threshold possesses equivalent predictive value in CRC. Extrapolation of a
universal numerical cutoff across tumor types may overlook major differences in tumor
biology, neoantigen quality, immune contexture, and the mutational processes responsible
for the elevated TMB [20,46].

In CRC, the biological cause of hypermutation appears more informative than the
numerical TMB value alone. Most markedly hypermutated CRCs are associated with
MSI-H/dMMR or pathogenic exonuclease-domain mutations in POLE or POLD1. These
mechanisms generate immunogenic tumors that may respond to immune-checkpoint
inhibition. By contrast, microsatellite-stable tumors that marginally exceed a threshold
such as 10 mutations per megabase may not share the same immune phenotype. Passenger
mutations, treatment-associated mutagenesis, assay variability, and pathogenic alterations
unrelated to enhanced antigenicity may increase the reported TMB without producing
meaningful immune sensitivity [64].

Recent CRC-specific evidence argues against using TMB-high status alone as a uni-
versal indication for immunotherapy in microsatellite-stable disease. In a retrospective
genomic and clinical analysis of MSS/TMB-high metastatic CRC, pembrolizumab was
associated with substantially shorter treatment duration and overall survival than observed
in MSI-H/TMB-high disease. Within the MSS/TMB-high subgroup, outcomes with pem-
brolizumab were also inferior to those observed with trifluridine/tipiracil in later-line
treatment. Although retrospective comparisons are susceptible to selection bias and resid-
ual confounding, these findings indicate that a numerical TMB-high result does not reliably
identify an immunotherapy-sensitive MSS CRC population [65].

TMB may still provide complementary information within MSI-H/dMMR CRC, where
higher values have been associated in some cohorts with improved outcomes following
immune-checkpoint inhibition. However, no prospectively validated CRC-specific thresh-
old currently justifies selecting or excluding an established immunotherapy solely on the
basis of TMB within the MSI-H population. Similarly, pathogenic POLE/POLD1 mutations
should be interpreted according to the affected domain, variant pathogenicity, and charac-
teristic mutational signature rather than inferred from an elevated TMB value alone [66].

Therefore, TMB should currently be regarded as a context-dependent biomarker whose
interpretation requires integration with MSI/MMR status, POLE/POLD1 alterations, the
underlying mutational signature, assay characteristics, and the clinical setting. For rou-
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tine CRC management, MSI-H/dMMR remains the validated immunotherapy biomarker,
whereas isolated TMB-high status in microsatellite-stable disease should be considered
investigational and should preferably be evaluated within clinical trials.

5.2. Pathogenic POLE/POLD1 Proofreading-Domain Alterations

Mutations affecting the exonuclease domains of DNA polymerases epsilon (POLE)
and delta (POLD1) represent rare but highly significant genomic alterations in CRC. These
pathogenic exonuclease-domain or proofreading-deficient alterations impair DNA proof-
reading mechanisms, resulting in an ultramutated phenotype characterized by exception-
ally high mutation burdens [24].

POLE/POLD1-mutated tumors frequently exhibit mutational loads exceeding those
observed in MSI-H cancers and often generate substantial neoantigen repertoires capable
of stimulating robust immune responses. Pathogenic proofreading-domain POLE/POLD1
alterations may identify a rare subgroup of ultramutated tumors with increased immuno-
genicity and potential sensitivity to immune-checkpoint inhibition, including selected
microsatellite-stable cancers [67,68].

From a clinical perspective, POLE/POLD1 mutations are particularly important be-
cause they identify a subset of patients who may benefit from immunotherapy despite lack-
ing traditional MSI-H/dMMR biomarkers. This observation highlights the limitations of
relying exclusively on MSI testing and supports broader genomic profiling approaches [68].

Although rare, pathogenic proofreading-deficient POLE/POLD]1 alterations represent
promising predictive biomarkers requiring further prospective validation.

5.3. Circulating Tumor DNA (ctDNA): From Molecular Residual Disease Detection to
Treatment-Guided Applications

ctDNA represents the tumor-derived fraction of cell-free DNA detected in plasma.
Its short half-life and capacity to reflect genomic alterations originating from multiple
tumor sites make ctDNA an attractive biomarker for assessing molecular residual disease,
monitoring treatment response, identifying acquired resistance, and characterizing clonal
evolution. However, the clinical interpretation of ctDNA depends on the disease setting,
assay design, sampling time, tumor burden, and biological shedding characteristics [59].

Current ctDNA assays can be broadly divided into tumor-informed and tumor-
agnostic approaches. Tumor-informed assays first identify patient-specific alterations
in resected tumor tissue and subsequently track these variants in plasma. This strategy
can provide high specificity for molecular residual disease but requires adequate tumor
tissue and additional assay-development time. Tumor-agnostic approaches analyze pre-
defined genomic or epigenomic features directly in plasma and may be operationally
faster, although their sensitivity and specificity vary according to panel composition and
analytical depth [69,70].

The most extensively studied application in localized CRC is postoperative molecular
residual disease assessment. Across prospective cohorts, detectable postoperative ctDNA
is consistently associated with a markedly increased recurrence risk. In the large GALAXY
observational cohort, postoperative and longitudinal ctDNA positivity strongly predicted
disease-free and overall survival. Sustained ctDNA clearance during adjuvant chemother-
apy was associated with substantially better outcomes than transient clearance or persistent
positivity, supporting ctDNA dynamics as a potential indicator of treatment efficacy [71].

Prognostic association, however, is not equivalent to treatment-guiding utility. In the
randomized DYNAMIC trial, a ctDNA-guided strategy reduced adjuvant chemotherapy
use without compromising recurrence-free survival in stage II colon cancer. Nevertheless,
this result should not be generalized automatically to all stages, risk groups, assays, or
treatment decisions. Ongoing randomized studies are evaluating whether ctDNA can safely
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guide treatment de-escalation in molecularly negative patients and improve outcomes
through escalation in molecularly positive patients [72].

In metastatic CRC, ctDNA can be used to monitor treatment response and identify
acquired resistance alterations involving RAS, BRAF, EGFR, ERBB2, MET, and other path-
ways. In CHRONOS, plasma RAS/BRAF/EGEFR screening was used to select patients for
panitumumab rechallenge; the objective response rate was 30%, and disease control was
achieved in 63%. These findings indicate that ctDNA can contribute not only to prognosis
but also to real-time therapeutic selection in selected metastatic settings [73].

Several limitations currently prevent uniform implementation. A negative plasma
result does not necessarily exclude residual or progressive disease because ctDNA shed-
ding is influenced by tumor volume, metastatic site, vascularity, treatment exposure,
and assay sensitivity. Peritoneal and selected pulmonary recurrences may be associated
with relatively limited plasma shedding. Pre-analytical factors, the timing of sampling
after surgery or treatment, clonal hematopoiesis, differences between tumor-informed
and fixed-panel assays, and the absence of standardized positivity thresholds further
complicate interpretation [74].

ctDNA should therefore be described as an established prognostic biomarker for
postoperative recurrence risk and an emerging treatment-guidance tool rather than as a
universally implemented replacement for tissue analysis, imaging, or standard clinicopatho-
logical assessment. Its greatest clinical value is likely to occur when testing is linked to a
predefined therapeutic decision and evaluated in prospective biomarker-guided trials [75].

5.4. Transcriptomic and Immune Signatures

While genomic alterations provide important information regarding tumor biology,
they do not fully capture the dynamic interactions occurring within the tumor microen-
vironment. Consequently, transcriptomic profiling provides complementary functional
information on tumor biology and has contributed to the identification of biologically
distinct CRC subtypes [76].

The Consensus Molecular Subtype framework classifies CRC into four principal tran-
scriptomic groups: CMS1, CMS2, CMS3, and CMS4 [25]. Each subtype exhibits distinct
biological characteristics, prognostic profiles, and therapeutic vulnerabilities. CMS1 tu-
mors are enriched for MSI-H status and immune activation and are therefore biologically
associated with an immunogenic phenotype; however, CMS classification is not currently
used as an independent routine biomarker for immunotherapy selection. CMS2 tumors
are characterized by Wnt and MYC pathway activation, whereas CMS3 tumors display
metabolic dysregulation. CMS4 tumors demonstrate stromal activation, angiogenesis,
immune suppression, and generally poorer clinical outcomes [77].

Beyond CMS classification, increasing attention has been directed toward immune-
related transcriptomic signatures capable of predicting immunotherapy response. Immune-
related transcriptomic signatures commonly incorporate expression patterns associated
with cytotoxic lymphocyte activity, interferon signaling, antigen processing, and immune-
checkpoint pathways [13].

Immune and microenvironmental factors may contribute to heterogeneity in re-
sponse among MSI-H/dMMR tumors. Tumor microenvironment-aware transcriptomic
models have shown encouraging results in predicting MSI status and immunotherapy
responsiveness, highlighting the growing importance of transcriptomic biomarkers in
precision oncology [69,78].

The integration of transcriptomic profiling with genomic and clinical data is expected
to further improve risk stratification and therapeutic decision-making in CRC.
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5.5. Artificial Intelligence (Al) and Radiogenomics in CRC

Al is rapidly transforming oncology by enabling the analysis of complex datasets
that exceed human interpretative capacity. In CRC, Al is being investigated across digital
pathology, imaging analysis, molecular prediction, and prognostic modeling [70,79].

One of the most promising developments involves Al-assisted prediction of molecular
biomarkers directly from routine histopathological images. Deep learning algorithms have
demonstrated the ability to identify MSI-H tumors with high accuracy using digitized
hematoxylin and eosin (H&E) slides, potentially supporting prescreening or prioritization
for confirmatory molecular testing. Several studies have reported encouraging performance
for Al-based MSI prescreening from routine histology slides [33,79].

Similarly, radiogenomics combines imaging data with molecular information to predict
genomic alterations non-invasively. Radiomic models have also been investigated for
predicting treatment response in dMMR/MSI-H CRC, including interpretable imaging-
based models developed in the neoadjuvant immunotherapy setting [80].

Transcriptome-based computational models have been developed to predict MSI
status and characterize tumor-microenvironment-related molecular patterns in CRC. Such
systems may support individualized treatment selection, identify patients likely to benefit
from targeted therapies or immunotherapy, and facilitate adaptive treatment strategies
throughout disease progression [81].

Across oncology, radiogenomic approaches face challenges related to data standardiza-
tion, external validation, interpretability, and regulatory implementation; these limitations
also apply to emerging CRC applications [82].

Collectively, emerging biomarkers such as DDR alterations, transcriptomic signatures,
and Al-derived predictive models illustrate the ongoing evolution of CRC management
from single-gene testing toward integrated multi-omics precision medicine. These innova-
tions have the potential to substantially improve patient stratification, optimize treatment
selection, and enhance clinical outcomes in the coming years.

5.6. Microbiome-Derived Biomarkers: Expanding the Precision Oncology Landscape

The gut microbiota has been associated with CRC development, progression, immune
regulation, and treatment response, although causal relationships and clinically validated
biomarker applications remain incompletely established. Beyond genetic and transcrip-
tomic alterations, microbial signatures are increasingly being investigated as potential
biomarkers capable of complementing conventional molecular profiling and improving
patient stratification [76,77].

Among the microorganisms most consistently associated with CRC, Fusobacterium
nucleatum has emerged as a particularly relevant candidate biomarker. Numerous studies
have demonstrated increased abundance of F. nucleatum in colorectal tumors, where it
has been linked to enhanced tumor proliferation, immune evasion, metastatic potential,
and poorer clinical outcomes [83]. Elevated intratumoral F. nucleatum abundance has been
associated with MSI/MMR-related and epigenetic features in selected CRC cohorts [84].

Beyond individual bacterial species, growing evidence indicates that distinct microbial
community profiles may predict treatment response. Across several malignancies, gut mi-
crobiome composition has been associated with response to immune-checkpoint inhibition;
however, CRC-specific predictive signatures remain insufficiently validated [85,86].

The emergence of metagenomic sequencing and multi-omics technologies has facil-
itated the identification of complex microbiome signatures that may complement estab-
lished biomarkers such as MSI, tumor mutational burden (TMB), and circulating tumor
DNA (ctDNA). Future precision oncology models may therefore integrate genomic, tran-
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scriptomic, immune, and microbiome-derived information into comprehensive predictive
frameworks capable of providing a more complete representation of tumor biology [86,87].

Although microbiome-based biomarkers remain largely investigational, their growing
association with CRC pathogenesis, prognosis, and treatment response highlights their
potential role as an important component of next-generation precision oncology strategies.
Further prospective studies and standardization of microbiome assessment methodologies
will be essential before widespread clinical implementation can be achieved.

5.7. Epigenetic Biomarkers and Non-Coding RNAs

Epigenetic alterations, including DNA methylation, histone modification, and regula-
tion by non-coding RNAs, contribute to CRC development and molecular heterogeneity.
Unlike genomic mutations, epigenetic changes modify gene expression without altering
the underlying DNA sequence and include DNA methylation, histone modifications, and
regulation by non-coding RNAs. These mechanisms influence tumor initiation, progres-
sion, metastasis, and therapeutic responsiveness, making them attractive candidates for
biomarker development [88,89].

One of the most extensively studied epigenetic mechanisms in CRC is DNA methy-
lation, particularly within CpG islands located in gene promoter regions. Aberrant
promoter hypermethylation can lead to silencing of tumor suppressor genes, while
global hypomethylation contributes to genomic instability. The CpG Island Methyla-
tor Phenotype (CIMP) represents a distinct molecular subtype of CRC characterized by
widespread promoter hypermethylation and frequent associations with BRAF mutations
and microsatellite instability [12,13].

Among clinically relevant methylation-based biomarkers, SEPT9 promoter methy-
lation has gained particular attention. Circulating methylated SEPT9 DNA has been
evaluated as a blood-based CRC detection assay, although it does not replace colonoscopy
or established stool-based screening methods [90].

In parallel, increasing interest has focused on microRNAs (miRNAs) and long non-
coding RNAs (IncRNAs), which regulate gene expression at transcriptional and post-
transcriptional levels. Several miRNAs, including miR-21, miR-92a, and miR-135b, have
been associated with tumor progression, metastasis, and prognosis, while dysregulated
IncRNAs such as HOTAIR, MALAT1, and CCAT1 have been implicated in CRC prolifer-
ation, invasion, and treatment resistance [29]. Several miRNAs and IncRNAs have been
associated with CRC progression, metastasis, and treatment resistance in preclinical and
retrospective studies. However, heterogeneity in assay platforms, normalization methods,
specimen types, and validation cohorts currently limits routine clinical implementation [91].

Recent advances in methylome profiling and next-generation sequencing technolo-
gies have enabled comprehensive characterization of epigenetic landscapes across CRC
subtypes. These approaches may identify novel biomarkers capable of improving early
detection, prognostic stratification, and therapeutic selection. Although most epigenetic
and non-coding RNA biomarkers remain investigational, their integration with genomic,
transcriptomic, and immune-based markers may contribute to the development of more
comprehensive precision oncology models in CRC [92].

In summary, epigenetic alterations and non-coding RNAs represent a rapidly evolving
area of CRC research, offering promising opportunities for non-invasive diagnostics, risk
stratification, and future biomarker-guided therapeutic strategies.

6. Toward a Clinical Actionability Framework in CRC

The rapid expansion of molecular diagnostics has transformed CRC from a malig-
nancy classified primarily by anatomical and histopathological characteristics into one
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increasingly defined by its molecular profile. However, the growing number of avail-
able biomarkers presents a practical challenge for clinicians: not all molecular alter-
ations possess the same degree of clinical relevance, therapeutic actionability, or level
of supporting evidence [83].

Current clinical practice often relies on a collection of individual biomarkers evaluated
independently. While this approach has significantly improved patient management, it may
not adequately reflect the three practical categories nature of molecular decision-making
in precision oncology. Consequently, there is a need for an integrated framework that
organizes biomarkers according to their current clinical utility, therapeutic implications,
and future translational potential [6,92,93].

Based on the reviewed evidence, we use a practical CRC-oriented clinical implementa-
tion framework that organizes biomarker domains according to their current role in care
and their level of clinical maturity.

6.1. Tier 1: Established Standard-of-Care Biomarkers

The first tier includes biomarkers that are currently incorporated into interna-
tional clinical guidelines and directly influence routine therapeutic decisions. These
biomarkers possess robust clinical validation and are routinely assessed in contemporary
CRC management.

6.2. Tier 2: Emerging Clinical Biomarkers

The second tier comprises biomarkers supported by growing clinical evidence but
not yet universally incorporated into routine treatment algorithms. These biomarkers
have demonstrated promising predictive or prognostic value and are likely to play an
increasingly important role in future clinical practice [94,95].

6.2.1. Tumor Mutational Burden (TMB)

TMB may provide complementary biological information, but its predictive interpre-
tation in CRC depends on MSI/MMR status, POLE/POLD1 alterations, assay methodology,
and the underlying mutational process. Isolated TMB-high status in MSS CRC remains in-
vestigational. Its integration into comprehensive genomic profiling platforms has facilitated
broader clinical investigation [96].

6.2.2. POLE/POLD1 Mutations

Although uncommon, POLE/POLDI] alterations identify tumors with ultramutated
phenotypes and potential sensitivity in selected pathogenic proofreading-deficient tumors
to immune checkpoint inhibitors. These mutations may become important biomarkers for
immunotherapy selection beyond MSI-H disease [97].

6.2.3. Circulating Tumor DNA (ctDNA)

ctDNA has strong prognostic value for postoperative recurrence risk and is under
prospective evaluation as a treatment-guidance tool in CRC. As assay sensitivity improves,
ctDNA may become a routine component of longitudinal disease management [98].

6.2.4. DNA Damage Repair (DDR) Alterations

DDR alterations remain investigational in CRC. Although biological rationale exists for
immunotherapy and synthetic-lethality-based strategies, no broadly validated CRC-specific
treatment-selection role has been established [99].

Although additional validation is required, Tier 2 biomarkers are rapidly approaching
clinical implementation and are likely to become integral components of future molecular
testing algorithms.
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6.3. Tier 3: Future Precision Oncology Biomarkers

The third tier includes emerging technologies and molecular approaches that remain
primarily investigational but possess substantial potential to reshape precision oncology
over the coming decade [100,101].

6.3.1. Transcriptomic Signatures

Gene expression-based classification systems provide functional information that
complements genomic testing. Transcriptomic biomarkers may improve prediction
of treatment response, prognosis, and tumor behavior beyond traditional mutation-
based approaches [81,88,92].

6.3.2. Immune Microenvironment Profiling

The composition and functional state of the tumor immune microenvironment influ-
ence responsiveness to immunotherapy and may explain clinical heterogeneity among
tumors sharing similar genomic profiles [102,103].

6.3.3. Artificial Intelligence-Based Biomarkers

Al-driven pathology and computational biomarker discovery have demonstrated
encouraging results for MSI prediction, molecular classification, and treatment-response
estimation. Al-based biomarkers have shown encouraging retrospective performance for
tasks such as MSI prescreening and molecular classification, but prospective workflow
validation and health-economic evaluation remain necessary [33,79].

Table 3 summarizes selected emerging molecular biomarkers and technology-enabled
approaches according to their current level of development, potential clinical applications,
and principal barriers to implementation. The categories are not intended to predict a fixed
timeline for clinical adoption. Rather, they distinguish biomarkers undergoing advanced
clinical validation from approaches that remain predominantly translational or hypothesis-
generating. Importantly, analytical detectability should not be considered equivalent to
demonstrated clinical utility, and routine implementation requires prospective evidence
that biomarker-guided decisions improve patient outcomes.

Table 3. Selected Emerging Biomarkers in CRC: Potential Clinical Applications and Current Imple-
mentation Barriers.

Biomarker or Molecular

Current Evidence Status

Potential Clinical Principal Implementation

Representative Evidence

Approach Application Barriers
Difoesbetien  thecndomise
Detection of molecular fumor-aenostic assavs: DYNAMIC trial showed
. residual disease after . & 4 that ctDNA-guided
Advanced clinical L variable tumor shedding;
P curative-intent surgery; . . management reduced
validation; strong . timing of blood collection; .
- postoperative - . adjuvant chemotherapy
prognostic value for recurronce-risk false-negative results in use in stage IT colon cancer
Circulating tumor DNA postoperative molecular stratification: low-volume or withoutgcom omisin
(ctDNA) residual disease, with ’ low-shedding disease; P &

treatment-guiding utility
under prospective
evaluation

adjuvant-treatment
escalation or de-escalation;
longitudinal monitoring of
response and acquired
resistance

absence of universally
accepted positivity
thresholds; uncertainty
regarding the optimal
intervention for persistent
or newly positive ctDNA

recurrence-free survival;
CIRCULATE-US/NRG-
GI008 is prospectively
evaluating ctDNA-guided
escalation and
de-escalation.
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Table 3. Cont.

Biomarker or Molecular
Approach

Current Evidence Status

Potential Clinical
Application

Principal Implementation
Barriers

Representative Evidence

Tumor mutational burden

Context-dependent
biomarker; a
tumor-agnostic regulatory
precedent exists, but
CRC-specific predictive

Refinement of
immunotherapy selection
in MSI-H/dMMR tumors

and identification of

Assay- and
panel-dependent
estimates; inconsistent
cutoffs; incomplete
harmonization between
tissue and plasma TMB;
biological dependence on

Pembrolizumab has a
tumor-agnostic TMB-high
indication in selected
jurisdictions, but recent
CRC-specific evidence
indicates that

(TMB) utility remains selected hypermutated the underlying mutational o
insufficiently validated, MSS tumors that may process; overlap with MSI I;/IISIS\e/?nI\gB r?;%};eiit:lt;lls
particularly in exhibit increased and POLE/POLD1 identif yatients whg
microsatellite-stable immunogenicity alterations; limited be}r]1§fit from
disease efficacy of checkpoint embrolizumab
inhibition in many P ’
MSS/TMB-high CRCs
Very low prevalence; A glaotl;:ri tcs oilz(i)trl: of
Rare but clinically Identificati £ selected difficulty distinguishing ? dine-defici
promising predictive entification of selecte pathogenic proofreading proofreading-deficient
biomarkers; evidence is MSS ultramutated tumors defects from passenger POLE/POLDI-mutated
Pathogenic POLE/POLD1 ’ . with potential sensitivity X p g metastatic CRC
. . strongest for pathogenic . . variants; frequent variants
proofreading-domain : to immune-checkpoint S ; demonstrated favorable
5 exonuclease-domain g X of uncertain significance; .
alterations X . inhibitors; refinement of . responses and survival
variants producing a . . lack of standardized o .
- ¢ hereditary-risk assessment ) P with immune-checkpoint
proofreading-deficient in selected patients functional classification; inhibitors: brospective
ultramutated phenotype P limited prospective 7 prospec
trial evidence evaluation remains
limited.
Heterogeneity of the genes
included in DDR panels;
Identification of tumors _ uncertain fur}ct{o r}al Experimental CRC studies
- . significance of individual have identified
Exploratory; biological potentially susceptible to variants; lack of ave identifie
. 7 . synthetic-lethality . homologous-
DNA damage repair and preclinical rationale stratogies, including PARP standardized HRD recombination-deficient
and homologous exists, but no validated . & 0 g thresholds in CRC; limited R
. - oo inhibition; possible . . subgroups potentially
recombination deficiency CRC-specific . evidence that genomic s
refinement of sensitive to PARP

signatures

treatment-selection role
has been established

immunotherapy or
combination-treatment
selection

DDR alterations
consistently predict
treatment benefit; absence
of established
CRC-specific therapeutic
algorithms

inhibition, but prospective
clinical validation
is required.

Consensus Molecular
Subtypes and other
transcriptomic signatures

Biologically validated
classification systems with
demonstrated prognostic
associations; not routinely
implemented as
treatment-selection assays

Functional tumor
classification; prognostic
stratification;
identification of immune,
mesenchymal, metabolic,
and canonical biological
phenotypes; generation of
hypotheses for
treatment selection

Dependence on RNA
quality and tissue
processing; intratumoral
heterogeneity; stromal
contamination; differences
between primary and
metastatic specimens;
classifier discordance; lack
of prospective evidence
that CMS-guided
treatment improves
outcomes

CMS classifiers have been
evaluated in large
clinico-genomic datasets,
but their predictive utility
and capacity to direct
routine treatment remain
incompletely established.

Spatial transcriptomic
and immune-
microenvironment
signatures

Early translational
research

Characterization of spatial
tumor-immune and
tumor-stromal
interactions; identification
of resistance niches;
refinement of
immunotherapy-response
prediction; discovery of
new therapeutic targets

High cost; complex tissue
preparation; restricted
availability; spatial
sampling bias; lack of
standardized analytical
pipelines; computational
burden; limited
reproducibility and
absence of validated
clinical thresholds

Spatial and single-cell
analyses have identified
distinct immune and
stromal niches within
CRC, but current
applications remain
primarily biological and
hypothesis-generating.
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Table 3. Cont.

Biomarker or Molecular
Approach

Current Evidence Status

Potential Clinical
Application

Principal Implementation
Barriers

Representative Evidence

Epigenetic and circulating
methylation signatures

Selected methylation
assays have clinical or
regulatory precedent for
CRC detection, whereas
broader methylome
signatures remain
investigational

Non-invasive CRC
detection; risk
stratification;
characterization of
CIMP-related biology;
potential postoperative
surveillance and
recurrence assessment

Variable sensitivity for
precursor and early-stage
lesions; biological and
technical heterogeneity;
bisulfite-conversion and
assay-standardization
requirements; uncertain
incremental benefit over
established screening
methods; limited evidence
for treatment selection

Plasma methylated SEPT9
has undergone
prospective evaluation for
CRC screening, while
broader circulating
methylation signatures
require additional clinical
validation.

Microbiome-derived
signatures

Early translational and
observational evidence; no
standardized clinical
biomarker is currently
established

Non-invasive CRC risk
assessment or detection;
prognostic stratification;
characterization of
host-tumor interactions;
possible prediction of
treatment toxicity or
immunotherapy response

Major effects of diet,
medication, antibiotics,
geography, age, sampling,
storage, sequencing
platform, and
bioinformatic pipeline;
compositional rather than
absolute abundance data;
limited causal evidence;
poor inter-cohort
reproducibility

Reproducible associations
have been reported for
selected microbial taxa,

but large studies also
demonstrate substantial
confounding and
methodological variability
that currently limit clinical
implementation.

Artificial
intelligence-based digital
pathology biomarkers

Retrospectively and
externally validated for
selected tasks, particularly
MSI prescreening; not yet
a replacement for
molecular testing

Prescreening or
prioritization for
MSI/dMMR testing;
molecular-subtype
prediction from routine
H&E slides; prognosis
estimation;
treatment-response
modeling

Dataset shift between
institutions; differences in
staining, scanners, tissue
processing, and patient
populations; algorithmic
bias; limited explainability;
uncertain failure
conditions; regulatory
requirements; need for
prospective workflow and
outcome validation

Multicenter and
external-validation studies
support Al-based MSI
prescreening, but
confirmatory IHC, PCR, or
NGS remains necessary
for clinical treatment
decisions.

Radiomics and
radiogenomics

Exploratory;
predominantly based
on retrospective
model-development and
validation studies

Non-invasive prediction
of MSI status and other
molecular phenotypes;

preoperative risk
stratification; assessment
of treatment response and
tumor heterogeneity

Abbreviations: Al, artificial intelligence; CIMP, CpG island methylator phenotype; CMS, Consensus Molecular
Subtypes; CRC, colorectal cancer; ctDNA, circulating tumor DNA; DDR, DNA damage repair; dAMMR, deficient
mismatch repair; H&E, hematoxylin and eosin; HRD, homologous recombination deficiency; MSI-H, microsatellite
instability-high; MSS, microsatellite stable; NGS, next-generation sequencing; PCR, polymerase chain reaction;
TMB, tumor mutational burden. The evidence-status descriptions are intended to indicate the current degree
of clinical development and should not be interpreted as formal evidence levels. Inclusion in this table does
not imply guideline endorsement or routine clinical use. Several biomarker categories overlap biologically, and
individual tumors may simultaneously exhibit more than one molecular feature.

6.3.4. Radiogenomics

Radiomic and radiogenomic approaches have been investigated for non-invasive
prediction of MSI status, treatment response, and tumor heterogeneity in CRC; however,
current evidence remains predominantly retrospective and exploratory [80].

Although currently investigational, these biomarkers represent the frontier of precision
oncology and may fundamentally redefine molecular classification systems in CRC.

The growing complexity of molecular profiling in CRC necessitates a structured
approach for biomarker prioritization [104]. Figure 2 illustrates the principal signaling
relationships and therapeutic implications of KRAS, NRAS, BRAF, and HER? alterations
in CRC.
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Figure 2. Mechanistic effects and therapeutic implications of KRAS, NRAS, BRAF, and HER? al-
terations in colorectal cancer. Activation of EGFR or HER2 stimulates the RAS-RAF-MEK-ERK
and PI3K-AKT-mTOR pathways, promoting cellular proliferation, survival, and tumor progression.
Activating KRAS or NRAS mutations maintain RAS signaling independently of upstream EGFR
activation and predict resistance to anti-EGFR antibodies. BRAF V600E constitutively activates
downstream MAPK signaling; feedback reactivation of EGFR explains the requirement for combined
BRAF and EGFR inhibition. HER2 amplification enhances MAPK and PI3K-AKT signaling, may
provide an alternative mechanism of resistance to EGFR inhibition, and defines a subgroup poten-
tially susceptible to HER2-directed therapies. Specific HER2-directed combinations and regulatory
indications vary according to treatment setting and jurisdiction.

6.4. From Single Biomarkers to Integrated Precision Oncology

The evolution of CRC management reflects a broader transition occurring throughout
oncology. Historically, treatment decisions were based primarily on anatomical staging and
isolated molecular alterations. Contemporary precision oncology increasingly considers
interactions among molecular alterations, tumor context, and temporal evolution rather
than relying on single biomarkers alone [105].

Accordingly, the future of CRC management will likely depend on integrated
molecular profiling rather than reliance on individual biomarkers. Comprehensive ge-
nomic profiling, transcriptomic analysis, liquid-biopsy monitoring, and Al-assisted in-
terpretation are being investigated as complementary components of future integrated
decision-support models [92,106].

The Clinical Actionability Framework proposed in this review provides a conceptual
structure for organizing this rapidly expanding body of molecular information. By distin-
guishing established, emerging, and future biomarkers, this model may facilitate clinical
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interpretation, guide research priorities, and support the continued evolution of precision
oncology in CRC [107].

Figure 3 provides a conceptual overview of the principal thematic domains addressed
in this review and illustrates how these domains contribute to clinical decision-making
in CRC.
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This figure provides a conceptual map of the major domains addressed in this review. Domains are not mutually exclusive and are not
proportional to the number of included studies.

Figure 3. Thematic domains covered in the review and their relationship to clinical decision-making
in CRC. The domains are not mutually exclusive, and the figure does not represent the numerical
distribution of the included publications.

7. Challenges, Implementation Barriers, and Research Priorities in CRC
Precision Oncology

The expanding molecular characterization of CRC has created important opportuni-
ties for hereditary-risk assessment, prognostic stratification, targeted treatment selection,
minimal residual disease detection, and longitudinal monitoring of therapeutic resistance.
However, the identification of a potentially relevant biomarker does not automatically
translate into improved patient outcomes. Successful implementation requires analytical
validity, biological representativeness, demonstrated clinical utility, timely access to testing
and matched therapies, sustainable reimbursement, and integration into multidisciplinary
decision-making. Accordingly, the next phase of precision oncology in CRC should focus
not only on discovering additional biomarkers but also on determining how reliably, eq-
uitably, and cost-effectively existing and emerging biomarkers can be incorporated into
real-world care [97,107-109].

7.1. Analytical Validity and Platform Standardization

The clinical interpretation of molecular biomarkers depends fundamentally on the
analytical reliability of the testing platform. For mismatch repair and microsatellite insta-
bility assessment, immunohistochemistry (IHC), polymerase chain reaction (PCR), and
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next-generation sequencing (NGS) evaluate related but not identical biological features.
IHC assesses the expression of the principal mismatch repair proteins MLH1, PMS2, MSH?2,
and MSH6 and may indicate which component of the MMR pathway is affected. PCR-
based assays assess length variation in selected microsatellite loci, whereas validated NGS
approaches infer MSI status from a larger set of genomic regions and may simultaneously
identify tumor mutational burden and other clinically relevant alterations. Consequently,
agreement among these methods is generally high, but complete interchangeability should
not be assumed. Current pathology guidance emphasizes that each method must be
validated for its intended clinical use and that assay selection should reflect specimen
characteristics, laboratory expertise, and the therapeutic question being addressed [98].
Current pathology guidance emphasizes that each method should be analytically validated
for its intended clinical use and that assay selection should reflect specimen characteristics,
laboratory expertise, and the clinical question being addressed.

Discordant results may arise from both technical and biological factors. Although
concordance between validated MMR-IHC and molecular MSI assays is generally high,
discordant results may occur and can require pathological review, repeat testing, or con-
firmation using an orthogonal method. Potential explanations include insufficient tumor
content, DNA degradation, prolonged or inadequate fixation, extensive necrosis or mucin,
limited biopsy material, borderline instability patterns, subclonal loss of MMR protein
expression, and assay-specific analytical thresholds. Potential causes include inadequate
tumor content, fixation-related artifacts, DNA degradation, limited tissue, heterogeneous or
subclonal protein loss, borderline molecular findings, and pathogenic variants that preserve
antigenicity despite impaired MMR function [110].

In addition, some pathogenic missense variants may produce an antigenically de-
tectable but functionally impaired protein, leading to retained IHC staining despite an
abnormal molecular phenotype. Conversely, equivocal or focal IHC loss may not always
correspond to MSI-H when assessed using a molecular assay [111].

Tumor cellularity is particularly important for molecular assays because a low pro-
portion of neoplastic cells may dilute a mutant or unstable signal below the assay’s limit
of detection. The minimum acceptable tumor fraction is platform-dependent and should
therefore be specified in the laboratory validation documentation rather than inferred from
a universal cutoff. Pathologist-guided selection and, where appropriate, macrodissection
of the tumor-rich area are essential components of quality assurance. Reports should docu-
ment specimen type, estimated tumor content, assay limitations, quality-control metrics,
and the genomic regions or microsatellite loci evaluated [110].

A structured approach should be applied when IHC, PCR, and NGS results are
discordant. This should include reassessment of tumor morphology and cellularity, review
of internal positive controls, repetition of the original assay when technically justified,
and confirmation using an orthogonal method. Evaluation of a different tumor block or
metastatic specimen may be informative when intratumoral heterogeneity is suspected.
When the pattern raises the possibility of Lynch syndrome, tumor findings should be
integrated with MLHI promoter methylation analysis, BRAF testing where appropriate,
clinical and family history, genetic counseling, and germline testing. Discordant results
should not be resolved solely by automatically privileging one platform over another;
instead, the final interpretation should reflect the combined pathological, molecular, and
clinical evidence.

Standardization therefore requires more than the use of a common technology. Labora-
tories should participate in external quality-assurance programs, apply validated positive
and negative controls, define platform-specific detection thresholds, and report assay fail-
ure rates and indeterminate findings. Harmonized reporting is required for MMR/MSI
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results and assay limitations [110]. Similar standardization challenges also affect TMB,
ctDNA positivity, and variant classification, although the relevant thresholds and reporting
standards differ across biomarker classes.

7.2. Biological Heterogeneity and Acquired Resistance

CRC is an evolutionary disease characterized by interpatient, intratumoral, spatial,
and temporal heterogeneity. Many early driver alterations are shared between the pri-
mary tumor and metastatic lesions, and high concordance has been reported for several
clinically established biomarkers, particularly common RAS and BRAF alterations. Nev-
ertheless, broader genomic profiling may reveal differences in subclonal mutations, copy-
number changes, tumor mutational burden, and resistance-associated alterations. Studies
of matched primary and metastatic CRC specimens have generally reported high concor-
dance for common truncal alterations such as RAS and BRAF, while broader genomic
analyses may identify discordance in subclonal mutations, copy-number alterations, and
resistance-associated changes. Reported concordance varies according to the genes ex-
amined, sequencing depth, metastatic site, timing of specimen collection, and previous
treatment exposure [111].

This distinction is clinically important. High concordance for common truncal drivers
does not imply that an archival primary-tumor specimen fully represents the molecular
composition of all subsequent metastases. Minor resistant subclones may be absent from
the sampled area, present below the analytical detection threshold, or selected during
systemic treatment. In addition, metastatic lesions arising in different organs may evolve
under distinct microenvironmental pressures. Therefore, a molecular result obtained at
diagnosis represents a time- and site-specific sample rather than a permanent description
of the patient’s disease.

Therapeutic exposure further increases temporal heterogeneity. Anti-EGFR treatment
may select resistant clones harboring RAS, BRAF, EGFR extracellular-domain, MET, or
ERBB?2 alterations. Circulating tumor DNA studies have shown that such resistant popula-
tions can emerge during treatment and decline after treatment withdrawal, providing a
biological rationale for molecularly selected anti-EGFR rechallenge. Similar evolutionary
processes contribute to resistance to BRAF-targeted combinations, HER2-directed therapy,
KRAS G12C inhibition, and immune-checkpoint blockade.

These findings expose the limitations of a single tissue biopsy performed at one
disease stage. Repeat tissue biopsy should be considered when the result is likely to alter
treatment and when an accessible lesion can be sampled safely. Liquid biopsy may provide
a complementary method for capturing alterations released from multiple metastatic
sites and for monitoring clonal dynamics over time. However, a negative ctDNA result
cannot always exclude an alteration because circulating DNA shedding varies according to
tumor volume, anatomical distribution, treatment exposure, assay sensitivity, and blood-
sampling conditions. Tissue and plasma testing should be considered complementary.
Tissue analysis provides histopathological context and may detect alterations in tumors
with limited plasma shedding, whereas ctDNA may capture spatially distributed and
temporally evolving clones. A negative plasma result should not be interpreted as excluding
an actionable alteration when clinical suspicion remains high [111-115].

Longitudinal molecular assessment is most clinically meaningful when it is linked
to a predefined decision. Examples include confirming acquired resistance, selecting
patients for anti-EGFR rechallenge, identifying postoperative molecular residual disease,
or determining eligibility for a biomarker-directed clinical trial. Repeated testing without a
clear therapeutic implication may increase cost and generate uncertain findings without
improving patient care.
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7.3. Clinical Utility, Access, and Reimbursement

Analytical actionability should be distinguished from clinical accessibility. A genomic
alteration may be detectable and theoretically targetable, yet still fail to influence treatment
because the result becomes available too late, the recommended drug is not reimbursed,
the relevant trial is geographically inaccessible, or the patient is not clinically eligible for
treatment. Therefore, the success of precision oncology should not be measured only by
the proportion of tumors with potentially actionable alterations.

The direct price of a molecular assay represents only one component of the total diag-
nostic pathway. Additional costs may include retrieval and pathological review of tissue,
macrodissection, DNA or RNA extraction, repeat testing after assay failure, confirmatory
IHC or in situ hybridization, germline confirmation, genetic counseling, bioinformatic
analysis, data storage, clinical interpretation, repeat biopsy, and additional consultations.
Delays caused by sequential single-gene testing may also carry indirect costs if systemic
treatment is initiated before a complete molecular profile is available [116,117].

Panel-based NGS may reduce tissue consumption and consolidate the evaluation of
multiple biomarkers into a single workflow. Its economic value is nevertheless context-
dependent. It is more likely to be favorable when several alterations must be tested
simultaneously, when the result is available before treatment selection, and when patients
can access matched therapies or clinical trials. Conversely, very broad panels may generate
variants of uncertain significance, incidental germline findings, and theoretically actionable
alterations without an available intervention. Real-world studies have demonstrated a
substantial gap between the proportion of tumors with potentially actionable alterations
and the smaller proportion of patients who ultimately receive matched therapy [107].

Turnaround time should be treated as a clinical quality indicator. Laboratories and
oncology services should report the interval from test request to specimen receipt, from
specimen receipt to validated molecular report, and from report issuance to multidisci-
plinary treatment decision. A comprehensive assay that requires several weeks may be less
clinically useful than a focused assay delivered before first-line treatment, particularly in
patients with rapidly progressive disease.

Bioinformatic capacity is another frequently underestimated requirement. NGS im-
plementation requires validated pipelines, secure data storage, variant annotation, peri-
odic knowledge-base updates, quality monitoring, and appropriately trained personnel.
Smaller institutions may have access to sequencing technology but lack the expertise re-
quired to interpret complex alterations or distinguish clinically validated biomarkers from
exploratory findings.

Molecular tumor boards can help bridge this interpretive gap by integrating pathology,
molecular genetics, medical oncology, surgery, radiation oncology, genetic counseling,
bioinformatics, and pharmacology. Their role should extend beyond producing a theoretical
treatment recommendation. Relevant implementation outcomes include whether the
recommendation was delivered before treatment selection, whether the suggested drug
or trial was accessible, whether the patient received the intervention, and whether the
recommendation changed clinical management.

Reimbursement frameworks should similarly account for the full care pathway. Fund-
ing a test without providing access to confirmatory testing, genetic counseling, matched
therapy, or trial referral may create molecular information without corresponding clinical
benefit. Cost-effectiveness analyses should therefore be conducted within specific health-
care systems and should include downstream treatment costs, avoided ineffective therapy,
adverse events, repeat procedures, patient travel, and budget impact, rather than relying
only on the purchase price of the assay.

https://doi.org/10.3390/ cancers18152526


https://doi.org/10.3390/cancers18152526

Cancers 2026, 18, 2526

29 of 41

7.4. Evidence Generation and Biomarker-Guided Clinical Trials

The most important transition in CRC biomarker research is from demonstrating
prognostic association to proving that biomarker-guided intervention improves patient
outcomes. Several contemporary trials illustrate this shift (Table 4).

The randomized DYNAMIC trial evaluated postoperative ctDNA-guided adjuvant
treatment in stage II colon cancer. The ctDNA-guided strategy reduced the proportion
of patients receiving adjuvant chemotherapy without compromising recurrence-free sur-
vival compared with conventional clinicopathological management. Mature follow-up
subsequently showed similar five-year recurrence-free survival—approximately 88% in the
ctDNA-guided group and 87% in the standard-management group—and similar five-year
overall survival. These findings support the clinical potential of postoperative ctDNA,
while also emphasizing that assay timing, sensitivity, management of ctDNA-positive
disease, and applicability to different risk groups require continued evaluation.

CIRCULATE-US/NRG-GI008 (NCT05174169) extends this concept to patients with
high-risk stage II and stage III colon cancer. The phase II/IIl study evaluates whether
postoperative ctDNA can guide treatment de-escalation in molecularly negative patients
and treatment escalation in molecularly positive patients. Its design directly addresses a
key limitation of observational ctDNA studies by testing whether acting on the biomarker
result improves clinically relevant outcomes rather than merely predicting recurrence [112].

The NICHE program, registered under NCT03026140, has evaluated short-course
neoadjuvant immune-checkpoint blockade in non-metastatic colon cancer. In patients
with locally advanced dMMR colon cancer, neoadjuvant nivolumab plus ipilimumab
produced pathological responses in nearly all treated patients, including a high proportion
of major pathological responses. These results demonstrate the biological sensitivity of
localized dMMR tumors to immune-checkpoint blockade and support further evaluation
of neoadjuvant immunotherapy, organ-preservation strategies, treatment duration, and the
relationship between pathological response and long-term disease control.

NCT04969029 was registered as a randomized phase II study comparing adjuvant
immunotherapy with standard chemotherapy after surgery for high-risk colon cancer
characterized by MSI-H or POLE/POLD1 alterations. The trial is relevant because it extends
biomarker-directed immunotherapy into the adjuvant setting and includes ultramutated
tumors beyond conventional MSI-H disease. However, the public registry record has not
been updated since 2021 and currently lists the study status as unknown, with no posted
results. It should therefore be described as a registered trial rather than as an actively
recruiting or completed study unless a more recent authoritative update becomes available.

Anti-EGFR therapy may select resistant subclones harboring alterations in RAS, BRAF,
the EGFR extracellular domain, MET, or ERBB2. Plasma-based studies have shown that
selected resistance clones may emerge during treatment and decline after withdrawal,
providing a biological rationale for molecularly selected anti-EGFR rechallenge [109,113].

7.5. Artificial Intelligence and Multi-Omics Implementation

Artificial intelligence and multi-omics approaches may integrate histopathological,
radiological, genomic, transcriptomic, epigenetic, proteomic, microbiome, and clinical data
into more comprehensive prediction models. However, high discriminatory performance in
a retrospective development dataset is insufficient to establish clinical utility. Models should
undergo independent external validation in populations that differ from the training cohort
with respect to institution, geographical region, scanner or sequencing platform, specimen
preparation, disease stage, demographic composition, and treatment pathway [114].

Dataset shift is a major implementation risk. An algorithm trained on high-quality
surgical specimens from a specialist center may perform differently on small biopsies, older
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archived slides, locally advanced rectal tumors, or images produced by another scanner.
Similarly, a model trained using one sequencing panel or RNA-processing pipeline may not
remain calibrated when transferred to another laboratory. Performance should therefore be
evaluated after deployment, and predefined procedures should be established for detecting
calibration drift or degradation over time.

Bias may arise when relevant demographic, biological, or socioeconomic groups are
under-represented in the development dataset. Aggregate accuracy can conceal clinically
important differences in sensitivity, specificity, or calibration across sex, age, ancestry,
tumor site, histological subtype, and healthcare setting. Al studies should report subgroup
performance and should distinguish true biological variation from technical or access-
related differences.

Transparency is also required regarding intended use, model inputs, training and
validation datasets, reference standards, missing-data handling, uncertainty estimates,
failure conditions, and the extent of human oversight. The level of explanation required
depends on whether the system is used for research, triage, risk estimation, molecular-
testing prioritization, or direct treatment recommendation. A model intended to support
clinicians should not be presented as replacing pathological or molecular confirmation
unless replacement has been prospectively validated.

Data protection and governance become particularly complex when genomic, imaging,
and longitudinal clinical datasets are combined. De-identification, controlled access, audit
trails, data-minimization principles, cybersecurity, and clearly defined responsibilities for
secondary data use are required. Federated or distributed-learning approaches may reduce
the need to centralize sensitive patient data, but they do not eliminate concerns regarding
model leakage, site-specific bias, or governance.

The regulatory status of an Al system depends on its intended use and jurisdiction.
Software that performs patient-specific analysis and provides information used for di-
agnosis or treatment may meet the definition of software as a medical device and may
require risk-based regulatory review, quality-management procedures, lifecycle monitoring,
and documentation of modifications. Regulatory guidance increasingly emphasizes trans-
parency, representative data, assessment of bias, human-centered design, and monitoring
throughout the total product lifecycle.

Until prospective clinical benefit has been demonstrated, Al-derived and multi-omics
signatures should complement rather than replace validated pathological and molecular
testing. Their most immediate role may be to prioritize confirmatory testing, identify com-
plex interactions that cannot be captured by single biomarkers, and generate hypotheses
for biomarker-stratified trials [115].

7.6. Measurable Research Priorities

Future research should move from broad aspirations toward prespecified and measur-
able implementation objectives.

First, assay harmonization should be evaluated using reproducible analytical indica-
tors. Studies should report assay failure rates, limit of detection, minimum tumor fraction,
interlaboratory concordance, repeat-test frequency, performance by specimen type, and
the proportion of discordant results resolved by an orthogonal method. External quality
assessment and reference materials should be incorporated whenever possible.

Second, clinical utility should be measured separately from analytical validity. Rele-
vant endpoints include the proportion of patients whose treatment was changed by the
biomarker result, the proportion receiving the recommended therapy, objective response,
recurrence-free survival, overall survival, toxicity, quality of life, and avoidance of inef-
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fective treatment. A biomarker should not be considered clinically implemented solely
because it can be measured accurately.

Third, access should be monitored through pathway-level indicators. These include
median turnaround time, proportion of results available before the treatment decision,
assay-failure and repeat-biopsy rates, molecular tumor board referral, matched-trial re-
ferral, access to the recommended drug, and disparities according to institution, region,
socioeconomic status, age, or other relevant patient characteristics.

Fourth, health-economic reporting should be standardized. Evaluations should
include the direct assay cost, personnel and bioinformatic costs, confirmatory testing,
counseling, downstream treatment, adverse-event management, avoided procedures,
incremental cost per quality-adjusted life-year, and healthcare budget impact. Results
should be reported for the specific healthcare system in which the strategy is intended to
be implemented.

Fifth, biomarker-guided trials should use prospectively defined assays and decision
algorithms. The biomarker threshold, sampling schedule, treatment assignment, man-
agement of indeterminate results, and primary clinical endpoint should be established
before trial initiation. Central review, longitudinal biospecimen collection, and predefined
analyses of treatment resistance should be incorporated where feasible.

Sixth, AI and multi-omics models should be evaluated beyond retrospective accu-
racy. Required outcomes include external multicenter performance, calibration, subgroup
fairness, clinical workflow impact, rate of uninterpretable outputs, prospective treatment
changes, post-deployment drift, and compliance with applicable regulatory and data-
governance requirements.

Addressing these priorities would shift CRC precision oncology from biomarker accu-
mulation toward evidence-based implementation. The most valuable future biomarkers
will not necessarily be those that provide the most complex molecular description, but
those that can be measured reproducibly, interpreted consistently, delivered in time, linked
to an accessible intervention, and shown prospectively to improve outcomes that matter
to patients [116,117].

Table 4. Representative Ongoing Biomarker-Guided Clinical Trials in Colorectal Cancer.

Trial and Identifier

Molecular/Clinical

N Phase and Intervention
Population

Principal Objective Registry Status, July 2026

CheckMate
8HW—NCT04008030

Comparison of
immunotherapy strategies

MSI-H/dMMR unresectable
or metastatic CRC

Phase III; nivolumab plus
ipilimumab, nivolumab alone,
or chemotherapy

with standard chemotherapy
and long-term assessment of
dual versus single-agent
checkpoint inhibition

Active, not recruiting/closed
to accrual

BREAKWATER—
NCT04607421 [51]

Previously untreated BRAF
V600E-mutated
metastatic CRC

Phase III; encorafenib plus
cetuximab with or without
chemotherapy versus
standard care

Evaluation of
BRAF/EGFR-targeted
treatment in the
first-line setting

Active, not recruiting

CIRCULATE-US/NRG-
GI008—NCT05174169

Resected high-risk stage II or
stage III colon cancer,
stratified by postoperative
ctDNA

Phase II/1II; ctDNA-guided
treatment escalation or
de-escalation

Determine whether
postoperative molecular
residual disease can guide the
intensity of adjuvant
chemotherapy

Recruiting

NICHE—NCT03026140

Early-stage colon cancer,
including molecularly defined
dMMR and pMMR cohorts

Phase II; neoadjuvant
immune-checkpoint and novel
immuno-oncology
combinations

Evaluation of pathological
response and molecular
determinants of neoadjuvant
immunotherapy sensitivity

Recruiting; selected cohorts
remain open

Adjuvant immunotherapy
versus chemotherapy—
NCT04969029 [112]

Resected high-risk colon
cancer with MSI-H or
POLE/POLDI1 alterations

Phase II; immunotherapy
versus standard
chemotherapy

Determine whether
molecularly selected adjuvant
immunotherapy improves
outcomes

Unknown; registry record has
not been recently verified

https://doi.org/10.3390/ cancers18152526


https://doi.org/10.3390/cancers18152526

Cancers 2026, 18, 2526 32 of 41
Table 4. Cont.
. - Molecular/Clinical . - e .
Trial and Identifier Population Phase and Intervention Principal Objective Registry Status, July 2026
Evaluate clinical complete
P Untreated locally advanced Phase II; dostarlimab response and the possibility of . .
AZUR-1—NCT05723562 [83] dMMR /MSI-H rectal cancer monotherapy avoiding chemoradiotherapy Active, not recruiting
and surgery
Determine whether
Untreated T4NO or stage III Phase III; perioperative gin(r)(}))\f;:’:z‘zr?tljg; L:;?:ﬁj?;}?s’
AZUR-2—NCT05855200 resectable dIMMR/MSI-H dostarlimab versus pc mpared with surger Recruiting
colon cancer standard care ompare urgery

followed by chemotherapy
or surveillance

Clinical-trial status is dynamic and should be reverified in the relevant registry immediately before final pub-
lication. “Active, not recruiting” indicates that enrollment has closed but trial-related treatment, follow-up, or
outcome collection remains ongoing. “Unknown” indicates that the registry status has not been verified within
the required reporting interval.

8. Integrated Discussion: Diagnostic, Prognostic, and Predictive
Interpretation of Molecular Biomarkers

The clinical relevance of MSI/dMMR, RAS, BRAF, and HER? should be interpreted
according to their specific biomarker function. A diagnostic biomarker contributes to
detecting or establishing the presence of disease, a prognostic biomarker provides infor-
mation regarding the expected clinical course independently of a particular treatment,
and a predictive biomarker identifies patients more or less likely to benefit from a spe-
cific therapeutic intervention. Although these categories may overlap, they should not be
used interchangeably.

Most somatic alterations discussed in this review are detected after CRC has already
been confirmed histopathologically. Therefore, KRAS, NRAS, BRAF, and HER? alterations
are not sufficiently sensitive or specific to serve as stand-alone diagnostic tests for CRC
in asymptomatic individuals. These alterations occur only in molecular subsets of CRC
and may also be identified in other tumor types. Their principal clinical value lies in
molecular subclassification and therapeutic decision-making rather than primary cancer
detection. Blood-based methylation, ctDNA, and multi-analyte assays may contribute to
future non-invasive detection strategies, but these approaches are distinct from tumor-
based mutation testing.

MSI/dMMR has the broadest multidimensional clinical role. In localized stage II colon
cancer, MSI-H/dMMR is generally associated with a more favorable prognosis and with a
lack of clinically meaningful benefit from fluoropyrimidine monotherapy. In metastatic
disease, it is a strong predictive biomarker for immune-checkpoint inhibition. It also
functions as a screening marker for Lynch syndrome, although tumor MSI-H or loss of an
MMR protein does not independently confirm a germline syndrome. Clinical interpretation
should integrate the pattern of MMR protein loss, MLH1 promoter methylation, BRAF
V600E status, family history, and germline testing when indicated.

KRAS and NRAS mutations are predominantly predictive rather than diagnostic
biomarkers. Their most established function is to identify patients unlikely to benefit from
anti-EGFR antibodies. Although several studies have investigated their association with
survival, the independent prognostic effect of RAS mutations varies according to tumor
stage, anatomical location, treatment exposure, and specific mutation. Accordingly, RAS
status should primarily be presented as an exclusionary treatment-selection biomarker
rather than a universally adverse prognostic factor [28].

BRAF V600E has both prognostic and predictive relevance. It is associated with a
biologically distinct and frequently aggressive CRC subtype, particularly in microsatellite-
stable metastatic disease. At the same time, it identifies patients eligible for combined BRAF
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and EGFR inhibition. Its interpretation is influenced by MSI/MMR status because BRAF
V600E frequently coexists with sporadic MLHI1 promoter methylation. In a tumor with
loss of MLH1/PMS?2 expression, detection of BRAF V600E supports a sporadic pathway,
although it does not by itself exclude every possibility of hereditary predisposition. The
treatment-predictive role of BRAF V600E has been validated through BEACON CRC
and BREAKWATER.

HER?2 amplification is principally a predictive biomarker. It identifies a small sub-
group of patients, most often within RAS/BRAF wild-type disease, who may benefit from
HER2-directed therapy. HER2 activation may also provide a bypass signaling mecha-
nism contributing to primary or acquired resistance to EGFR inhibition. However, the
independent prognostic effect of HER2 amplification remains less consistent than that of
BRAF V600E, and HER? status should not be presented as a validated population-level
diagnostic or universally prognostic marker. Its strongest current clinical role is selection
for molecularly matched therapy, as supported by HERACLES and MOUNTAINEER [22].

These alterations should also be interpreted in relation to one another. KRAS and NRAS
mutations activate signaling upstream of RAF, whereas BRAF V600E activates the pathway
downstream of RAS. These driver alterations are usually, although not invariably, found
in separate molecular subgroups. HER2 amplification provides receptor-level activation
of both MAPK and PI3K-AKT signaling and is clinically most relevant after confirmation
of RAS/BRAF wild-type status. MSI/dMMR represents a separate DNA-repair phenotype
but may overlap with BRAF V600E in sporadic MLHI-methylated tumors. Consequently, a
sequential or panel-based molecular algorithm is more informative than interpretation of
any marker in isolation [15].

A clinically oriented testing pathway should first establish MSI/MMR status because
of its implications for Lynch syndrome evaluation, prognosis in localized disease, and
immunotherapy eligibility. In metastatic disease, extended RAS and BRAF testing should
be performed to guide anti-EGFR and BRAF-targeted strategies. HER2 testing should be
considered particularly in RAS/BRAF wild-type tumors in which HER2-directed treatment
may become relevant. Longitudinal ctDNA analysis may subsequently identify clonal
evolution and acquired resistance, but it should complement rather than universally replace
tissue-based molecular testing.

Overall, these biomarkers are most clinically valuable when their precise function is
clearly specified. MSI/dMMR may be prognostic, predictive, and relevant to hereditary-
risk screening; RAS mutations are principally negative predictive biomarkers; BRAF V600E
is both adverse prognostic and therapeutically predictive; and HER2 amplification is
primarily predictive for targeted therapy. None of these alterations should be used alone as
a population-level diagnostic test for CRC.

Limitations of the Review

This review has several limitations. It was designed as a structured narrative review
rather than a systematic review or meta-analysis. The literature-identification strategy
was not prospectively registered, source selection and data interpretation were not per-
formed through formal duplicate independent screening, and no standardized risk-of-bias
or certainty-of-evidence assessment was undertaken. Consequently, selection and inter-
pretation bias cannot be excluded. The thematic emphasis of the review should not be
interpreted as a quantitative estimate of the volume or comparative strength of evidence
available for individual biomarkers. In addition, the proposed clinical implementation
framework is intended as a practical organizational tool and not as a substitute for guide-
line recommendations or validated alteration-level systems such as ESCAT and OncoKB.
Finally, because molecular diagnostics, regulatory approvals, and biomarker-guided tri-
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als are evolving rapidly, some therapeutic and implementation statements may require
periodic updating.

Despite these measures, the purposive nature of source selection may have favored
more clinically influential or recently published studies. The review should therefore
be interpreted as a structured and clinically oriented narrative synthesis rather than an
exhaustive quantitative assessment of all available publications.

9. Conclusions

The molecular characterization of CRC has fundamentally transformed disease classi-
fication and therapeutic decision-making. Biomarkers such as MSI/dMMR, KRAS, NRAS,
BRAF, HER2, and NTRK have become integral components of routine clinical practice,
enabling more accurate prognostic assessment and personalized treatment selection. The
success of immune checkpoint inhibitors in MSI-H/dMMR tumors and the development
of targeted therapies for specific molecular subgroups illustrate the growing impact of
precision oncology in CRC management.

At the same time, emerging biomarkers including tumor mutational burden, POLE/POLD1
mutations, circulating tumor DNA, DNA damage repair alterations, transcriptomic signa-
tures, microbiome-derived biomarkers, epigenetic markers, and artificial intelligence-based
prediction models are expanding the boundaries of molecular stratification. Although many
of these approaches remain investigational, they offer promising opportunities to refine
patient selection, improve treatment monitoring, and identify novel therapeutic targets.

The future of CRC management will likely depend not on individual biomarkers, but
on the integration of genomic, epigenetic, transcriptomic, immune, microbiome, radiomic,
and liquid biopsy-derived data into unified precision oncology platforms. Such multidi-
mensional approaches have the potential to capture tumor complexity more accurately
than any single molecular alteration alone.

As molecular technologies continue to evolve, precision oncology is expected to tran-
sition from static biomarker assessment toward dynamic, longitudinal disease monitoring
supported by artificial intelligence and multi-omics integration. Ultimately, these ad-
vances may facilitate truly individualized treatment strategies and contribute to improved
outcomes for patients with CRC.
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CIMP
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ctDNA
DDR
dMMR
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ERBB2
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HER2
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IHC
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KRAS
IncRNA
MAPK
miRNA
MLH1
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MRD
MSH2
MSH6
MSI
MSI-H
MSS
ncRNA
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NRAS
NTRK
PARP
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PD-1
PD-L1
PI3K
PMS2
POLE
POLD1
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TMB
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