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Abstract

Colorectal cancer (CRC) remains one of the leading causes of cancer-related morbidity
and mortality worldwide. Despite advances in screening and therapeutic strategies, early
detection and individualized treatment remain major challenges. In recent years, an expand-
ing repertoire of biomarkers has emerged, spanning genomic, transcriptomic, proteomic,
and metabolomic signatures. Epigenetic features, such as DNA methylation panels, as
well as non-coding RNAs and the gut microbiome, hold potential not only for improv-
ing early diagnosis but also for refining prognosis and predicting therapeutic responses
within the framework of precision oncology. This narrative review provides an updated,
integrative overview of CRC diagnostic, prognostic, and predictive biomarkers. We distin-
guish established markers already in clinical practice, such as RAS and BRAF mutations,
HER? amplification, microsatellite instability /mismatch repair deficiency (MSI/dMMR),
and widely investigated molecular alterations including TP53 mutations and immune-
checkpoint-related markers, from novel biomarkers with growing translational potential.
We also discuss the implementation challenges of these biomarkers in clinical practice,
including issues related to validation, standardization, and cost-effectiveness, as well as
the multi-modal approach for the development of composite diagnostic panels.

Keywords: biomarkers; colorectal cancer; genomics; liquid biopsy; precision medicine

1. Introduction

Colorectal cancer (CRC) is a major global health concern. In 2020, approximately
1.93 million new cases of CRC were diagnosed worldwide, with approximately 0.94 million
CRC-related deaths, ranking as the third most commonly diagnosed malignancy and the
second leading cause of cancer mortality globally [1,2]. Despite the implementation of
screening programs that have modestly improved early detection and reduced mortality, a
substantial proportion of patients are still diagnosed at advanced stages of disease [3,4].
This late presentation underscores the urgent need for more effective approaches in CRC
management, driving intense interest in molecular biomarkers as tools to enhance early
diagnosis, guide treatment, and improve outcomes.
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Molecular biomarkers have become integral to the clinical management of CRC by
influencing multiple aspects of care, including early detection, risk stratification, and per-
sonalized therapy selection [5]. Several biomarkers have already been incorporated into
standard practice. For instance, genomic profiling via polymerase chain reaction (PCR)
or Next-Generation Sequencing (NGS) of RAS (KRAS/NRAS) or BRAF is routinely per-
formed in metastatic CRC to guide the use of anti-epidermal growth factor receptor (EGFR)
monoclonal antibody therapies. It is crucial to understand that activating RAS mutations
confer resistance not merely by association but because they constitutively activate the
MAPK signaling pathway downstream of EGFR, rendering the upstream receptor blockade
biologically ineffective. Similarly, BRAFV®F mutations are associated with a poor prog-
nosis and a reduced likelihood of response to anti-EGFR therapy [6]. Evaluation of DNA
mismatch repair (MMR) status, typically assessed via immunohistochemistry (IHC) for
MMR proteins (MLH1, MSH2, MSH6, PMS2) or PCR for microsatellite instability, is now
standard of care. CRC patients with MSI-high (AMMR) tumors are eligible for immune
checkpoint inhibitor therapy [6]. While initially approved for metastatic disease, immune
checkpoint inhibitors (ICIs) are now being explored in the neoadjuvant setting, where
they can substantially reduce tumor burden before surgery and facilitate higher rates of
organ preservation and complete pathological response [7]. However, only a minority of
CRC patients currently derive significant benefit from such biomarker-driven treatments,
highlighting the need to discover new biomarkers that can broaden the impact of precision
medicine in CRC management.

Recent technological advances have accelerated the expansion of the CRC biomarker
landscape. Next-generation sequencing and high-throughput genomic profiling have en-
abled the identification of novel genetic and epigenetic markers of CRC, and liquid biopsy
approaches are opening avenues for non-invasive diagnostics [5,8]. In particular, circulating
tumor DNA (ctDNA) assays and other blood-based biomarkers have shown promise for
early cancer detection and for real-time monitoring of minimal residual disease (MRD),
offering a potential means to detect recurrence or treatment response before clinical or radi-
ologic changes become apparent [5,9-11]. Additionally, emerging biomarker research has
begun to explore new categories of molecular indicators, such as gene expression signatures
(including consensus molecular subtypes), non-coding RNAs (e.g., tsSRNAs, miRNAs, and
IncRNAs), and oncogenic gene fusions, which may provide further prognostic information
and therapeutic targets in CRC [5,12-17]. Collectively, these developments suggest that
the integration of innovative biomarkers could significantly improve the early diagnosis of
CRC and refine patient-specific treatment strategies.

In this narrative review, we provide an updated overview of the role of molecular
biomarkers in colorectal cancer, with a primary focus on diagnostic biomarkers and addi-
tional coverage of prognostic, predictive, and therapeutic-response biomarkers. The article
is structured as follows: first, we discuss current and emerging diagnostic biomarkers
for CRC, including those used in screening and early detection. We then examine key
prognostic biomarkers that inform disease outcomes and risk stratification. Next, we re-
view predictive biomarkers that guide therapy selection and personalized treatment—for
example, markers predicting response to targeted therapies or immunotherapies. We
further address biomarkers used for monitoring therapeutic response and MRD during
and after treatment. Finally, we highlight future perspectives and research directions in
the field of CRC biomarkers and conclude with a summary of the clinical implications of
these advances.

To gather relevant evidence for these topics, a comprehensive literature search was
performed using PubMed, Scholar, Web of Science, and Scopus databases, covering mainly
publications within the last five years (2020-2025). The search strategy included combina-
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tions of the following keywords: “colorectal cancer”, “biomarkers”, “genomics”, “liquid
biopsy”, “ctDNA”, “multi-omics”, “transcriptomics”, and “precision medicine”. We priori-
tized systematic reviews, meta-analyses, and results from major randomized clinical trials,
alongside seminal historical papers establishing current guidelines. Articles were selected

based on their relevance to clinical practice and translational potential.

2. Diagnostic Biomarkers in Colorectal Cancer

Early detection of colorectal cancer (CRC) is critical for improving patient outcomes.
Colonoscopy remains the gold standard for CRC diagnosis and the removal of precursor le-
sions (Figure 1) [18]. However, a substantial proportion of young patients are still diagnosed
at advanced stages despite existing screening programs [19,20]. This has spurred intensive
research into non-invasive and cost-effective diagnostic biomarkers that complement or
enhance current screening methods by enabling early detection with greater sensitivity and
specificity, thereby facilitating timely intervention and improved survival [21-23]. In this
section, we review key categories of diagnostic biomarkers in CRC, including standard of
care screening tools such as fecal occult blood testing (FOBT) and fecal immunochemical
test (FIT), but also novel fecal and blood-based assays such as DNA methylation markers,
circulating tumor DNA, exosomal biomarkers, and microbiome analysis, along with their
performance characteristics, clinical utility, and potential roles in early detection (Table 1).
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Figure 1. Integration of multimodal biomarkers across the clinical continuum of colorectal cancer
(CRQ). This scheme summarizes the application of biomarkers in different clinical scenarios, as
reviewed in Sections 2—4. In the screening phase (blue chart), stool-based tests (FIT, mt-sDNA) and
colonoscopy are used, whereas liquid biopsy approaches (ctDNA, miRNAs) are being explored for
early detection. In localized disease (green chart), tissue profiling (MSI, Immunoscore) and serum
CEA refine prognosis. In the metastatic setting (red chart), genomic predictive markers such as RAS,
BRAF, MSI, and HER? guide initial therapy selection. Finally, serial liquid biopsy techniques (e.g.,
tumor ctDNA and MRD detection; yellow chart) enable dynamic response monitoring and early
detection of resistance mechanisms.
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Table 1. Overview of diagnostic and screening biomarkers in CRC: traditional vs. emerging candidates.

Biomarker Specimen Method Sens%t}v‘lty/ Clinical Use or Guideline
Specificity Status
o Traditional screening (older);
Guaiac fecal occult Chemical reaction 70_800/0 (CRC) or largely superseded by FIT due
Stool . ~60-80% (advanced . .
blood test (gFOBT) (peroxidase) to diet confounders; still
adenoma)/~90% .
reduces CRC mortality.
First-line CRC screening
Fecal immunochemical Stool Imrr'umoassay ' ~79% /94% (guideline-recommended in
test (FIT) (anti-hemoglobin Ab) adults 45-75; e.g., USPSTF
Grade A).
hppo @iyl
Multitarget stool DNA (methylated o o . .
(Cologuard) Stool BMP3/NDRG4 + 92%/87% 1nterval?, endorsed as
KRAS + hemoglobin) alternative to FIT by
USPSTE/ACS.
FDA-approved (2016) for CRC
. L e screening (ages > 45) but has
Plasma mSEPTS (Epi Blood (plasma) Methylation-specific ~60-70% /~80-90% inferior sensitivity; usually
proColon) PCR . .
reserved for patients refusing
other screening.
Newly FDA-approved (2024)
PamacONA o NGShaedmigme
(Guardant Shield) cfDNA assay ’ ’ Y gtudennes,
performance promising but
evaluation ongoing.
Not used for screening;

. . ~50-70% (advanced guideline-recommended only
Carcinoembryonic . .
antigen (CEA) Serum Immunoassay CRC)/low in early for post-treatment surveillance

& stage (e.g., NCCN) (periodic

monitoring for recurrence).
Not used for CRC screening or

Carbohydrate Agl9-9 Serum Immunoassay <50% (CRC) diagnosis; has limited role in

(CA19-9) .
advanced disease.
Experimental—various panels

. en_0no reported high accuracy (e.g.,

Blood miRNA panel — p) 4 qRT-PCR/NGS 80-90% (CRC, stool miR panel with 88% CRC

(e.g., miR-21, miR-92a) research studies) Y .
sensitivity); none validated or
in guidelines.

Stool miRNA panel Investigational—shows

(e.g., miR-21-5p, Stool qRT-PCR ~88% (CRC)/96% (CRC  promise in small studies, but

miR-199a-5p)

+ advanced adenoma)

not approved or
recommended.

The “clinical use” column notes FDA approval or guideline recommendation status (e.g., USPSTE, ACS, NCCN),
where applicable.

2.1. Traditional Serum Tumor Markers

Carcinoembryonic antigen (CEA) and carbohydrate antigen 19-9 (CA19-9) are classic
blood-based tumor markers measured in serum using standard immunoassays (e.g., ELISA
or chemiluminescence). However, neither marker is recommended on their own as a
primary screening tool for average-risk populations. CEA is a glycoprotein normally ex-
pressed during fetal development, and it can be elevated in the blood of patients with CRC
as well as in several other malignancies or benign conditions [24]. Due to limited sensitivity
and specificity for early detection, as well as weak association with tumor differentiation,
diameter, and staging, the main clinical utility of CEA is post-treatment surveillance (see,
Section 4.4) [25,26]. An elevated preoperative CEA level also has prognostic significance,
correlating with a higher risk of disease recurrence and worse survival (discussed further
in Section 3) [27]. CA19-9, a sialylated Lewis antigen, is primarily associated with pancreati-
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cobiliary cancers but can also be elevated in advanced CRC [28]. However, CA19-9 is even
less sensitive and specific than CEA for early CRC and is not used for screening; at most, it
may have adjunct prognostic and predictive value in metastatic disease [29]. In summary,
CEA—and to a lesser extent, CA19-9—are important as surveillance biomarkers and as
part of multi-marker panels; however, they are insufficient for reliable CRC early detection.

2.2. DNA-Based Biomarkers in Stool and Blood

Requiring specific pre-analytical stool stabilization buffers, fecal occult blood test-
ing (FOBT) and fecal immunochemical test (FIT) are two examples of longstanding non-
molecular screening tools that detect blood in stool [30,31]. FIT is widely used and has
higher sensitivity for CRC than older guaiac-based tests, but it can yield false-positives from
non-tumor bleeding and has limited sensitivity for advanced adenomas [32]. To improve
upon this technique, multi-target stool DNA panels that combine hemoglobin detection
with tumor-derived DNA alterations (e.g., aberrantly methylated genes and mutated onco-
genes) have been developed [22]. A prime example is the FDA-approved multitarget stool
DNA (mt-sDNA) test (Cologuard), which assays methylated BMP3/NDRG4, mutant KRAS,
and hemoglobin. This test achieves a CRC sensitivity of ~92%—substantially higher than
FIT—but at the cost of more false positives (specificity ~86%) and a much higher cost per
test [33]. Indeed, while U.S. guidelines endorse stool DNA testing as a “second-tier” option,
it is not widely adopted outside the USA due to its lower specificity and cost (up to $600
per test, whereas a single FIT kit typically costs on the order of $20-$30) [34,35]. Notably,
an improved second-generation stool DNA assay was recently reported to detect CRC with
93.9% sensitivity (43.4% for advanced precancerous lesions), marking significant progress
in stool-based detection [33].

In parallel, blood-based DNA markers have emerged as attractive minimally invasive
diagnostic tools. The SEPT9 DNA methylation blood test was the first plasma biomarker
approved for CRC screening [36]. Methylated SEPT9 in cell-free DNA (cfDNA) can be
detected in a fraction of CRC patients’ plasma; however, its sensitivity in early stage disease
is modest (~60-70%), and its overall performance is inferior to that of FIT in head-to-head
comparisons, limiting its adoption in population screening [37-39]. Recently, advances in
circulating tumor DNA (ctDNA) technology have enabled the detection of tumor-derived
mutations or methylation in the blood with improved sensitivity. For example, a next-
generation cfDNA assay reported ~83% sensitivity for detecting known CRC (though only
~13% for precancerous adenomas) [40]. Such blood-based tests offer convenience and high
specificity, but the main challenge remains the sensitivity in asymptomatic early stage CRC,
when the concentration of tumor DNA in blood is very low. Ongoing efforts are exploring
panel-based ctDNA assays and multi-omics approaches—integrating DNA mutations,
methylation, and possibly protein markers—to enhance sensitivity for early lesions [41,42].
Indeed, liquid biopsy approaches are rapidly evolving and hold promise for real-time early
cancer detection, although they are not yet recommended for routine population screening
and are pending further validation [43-45]. For example, a recent study by Brenne et al.
in a pre-diagnostic screening population—the HUNT study—found that while specific
methylation markers were detectable, the overall sensitivity for identifying future CRC
cases was limited to 43% [44], highlighting the challenge of maintaining high diagnostic
performance outside of clinical case—control settings.

Overall, colonoscopy remains the cornerstone of CRC screening due to its superior
sensitivity and the preventive benefit of removing premalignant lesions, whereas stool-
based tests such as FIT are widely implemented as non-invasive, cost-effective tools in
average-risk population screening. Nonetheless, the trajectory is encouraging: ctDNA anal-
ysis, initially confined to metastatic disease genotyping, is now being tested for screening
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and early detection purposes, potentially as part of risk-adapted screening strategies or in
conjunction with existing modalities.

2.3. RNA-Based Biomarkers

The evolving landscape of CRC biomarkers has expanded to include a vast network of
regulatory non-coding RNAs that play fundamental roles in tumor biology. Both miRNAs
and IncRNAs have demonstrated significant promise as biomarkers for CRC that can be
detected in serum or plasma, offering improvements in early detection, prognostication,
and therapy personalization.

Circulating microRNAs (miRNAs) are abundantly released by tumors into the blood-
stream, often encapsulated in exosomes or other extracellular vesicles, and many show
differential expression between patients with CRC and healthy individuals [46]. Notably,
while individual miRNA biomarkers often lack sufficient sensitivity or specificity on their
own, composite miRNA signatures or the combination of miRNAs with other markers
can significantly improve diagnostic performance [47]. For instance, miR-21, miR-23, and
miR-92a are two oncogenic miRNAs that have been consistently reported to be elevated
in the plasma of patients with colorectal cancer (CRC), reflecting their active involvement
in tumor initiation and progression [48,49]. These molecules can be detected even in early
stage disease, highlighting their potential value as minimally invasive biomarkers for early
diagnosis [50,51]. Building upon this concept, a recent study employing advanced machine
learning algorithms identified a distinctive four-miRNA signature derived from tumor-
secreted exosomes—miR-23a-3p, miR-92a-3p, miR-125a-3p, and miR-150-5p—that achieved
high accuracy in distinguishing CRC patients from healthy individuals at all stages [52].
More generally, numerous exosomal miRNAs have been proposed as non-invasive di-
agnostic markers. For example, elevated exosomal levels of miR-17-5p, miR-18a/b, and
miR-181a-5p have been observed in CRC patients relative to healthy individuals [53]. Like-
wise, reduced circulating exosomal miR-150-5p and miR-99b-5p have been reported as
potential early indicators of CRC [54]. This combination of exosomal miRNAs not only
underscores the diagnostic potential of circulating RNA profiles but also illustrates how
integrating computational approaches with liquid biopsy analyses can refine the molecular
characterization of CRC and support the development of next-generation, non-invasive
screening strategies [55].

Long non-coding RNAs (IncRNAs) are >200 nucleotide transcripts with no coding
potential that have likewise emerged as critical players in CRC, with numerous studies
since 2020 demonstrating their value as molecular biomarkers [56]. LncRNAs are relatively
stable circulating molecules that play a role in regulating gene expression through various
mechanisms, including chromatin modulation, acting as competitive endogenous RNAs
that "sponge" miRNAs, influencing mRNA stability, and interacting with signaling proteins,
all of which can contribute to tumor initiation and progression [57,58]. Consequently,
IncRNAs are being actively investigated as diagnostic, prognostic, and predictive biomark-
ers in colorectal cancer. Many patients with CRC exhibit aberrant IncRNA expression
profiles in both tumor tissues and circulating biofluids. In general, oncogenic IncRNAs
tend to be upregulated in CRC and are associated with more aggressive disease features
and poorer clinical outcomes. For instance, the Colorectal Cancer-Associated Transcript
family (CCAT IncRNAs) is markedly overexpressed in colorectal tumors, and this overex-
pression correlates with increased tumor invasiveness and a higher incidence of lymph
node metastasis [59]. Another example is IncRNA RPPH1, whose high expression in CRC
tissues has been linked to advanced tumor stage and poorer patient survival [5], as well as
CASC21, which was shown to promote colorectal carcinogenesis by enhancing cancer cell
proliferation, migration, and epithelial-to-mesenchymal transition (EMT) [60]. Mechanis-
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tically, CASC21 functions as a competing endogenous RNA that recruits transcriptional
regulators and “sponges” a tumor-suppressor miRNA (miR-485-5p), thereby upregulating
pro-oncogenic targets that fuel CRC progression. Another IncRNA, XIST, has been found
to modulate both tumor growth and drug sensitivity in CRC: the XIST/miR-125b-2-3p axis
regulates cancer cell proliferation and also contributes to chemotherapeutic resistance by
controlling the WEEL1 signaling pathway [61]. In general, IncRNAs can promote metastasis
as seen with CASC21 and XIST, which both drive colorectal tumor invasion and dissem-
ination by repressing anti-metastatic miRNAs and inducing EMT [60,61]. Importantly,
IncRNAs are not only prognostic indicators but may also predict therapeutic responses, as
recent studies have identified several IncRNAs that influence CRC patients’ responses to
targeted therapies. High expression of certain IncRNAs, such as MIR100HG and UCA1,
has been linked to resistance mechanisms and poor response to EGFR inhibitors like cetux-
imab and panitumumab [62-64]. Moreover, integrative analyses have begun to connect
IncRNA signatures with the molecular subtypes of CRC and the tumor immune microen-
vironment [65], further underscoring the biomarker potential of IncRNAs in the era of
precision oncology.

2.4. Other Emerging Biomarkers and Combined Approaches

Exosome-based protein markers are another novel approach. Tumor-derived exosomes
carry proteomic cargo reflective of their cell of origin, including proteins involved in
invasion and metastasis [66]. Their appeal lies in exosomes’ stability and enrichment
in blood: the lipid bilayer vesicles protect their RN A /protein cargo from degradation,
enabling reliable detection of the biomarkers. One example is exosomal MMP-14 (matrix
metalloproteinase-14), which was recently identified as a potential early CRC biomarker
detectable in patient plasma. Preliminary data suggest that it may even flag advanced
adenomas, although larger validation studies are needed [67].

Another intriguing avenue is the gut microbiome, which can be analyzed using
16S rRNA gene sequencing or shotgun metagenomics of stool samples. It is now well-
recognized that certain bacterial species are associated with colorectal carcinogenesis.
For example, Fusobacterium nucleatum, a bacterium enriched in some CRC patients, can
promote colorectal tumor growth through Wnt/ 3-catenin signaling activation [68]. Another
example is Porphyromonas gingivalis, a gram-negative anaerobic bacterium considered one
of the major pathogens responsible for periodontitis [69]. The overabundance of these
microorganisms, among other microbial shifts in stool, has been proposed as a biomarker
to flag individuals at risk for CRC [5,68]. While microbial biomarkers are still in the
exploratory stage, they exemplify the broadening scope of research on non-traditional
diagnostic indicators.

Certain fecal protein assays have also been investigated: fecal M2-pyruvate kinase
(M2-PK), an enzyme upregulated in cancer metabolism, can be measured in stool and
has demonstrated moderate sensitivity for CRC in pilot studies [70]. However, like FIT,
these protein markers can be influenced by non-cancer conditions and have not supplanted
established screening tests.

The combination of different types of biomarkers can harness their complementary
strengths. A striking illustration is a recent report on tRNA-derived small RNA fragments
(tsRNAs), a novel class of non-coding RNAs: plasma levels of a 5'-tRF-Glycine (tRF-Gly-
GCC) were able to distinguish CRC cases with an area under the curve (AUC) of ~0.88,
and when this tsRNA was combined with classic serum tumor markers (CEA and CA19-9),
the diagnostic sensitivity reached 86% with 84% specificity [71]. Similarly, pairing multiple
tsRNAs (e.g., an upregulated Ala-derived tRF and a downregulated Tyr-derived tRF)
with CEA achieved superior accuracy for CRC detection compared to any single marker
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alone [72]. Given that no single biomarker is perfect, a clear trend is the move toward
multi-analyte tests and precision diagnostic models that include integrative biomarker
panels in combination with existing methods, such as colonoscopy and FIT.

3. Prognostic Biomarkers in Colorectal Cancer

Prognostic biomarkers provide information about the likely course or outcome of the
disease, such as risk of recurrence or overall survival, independent of specific therapies. In
CRC, prognosis is chiefly determined by clinicopathological factors, especially the tumor
stage at diagnosis; however, a growing array of molecular biomarkers has been identified
that refine risk stratification among patients with similar clinicopathological features. This
section discusses important prognostic biomarkers in CRC, spanning both tumor-intrinsic
molecular features and circulating biomarkers, and highlights how multi-omics integration
enhances prognostic assessments.

3.1. Tumor-Based Prognostic Factors

Tumor-infiltrating lymphocytes (TILs) represent an essential component of the antitu-
mor immune response, and their presence in the colorectal cancer microenvironment has
established itself as an immunological biomarker of great prognostic relevance. Numerous
studies have shown that a high density of TILs in colorectal tumor tissue is associated with
better survival and a lower risk of relapse, making lymphocyte infiltration an independent
favorable indicator [73,74]. The quantification of this immune infiltration has given rise
to the concept of Immunoscore, a validated scoring system that assesses the density of
T lymphocytes (total CD3+ and cytotoxic CD8+) both in the center of the tumor and in
its invasive margin [75,76]. Patients with a high Immunoscore (immunologically “hot”
tumors) have a significantly lower risk of recurrence than those with a low Immunoscore,
even outperforming conventional TNM staging in prognostic power [77]. An international
validation study confirmed that the Immunoscore can improve risk stratification in stage
I-IIT colon cancer, guiding the selection of adjuvant treatment in patients with stage II-III
colon cancer [78]. Overall, these instances demonstrate that analyzing the molecular and
immune characteristics of tumors can enhance prognostic accuracy beyond the capabilities
of standard histopathological methods.

DNA mismatch repair (MMR) deficiency, reflected by high-level microsatellite insta-
bility (MSI-H), also has important prognostic implications. Approximately 15% of early
stage (I-I1I) CRCs are MSI-H due to sporadic or hereditary (Lynch syndrome) MMR defects,
whereas only ~5% of metastatic CRCs are MSI-H [27]. MSI-H tumors tend to be biologically
distinct, with abundant lymphocytic infiltration and a suppressed WNT pathway [79], in
contradistinction to what has been established in MSS or “immune-cold” tumors [80,81].
Overall, MSI-H or dMMR status is associated with a better stage-adjusted prognosis, al-
though this remains controversial for stage I [27,82]. Patients with stage II MSI-H colon
cancers, for example, have excellent outcomes (5-year overall survival ~80-85%) and derive
little benefit from adjuvant chemotherapy in absence of any high-risk feature, which is
why guidelines consider stage Il MSI-H itself a low-risk feature where chemotherapy can
be omitted [83,84]. In stage III disease, large pooled analyses indicate that MSI-H tumors
might have slightly improved survival compared to MSS when treated with surgery and
adjuvant chemotherapy [85], although recent meta-analyses have yielded mixed conclu-
sions [86]. In the metastatic setting, prior to immunotherapy availability, MSI-H status did
not confer a survival advantage (and may even have been associated with shorter survival
in some series) [87]. Notably, MSI-H mCRC patients can now benefit from immunothera-
pies, and dual checkpoint inhibition has recently demonstrated a massive improvement in
progression-free survival compared to chemotherapy (single line), fundamentally trans-
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forming outcomes for this subgroup [88]. Overall, MSI/dMMR is considered a favorable
prognostic factor in localized CRC (particularly stage II), whereas in metastatic disease
MSI-H by itself does not improve prognosis in the absence of immunotherapy. Beyond
survival, MSI status is also used to identify patients who should undergo genetic evalu-
ation for Lynch syndrome, as universal MMR/MSI testing is recommended for all new
CRC cases.

Integrating TILs density with other immunological biomarkers, such as MSI status,
provides more accurate prognostic stratification in colorectal cancer. A recent meta-analysis
involving more than 14,000 patients showed that combining MSI status with TIL infiltration
allows for the definition of four tumor subtypes with different prognoses [89]. In this study,
MSI-H tumors with high TIL infiltrate showed the best prognosis, closely followed by
MSS with high TIL; conversely, poor lymphocyte infiltration (low-TIL) was associated with
significantly worse survival regardless of MSI status.

Among the best-established molecular prognostic markers in CRC are mutations
in KRAS/NRAS and BRAF. BRAFVOE mutations, present in ~8-10% of CRCs, are as-
sociated with a distinctive clinical phenotype (predilection for proximal colon location,
aggressive behavior, and frequent peritoneal or distant lymph node metastases) and confer
an unfavorable prognosis [90]. Multiple retrospective studies and meta-analyses have
identified BRAFV6%F as an independent predictor of poor survival. In metastatic CRC,
BRAFV®E_mutant patients have historically had markedly shorter overall survival (me-
dian OS roughly half that of BRAF-wildtype patients), reflecting the aggressive biology
and limited effectiveness of standard therapies in this subset [6,91]. By contrast, non-V600E
BRAF mutations (which occur in a smaller fraction of CRCs) do not seem to carry the same
adverse prognostic weight and may portend better outcomes than V600E mutations [92].
KRAS or NRAS mutations (found in ~50% of CRCs) have a more nuanced prognostic
impact that depends heavily on the specific amino acid substitution: Koulouridi et al.
revealed that KRASS?P mutations (the most common subtype, ~33%) were significantly
correlated with better overall survival (p = 0.04) compared to other G12 mutations [93]. In
contrast, KRASG12C mutations (~4.8%) were associated with a worse prognosis, presenting
shorter progression-free survival (PFS) and overall survival rates than other subtypes. This
suggests that distinct KRAS variants drive different biological behaviors, with G12D and
G12C leading to better and worse outcomes, respectively. Overall, although RAS mutations
do not serve as a prognostic indicator as robustly as BRAFY6%E, the occurrence of ctDNA
KRAS mutations following surgery has been associated with worse disease-free survival,
as detailed in Section 3.2.

Comprehensive transcriptomic and integrative analyses have defined some intrinsic
subtypes of CRC that correlate with prognosis. The Consensus Molecular Subtypes (CMS)
classification stratifies CRC into four molecular subtypes: CMS1 (MSI-Immune), CMS2
(Canonical), CMS3 (Metabolic), and CMS4 (Mesenchymal) [6,92]. These subtypes have
distinct biology and outcome patterns that respond to unique gene expression signatures.
CMS54 tumors, characterized by TGF-§3 activation and stromal infiltration, display the worst
outcomes; notably, one study reported a 5-year relapse-free survival of only ~60% for
CMS4 patients compared to ~75% for CMS1 and CMS2/3 patients [94]. CMS1 tumors
(largely MSI-H with strong immune activation) often have a better prognosis in early stages
(owing to immune-mediated tumor control) but paradoxically may respond less favorably
to conventional chemotherapy in advanced disease. CMS2 and CMS3 have intermediate
prognoses. Although CMS subtyping is not yet used in routine practice, it provides a
multi-omics framework integrating genomic, epigenomic, and transcriptomic data that
improves our understanding of CRC heterogeneity and could inform future prognostic
tools. In parallel, specific gene expression-based assays have been developed for prognostic
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purposes. For example, a 12-gene recurrence score (Oncotype DX Colon) was shown
to stratify recurrence risk in stage II colon cancer, identifying a subset of patients with
low scores who had <10% risk of recurrence at 3 years with surgery alone [95]. Another
clinically evaluated panel is ColoPrint (18-gene signature), which also classifies early stage
CRC into low vs. high recurrence risk groups, helping to identify high-risk stage II patients
who may benefit from adjuvant chemotherapy [96].

3.2. Circulating Prognostic Biomarkers

Balta et al. found that patients with CEA > 5 ng/mL before surgery had significantly
worse disease-free and overall survival than those with normal CEA levels. In particular,
high CEA levels were associated with a hazard ratio (HR) of ~2.3 for death or recurrence [97].
Therefore, elevated preoperative serum CEA levels are an adverse prognostic factor for CRC.
CA19-9 is not routinely measured for prognostic stratification in colon cancer; however, in
patients with metastatic or locally advanced CRC with elevated CA19-9 levels, very high
levels may portend worse outcomes and suggest pancreatic involvement or an alternate
pathology [98]. Interestingly, recent research has proposed other serum markers such as CA-
125 or CA-242 as potentially stronger prognostic indicators than CEA in CRC [99], though
these are not widely used. Overall, CEA remains the most utilized serum prognostic marker
due to its widespread availability and correlation with tumor burden, and guidelines
recommend incorporating CEA into baseline risk assessment and follow-up [100]. However,
CEA lacks specificity, and novel blood-based markers are being explored to complement it.

Circulating Tumor Cells (CTCs) represent cancer cells that detach from the primary
tumor. Their presence highlights the concept of the “tumoral niche,” where CTCs prepare
distant sites for colonization [101]. In general, the presence of CTCs in peripheral blood
has been associated with worse outcomes. For example, using the CellSearch® platform, an
FDA-cleared immunomagnetic method for CTC enumeration, detection of >1 CTC/7.5 mL
blood preoperatively has been shown in some studies to be an independent predictor of
shorter relapse-free survival [101,102]. In metastatic CRC, a cutoff of >3 CTCs/7.5 mL is
often used, and patients above this threshold have significantly poorer progression-free
and overall survival than those with fewer CTCs [101,102]. However, results across studies
have not been uniformly consistent, and some trials did not find postoperative CTC counts
to be prognostically significant [27]. Moreover, there is heterogeneity in CTC phenotypes
(epithelial vs. mesenchymal CTCs), and technical differences in assays [27,103]. Despite
these challenges, CTCs are a promising prognostic tool, particularly for advanced CRC. Yu
et al. identified a subset of CTCs expressing cell-surface vimentin (CSV-CTCs) and found
that patients with >3 CSV-CTCs had a significantly higher risk of disease progression (HR
~3.8) [103]. As technology improves, CTC characterization (beyond just counting) may
yield additional prognostic and predictive insights, such as identifying specific mutations
or markers of EMT and stemness in CTCs that could inform treatment.

One of the most transformative recent advancements in CRC prognostication is the
use of circulating tumor DNA (ctDNA) for MRD detection. After curative-intent surgery
(or adjuvant therapy), a fraction of patients harbor occult cancer cells that may eventually
cause relapse. ctDNA assays can detect minute amounts of tumor-derived DNA in plasma,
essentially serving as a “liquid biopsy” for residual disease, and thereby being a powerful
predictor of recurrence before any clinical signs appear [104,105]. In a large cohort study of
1039 patients, the presence of ctDNA 4-8 weeks post-surgery was associated with a >10-fold
higher risk of relapse compared to ctDNA-negative patients [106]. Prospective trials, such as
GALAXY, have shown that ctDNA-positive patients after curative surgery have markedly
worse 18-month disease-free survival (~38%) than ctDNA-negative patients (~91%), even
when imaging shows no evidence of disease [107]. Similarly, Tie et al. evaluated stage II
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colon cancer patients and found that those with ctDNA detectable in plasma after surgery—
and who did not receive chemotherapy—had a very high recurrence rate (~79% recurrence
at 2-3 years), whereas ctDNA-negative patients had a much lower recurrence rate [108].
Furthermore, the presence of ctDNA after adjuvant chemotherapy was associated with
a dramatically reduced recurrence-free survival (HR 11). These findings were supported
by a recent systematic review and meta-analysis of over 2400 patients, demonstrating
that postoperative ctDNA positivity is the strongest independent predictor of impaired
recurrence-free survival in stage III CRC [109].

However, to ensure clinical safety, the choice of assay is critical. Current strategies fall
into two main categories: tumor-informed assays (tracking patient-specific mutations identi-
fied from tissue) and tumor-agnostic (or tumor-naive) assays (using fixed panels of common
mutations/methylation). Tumor-informed approaches generally demonstrate higher sensi-
tivity for detecting MRD, particularly in low-shedding scenarios, with a reported Hazard
Ratio for recurrence prediction significantly higher than tumor-agnostic methods in com-
parative meta-analyses [110]. Regarding timing, blood collection is typically recommended
4-8 weeks post-surgery to minimize false positives from trauma-induced cell-free DNA, a
protocol validated in major prospective trials, such as GALAXY [106]. Major limitations
persist, specifically false negatives in “low-shedding” tumors (e.g., mucinous histology or
peritoneal metastases) and the challenge of “ctDNA-positive/imaging-negative” patients,
for whom the optimal intervention window remains under investigation [104].

3.3. Integrative and Multi-Omics Prognostic Approaches

As evidenced above, a wide array of factors, from gene mutations and expression
signatures to immune contexture and circulating biomarkers, can influence CRC progno-
sis. Increasingly, multi-omics integration is being explored to build composite prognostic
models that combine genomic data (like KRAS/BRAF mutations and MSI status), tran-
scriptomic subtypes (CMS or immune signatures), and even microbiome or metabolomic
profiles to refine risk groups [27,111], outperforming single-omic approaches. Machine
learning and Al methods have also been employed to analyze these complex datasets and
identify novel prognostic patterns or biomarker combinations [111,112]. In the PROMISE
study, a multi-cancer liquid biopsy classifier combining cfDNA methylation and protein
biomarkers achieved higher cancer detection sensitivity (75.1%) at the same specificity
(98.8%) compared to a methylation-only model [113]. Similarly, an integrated prognostic
signature in CRC built on transcriptomic and other omics features, the ICDRS, showed
time-dependent AUCs > 0.90 for 1-3 year survival [114]. One recent multi-omics study
identified an eight-metabolite panel derived from gut microbiome activity that, when
combined with clinical factors, achieved an AUC > 0.90 for distinguishing high-risk from
low-risk CRC patients [115]. Another approach uses radiogenomics, which integrates
imaging features with genomic markers to improve prognostication beyond either modal-
ity alone [116]. The consensus from emerging literature is that no single biomarker can
capture the full complexity of tumor behavior; therefore, holistic models incorporating
diverse data (genetic, epigenetic, immunologic, etc.) are likely to provide the most robust
prognostic stratification. Moving forward, large-scale collaborations and databases (e.g.,
The Cancer Genome Atlas and international consortia) will continue to be leveraged to
validate prognostic multi-omics signatures, with the ultimate goal of translating these into
clinically useful prognostic tests that can guide the intensity of surveillance and adjunctive
therapy for CRC patients.
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4. Predictive Biomarkers: Treatment Selection and Therapeutic
Response Monitoring

Predictive biomarkers are indicators that forecast a tumor’s likely response (or re-
sistance) to a particular therapy. In CRC, the paradigm of predictive biomarkers is well
established in the metastatic setting; for example, RAS mutations predict the lack of benefit
from anti-EGFR monoclonal antibodies, and MSI predicts the benefit from immunotherapy
(Figure 2). This section reviews key predictive biomarkers that guide treatment selection
in CRC, including markers for targeted therapies and immunotherapies with a stepwise
molecular algorithm for biomarker testing in metastatic CRC (Figure 3). We organized the
discussion by therapeutic context: (1) biomarkers guiding immune checkpoint inhibitor
therapy, (2) biomarkers guiding the use of EGFR-targeted and other related targets, (3) less
frequent targetable mutations (HER2, NTRK, etc.), and (4) emerging circulating biomarkers
for real-time monitoring of therapeutic response and resistance.
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Figure 2. Landscape of predictive biomarkers and therapeutic implications in metastatic colorec-
tal cancer (mCRC). This diagram depicts the approximate prevalence of key actionable alterations
with their associated signaling pathways and targeted treatment outcomes. Color-coded indica-
tors reflect clinical response based on current evidence: Green indicates sensitivity (e.g., ICI for
dMMR/MSI-H, dual blockade for HER2+, combination therapy for BRAF V600E); Red denotes
poor response/resistance (e.g., anti-EGFR in RAS/BRAF-mutants); and Yellow represents uncertain
response. Abbreviations: G12Ci: KRAS G12C inhibitors; ICI: Immune Checkpoint Inhibitors; TMB: Tumor
Mutational Burden.
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Figure 3. Practical algorithm for integrating predictive biomarkers into the first-line management of
metastatic colorectal cancer (mCRC). This flowchart illustrates the hierarchy of essential molecular
tests for personalized therapy selection. Microsatellite instability (MSI/dMMR) status is the first
critical determinant, identifying patients eligible for immunotherapy. For microsatellite-stable (MSS)
tumors, the minimum mandatory panel must include mutational status of RAS (at least KRAS and
NRAS exons 2, 3, and 4) and BRAFV®F fundamental to defining eligibility for anti-EGFR therapies
or BRAF-targeted combinations, respectively. In patients without RAS/BRAF mutations, an extended
panel with HER? assessment could identify an additional subgroup that may benefit from HER2-
targeted therapies instead of EGFR inhibitors. Rare markers like NTRK fusions and potentially MET
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amplification or KRA specific mutations offer tissue-agnostic therapeutic options.

4.1. Microsatellite Instability and Immune Checkpoint Inhibitor (ICI) Therapy

The most important predictive biomarker for immunotherapy in metastatic CRC is
the MSI/dMMR status. As discussed in Section 3, MSI-high tumors have an elevated
mutation load and neoantigen burden, which makes them susceptible to immune check-
point blockade. The phase I KEYNOTE-164 trial led to the approval of pembrolizumab
(anti-PD-1) for MSI-H/dMMR mCRC [117]. In phase III KEYNOTE-177 trial, first-line pem-
brolizumab doubled the median progression-free survival (16.5 vs. 8.2 months) compared
to standard chemotherapy in MSI-H mCRC (HR 0.60, p < 0.001) [118]. Based on such data,
pembrolizumab or nivolumab (Fipilimumab) is now recommended as first-line therapy
for metastatic dAMMR CRC [119]. In addition, recent studies have demonstrated that ICI
could also play a role in unresectable non-metastatic but locally advanced dMMR/MSI-H
CRC [120]. Conversely, microsatellite-stable (MSS) CRCs (~95% of metastatic cases) show
minimal response to single-agent PD-1/L1 inhibitors; therefore, MSS status predicts a
lack of benefit from immunotherapy (unless combined with other strategies) [121]. This
stark dichotomy underlines the need for MMR or MSI testing in all patients with newly
diagnosed metastatic CRC.

In the neoadjuvant setting, there have been striking case series (and a recent small
trial) showing that checkpoint inhibitors can even induce complete responses in localized
MSI-H rectal cancer, potentially obviating the need for chemoradiation or surgery in some
patients [122,123]. Although these approaches are still investigational, they reinforce MSI
as a key predictive marker for immunotherapy across stages. Notably, >50% of MSI-H CRC
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patients do not respond to PD-1 blockade (primary resistance) or may acquire resistance
after an initial response [27]. Research is ongoing to identify additional predictive markers
among MSI-H tumors to distinguish responders from non-responders (for example, evalu-
ating tumor mutational burden as a continuous variable, immune gene expression profiles,
or specific mutations such as JAK1/2 or B2M associated with immune resistance) [124].
So far, tumor mutational burden (TMB) is correlated with MSI but has not added clear
predictive value beyond MSI status in CRC [125]. Additionally, PD-L1 expression has been
correlated with overall better prognostic outcomes and may become a reliable predictor
in CRC since most MSI-H CRCs are PD-L1 positive, with variable predictive reliability
depending on the antibody clone and scoring method used [126,127].

Ongoing trials are exploring whether certain immunoscore or tumor microenvi-
ronment features in MSS CRC could predict benefit from emerging immunotherapy
combinations—e.g., adding VEGF inhibitors or novel immunomodulators to overcome
resistance—[128,129], but such biomarkers remain exploratory.

4.2. RAS/RAF/EGFR Pathway Alterations

The discovery that mutations in the RAS pathway confer resistance to EGFR-targeted
monoclonal antibodies was a watershed for personalized CRC therapy. Cetuximab and
panitumumab, which target the EGFR extracellular domain, were initially approved
for metastatic CRC without patient selection; however, only a subset of patients re-
sponded [130]. It is now firmly established that tumors harboring activating mutations in
KRAS or NRAS exon 2, 3, or 4 do not respond to anti-EGFR therapy, because the down-
stream signaling is constitutively active [131]. Therefore, current guidelines mandate
RAS genotyping (of at least KRAS and NRAS) for all patients being considered for EGFR
inhibitor therapy [100,132].

Approximately 50% of mCRC patients have RAS mutations and are ineligible for
EGFR antibodies [133,134]. Among RAS wild-type patients who receive cetuximab or
panitumumab, about 50-60% respond or have disease control [135]. Notably, even in
RAS wild-type cases, acquired resistance to EGFR blockade frequently develops through
emergent RAS mutations: small subclones with RAS mutations are often undetectable
at baseline but can be selected under therapy pressure [136]. These emergent mutations
can now be detected by ctDNA analysis a few months into therapy. For instance, one
study showed that new RAS mutations appeared in blood on average 3 months before
radiologic progression, and patients in whom such mutations emerged had significantly
shorter progression-free and overall survival on anti-EGFR therapy [136]. This has two
implications: (1) liquid biopsy can monitor and predict resistance, and (2) RAS-mutant
clones often fade after stopping EGFR therapy, prompting trials to reintroduce EGFR
inhibitors once a patient’s blood tests negative for RAS mutations again [137,138]. Indeed,
the CRHONOS trial demonstrated in 2023 that in patients who initially responded and then
progressed on anti-EGFR therapy, those who had no RAS/BRAF mutations in ctDNA after a
“drug holiday” could benefit from anti-EGFR rechallenge (objective responses ~30%) [138].
Thus, RAS mutations are both a negative predictive biomarker (for initial therapy selection)
and a tool for dynamic response monitoring.

An additional clinically relevant subset is represented by tumors harboring KRASS12C
mutations. Allele-specific KRASG!?C inhibitors have recently shown activity in KRASG12¢-
mutated CRC, particularly when combined with EGFR blockade, although response rates
are lower than those observed in non-small cell lung cancer, and acquired resistance
frequently emerges through on-target and bypass mechanisms [139,140]. Importantly, there
are currently no clinically available pan-KRAS inhibitors capable of targeting all KRAS-
mutant alleles, and the development of such agents remains an active area of research.
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BRAFV®0E besides being a negative prognostic marker as discussed, is also predictive
of poor response to EGFR inhibitors when used alone. BRAFV®E-mutant mCRCs rarely
respond to cetuximab or panitumumab monotherapy, likely because the activated BRAF
kinase drives signaling independent of EGFR, and feedback loops upregulate EGFR when
BRAF is inhibited [141]. For many years, patients with BRAF-mutant mCRC had limited
treatment options; however, recent advances have introduced BRAF-targeted therapeutic
strategies. The BEACON CRC trial showed that combining a BRAF inhibitor (encorafenib)
with an EGFR inhibitor (cetuximab), with or without a MEK inhibitor, significantly improved
survival in BRAFV6E metastatic CRC compared to standard chemotherapy [142]. Encorafenib
+ cetuximab is now an approved regimen for these patients, roughly doubling median overall
survival (to ~9.3 months) relative to historical controls [143]. Therefore, BRAFVOYF is a
predictive biomarker indicating that a patient should receive targeted therapy (BRAF/EGFR
inhibition) rather than EGFR inhibitors alone or conventional treatment. It is worth noting
that, unlike melanoma, single-agent BRAF inhibitors are ineffective in CRC (due to EGFR-
mediated feedback activation); therefore, a combination approach is critical. Non-V600E BRAF
mutations do not confer resistance to EGFR therapies and are currently treated as RAS/BRAF
wild types [132]. Ongoing research, such as the BREAKWATER trial, is investigating the use
of encorafenib + cetuximab in first-line therapy for BRAF-mutant CRC, which may further
improve outcomes [144]. In summary, BRAFV®0E testing is essential at the time of diagnosis
of mCRC for both prognostication and to guide the use of the EGFR/BRAF-targeted regimen,
which has become the standard of care for this subset.

Amid the ongoing search for biomarkers that account for resistance mechanisms
surpassing those attributable to RAS and BRAF, a spectrum of emerging molecular and
microenvironmental biomarkers has been increasingly implicated in driving therapeutic
failure [145] (Table 2, Figure 4). MET amplification is a known mechanism of acquired resis-
tance to anti-EGFR therapy, occurring in a range of 2-18% of patients without RAS/RAF mu-
tations nor microsatellite instability, depending on the detection methodology [146]. Mech-
anistically, MET activation bypasses EGFR blockade by sustaining downstream PI3K/AKT
and MAPK signaling [147]. Importantly, recent data suggest that MET amplification can
also be a primary (de novo) resistance factor in a small subset of RAS wild-type tumors [131].
Strategies combining EGFR inhibitors with MET inhibitors (e.g., crizotinib, capmatinib)
have shown promise in patient-derived xenografts and early-phase clinical trials (e.g.,
involving molecularly selected cohorts) [148], suggesting that MET status should be part of
the comprehensive genomic profiling for refractory mCRC.

Table 2. Emerging biomarkers of resistance to anti-EGFR therapy in CRC.

Biomarker/Alteration Mechanism of Resistance Detection Technique Clinical Relevance/Status
Found in up to 18% of acquired
Bypasses EGFR blockade via resistance cases without RAS/RAF
MET amplification activation of parallel FISH/NGS (tissue or ctDNA)  mutations nor microsatellite instability.

EGFR ectodomain mutations
(e.g., S492R)

HER?2 amplification

NTRK fusions

Fusobacterium nucleatum

PIBK/AKT/MAPK signaling.

Prevents binding of specific
monoclonal antibodies (e.g.,
cetuximab) to the receptor.

Heterodimerization with EGFR or
independent signaling activation.

Constitutive activation of TRK
kinases driving tumor growth
independent of EGFR.

Modulates autophagy and immune
microenvironment to support
chemo/immunotherapy resistance.

Liquid biopsy (ctDNA)/NGS

IHC/ISH/NGS
IHC (pan-TRK)/NGS
(RNA-seq)

qPCR (stool/tissue)/16S
rRNA sequencing

Potential target for MET inhibitors (e.g.,
capmatinib) + anti-EGFR.

Mutations may prohibit cetuximab
binding but allow panitumumab efficacy.
Highlights the utility of liquid biopsy.
Predictive of anti-EGFR resistance.
Actionable target with dual HER2
blockade (e.g., trastuzumab +

lapatinib /tucatinib).

Rare (<1%) but highly actionable with
TRK inhibitors (larotrectinib,
entrectinib).

High load correlates with recurrence
and worse prognosis. Potential target
for microbiome-modulating therapies.
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Figure 4. Key signaling pathways and predictive biomarkers in metastatic CRC therapy. This
schematic highlights the canonical EGFR-RAS-RAF-MEK-ERK pathway. Specific mutations in KRAS,
NRAS, and BRAFV0E are classical examples that confer resistance to anti-EGFR therapy while also

Cell Proliferation, \

urvival & Metastasis

indicating targets for adjuvant therapies, as depicted in Figures 2 and 3. Acquired mutations in the
EGFR extracellular domain, such as the S492R mutation, demonstrate new resistance mechanisms
that are rarely found and are therefore not routinely tested. However, they should be considered
when previous alterations are absent. HER2 and MET amplifications act as bypass mechanisms
driving resistance to anti-EGFR antibodies. In addition, PIK3CA mutations and PTEN loss provide
downstream activation independent of receptor blockade.

Acquired mutations in the EGFR extracellular domain, such as the S492R mutation,
can emerge during cetuximab therapy and prevent antibody binding, thereby causing resis-
tance [149]. These are relatively rare and most relevant for cetuximab (not panitumumab).
While not part of routine testing, the detection of an EGFR S492R mutation in ctDNA
of a progressing patient would suggest that panitumumab could still be effective (since
that mutation only interferes with cetuximab binding) [150,151]. This is a nuanced predic-
tive scenario and an example of how specific resistance mutations can guide subsequent
therapeutic choices in an iterative precision medicine approach.

Beyond purely genomic biomarkers, functional models are increasingly being explored
to predict response and resistance to anti-EGFR therapies. For instance, patient-derived
colorectal cancer organoids (PDOs) retain much of the genetic and phenotypic hetero-
geneity of the original tumors and can be exposed ex vivo to EGFR-targeted antibodies
and antibody—drug conjugates (ADCs) to study both primary and acquired resistance
mechanisms [152].
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4.3. HER2 and Other Emerging Predictive Biomarkers

HER?2 (ERBB2) overexpression or amplification, well known in breast and gastric can-
cers, occurs in an important subset of CRC as well (~3-5% of mCRC overall), particularly in
RAS/BRAF wild-type left-sided tumors [153]. HER?2 status is a predictive biomarker in two
ways: (1) it confers resistance to anti-EGFR therapy, and (2) it identifies patients who may
benefit from HER2-targeted treatments [154,155]. Retrospective analyses have found that
RAS /BRAF wild-type mCRC patients whose tumors have HER2 amplification do not re-
spond well to cetuximab/panitumumab, presumably because HER2 activation provides an
alternate growth signal [155]. Accordingly, clinical guidelines now recommend HER? test-
ing in RAS/BRAF wild-type metastatic CRC to determine whether these patients should be
steered away from EGFR inhibitors and receive HER2-targeted therapies instead [100,132].
Multiple phase II trials (HERACLES, MyPathway, Mountaineer) have shown the efficacy of
dual HER2 blockade (e.g., trastuzumab + lapatinib, trastuzumab + pertuzumab) or newer
HER2-directed agents (like trastuzumab-deruxtecan) in this subset, with response rates
~30-50% in heavily pretreated patients [156-159]. As a result, HER2-positive mCRC is
now an actionable subtype, and trastuzumab with tucatinib (a HER2 kinase inhibitor) was
recently FDA-approved for chemorefractory RAS/BRAF WT, HER2-amplified CRC [158].

Although extremely rare in CRC (<1% of cases), NTRK1/2/3 gene fusions are actionable
biomarkers that tend to occur in MSI-H cancers, specifically in the RAS/BRAF wild-type
subset, or in those with certain histologies (e.g., secretory carcinoma) [160]. Tumors harbor-
ing these fusions are exquisitely sensitive to TRK inhibitor drugs (larotrectinib, entrectinib),
with clinical trials demonstrating response rates > 70% across all TRK fusion-positive solid
tumors, including CRC [111]. Accordingly, TRK inhibitors have received tissue-agnostic
approval for any TRK fusion-positive cancer [161]. In CRC, routine NTRK screening is not
cost-effective due to its rarity, but comprehensive genomic profiling may incidentally detect
it, representing a strong indication for TRK inhibitor therapy in these cases.

A variety of other molecular alterations are being studied as potential predictive
biomarkers. For example, PIK3CA mutations (in ~10-20% of CRCs) might predict a lack
of benefit from EGFR inhibitors in RAS wild-type patients; however, current international
guidelines consider the data inconsistent (likely differing by exon 9 vs. exon 20 mutations)
and do not currently recommend them for routine exclusion of therapy outside clinical
trials [132,162]. Tumors with PTEN loss or high IGF2 expression have also been linked
to EGFR inhibitor resistance [136]. A high tumor TGF-f signature or stromal gene ex-
pression (characteristic of the CMS4 subtype) may predict a lack of benefit from adjuvant
chemotherapy in colon cancer [163], although this is still investigational. On the flip side,
BRAF non-V600E mutations (e.g., D594G, G466R) appear to predict better outcomes and
may be sensitive to anti-EGFR therapy, as these tumors behave more like RAS wild-type
ones [164]. Tumor sidedness (right vs. left colon origin) is also recognized as a clinical
predictive factor: patients with right-sided metastatic tumors generally derive minimal
benefit from anti-EGFR antibodies, even if RAS wild-type, whereas left-sided tumors have
a clear benefit [136]. Additionally, emerging data suggest that the gut microbiome might
influence therapy response; specifically, presence of Fusobacterium in tumors has been
associated with chemotherapy resistance in preclinical models [165] (Table 2), and efforts
modulating the microbiome are underway to improve treatment efficacy.

4.4. Biomarkers for Therapeutic Response Monitoring

In addition to guiding initial treatment choice, biomarkers are increasingly used
to monitor ongoing therapy and detect resistance or relapse at the earliest time point.
Traditionally, imaging (CT scans) and clinical exam are used on therapy, but molecular
biomarkers can sometimes signal treatment response or failure sooner.
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Given the evidence that CEA monitoring can aid in detecting asymptomatic recurrences
that may be amenable to curative intervention, serum levels are often monitored in patients
with metastatic CRC receiving systemic therapy [132]. A decline in CEA levels over the
first 1-2 months of chemotherapy often correlates with tumor response on scans, whereas a
rise in CEA levels can foreshadow progression [166]. However, because CEA kinetics vary
and some tumors do not produce CEA, this approach has only moderate sensitivity [167].
Still, CEA remains a simple and inexpensive adjunct to assess therapy effectiveness, and
recommendation of checking CEA every 3—-6 months for the first 2-3 years after surgery and
then every 6 months up to 5 years is commonly included in most clinical guidelines [27].
Following this advice, marked CEA elevation should prompt re-evaluation in these cases,
though confirmatory imaging is required due to a significant proportion of false positives.

ctDNA is not only a prognostic biomarker but is also now being used to guide therapy in
clinical trials. The DYNAMIC trial demonstrated that a ctDNA-guided approach to adjuvant
chemotherapy in stage II colon cancer could reduce overtreatment: patients who were ctDNA-
negative were safely observed without chemotherapy (with low recurrence rates), whereas
ctDNA-positive patients were treated (improving their outcomes) [168]. As noted, rising RAS-
mutant allele fraction in blood can precede radiologic progression under EGFR therapy by a
few months [136,169]. This raises the possibility of preemptive therapy switches: if a blood test
shows a resistant clone emerging, treatment could be adjusted before clinical progression. To
delve deeper into this aspect, ongoing trials, such as CIRCULATE and CHRONOS, are testing
ctDNA-guided treatment adaptations [170,171]. A more cutting-edge approach is to measure
ctDNA during treatment. Serial monitoring of ctDNA during follow-up can also provide
an early warning of relapse (often months before imaging tests), helping to select patients
who may be candidates for early intervention (e.g., salvage therapy) [11]. Conversely, rapid
clearance of mutant ctDNA from plasma after starting therapy has been associated with better
outcomes. In one study of mCRC patients on first-line chemotherapy, those who achieved
undetectable ctDNA after two cycles had significantly longer progression-free survival than
those with persistently detectable ctDNA [172].

Beyond ctDNA, circulating analytes like tumor-specific RNA are under investigation
for post-treatment monitoring, and exosomal RNA as well as circulating tumor RNA
(ctRNA) changes during therapy have also been correlated with therapeutic response in
small studies [173,174].

Finally, tracking shifts in circulating tumor cell count or phenotype might signal changes
in tumor biology, enabling treatment response surveillance and prompt emerging resistance
detection [175]. For instance, a drop in CTC count after initiation of systemic therapy is gener-
ally a favorable sign, whereas rising CTCs can presage radiologic progression. In addition, an
increase in mesenchymal-type CTCs can indicate an evolving EMT-driven resistance [176].

In summary, the integration of biomarkers into response monitoring holds great
promise for personalizing therapy duration and sequence. For instance, a patient who
achieves ctDNA clearance after a few cycles of chemotherapy might safely de-escalate
treatment intensity, whereas one with rising ctDNA levels might need a change in regimen
or early introduction of a new agent. Ultimately, these approaches aim to maximize efficacy
while minimizing unnecessary toxicity, truly embodying precision medicine in real time.

5. Conclusions and Future Perspectives

The landscape of CRC biomarkers has expanded dramatically, spanning diagnostic,
prognostic, and predictive applications, which are beginning to transform clinical practice.
Established biomarkers such as KRAS/NRAS and BRAF mutations, MSI/dMMR status,
and CEA are now cornerstones of personalized CRC management, guiding therapy choices
and surveillance, while a wide range of emerging biomarkers—from DNA methylation
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panels and circulating miRNAs to Immunoscore and microbiome signatures—are moving
toward translation. Nevertheless, clinical implementation is challenging: many promising
biomarkers still require validation in large prospective trials to prove that their use improves
outcomes, and issues of assay standardization (for example, across ctDNA platforms or
IHC scoring systems), access, and cost-effectiveness must be addressed. In addition, the
heterogeneous nature of CRC means that single biomarkers usually capture only a fraction
of the underlying biology of the disease.

The integration of multi-omics data and advanced analytics is likely to underpin
the next generation of biomarker development. Combining genomic, transcriptomic,
epigenomic, proteomic, radiomic, and spatial-omics information can yield composite
signatures that are more robust than any individual marker. Computational models that
integrate mutation profiles, gene-expression subtypes, immune-cell infiltration metrics, and
circulating biomarkers may provide comprehensive “molecular portraits” of individual
tumors and more accurate predictions of risk and treatment response.

The use of biomarkers such as ctDNA to track tumor evolution and dynamically adjust
treatment (“adaptive precision oncology”) is being explored in clinical studies and could
shift practice from fixed lines of therapy toward more flexible strategies driven by early
molecular signals of resistance or persistence. In parallel, non-invasive screening is expected
to improve with next-generation stool and blood tests, including multi-target stool DNA
assays and liquid-biopsy-based tests that incorporate microbial and metabolomic markers.
Finally, deeper characterization of the tumor microenvironment and CRC immunobiology
may yield new biomarkers that guide immunotherapies, particularly as these agents move
into earlier lines of treatment and combination regimens.

Opverall, the current landscape of CRC biomarkers is rich and rapidly evolving. Trans-
lating these advances into routine care will require coordinated efforts in terms of validation,
standardization, and clinician and patient education. Yet the trajectory is clear: biomarker-
driven approaches are poised to refine CRC screening, prognostication, and treatment. By
tailoring interventions to the molecular features of each tumor and adapting those inter-
ventions as the tumor evolves over time, we move closer to truly personalized colorectal
cancer care, with improved survival and quality of life as the ultimate goals.
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CEA Carcinoembryonic antigen
cfDNA Cell-free DNA

CMS Consensus molecular subtype
CRC Colorectal cancer

CTC Circulating tumor cell

Csv Cell-surface vimentin

ctDNA Circulating tumor DNA
ctRNA Circulating tumor RNA
dMMR Deficient mismatch repair

EGFR Epidermal growth factor receptor

ELISA Enzyme-linked immunosorbent assay
EMT Epithelial-to-mesenchymal transition

EV Extracellular vesicle

FIT Fecal immunochemical test

FOBT Fecal occult blood test

HER2 Human epidermal growth factor receptor 2
HR Hazard ratio

ICI Immune checkpoint inhibitor

IHC Immunohistochemistry

IncRNA Long non-coding RNA
M2-PK M2-pyruvate kinase

mCRC Metastatic colorectal cancer
MMR Mismatch repair

miRNA MicroRNA

MRD Minimal residual disease
MSI Microsatellite instability
MSI-H Microsatellite instability-high
MSS Microsatellite stable

mt-sDNA  Multitarget stool DNA test
NCCN National Comprehensive Cancer Network

NGS Next-generation sequencing

NTRK Neurotrophic tropomyosin receptor kinase

oS Overall survival

PCR Polymerase chain reaction

PFS Progression-free survival

PDO Patient-derived organoid

PD-1 Programmed death-1

PD-L1 Programmed death-ligand 1

qPCR Quantitative polymerase chain reaction

TGF-3 Transforming growth factor beta

TILs Tumor-infiltrating lymphocytes

TMB Tumor mutational burden

TNM Tumor-node-metastasis staging system

TRK Tropomyosin receptor kinase

tsRNA tRNA-derived small RNA

tRF tRNA-derived fragment

VEGF Vascular endothelial growth factor
References
1. Zhou,],; Yang, Q.; Zhao, S.; Sun, L,; Li, R.; Wang, J.; Wang, L.; Wang, D. Evolving Landscape of Colorectal Cancer: Global and

Regional Burden, Risk Factor Dynamics, and Future Scenarios (the Global Burden of Disease 1990-2050). Ageing Res. Rev. 2025,
104, 102666. [CrossRef]

Morgan, E.; Arnold, M.; Gini, A.; Lorenzoni, V.; Cabasag, C.J.; Laversanne, M.; Vignat, |.; Ferlay, ].; Murphy, N.; Bray, F. Global Burden
of Colorectal Cancer in 2020 and 2040: Incidence and Mortality Estimates from GLOBOCAN. Gut 2023, 72, 338-344. [CrossRef]

https://doi.org/10.3390/jpm16010048


https://doi.org/10.1016/j.arr.2025.102666
https://doi.org/10.1136/gutjnl-2022-327736
https://doi.org/10.3390/jpm16010048

J. Pers. Med. 2026, 16, 48 21 of 28

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Brenner, H.; Heisser, T.; Cardoso, R.; Hoffmeister, M. Reduction in Colorectal Cancer Incidence by Screening Endoscopy. Nat. Rev.
Gastroenterol. Hepatol. 2024, 21, 125-133. [CrossRef]

Matsuda, T.; Fujimoto, A.; Igarashi, Y. Colorectal Cancer: Epidemiology, Risk Factors, and Public Health Strategies. Digestion
2025, 106, 91-99. [CrossRef] [PubMed]

Zhang, J.; Zhu, H.; Liu, W.; Miao, ].; Mao, Y,; Li, Q. Prognostic and Predictive Molecular Biomarkers in Colorectal Cancer. Front.
Oncol. 2025, 15, 1532924. [CrossRef]

Ashouri, K.; Wong, A.; Mittal, P; Torres-Gonzalez, L.; Lo, ].H.; Soni, S.; Algaze, S.; Khoukaz, T.; Zhang, W.; Yang, Y.; et al. Exploring
Predictive and Prognostic Biomarkers in Colorectal Cancer: A Comprehensive Review. Cancers 2024, 16, 2796. [CrossRef]

Tang, X.; Xu, X.; Chen, R.; Zhang, M.; Mei, Z.; Zhang, S. Immune Checkpoint Inhibitors for Patients with Microsatellite
Instability-High Colorectal Cancer: Protocol of a Pooled Analysis of Clinical Trials. Front. Oncol. 2024, 13, 1331937. [CrossRef]
[PubMed]

Ponomaryova, A.A.; Rykova, E.Y.; Solovyova, A.l; Tarasova, A.S.; Kostromitsky, D.N.; Dobrodeev, A.Y.; Afanasiev, S.A,;
Cherdyntseva, N.V. Genomic and Transcriptomic Research in the Discovery and Application of Colorectal Cancer Circulating
Markers. Int. J. Mol. Sci. 2023, 24, 12407. [CrossRef]

Klein-Scory, S.; Baraniskin, A.; Schmiegel, W.; Mika, T.; Schroers, R.; Held, S.; Heinrich, K.; Tougeron, D.; Modest, D.P.; Schwaner,
L; et al. Evaluation of Circulating Tumor DNA as a Prognostic and Predictive Biomarker in BRAF V600E Mutated Colorectal
Cancer—Results from the FIRE-4.5 Study. Mol. Oncol. 2025, 19, 344-356. [CrossRef]

Fang, Q.; Yuan, Z.; Hu, H.; Zhang, W.; Wang, G.; Wang, X. Genome-Wide Discovery of Circulating Cell-Free DNA Methylation
Biomarkers for Colorectal Cancer Detection. Clin. Epigenet. 2023, 15, 119. [CrossRef] [PubMed]

Ma, D.; Gao, X.; Wang, L.; Yin, H.; Feng, L.; Zhu, Y. Circulating Tumor DNA for MRD Detection in Colorectal Cancer: Recent
Advances and Clinical Implications. Biomark. Res. 2025, 13, 89. [CrossRef]

Tsiakanikas, P.; Adamopoulos, P.G.; Tsirba, D.; Artemaki, P.I.; Papadopoulos, I.N.; Kontos, C.K.; Scorilas, A. High Expression of a
tRNAPro Derivative Associates with Poor Survival and Independently Predicts Colorectal Cancer Recurrence. Biomedicines 2022,
10, 1120. [CrossRef]

Zhang, B.; Pan, Y.; Li, Z.; Hu, K. tRNA-Derived Small RNAs: Their Role in the Mechanisms, Biomarkers, and Therapeutic
Strategies of Colorectal Cancer. J. Transl. Med. 2025, 23, 51. [CrossRef]

Wu, Y; Xu, X. Long Non-Coding RNA Signature in Colorectal Cancer: Research Progression and Clinical Application. Cancer Cell
Int. 2023, 23, 28. [CrossRef]

Pajak, W.; Kleinrok, J.; Pec, J.; Michno, K.; Wojtas, ].; Badach, M.; Teresiriska, B.; Baj, . Micro RNA in Colorectal Cancer—Potential
Diagnostic and Prognostic Markers—An Updated Review. Int. . Mol. Sci. 2025, 26, 8615. [CrossRef]

Tesolato, S.E.; Gonzdlez-Gamo, D.; Barabash, A.; Claver, P; de la Serna, S.C.; Dominguez-Serrano, I.; Dziakova, J.; de Juan,
C.; Torres, A.].; Iniesta, P. Expression Analysis of Hsa-miR-181a-5p, Hsa-miR-143-3p, Hsa-miR-132-3p and Hsa-miR-23a-3p as
Biomarkers in Colorectal Cancer—Relationship to the Body Mass Index. Cancers 2023, 15, 3324. [CrossRef]

Higareda-Almaraz, ].C.; Mancuso, EM.; Canal-Noguer, P.; Kruusmaa, K.; Bertossi, A. Multiomics Signature Reveals Network
Regulatory Mechanisms in a CRC Continuum. Int. J. Mol. Sci. 2025, 26, 7077. [CrossRef] [PubMed]

Argilés, G.; Tabernero, J.; Labianca, R.; Hochhauser, D.; Salazar, R.; Iveson, T.; Laurent-Puig, P.; Quirke, P.; Yoshino, T.; Taieb, J.;
et al. Localised Colon Cancer: ESMO Clinical Practice Guidelines for Diagnosis, Treatment and Follow-Up. Ann. Oncol. 2020, 31,
1291-1305. [CrossRef]

Siegel, R.L.; Wagle, N.S.; Cercek, A.; Smith, R.A.; Jemal, A. Colorectal Cancer Statistics, 2023. CA Cancer |. Clin. 2023, 73, 233-254.
[CrossRef] [PubMed]

Dantas, A.A.G.; De Oliveira, N.PD.; Costa, G.A.B.; Martins, L.EL.; Dos Santos, ].E.M.; Migowski, A.; De Camargo Cancela, M.; De
Souza, D.L.B. Multilevel Analysis of Social Determinants of Advanced Stage Colorectal Cancer Diagnosis. Sci. Rep. 2024, 14, 9667 .
[CrossRef]

Tao, X.-Y,; Li, Q.-Q.; Zeng, Y. Clinical Application of Liquid Biopsy in Colorectal Cancer: Detection, Prediction, and Treatment
Monitoring. Mol. Cancer 2024, 23, 145. [CrossRef]

Mannucci, A.; Goel, A. Stool and Blood Biomarkers for Colorectal Cancer Management: An Update on Screening and Disease
Monitoring. Mol. Cancer 2024, 23, 259. [CrossRef] [PubMed]

Shweikeh, F; Zeng, Y.; Jabir, A.R.; Whittenberger, E.; Kadatane, S.P; Huang, Y.; Mouchli, M.; Castillo, D.R. The Emerging Role of
Blood-Based Biomarkers in Early Detection of Colorectal Cancer: A Systematic Review. Cancer Treat. Res. Commun. 2024, 42, 100872.
[CrossRef] [PubMed]

Niedzielska, J.; Jastrzebski, T. Carcinoembryonic Antigen (CEA): Origin, Role in Oncology, and Concentrations in Serum and
Peritoneal Fluid. J. Clin. Med. 2025, 14, 3189. [CrossRef]

Sawicki, T.; Ruszkowska, M.; Danielewicz, A.; Niedzwiedzka, E.; Artukowicz, T.; Przybylowicz, K.E. A Review of Colorectal
Cancer in Terms of Epidemiology, Risk Factors, Development, Symptoms and Diagnosis. Cancers 2021, 13, 2025. [CrossRef]
[PubMed]

https://doi.org/10.3390/jpm16010048


https://doi.org/10.1038/s41575-023-00847-3
https://doi.org/10.1159/000543921
https://www.ncbi.nlm.nih.gov/pubmed/39938491
https://doi.org/10.3389/fonc.2025.1532924
https://doi.org/10.3390/cancers16162796
https://doi.org/10.3389/fonc.2023.1331937
https://www.ncbi.nlm.nih.gov/pubmed/38234398
https://doi.org/10.3390/ijms241512407
https://doi.org/10.1002/1878-0261.13778
https://doi.org/10.1186/s13148-023-01518-5
https://www.ncbi.nlm.nih.gov/pubmed/37501075
https://doi.org/10.1186/s40364-025-00796-w
https://doi.org/10.3390/biomedicines10051120
https://doi.org/10.1186/s12967-025-06109-x
https://doi.org/10.1186/s12935-023-02867-0
https://doi.org/10.3390/ijms26178615
https://doi.org/10.3390/cancers15133324
https://doi.org/10.3390/ijms26157077
https://www.ncbi.nlm.nih.gov/pubmed/40806210
https://doi.org/10.1016/j.annonc.2020.06.022
https://doi.org/10.3322/caac.21772
https://www.ncbi.nlm.nih.gov/pubmed/36856579
https://doi.org/10.1038/s41598-024-60449-0
https://doi.org/10.1186/s12943-024-02063-2
https://doi.org/10.1186/s12943-024-02174-w
https://www.ncbi.nlm.nih.gov/pubmed/39558327
https://doi.org/10.1016/j.ctarc.2025.100872
https://www.ncbi.nlm.nih.gov/pubmed/39892077
https://doi.org/10.3390/jcm14093189
https://doi.org/10.3390/cancers13092025
https://www.ncbi.nlm.nih.gov/pubmed/33922197
https://doi.org/10.3390/jpm16010048

J. Pers. Med. 2026, 16, 48 22 of 28

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Xie, H.; Wei, L.; Wang, Q.; Tang, S.; Gan, J. Grading Carcinoembryonic Antigen Levels Can Enhance the Effectiveness of Prognostic
Stratification in Patients with Colorectal Cancer: A Single-Centre Retrospective Study. BM] Open 2024, 14, e084219. [CrossRef]
Liscu, H.-D.; Verga, N.; Atasiei, D.-I.; Badiu, D.-C.; Dumitru, A.V.; Ultimescu, E; Pavel, C.; Stefan, R.-E.; Manole, D.-C.; Ionescu,
A.-1. Biomarkers in Colorectal Cancer: Actual and Future Perspectives. Int. J. Mol. Sci. 2024, 25, 11535. [CrossRef]

Lee, T.; Teng, T.Z.].; Shelat, V.G. Carbohydrate Antigen 19-9—Tumor Marker: Past, Present, and Future. World ]. Gastrointest. Surg.
2020, 12, 468-490. [CrossRef]

Gramkow, M.H.; Mosgaard, C.S.; Schou, ].V.; Nordvig, E.H.; Dolin, T.G.; Lykke, J.; Nielsen, D.L.; Pfeiffer, P.; Qvortrup, C.; Yilmaz,
M.K; et al. The Prognostic Role of Circulating CA19-9 and CEA in Patients with Colorectal Cancer. Cancer Treat. Res. Commun.
2025, 43, 100907. [CrossRef]

Lee, M.W.; Pourmorady, J.S.; Laine, L. Use of Fecal Occult Blood Testing as a Diagnostic Tool for Clinical Indications: A Systematic
Review and Meta-Analysis. Am. J. Gastroenterol. 2020, 115, 662—670. [CrossRef]

Silva, ].C.; Leite-Silva, P; Tavares, F; Bento, M.].; Libanio, D.; Dinis-Ribeiro, M. An Organized Fecal Immunochemical Test-Based
Screening Program Impacts Colorectal Cancer Early Diagnosis and Survival in the Short Term. Am. ]. Gastroenterol. 2025.
[CrossRef]

Levy, B.T;; Xu, Y.; Daly, ].M.; Hoffman, R.M.; Dawson, J.D.; Shokar, N.K.; Zuckerman, M.J.; Molokwu, J.; Reuland, D.S.; Crockett,
S.D. Comparative Performance of Common Fecal Immunochemical Tests: A Cross-Sectional Study. Ann. Intern. Med. 2024, 177,
1350-1360. [CrossRef]

Imperiale, T.F.; Ransohoff, D.E; Itzkowitz, S.H.; Levin, T.R.; Lavin, P; Lidgard, G.P.; Ahlquist, D.A.; Berger, B.M. Multitarget Stool
DNA Testing for Colorectal-Cancer Screening. N. Engl. J. Med. 2014, 370, 1287-1297. [CrossRef]

Shaukat, A.; Levin, T.R. Current and Future Colorectal Cancer Screening Strategies. Nat. Rev. Gastroenterol. Hepatol. 2022, 19,
521-531. [CrossRef] [PubMed]

Hoffman, R.M.; Levy, B.T.; Allison, J.E. Rising Use of Multitarget Stool DNA Testing for Colorectal Cancer. JAMA Netw. Open
2021, 4, €2122328. [CrossRef] [PubMed]

Lin, K.W. mSEPT9 Blood Test (Epi proColon) for Colorectal Cancer Screening. Am. Fam. Physician 2019, 100, 10-11.

Song, L.; Peng, X.; Li, Y,; Xiao, W.; Jia, J.; Dong, C.; Gong, Y.; Zhou, G.; Han, X. The SEPT9 Gene Methylation Assay Is Capable of
Detecting Colorectal Adenoma in Opportunistic Screening. Epigenomics 2017, 9, 599-610. [CrossRef] [PubMed]

Lu, D.; Zhang, Q.; Li, L.; Luo, X,; Liang, B.; Lu, Y.; Hu, B.; Jiang, H. Methylated Septin9 Has Moderate Diagnostic Value in
Colorectal Cancer Detection in Chinese Population: A Multicenter Study. BMC Gastroenterol. 2022, 22, 232. [CrossRef]
Harijharan, R.; Jenkins, M. Utility of the Methylated SEPT9 Test for the Early Detection of Colorectal Cancer: A Systematic Review
and Meta-Analysis of Diagnostic Test Accuracy. BMJ Open Gastroenterol. 2020, 7, €000355. [CrossRef]

Chung, D.C.; Gray, D.M,; Singh, H.; Issaka, R.B.; Raymond, V.M.; Eagle, C.; Hu, S.; Chudova, D.L; Talasaz, A.; Greenson, ] K; et al.
A Cell-Free DNA Blood-Based Test for Colorectal Cancer Screening. N. Engl. ]. Med. 2024, 390, 973-983. [CrossRef]

Bessa, X.; Vidal, J.; Balboa, ].C.; Marquez, C.; Duenwald, S.; He, Y.; Raymond, V.; Faull, I.; Burén, A; Alvarez-Urturi, C.; et al.
High Accuracy of a Blood ctDNA-Based Multimodal Test to Detect Colorectal Cancer. Ann. Oncol. 2023, 34, 1187-1193. [CrossRef]
[PubMed]

Gao, Y,; Cao, D.; Li, M.; Zhao, F; Wang, P; Mei, S.; Song, Q.; Wang, P; Nie, Y.; Zhao, W.,; et al. Integration of Multiomics Features
for Blood-Based Early Detection of Colorectal Cancer. Mol. Cancer 2024, 23, 173. [CrossRef]

Ma, L.; Guo, H.; Zhao, Y,; Liu, Z.; Wang, C.; Bu, J.; Sun, T.; Wei, J. Liquid Biopsy in Cancer: Current Status, Challenges and Future
Prospects. Signal Transduct. Target. Ther. 2024, 9, 336. [CrossRef]

Brenne, S.S.; Madsen, PH.; Pedersen, 1.S.; Hveem, K.; Skorpen, E.; Krarup, H.B.; Giskegdegérd, G.F.; Laugsand, E.A. Colorectal
Cancer Detected by Liquid Biopsy 2 Years Prior to Clinical Diagnosis in the HUNT Study. Br. ]J. Cancer 2023, 129, 861-868.
[CrossRef]

Luo, H.; Zhao, Q.; Wei, W.; Zheng, L.; Yi, S.; Li, G.; Wang, W.; Sheng, H.; Pu, H.; Mo, H.; et al. Circulating Tumor DNA Methylation
Profiles Enable Early Diagnosis, Prognosis Prediction, and Screening for Colorectal Cancer. Sci. Transl. Med. 2020, 12, eaax7533.
[CrossRef] [PubMed]

Bakhsh, T.; Alhazmi, S.; Farsi, A.; Yusuf, A.S.; Alharthi, A.; Qahl, S.H.; Alghamdi, M.A.; Alzahrani, FA.; Elgaddar, O.H.; Ibrahim,
M.A.; et al. Molecular Detection of Exosomal miRNAs of Blood Serum for Prognosis of Colorectal Cancer. Sci. Rep. 2024, 14, 8902.
[CrossRef]

Santos, D.A.R.; Eiras, M.; Gonzalez-Santos, M.; Santos, M.; Pereira, C.; Santos, L.L.; Dinis-Ribeiro, M.; Lima, L. A Preliminary
Assessment of a Stool-Based microRNA Profile for Early Colorectal Cancer Screening. Sci. Rep. 2025, 15, 28597. [CrossRef]
Sado, A.L; Batool, W.; Ahmed, A.; Zafar, S.; Patel, SK.; Mohan, A.; Zia, U.; Aminpoor, H.; Kumar, V.; Tejwaney, U. Role of
microRNA in Colorectal Carcinoma (CRC): A Narrative Review. Ann. Med. Surg. 2023, 86, 308-318. [CrossRef]

Xu, J.; Pan, L.; Wu, D.; Yao, L.; Jiang, W.; Min, |.; Xu, S.; Deng, Z. Comparison of the Diagnostic Value of Various microRNAs in
Blood for Colorectal Cancer: A Systematic Review and Network Meta-Analysis. BMC Cancer 2024, 24, 770. [CrossRef]

https://doi.org/10.3390/jpm16010048


https://doi.org/10.1136/bmjopen-2024-084219
https://doi.org/10.3390/ijms252111535
https://doi.org/10.4240/wjgs.v12.i12.468
https://doi.org/10.1016/j.ctarc.2025.100907
https://doi.org/10.14309/ajg.0000000000000495
https://doi.org/10.14309/ajg.0000000000003797
https://doi.org/10.7326/M24-0080
https://doi.org/10.1056/NEJMoa1311194
https://doi.org/10.1038/s41575-022-00612-y
https://www.ncbi.nlm.nih.gov/pubmed/35505243
https://doi.org/10.1001/jamanetworkopen.2021.22328
https://www.ncbi.nlm.nih.gov/pubmed/34473264
https://doi.org/10.2217/epi-2016-0146
https://www.ncbi.nlm.nih.gov/pubmed/28470092
https://doi.org/10.1186/s12876-022-02313-x
https://doi.org/10.1136/bmjgast-2019-000355
https://doi.org/10.1056/NEJMoa2304714
https://doi.org/10.1016/j.annonc.2023.09.3113
https://www.ncbi.nlm.nih.gov/pubmed/37805131
https://doi.org/10.1186/s12943-024-01959-3
https://doi.org/10.1038/s41392-024-02021-w
https://doi.org/10.1038/s41416-023-02337-4
https://doi.org/10.1126/scitranslmed.aax7533
https://www.ncbi.nlm.nih.gov/pubmed/31894106
https://doi.org/10.1038/s41598-024-58536-3
https://doi.org/10.1038/s41598-025-14485-z
https://doi.org/10.1097/MS9.0000000000001494
https://doi.org/10.1186/s12885-024-12528-8
https://doi.org/10.3390/jpm16010048

J. Pers. Med. 2026, 16, 48 23 of 28

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Santos, D.A.R.; Gaiteiro, C.; Santos, M.; Santos, L.; Dinis-Ribeiro, M.; Lima, L. MicroRNA Biomarkers as Promising Tools for Early
Colorectal Cancer Screening—A Comprehensive Review. Int. |. Mol. Sci. 2023, 24, 11023. [CrossRef]

Coleman, D.; Kuwada, S. miRNA as a Biomarker for the Early Detection of Colorectal Cancer. Genes 2024, 15, 338. [CrossRef]
Koo, B.; Kim, Y.I; Lee, M.; Lim, S.; Shin, Y. Enhanced Early Detection of Colorectal Cancer via Blood Biomarker Combinations
Identified Through Extracellular Vesicle Isolation and Artificial Intelligence Analysis. ]. Extracell. Vesicles 2025, 14, e70088.
[CrossRef] [PubMed]

Zhang, L.; Shen, H.; Zhang, N. Advances in Extracellular Vesicle (EV) Biomarkers for Precision Diagnosis and Therapeutic in
Colorectal Cancer. Front. Oncol. 2025, 15, 1581015. [CrossRef]

Delshad, M.; Sanaei, M.-].; Mohammadi, M.H.; Sadeghi, A.; Bashash, D. Exosomal Biomarkers: A Comprehensive Overview of
Diagnostic and Prognostic Applications in Malignant and Non-Malignant Disorders. Biomolecules 2025, 15, 587. [CrossRef]
Duran-Sanchon, S.; Moreno, L.; Augg, ].M.; Serra-Burriel, M.; Cuatrecasas, M.; Moreira, L.; Martin, A.; Serradesanferm, A.; Pozo,
A.; Costa, R.; et al. Identification and Validation of MicroRNA Profiles in Fecal Samples for Detection of Colorectal Cancer.
Gastroenterology 2020, 158, 947-957.e4. [CrossRef]

Chen, W,; Liu, X;; Wu, Z,; Tan, H; Yu, F; Wang, D.; Lin, X.; Chen, Z. Unveiling the Diagnostic Power of IncRNAs in Colorectal
Cancer: A Meta-Analysis. Biomed. Eng. OnLine 2025, 24, 103. [CrossRef] [PubMed]

Statello, L.; Guo, C.-J.; Chen, L.-L.; Huarte, M. Author Correction: Gene Regulation by Long Non-Coding RNAs and Its Biological
Functions. Nat. Rev. Mol. Cell Biol. 2021, 22, 159. [CrossRef] [PubMed]

Xi, W.; Sun, X.; Wang, M.; Wang, X; Li, K,; Jiang, R.; Jia, X.; Wang, W. Identification of Progression Related LncRNAs in Colorectal
Cancer Aggressiveness. Sci. Rep. 2025, 15, 17258. [CrossRef]

Thean, L.F; Blocker, C.; Li, H-H.; Lo, M.; Wong, M.; Tang, C.L.; Tan, EK.W.; Rozen, S.G.; Cheah, P.Y. Enhancer-Derived Long
Non-Coding RNAs CCAT1 and CCAT2 at Rs6983267 Has Limited Predictability for Early Stage Colorectal Carcinoma Metastasis.
Sci. Rep. 2021, 11, 404. [CrossRef]

Zhang, C.; E, J.; Yu, E. LncRNA CASC21 Induces HGH1 to Mediate Colorectal Cancer Cell Proliferation, Migration, EMT and
Stemness. RNA Biol. 2021, 18, 369-381. [CrossRef]

Zeng, Z.; Lu, ].; Wang, Y,; Sheng, H.; Wang, Y.; Chen, Z.; Wu, Q.; Zheng, J.; Chen, Y.; Yang, D.; et al. The IncRNA XIST/miR-125b-
2-3p Axis Modulates Cell Proliferation and Chemotherapeutic Sensitivity via Targeting Weel in Colorectal Cancer. Cancer Med.
2021, 10, 2423-2441. [CrossRef]

Wei, S.; Hu, W,; Feng, J.; Geng, Y. Promotion or Remission: A Role of Noncoding RNAs in Colorectal Cancer Resistance to
Anti-EGFR Therapy. Cell Commun. Signal. CCS 2022, 20, 150. [CrossRef] [PubMed]

Liu, H.; Li, D.; Sun, L.; Qin, H.; Fan, A.; Meng, L.; Graves-Deal, R; Glass, S.E.; Franklin, J.L.; Liu, Q.; et al. Interaction of IncRNA
MIR100HG with hnRNPA2B1 Facilitates m6A-Dependent Stabilization of TCF7L2 mRNA and Colorectal Cancer Progression.
Mol. Cancer 2022, 21, 74. [CrossRef] [PubMed]

Chu, J.; Fang, X.; Sun, Z.; Gai, L.; Dai, W.; Li, H.; Yan, X.; Du, J.; Zhang, L.; Zhao, L.; et al. Non-Coding RNAs Regulate the
Resistance to Anti-EGFR Therapy in Colorectal Cancer. Front. Oncol. 2022, 11, 801319. [CrossRef]

Shakhpazyan, N.K.; Mikhaleva, L.M.; Bedzhanyan, A.L.; Sadykhov, N.K.; Midiber, K.Y.; Konyukova, A K.; Kontorschikov, A.S.;
Maslenkina, K.S.; Orekhov, A.N. Long Non-Coding RNAs in Colorectal Cancer: Navigating the Intersections of Immunity,
Intercellular Communication, and Therapeutic Potential. Biomedicines 2023, 11, 2411. [CrossRef]

Jayaprakash, S.; Madhaiyan, P.; Gopi, Y.; Bharathy, P.; Thanikachalam, P.V. Exosomes as Biomarkers and Therapeutic Targets in
Colorectal Cancer Management. Next Res. 2025, 2, 100434. [CrossRef]

Barhoum, M.; Brassart-Pasco, S.; Dupont-Deshorgue, A.; Thierry, A.; Kanagaratnam, L.; Brassart, B.; Ramaholimihaso, F.; Botsen,
D.; Carlier, C.; Brugel, M; et al. Circulating Exosomal Proteins as New Diagnostic Biomarkers for Colorectal Cancer (EXOSCOLO01):
A Pilot Case—Controlled Study Focusing on MMP14 Potential. J. Clin. Lab. Anal. 2025, 39, €70016. [CrossRef]

Zepeda-Rivera, M.; Minot, S.S.; Bouzek, H.; Wu, H.; Blanco-Miguez, A.; Manghi, P; Jones, D.S.; LaCourse, K.D.; Wu, Y.; McMahon,
E.F,; et al. A Distinct Fusobacterium Nucleatum Clade Dominates the Colorectal Cancer Niche. Nature 2024, 628, 424-432.
[CrossRef]

Navarro-Sanchez, A.; Nieto-Vitoria, M.A.; Lépez-Lépez, J.A.; Martinez-Crespo, J.J.; Navarro-Mateu, F. Is the Oral Pathogen,
Porphyromona Gingivalis, Associated to Colorectal Cancer?: A Systematic Review. BMC Cancer 2025, 25, 395. [CrossRef]

Che Alhadi, S.; Wan Zain, W.Z.; Zahari, Z.; Md Hashim, M.N.; Syed Abd Aziz, S.H.; Zakaria, Z.; Wong, M.P-K.; Zakaria, A.D. The
Use of M2-Pyruvate Kinase as a Stool Biomarker for Detection of Colorectal Cancer in Tertiary Teaching Hospital: A Comparative
Study. Ann. Coloproctol. 2020, 36, 409-414. [CrossRef]

Wu, Y;; Yang, X,; Jiang, G.; Zhang, H.; Ge, L.; Chen, E; Li, J.; Liu, H.; Wang, H. 5 -tRF-GlyGCC: A tRNA-Derived Small RNA as a
Novel Biomarker for Colorectal Cancer Diagnosis. Genome Med. 2021, 13, 20. [CrossRef]

Gu, X; Yang, X.; Zhu, D; Liu, X;; Nie, J.; Xu, T.; Pan, Y.; Sun, H.; Wang, S. A Novel tRNA-Derived Small RNA 5'-tiRNA-His Is a
Promising Biomarker for Diagnosis of Colorectal Cancer. Carcinogenesis 2025, 46, bgaf026. [CrossRef]

https://doi.org/10.3390/jpm16010048


https://doi.org/10.3390/ijms241311023
https://doi.org/10.3390/genes15030338
https://doi.org/10.1002/jev2.70088
https://www.ncbi.nlm.nih.gov/pubmed/40511723
https://doi.org/10.3389/fonc.2025.1581015
https://doi.org/10.3390/biom15040587
https://doi.org/10.1053/j.gastro.2019.10.005
https://doi.org/10.1186/s12938-025-01431-3
https://www.ncbi.nlm.nih.gov/pubmed/40859296
https://doi.org/10.1038/s41580-021-00330-4
https://www.ncbi.nlm.nih.gov/pubmed/33420484
https://doi.org/10.1038/s41598-025-02096-7
https://doi.org/10.1038/s41598-020-79906-7
https://doi.org/10.1080/15476286.2021.1950464
https://doi.org/10.1002/cam4.3777
https://doi.org/10.1186/s12964-022-00960-x
https://www.ncbi.nlm.nih.gov/pubmed/36131281
https://doi.org/10.1186/s12943-022-01555-3
https://www.ncbi.nlm.nih.gov/pubmed/35279145
https://doi.org/10.3389/fonc.2021.801319
https://doi.org/10.3390/biomedicines11092411
https://doi.org/10.1016/j.nexres.2025.100434
https://doi.org/10.1002/jcla.70016
https://doi.org/10.1038/s41586-024-07182-w
https://doi.org/10.1186/s12885-025-13770-4
https://doi.org/10.3393/ac.2020.08.27
https://doi.org/10.1186/s13073-021-00833-x
https://doi.org/10.1093/carcin/bgaf026
https://doi.org/10.3390/jpm16010048

J. Pers. Med. 2026, 16, 48 24 of 28

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Westwood, A.C.; Wilson, B.L,; Laye, J.; Grabsch, H.I; Mueller, W.; Magee, D.R.; Quirke, P.; West, N.P. Deep-Learning Enabled
Combined Measurement of Tumour Cell Density and Tumour Infiltrating Lymphocyte Density as a Prognostic Biomarker in
Colorectal Cancer. BJC Rep. 2025, 3, 12. [CrossRef]

Cotan, H.T.; Emilescu, R.A.; Iaciu, C.I; Orlov-Slavu, C.M.; Olaru, M.C.; Popa, A.M.; Jinga, M.; Nitipir, C.; Schreiner, O.D.; Ciobanu,
R.C. Prognostic and Predictive Determinants of Colorectal Cancer: A Comprehensive Review. Cancers 2024, 16, 3928. [CrossRef]
Lanzi, A.; Pages, F; Lagorce-Pages, C.; Galon, J. The Consensus Immunoscore: Toward a New Classification of Colorectal Cancer.
Oncoimmunology 2020, 9, 1789032. [CrossRef] [PubMed]

Bruni, D.; Angell, HK.; Galon, J. The Immune Contexture and Immunoscore in Cancer Prognosis and Therapeutic Efficacy. Nat.
Rev. Cancer 2020, 20, 662-680. [CrossRef] [PubMed]

Galon, J.; Lanzi, A. Immunoscore and Its Introduction in Clinical Practice. Q. J. Nucl. Med. Mol. Imaging 2020, 64, 152-161.
[CrossRef]

Pages, F.; Mlecnik, B.; Marliot, F,; Bindea, G.; Ou, E-S.; Bifulco, C.; Lugli, A.; Zlobec, I.; Rau, T.T.; Berger, M.D.; et al. International
Validation of the Consensus Immunoscore for the Classification of Colon Cancer: A Prognostic and Accuracy Study. Lancet 2018,
391, 2128-2139. [CrossRef] [PubMed]

Wang, J.; He, T.; Gao, Q.; Chang, H.; Dai, X,; Yang, J.; Liu, S.; Zhang, S.; Shan, C.; Zhang, C. The Dysfunctional Wnt Pathway
Down-Regulates MLH1/SET Expression and Promotes Microsatellite Instability and Immunotherapy Response in Colorectal
Cancer. Genes Dis. 2023, 11, 542-545. [CrossRef]

Janeeh, A.S.; Bajbouj, K.; Rah, B.; Abu-Gharbieh, E.; Hamad, M. Interplay between Tumor Cells and Immune Cells of the
Colorectal Cancer Tumor Microenvironment: Wnt/3-Catenin Pathway. Front. Immunol. 2025, 16, 1587950. [CrossRef]

Ros, J.; Balconi, F.; Baraibar, I.; Saoudi Gonzalez, N.; Salva, E; Tabernero, J.; Elez, E. Advances in Immune Checkpoint Inhibitor
Combination Strategies for Microsatellite Stable Colorectal Cancer. Front. Oncol. 2023, 13, 1112276. [CrossRef] [PubMed]

Tong, G.; Zhang, G.; Hu, Y.; Xu, X.; Wang, Y. Correlation between Mismatch Repair Statuses and the Prognosis of Stage I-IV
Colorectal Cancer. Front. Oncol. 2024, 13, 1278398. [CrossRef]

Cavallaro, PM,; Stafford, C.; Cauley, C.E.; Berger, D.L.; Bordeianou, L.; Kunitake, H.; Francone, T.; Ricciardi, R. Is Microsatellite
Status Associated with Prognosis in Stage II Colon Cancer with High-Risk Features? Dis. Colon Rectum 2021, 64, 545-554.
[CrossRef] [PubMed]

Baxter, N.N.; Kennedy, E.B.; Bergsland, E.; Berlin, J.; George, T.].; Gill, S.; Gold, PJ.; Hantel, A.; Jones, L.; Lieu, C,; et al. Adjuvant
Therapy for Stage II Colon Cancer: ASCO Guideline Update. J. Clin. Oncol. 2022, 40, 892-910. [CrossRef]

Cohen, R.; Taieb, J.; Fiskum, J.; Yothers, G.; Goldberg, R.; Yoshino, T.; Alberts, S.; Allegra, C.; de Gramont, A.; Seitz, J.-F,; et al.
Microsatellite Instability in Patients with Stage III Colon Cancer Receiving Fluoropyrimidine with or Without Oxaliplatin: An
ACCENT Pooled Analysis of 12 Adjuvant Trials. J. Clin. Oncol. 2021, 39, 642-651. [CrossRef]

Tomasello, G.; Ghidini, M.; Galassi, B.; Grossi, F; Luciani, A.; Petrelli, F. Survival Benefit with Adjuvant Chemotherapy in Stage III
Microsatellite-High /Deficient Mismatch Repair Colon Cancer: A Systematic Review and Meta-Analysis. Sci. Rep. 2022, 12, 1055.
[CrossRef]

Yao, Y.-C,; Jin, Y.; Lei, X.-F.; Wang, Z.-X.; Zhang, D.-S.; Wang, F-H.; Li, Y.-H.; Xu, R.-H.; Wang, F. Impact of Mismatch Repair or
Microsatellite Status on the Prognosis and Efficacy to Chemotherapy in Metastatic Colorectal Cancer Patients: A Bi-Institutional,
Propensity Score-Matched Study. J. Cancer 2022, 13, 2912-2921. [CrossRef]

Lonardi, S.; Elez, E.; Jensen, L.H.; Cutsem, E.V.; Touchefeu, Y.; Garcia-Carbonero, R.; Tougeron, D.; Mendez, G.; Schenker, M.;
Fouchardiere, C.D.L.; et al. Nivolumab (NIVO) plus Ipilimumab (IPI) vs. Chemotherapy (Chemo) or NIVO Monotherapy for
Microsatellite Instability-High /Mismatch Repair-Deficient (MSI-H/dMMR) Metastatic Colorectal Cancer (mCRC): Expanded
Analyses from CheckMate 8HW. J. Clin. Oncol. 2025, 43, 3501. [CrossRef]

Wankhede, D.; Yuan, T.; Kloor, M.; Halama, N.; Brenner, H.; Hoffmeister, M. Clinical Significance of Combined Tumour-Infiltrating
Lymphocytes and Microsatellite Instability Status in Colorectal Cancer: A Systematic Review and Network Meta-Analysis. Lancet
Gastroenterol. Hepatol. 2024, 9, 609-619. [CrossRef]

Guan, W.-L.; Qiu, M.-Z; He, C.-Y,; Yang, L.-Q.; Jin, Y.; Wang, Z.-Q.; Li, Y.-H.; Xu, R.-H.; Wang, F.-H. Clinicopathologic Features
and Prognosis of BRAF Mutated Colorectal Cancer Patients. Front. Oncol. 2020, 10, 563407. [CrossRef]

Martinelli, E.; Arnold, D.; Cervantes, A.; Stintzing, S.; Cutsem, E.V.; Tabernero, J.; Taieb, J.; Wasan, H.; Ciardiello, F. European
Expert Panel Consensus on the Clinical Management of BRAFV600E-Mutant Metastatic Colorectal Cancer. Cancer Treat. Rev. 2023,
115,102541. [CrossRef] [PubMed]

Bellio, H.; Fumet, J.D.; Ghiringhelli, F. Targeting BRAF and RAS in Colorectal Cancer. Cancers 2021, 13, 2201. [CrossRef] [PubMed]
Koulouridi, A.; Karagianni, M.; Messaritakis, I.; Sfakianaki, M.; Voutsina, A.; Trypaki, M.; Bachlitzanaki, M.; Koustas, E.; Karamouzis,
M.V;; Ntavatzikos, A.; et al. Prognostic Value of KRAS Mutations in Colorectal Cancer Patients. Cancers 2022, 14, 3320. [CrossRef]
Kaéllberg, J.; Harrison, A.; March, V.; Bérzina, S.; Nemazanyy, I.; Kepp, O.; Kroemer, G.; Mouillet-Richard, S.; Laurent-Puig, P.; Taly,
V.; et al. Intratumor Heterogeneity and Cell Secretome Promote Chemotherapy Resistance and Progression of Colorectal Cancer.
Cell Death Dis. 2023, 14, 306. [CrossRef]

https://doi.org/10.3390/jpm16010048


https://doi.org/10.1038/s44276-025-00123-8
https://doi.org/10.3390/cancers16233928
https://doi.org/10.1080/2162402X.2020.1789032
https://www.ncbi.nlm.nih.gov/pubmed/32934885
https://doi.org/10.1038/s41568-020-0285-7
https://www.ncbi.nlm.nih.gov/pubmed/32753728
https://doi.org/10.23736/s1824-4785.20.03249-5
https://doi.org/10.1016/s0140-6736(18)30789-x
https://www.ncbi.nlm.nih.gov/pubmed/29754777
https://doi.org/10.1016/j.gendis.2023.03.026
https://doi.org/10.3389/fimmu.2025.1587950
https://doi.org/10.3389/fonc.2023.1112276
https://www.ncbi.nlm.nih.gov/pubmed/36816981
https://doi.org/10.3389/fonc.2023.1278398
https://doi.org/10.1097/dcr.0000000000001914
https://www.ncbi.nlm.nih.gov/pubmed/33939386
https://doi.org/10.1200/JCO.21.02538
https://doi.org/10.1200/JCO.20.01600
https://doi.org/10.1038/s41598-022-05065-6
https://doi.org/10.7150/jca.50285
https://doi.org/10.1200/JCO.2025.43.16_suppl.3501
https://doi.org/10.1016/S2468-1253(24)00091-8
https://doi.org/10.3389/fonc.2020.563407
https://doi.org/10.1016/j.ctrv.2023.102541
https://www.ncbi.nlm.nih.gov/pubmed/36931147
https://doi.org/10.3390/cancers13092201
https://www.ncbi.nlm.nih.gov/pubmed/34063682
https://doi.org/10.3390/cancers14143320
https://doi.org/10.1038/s41419-023-05806-z
https://doi.org/10.3390/jpm16010048

J. Pers. Med. 2026, 16, 48 25 of 28

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Brenner, B.; Shulman, K.; Hubert, A.; Man, S.; Geva, R.; Ben-Aharon, I; Fennig, S.; Mishaeli, M.; Yarom, N.; Bar-Sela, G.; et al.
Treatments and Clinical Outcomes in Stage II Colon Cancer Patients with 12-Gene Oncotype DX Colon Recurrence Score®
Assay-Guided Therapy: Real-World Data. ESMO Open 2024, 9, 103648. [CrossRef]

Qian, Y; Daza, J.; Itzel, T.; Betge, J.; Zhan, T.; Marmé, E; Teufel, A. Prognostic Cancer Gene Expression Signatures: Current Status
and Challenges. Cells 2021, 10, 648. [CrossRef]

Balta, B.; Taylor, L.; Bogale, N.; Hailu, D.; Zerhouni, Y.A. Survival and Predictors of Mortality among Colorectal Cancer Patients
on Follow-up in Hawassa University Comprehensive Specialized Hospital, Sidama Region, Southern Ethiopia, 2022. A 5-Year
Retrospective Cohort Study. PLoS ONE 2024, 19, e0304820. [CrossRef]

Li, Z.; Zhu, H.; Pang, X.; Mao, Y.; Yi, X,; Li, C.; Lei, M,; Cheng, X,; Liang, L.; Wu, J.; et al. Preoperative Serum CA19-9 Should Be
Routinely Measured in the Colorectal Patients with Preoperative Normal Serum CEA: A Multicenter Retrospective Cohort Study.
BMC Cancer 2022, 22, 962. [CrossRef]

Bjorkman, K.; Mustonen, H.; Kaprio, T.; Kekki, H.; Pettersson, K.; Haglund, C.; Bockelman, C. CA125: A Superior Prognostic
Biomarker for Colorectal Cancer Compared to CEA, CA19-9 or CA242. Tumor Biol. 2021, 43, 57-70. [CrossRef]

Colon Cancer—NCCN 2025 Guidelines. Available online: https://www.ncen.org/guidelines/guidelines-detail?id=1428 (ac-
cessed on 2 November 2025).

Ren, X.; Song, M.; Liu, X.; He, W. Circulating Tumor Cells: Mechanisms and Clinical Significance in Colorectal Cancer Metastasis.
Mol. Cancer 2025, 24, 242. [CrossRef] [PubMed]

Abdalla, T.S.A.; Meiners, J.; Riethdorf, S.; Konig, A.; Melling, N.; Gorges, T.; Karstens, K.-F.; Izbicki, J.R.; Pantel, K.; Reeh, M.
Prognostic Value of Preoperative Circulating Tumor Cells Counts in Patients with UICC Stage I-IV Colorectal Cancer. PLoS ONE
2021, 16, €0252897. [CrossRef]

Yu, J.; Yang, M,; Peng, T.; Liu, Y.; Cao, Y. Evaluation of Cell Surface Vimentin Positive Circulating Tumor Cells as a Prognostic
Biomarker for Stage III/IV Colorectal Cancer. Sci. Rep. 2023, 13, 18791. [CrossRef] [PubMed]

Nakamura, Y.; Watanabe, J.; Akazawa, N.; Hirata, K.; Kataoka, K.; Yokota, M.; Kato, K.; Kotaka, M.; Kagawa, Y.; Yeh, K.-H.;
et al. ctDNA-Based Molecular Residual Disease and Survival in Resectable Colorectal Cancer. Nat. Med. 2024, 30, 3272-3283.
[CrossRef] [PubMed]

Faulkner, L.G.; Howells, L.M.; Pepper, C.; Shaw, J.A.; Thomas, A.L. The Utility of ctDNA in Detecting Minimal Residual Disease
Following Curative Surgery in Colorectal Cancer: A Systematic Review and Meta-Analysis. Br. |. Cancer 2023, 128, 297-309.
[CrossRef] [PubMed]

Kotani, D.; Oki, E.; Nakamura, Y.; Yukami, H.; Mishima, S.; Bando, H.; Shirasu, H.; Yamazaki, K.; Watanabe, J.; Kotaka, M.; et al.
Molecular Residual Disease and Efficacy of Adjuvant Chemotherapy in Patients with Colorectal Cancer. Nat. Med. 2023, 29,
127-134. [CrossRef]

Yee, E.J.; McCarter, M.D.; Vogel, ].D.; Schulick, R.D.; Lieu, C.; Lentz, R.W. From Early Detection To Advanced Therapies: How
Circulating Tumor DNA Is Transforming the Care of Colorectal Cancer. Curr. Oncol. Rep. 2025, 27, 1464-1474. [CrossRef]
Negro, S.; Pulvirenti, A.; Trento, C.; Indraccolo, S.; Ferrari, S.; Scarpa, M.; Urso, E.D.L.; Bergamo, E; Pucciarelli, S.; Deidda, S.; et al.
Circulating Tumor DNA as a Real-Time Biomarker for Minimal Residual Disease and Recurrence Prediction in Stage II Colorectal
Cancer: A Systematic Review and Meta-Analysis. Int. J. Mol. Sci. 2025, 26, 2486. [CrossRef]

Aliyeva, T.; Siddiqui, H.; Natche, J.; Al-Wraikat, Y.A.; Hossain, EM.; El-Amri, I. Prognostic Value of Circulating Tumor DNA
for Recurrence Risk in Stage III Colorectal Cancer: A Systematic Review and Meta-Analysis. Clin. Color. Cancer, 2025; in press.
[CrossRef]

Chan, H.T.; Nagayama, S.; Otaki, M.; Chin, Y.M.; Fukunaga, Y.; Ueno, M.; Nakamura, Y.; Low, S.-K. Tumor-Informed or Tumor-
Agnostic Circulating Tumor DNA as a Biomarker for Risk of Recurrence in Resected Colorectal Cancer Patients. Front. Oncol.
2023, 12, 1055968. [CrossRef]

Xu, Z.; Li, W.; Dong, X.; Chen, Y.; Zhang, D.; Wang, J.; Zhou, L.; He, G. Precision Medicine in Colorectal Cancer: Leveraging
Multi-Omics, Spatial Omics, and Artificial Intelligence. Clin. Chim. Acta 2024, 559, 119686. [CrossRef]

Mohammadian Rad, N.; Sosef, O.; Seegers, J.; Koolen, L.J.E.R.; Hoofwijk, ].J.W.A.; Woodruff, H.C.; Hoofwijk, T.A.G.M.; Sosef, M.;
Lambin, P. Prognostic Models for Colorectal Cancer Recurrence Using Carcinoembryonic Antigen Measurements. Front. Oncol.
2024, 14, 1368120. [CrossRef]

Duan, J.; Gao, Q.; Wang, Z.; Xu, ].; Zhang, Y.; Wang, Y.; Yang, X.; Zhang, L.; Xu, Y.; Zhou, Q.; et al. Exploration of Multi-Omics
Liquid Biopsy Approaches for Multi-Cancer Early Detection: The PROMISE Study. Innovation 2025, 7, 101076. [CrossRef]

Hou, S.; Heng, S.; Xie, S.; Zhao, Y.; Chen, J.; Yu, C.; Lin, Y,; Qi, X. Integrated Multi-Omics and Machine Learning Reveal an
Immunogenic Cell Death-Related Signature for Prognostic Stratification and Therapeutic Optimization in Colorectal Cancer.
Front. Immunol. 2025, 16, 1606874. [CrossRef]

Chen, F; Dai, X.; Zhou, C.-C,; Li, K;; Zhang, Y.; Lou, X.-Y,; Zhu, Y.-M.; Sun, Y.-L.; Peng, B.-X_; Cui, W. Integrated Analysis of the
Faecal Metagenome and Serum Metabolome Reveals the Role of Gut Microbiome-Associated Metabolites in the Detection of
Colorectal Cancer and Adenoma. Gut 2022, 71, 1315-1325. [CrossRef]

https://doi.org/10.3390/jpm16010048


https://doi.org/10.1016/j.esmoop.2024.103648
https://doi.org/10.3390/cells10030648
https://doi.org/10.1371/journal.pone.0304820
https://doi.org/10.1186/s12885-022-10051-2
https://doi.org/10.3233/tub-200069
https://www.nccn.org/guidelines/guidelines-detail?id=1428
https://doi.org/10.1186/s12943-025-02465-w
https://www.ncbi.nlm.nih.gov/pubmed/41044624
https://doi.org/10.1371/journal.pone.0252897
https://doi.org/10.1038/s41598-023-45951-1
https://www.ncbi.nlm.nih.gov/pubmed/37914786
https://doi.org/10.1038/s41591-024-03254-6
https://www.ncbi.nlm.nih.gov/pubmed/39284954
https://doi.org/10.1038/s41416-022-02017-9
https://www.ncbi.nlm.nih.gov/pubmed/36347967
https://doi.org/10.1038/s41591-022-02115-4
https://doi.org/10.1007/s11912-025-01725-8
https://doi.org/10.3390/ijms26062486
https://doi.org/10.1016/j.clcc.2025.10.004
https://doi.org/10.3389/fonc.2022.1055968
https://doi.org/10.1016/j.cca.2024.119686
https://doi.org/10.3389/fonc.2024.1368120
https://doi.org/10.1016/j.xinn.2025.101076
https://doi.org/10.3389/fimmu.2025.1606874
https://doi.org/10.1136/gutjnl-2020-323476
https://doi.org/10.3390/jpm16010048

J. Pers. Med. 2026, 16, 48 26 of 28

116.
117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Badic, B.; Tixier, F.; Cheze Le Rest, C.; Hatt, M.; Visvikis, D. Radiogenomics in Colorectal Cancer. Cancers 2021, 13, 973. [CrossRef]
Le, D.T,; Diaz, L.A.; Kim, T.W,; Van Cutsem, E.; Geva, R.; Jager, D.; Hara, H.; Burge, M.; O'Neil, B.H.; Kavan, P; et al.
Pembrolizumab for Previously Treated, Microsatellite Instability-High /Mismatch Repair-Deficient Advanced Colorectal Cancer:
Final Analysis of KEYNOTE-164. Eur. J. Cancer Oxf. Engl. 2023, 186, 185-195. [CrossRef]

André, T.; Shiu, K.-K.; Kim, T.W.; Jensen, B.V.; Jensen, L.H.; Punt, C.J.A.; Smith, D.; Garcia-Carbonero, R.; Alcaide-Garcia, J.;
Gibbs, P; et al. Pembrolizumab versus Chemotherapy in Microsatellite Instability-High or Mismatch Repair-Deficient Metastatic
Colorectal Cancer: 5-Year Follow-up from the Randomized Phase IIl KEYNOTE-177 Study. Ann. Oncol. 2025, 36, 277-284.
[CrossRef]

National Institute for Health and Care Excellence. Nivolumab Plus Ipilimumab for Untreated Unresectable or Metastatic Colorectal Can-
cer with High Microsatellite Instability or Mismatch Repair Deficiency; National Institute for Health and Care Excellence: Technology
Appraisals; National Institute for Health and Care Excellence (NICE): London, UK, 2025; ISBN 978-1-4731-7028-5.

Figaroa, O.J.A.; Spaanderman, I.T.; Goedegebuure, R.S.A.; Cirkel, G.M.; Jeurissen, F].E.; Creemers, G.J.; Bins, A.D.; Tuynman, J.;
Buffart, T.E. Treatment with Checkpoint Inhibitors for Unresectable Non-Metastatic Mismatch Repair Deficient Intestinal Cancer;
A Case Series. BJC Rep. 2025, 3, 67. [CrossRef] [PubMed]

Gandini, A.; Puglisi, S.; Pirrone, C.; Martelli, V.; Catalano, F; Nardin, S.; Seeber, A.; Puccini, A.; Sciallero, S. The Role of
Immunotherapy in Microsatellites Stable Metastatic Colorectal Cancer: State of the Art and Future Perspectives. Front. Oncol.
2023, 13, 1161048. [CrossRef]

Iwamoto, M.; Ueda, K.; Kawamura, ]. Neoadjuvant Treatment for Locally Advanced Rectal Cancer: Current Status and Future
Directions. Cancers 2025, 17, 2540. [CrossRef]

Cercek, A.; Foote, M.B.; Rousseau, B.; Smith, J.J.; Shia, J.; Sinopoli, J.; Weiss, J.; Lumish, M.; Temple, L.; Patel, M.; et al.
Nonoperative Management of Mismatch Repair-Deficient Tumors. N. Engl. |. Med. 2025, 392, 2297-2308. [CrossRef]

Heregger, R.; Huemer, F,; Steiner, M.; Gonzalez-Martinez, A.; Greil, R.; Weiss, L. Unraveling Resistance to Immunotherapy in
MSI-High Colorectal Cancer. Cancers 2023, 15, 5090. [CrossRef]

Li, Y.; Ma, Y.; Wu, Z.; Zeng, F,; Song, B.; Zhang, Y.; Li, J.; Lui, S.; Wu, M. Tumor Mutational Burden Predicting the Efficacy of
Immune Checkpoint Inhibitors in Colorectal Cancer: A Systematic Review and Meta-Analysis. Front. Immunol. 2021, 12, 751407.
[CrossRef]

Nobin, H.; Garvin, S.; Hagman, H.; Nodin, B.; Jirstrom, K.; Brunnstrém, H. The Prognostic Value of Programmed Death-Ligand 1
(PD-L1) Expression in Resected Colorectal Cancer without Neoadjuvant Therapy—Differences between Antibody Clones and
Cell Types. BMC Cancer 2024, 24, 1051. [CrossRef]

Azcue, P; Encio, I.; Guerrero Setas, D.; Suarez Alecha, J.; Galbete, A.; Mercado, M.; Vera, R.; Gomez-Dorronsoro, M.L. PD-L1 as a
Prognostic Factor in Early-Stage Colon Carcinoma within the Inmunohistochemical Molecular Subtype Classification. Cancers
2021, 13, 1943. [CrossRef]

Zhang, Y.; Guan, H,; Feng, X,; Liu, M,; Shao, J.; Liu, M.; He, J.; Jin, Y.; Zhu, J.; Zheng, C. Emerging Strategies in Colorectal Cancer
Immunotherapy: Enhancing Efficacy and Survival. Front. Immunol. 2025, 16, 1616414. [CrossRef] [PubMed]

Steup, C.; Kennel, K.B.; Neurath, M.E,; Fichtner-Feigl, S.; Greten, ER. Current and Emerging Concepts for Systemic Treatment of
Metastatic Colorectal Cancer. Gut 2025, 74, 2070-2095. [CrossRef] [PubMed]

Biller, L.H.; Schrag, D. Diagnosis and Treatment of Metastatic Colorectal Cancer: A Review. JAMA 2021, 325, 669-685. [CrossRef]
Leite, L.E; Noronha, M.M.; de Menezes, ].5.A.; da Conceigao, L.D.; Almeida, L.EC.; Cappellaro, A.P; Belotto, M.; Biachi de Castria,
T.; Peixoto, R.D.; Megid, T.B.C. Anti-EGFR Therapy in Metastatic Colorectal Cancer: Identifying, Tracking, and Overcoming
Resistance. Cancers 2025, 17, 2804. [CrossRef] [PubMed]

Cervantes, A.; Adam, R.; Rosell§, S.; Arnold, D.; Normanno, N.; Taieb, J.; Seligmann, J.; Baere, T.D.; Osterlund, P.; Yoshino, T.;
et al. Metastatic Colorectal Cancer: ESMO Clinical Practice Guideline for Diagnosis, Treatment and Follow-Up. Ann. Oncol. 2023,
34, 10-32. [CrossRef]

Yuan, M.; Wang, Z.; Lv, W.; Pan, H. The Role of Anti-EGFR Monoclonal Antibody in mCRC Maintenance Therapy. Front. Mol.
Biosci. 2022, 9, 870395. [CrossRef]

Cohen, R.; Pudlarz, T.; Delattre, J.-E.; Colle, R.; André, T. Molecular Targets for the Treatment of Metastatic Colorectal Cancer.
Cancers 2020, 12, 2350. [CrossRef] [PubMed]

Bouchahda, M.; Saffroy, R.; Karaboué, A.; Hamelin, J.; Innominato, P; Saliba, F.; Lévi, F; Bosselut, N.; Lemoine, A. Undetectable
RAS-Mutant Clones in Plasma: Possible Implication for Anti-EGFR Therapy and Prognosis in Patients with RAS-Mutant
Metastatic Colorectal Cancer. JCO Precis. Oncol. 2020, 4, 1070-1079. [CrossRef]

Tsai, H.-L.; Lin, C.-C.; Sung, Y.-C.; Chen, S.-H.; Chen, L.-T; Jiang, J.-K.; Wang, J.-Y. The Emergence of RAS Mutations in Patients
with RAS Wild-Type mCRC Receiving Cetuximab as First-Line Treatment: A Noninterventional, Uncontrolled Multicenter Study.
Br. J. Cancer 2023, 129, 947-955. [CrossRef]

https://doi.org/10.3390/jpm16010048


https://doi.org/10.3390/cancers13050973
https://doi.org/10.1016/j.ejca.2023.02.016
https://doi.org/10.1016/j.annonc.2024.11.012
https://doi.org/10.1038/s44276-025-00171-0
https://www.ncbi.nlm.nih.gov/pubmed/40983668
https://doi.org/10.3389/fonc.2023.1161048
https://doi.org/10.3390/cancers17152540
https://doi.org/10.1056/NEJMoa2404512
https://doi.org/10.3390/cancers15205090
https://doi.org/10.3389/fimmu.2021.751407
https://doi.org/10.1186/s12885-024-12812-7
https://doi.org/10.3390/cancers13081943
https://doi.org/10.3389/fimmu.2025.1616414
https://www.ncbi.nlm.nih.gov/pubmed/41112277
https://doi.org/10.1136/gutjnl-2025-335412
https://www.ncbi.nlm.nih.gov/pubmed/41047178
https://doi.org/10.1001/jama.2021.0106
https://doi.org/10.3390/cancers17172804
https://www.ncbi.nlm.nih.gov/pubmed/40940901
https://doi.org/10.1016/j.annonc.2022.10.003
https://doi.org/10.3389/fmolb.2022.870395
https://doi.org/10.3390/cancers12092350
https://www.ncbi.nlm.nih.gov/pubmed/32825275
https://doi.org/10.1200/PO.19.00400
https://doi.org/10.1038/s41416-023-02366-z
https://doi.org/10.3390/jpm16010048

J. Pers. Med. 2026, 16, 48 27 of 28

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Holz, A.; Paul, B.; Zapf, A.; Pantel, K.; Joosse, S.A. Circulating Tumor DNA as Prognostic Marker in Patients with Metastatic
Colorectal Cancer Undergoing Systemic Therapy: A Systematic Review and Meta-Analysis. Cancer Treat. Rev. 2025, 139, 102999.
[CrossRef]

Nicolazzo, C.; Magri, V.; Marino, L.; Belardinilli, F.; Di Nicolantonio, F.; De Renzi, G.; Caponnetto, S.; De Meo, M.; Giannini, G.;
Santini, D.; et al. Genomic Landscape and Survival Analysis of ctDNA “Neo-RAS Wild-Type” Patients with Originally RAS
Mutant Metastatic Colorectal Cancer. Front. Oncol. 2023, 13, 1160673. [CrossRef] [PubMed]

Yaeger, R.; Weiss, J.; Pelster, M.S.; Spira, A.L; Barve, M.; Ou, S.-H.I; Leal, T.A.; Bekaii-Saab, T.S.; Paweletz, C.P,; Heavey, G.A;
et al. Adagrasib with or without Cetuximab in Colorectal Cancer with Mutated KRAS G12C. N. Engl. ]. Med. 2023, 388, 44-54.
[CrossRef]

Liu, J.; Kang, R.; Tang, D. The KRAS-G12C Inhibitor: Activity and Resistance. Cancer Gene Ther. 2022, 29, 875-878. [CrossRef]
[PubMed]

Nakayama, I.; Hirota, T.; Shinozaki, E. BRAF Mutation in Colorectal Cancers: From Prognostic Marker to Targetable Mutation.
Cancers 2020, 12, 3236. [CrossRef]

Tabernero, J.; Grothey, A.; Van Cutsem, E.; Yaeger, R.; Wasan, H.; Yoshino, T.; Desai, J.; Ciardiello, F.; Loupakis, F; Hong, Y.S.;
et al. Encorafenib Plus Cetuximab as a New Standard of Care for Previously Treated BRAF V600E-Mutant Metastatic Colorectal
Cancer: Updated Survival Results and Subgroup Analyses from the BEACON Study. J. Clin. Oncol. 2021, 39, 273-284. [CrossRef]
Trullas, A.; Delgado, J.; Koenig, J.; Fuerstenau, U.; Dedorath, J.; Hausmann, S.; Stock, T.; Enzmann, H.; Pignatti, F. The EMA
Assessment of Encorafenib in Combination with Cetuximab for the Treatment of Adult Patients with Metastatic Colorectal
Carcinoma Harbouring the BRAFV600E Mutation Who Have Received Prior Therapy. ESMO Open 2021, 6, 100031. [CrossRef]
Kopetz, S.; Yoshino, T.; Van Cutsem, E.; Eng, C.; Kim, TW.; Wasan, H.S.; Desai, J.; Ciardiello, F,; Yaeger, R.; Maughan, T.S.; et al.
Encorafenib, Cetuximab and Chemotherapy in BRAF-Mutant Colorectal Cancer: A Randomized Phase 3 Trial. Nat. Med. 2025, 31,
901-908. [CrossRef]

Wang, Q.; Shen, X.; Chen, G.; Du, J. Drug Resistance in Colorectal Cancer: From Mechanism to Clinic. Cancers 2022, 14, 2928. [CrossRef]
Yu, Q.-X; Fu, P-Y.; Zhang, C; Li, L.; Huang, W.-T. Mesenchymal-Epithelial Transition Factor Amplification Correlates with Adverse
Pathological Features and Poor Clinical Outcome in Colorectal Cancer. World J. Gastrointest. Surg. 2024, 16, 1395-1406. [CrossRef]
Albadari, N.; Xie, Y.; Li, W. Deciphering Treatment Resistance in Metastatic Colorectal Cancer: Roles of Drug Transports, EGFR
Mutations, and HGF/c-MET Signaling. Front. Pharmacol. 2024, 14, 1340401. [CrossRef] [PubMed]

Grassilli, E.; Cerrito, M.G. Emerging Actionable Targets to Treat Therapy-Resistant Colorectal Cancers. Cancer Drug Resist. 2022, 5,
36-63. [CrossRef] [PubMed]

Rios-Hoyo, A.; Monzonis, X.; Vidal, J.; Linares, J.; Montagut, C. Unveiling Acquired Resistance to Anti-EGFR Therapies in
Colorectal Cancer: A Long and Winding Road. Front. Pharmacol. 2024, 15, 1398419. [CrossRef] [PubMed]

Price, T.; Ang, A.; Boedigheimer, M.; Kim, T.W,; Li, J.; Cascinu, S.; Ruff, P; Satya Suresh, A.; Thomas, A.; Tjulandin, S.; et al.
Frequency of S492R Mutations in the Epidermal Growth Factor Receptor: Analysis of Plasma DNA from Patients with Metastatic
Colorectal Cancer Treated with Panitumumab or Cetuximab Monotherapy. Cancer Biol. Ther. 2020, 21, 891-898. [CrossRef]

Li, Q.; Geng, S.; Luo, H.; Wang, W.; Mo, Y.-Q.; Luo, Q.; Wang, L.; Song, G.-B.; Sheng, J.-P.; Xu, B. Signaling Pathways Involved in
Colorectal Cancer: Pathogenesis and Targeted Therapy. Signal Transduct. Target. Ther. 2024, 9, 266. [CrossRef]

Tardito, S.; Matis, S.; Zocchi, M.R.; Benelli, R.; Poggi, A. Epidermal Growth Factor Receptor Targeting in Colorectal Carcinoma:
Antibodies and Patient-Derived Organoids as a Smart Model to Study Therapy Resistance. Int. ]. Mol. Sci. 2024, 25, 7131. [CrossRef]
Vaghi, C.; Tosi, F; Mauri, G.; Bonazzina, E.; Amatu, A.; Bencardino, K.; Piscazzi, D.; Roazzi, L.; Villa, F.; Maggi, M.; et al. Targeting
HER? in Metastatic Colorectal Cancer: Current Therapies, Biomarker Refinement, and Emerging Strategies. Drugs 2025. [CrossRef]
Siena, S.; Raghav, K.; Masuishi, T.; Yamaguchi, K.; Nishina, T.; Elez, E.; Rodriguez, J.; Chau, L; Di Bartolomeo, M.; Kawakami, H.; et al.
HER2-Related Biomarkers Predict Clinical Outcomes with Trastuzumab Deruxtecan Treatment in Patients with HER2-Expressing
Metastatic Colorectal Cancer: Biomarker Analyses of DESTINY-CRCO1. Nat. Commun. 2024, 15, 10213. [CrossRef]

Bekaii-Saab, T.S.; Lach, K.; Hsu, L.-I.; Siadak, M.; Stecher, M.; Ward, J.; Beckerman, R.; Strickler, ].H. Impact of Anti-EGFR
Therapies on HER2-Positive Metastatic Colorectal Cancer: A Systematic Literature Review and Meta-Analysis of Clinical
Outcomes. Oncologist 2023, 28, 885-893. [CrossRef]

Strickler, J.H.; Yoshino, T.; Graham, R.P,; Siena, S.; Bekaii-Saab, T. Diagnosis and Treatment of ERBB2-Positive Metastatic Colorectal
Cancer: A Review. JAMA Oncol. 2022, 8, 760-769. [CrossRef]

Sartore-Bianchi, A.; Lonardi, S.; Martino, C.; Fenocchio, E.; Tosi, F.; Ghezzi, S.; Leone, F,; Bergamo, F.; Zagonel, V.; Ciardiello, F,;
et al. Pertuzumab and Trastuzumab Emtansine in Patients with HER2-Amplified Metastatic Colorectal Cancer: The Phase II
HERACLES-B Trial. ESMO Open 2020, 5, 000911. [CrossRef] [PubMed]

Strickler, J.H.; Cercek, A.; Siena, S.; André, T.; Ng, K; Cutsem, E.V.; Wu, C.; Paulson, A.S.; Hubbard, ].M.; Coveler, A.L.; et al.
Tucatinib plus Trastuzumab for Chemotherapy-Refractory, HER2-Positive, RAS Wild-Type Unresectable or Metastatic Colorectal
Cancer (MOUNTAINEER): A Multicentre, Open-Label, Phase 2 Study. Lancet Oncol. 2023, 24, 496-508. [CrossRef] [PubMed]

https://doi.org/10.3390/jpm16010048


https://doi.org/10.1016/j.ctrv.2025.102999
https://doi.org/10.3389/fonc.2023.1160673
https://www.ncbi.nlm.nih.gov/pubmed/37064137
https://doi.org/10.1056/NEJMoa2212419
https://doi.org/10.1038/s41417-021-00383-9
https://www.ncbi.nlm.nih.gov/pubmed/34471232
https://doi.org/10.3390/cancers12113236
https://doi.org/10.1200/JCO.20.02088
https://doi.org/10.1016/j.esmoop.2020.100031
https://doi.org/10.1038/s41591-024-03443-3
https://doi.org/10.3390/cancers14122928
https://doi.org/10.4240/wjgs.v16.i5.1395
https://doi.org/10.3389/fphar.2023.1340401
https://www.ncbi.nlm.nih.gov/pubmed/38269272
https://doi.org/10.20517/cdr.2021.96
https://www.ncbi.nlm.nih.gov/pubmed/35582524
https://doi.org/10.3389/fphar.2024.1398419
https://www.ncbi.nlm.nih.gov/pubmed/38711991
https://doi.org/10.1080/15384047.2020.1798695
https://doi.org/10.1038/s41392-024-01953-7
https://doi.org/10.3390/ijms25137131
https://doi.org/10.1007/s40265-025-02253-2
https://doi.org/10.1038/s41467-024-53223-3
https://doi.org/10.1093/oncolo/oyad200
https://doi.org/10.1001/jamaoncol.2021.8196
https://doi.org/10.1136/esmoopen-2020-000911
https://www.ncbi.nlm.nih.gov/pubmed/32988996
https://doi.org/10.1016/S1470-2045(23)00150-X
https://www.ncbi.nlm.nih.gov/pubmed/37142372
https://doi.org/10.3390/jpm16010048

J. Pers. Med. 2026, 16, 48 28 of 28

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Siena, S.; Bartolomeo, M.D.; Raghav, K.; Masuishi, T.; Loupakis, F.; Kawakami, H.; Yamaguchi, K.; Nishina, T.; Fakih, M.; Elez, E.;
et al. Trastuzumab Deruxtecan (DS-8201) in Patients with HER2-Expressing Metastatic Colorectal Cancer (DESTINY-CRCO01): A
Multicentre, Open-Label, Phase 2 Trial. Lancet Oncol. 2021, 22, 779-789. [CrossRef] [PubMed]

Westphalen, C.B.; Krebs, M.G.; Le Tourneau, C.; Sokol, E.S.; Maund, S.L.; Wilson, T.R;; Jin, D.X.; Newberg, J.Y.; Fabrizio, D.;
Veronese, L.; et al. Genomic Context of NTRK1/2/3 Fusion-Positive Tumours from a Large Real-World Population. NPJ Precis.
Oncol. 2021, 5, 69. [CrossRef]

Han, S.-Y. TRK Inhibitors: Tissue-Agnostic Anti-Cancer Drugs. Pharmaceuticals 2021, 14, 632. [CrossRef]

Tan, E.S.; Fan, W.; Knepper, T.C.; Schell, M.].; Sahin, .H.; Fleming, ].B.; Xie, H. Prognostic and Predictive Value of PIK3CA
Mutations in Metastatic Colorectal Cancer. Target. Oncol. 2022, 17, 483-492. [CrossRef]

Domingo, E.; Kelly, C.; Hay, J.; Sansom, O.; Maka, N.; Oien, K ; Iveson, T.; Saunders, M.; Kert, R.; Tomlinson, I.; et al. Prognostic
and Predictive Value of Immunoscore in Stage III Colorectal Cancer: Pooled Analysis of Cases From the SCOT and IDEA-HORG
Studies. J. Clin. Oncol. 2024, 42, 2207-2218. [CrossRef] [PubMed]

Taniguchi, H.; Uehara, K.; Ishikawa, T.; Okochi, O.; Akazawa, N.; Okuda, H.; Hasegawa, H.; Shiozawa, M.; Kataoka, M.; Satake,
H.; et al. BRAF V600E and Non-V600E Mutations in RAS Wild-Type Metastatic Colorectal Cancer: Prognostic and Therapeutic
Insights from a Nationwide, Multicenter, Observational Study (J-BROS). Cancers 2025, 17, 399. [CrossRef]

Dadgar-Zankbar, L.; Elahi, Z.; Shariati, A.; Khaledi, A.; Razavi, S.; Khoshbayan, A. Exploring the Role of Fusobacterium Nucleatum in
Colorectal Cancer: Implications for Tumor Proliferation and Chemoresistance. Cell Commun. Signal. CCS 2024, 22, 547. [CrossRef] [PubMed]
Gulhati, P; Yin, J.; Pederson, L.; Schmoll, H.-J.; Hoff, P.; Douillard, ].-Y.; Hecht, ].R.; Tournigand, C.; Tebbut, N.; Chibaudel, B.;
et al. Threshold Change in CEA as a Predictor of Non-Progression to First-Line Systemic Therapy in Metastatic Colorectal Cancer
Patients with Elevated CEA. JNCI . Natl. Cancer Inst. 2020, 112, 1127-1136. [CrossRef]

Titu, S.; Ilies, R.A.; Mocan, T.; Irimie, A.; Gata, V.A.; Lisencu, C.I. Evaluation of Carcinoembryonic Antigen as a Prognostic Marker
for Colorectal Cancer Relapse: Insights from Postoperative Surveillance. Med. Sci. 2025, 13, 229. [CrossRef]

Tie, J.; Wang, Y.; Lo, S.N.; Lahouel, K.; Cohen, ].D.; Wong, R.; Shapiro, ].D.; Harris, S.J.; Khattak, A.; Burge, M.E.; et al. Circulating
Tumor DNA Analysis Guiding Adjuvant Therapy in Stage II Colon Cancer: 5-Year Outcomes of the Randomized DYNAMIC
Trial. Nat. Med. 2025, 31, 1509-1518. [CrossRef]

Ciardiello, D.; Martinelli, E.; Troiani, T.; Mauri, G.; Rossini, D.; Martini, G.; Napolitano, S.; Famiglietti, V.; Del Tufo, S.; Masi, G.;
et al. Anti-EGFR Rechallenge in Patients with Refractory ctDNA RAS/BRAF Wt Metastatic Colorectal Cancer: A Nonrandomized
Controlled Trial. JAMA Netw. Open 2024, 7, €245635. [CrossRef]

Folprecht, G.; Reinacher-Schick, A.; Weitz, J.; Lugnier, C.; Kraeft, A.-L.; Wisser, S.; Aust, D.E.; Weiss, L.; von Bubnoff, N.; Kramer,
M.; et al. The CIRCULATE Trial: Circulating Tumor DNA Based Decision for Adjuvant Treatment in Colon Cancer Stage II
Evaluation (AIO-KRK-0217). Clin. Color. Cancer 2022, 21, 170-174. [CrossRef]

Sartore-Bianchi, A.; Pietrantonio, E; Lonardi, S.; Mussolin, B.; Rua, F.; Crisafulli, G.; Bartolini, A.; Fenocchio, E.; Amatu, A.;
Manca, P; et al. Circulating Tumor DNA to Guide Rechallenge with Panitumumab in Metastatic Colorectal Cancer: The Phase 2
CHRONOS Trial. Nat. Med. 2022, 28, 1612-1618. [CrossRef]

Iguchi, K.; Shiozawa, M.; Uchiyama, M.; Asari, M.; Numata, K.; Rino, Y.; Saito, A. Temporal Dynamics of RAS Mutations in
Circulating Tumor DNA in Metastatic Colorectal Cancer: Clinical Significance of Mutation Loss during Treatment. J. Cancer Res.
Clin. Oncol. 2024, 150, 281. [CrossRef]

Hussen, B.M.; Abdullah, S.T.; Abdullah, S.R.; Younis, Y.M.; Hidayat, H.J.; Rasul, M.F.; Mohamadtahr, S. Exosomal Non-Coding
RNAs: Blueprint in Colorectal Cancer Metastasis and Therapeutic Targets. Non-Coding RNA Res. 2023, 8, 615-632. [CrossRef]
Kan, C.-M.; Pei, XM.; Yeung, M.H.Y;; Jin, N.; Ng, S.5.M.; Tsang, H.F.; Cho, W.C.S,; Yim, A K.-Y.; Yu, A.C.-S.; Wong, S.C.C.
Exploring the Role of Circulating Cell-Free RNA in the Development of Colorectal Cancer. Int. J. Mol. Sci. 2023, 24, 11026.
[CrossRef] [PubMed]

Petrik, J.; Verbanac, D.; Fabijanec, M.; Hulina-Tomaskovi¢, A.; Ceri, A.; Somborac-Batura, A.; Petlevski, R.; Grdi¢ Rajkovi¢, M.;
Rumora, L.; Kruslin, B.; et al. Circulating Tumor Cells in Colorectal Cancer: Detection Systems and Clinical Utility. Int. J. Mol. Sci.
2022, 23, 13582. [CrossRef] [PubMed]

Nie, F; Sun, X,; Sun, J.; Zhang, J.; Wang, Y. Epithelial-Mesenchymal Transition in Colorectal Cancer Metastasis and Progression:
Molecular Mechanisms and Therapeutic Strategies. Cell Death Discov. 2025, 11, 336. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/jpm16010048


https://doi.org/10.1016/S1470-2045(21)00086-3
https://www.ncbi.nlm.nih.gov/pubmed/33961795
https://doi.org/10.1038/s41698-021-00206-y
https://doi.org/10.3390/ph14070632
https://doi.org/10.1007/s11523-022-00898-7
https://doi.org/10.1200/jco.23.01648
https://www.ncbi.nlm.nih.gov/pubmed/38484206
https://doi.org/10.3390/cancers17030399
https://doi.org/10.1186/s12964-024-01909-y
https://www.ncbi.nlm.nih.gov/pubmed/39548531
https://doi.org/10.1093/jnci/djaa020
https://doi.org/10.3390/medsci13040229
https://doi.org/10.1038/s41591-025-03579-w
https://doi.org/10.1001/jamanetworkopen.2024.5635
https://doi.org/10.1016/j.clcc.2021.09.005
https://doi.org/10.1038/s41591-022-01886-0
https://doi.org/10.1007/s00432-024-05805-3
https://doi.org/10.1016/j.ncrna.2023.09.001
https://doi.org/10.3390/ijms241311026
https://www.ncbi.nlm.nih.gov/pubmed/37446204
https://doi.org/10.3390/ijms232113582
https://www.ncbi.nlm.nih.gov/pubmed/36362369
https://doi.org/10.1038/s41420-025-02593-8
https://doi.org/10.3390/jpm16010048

	Introduction 
	Diagnostic Biomarkers in Colorectal Cancer 
	Traditional Serum Tumor Markers 
	DNA-Based Biomarkers in Stool and Blood 
	RNA-Based Biomarkers 
	Other Emerging Biomarkers and Combined Approaches 

	Prognostic Biomarkers in Colorectal Cancer 
	Tumor-Based Prognostic Factors 
	Circulating Prognostic Biomarkers 
	Integrative and Multi-Omics Prognostic Approaches 

	Predictive Biomarkers: Treatment Selection and Therapeutic Response Monitoring 
	Microsatellite Instability and Immune Checkpoint Inhibitor (ICI) Therapy 
	RAS/RAF/EGFR Pathway Alterations 
	HER2 and Other Emerging Predictive Biomarkers 
	Biomarkers for Therapeutic Response Monitoring 

	Conclusions and Future Perspectives 
	References

