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Introduction
In recent years, colorectal cancer (CRC) has become 
a major concern and a leading cause of cancer-related 
deaths worldwide.1 In 2020, CRC accounted for 10% of 
global cancer cases and 9.4% of cancer-related fatalities.2 
Experts project a substantial increase in the incidence 
of new CRC cases worldwide by the year 2040. This 
forecast considers various factors, including demographic 

aging, population growth, and advancements in human 
development.2,3 Significant advancements have been 
made in the understanding of CRC pathophysiology, 
leading to an expanded array of treatment options that 
include endoscopic and surgical excision, radiotherapy, 
immunotherapy, and targeted therapy.4,5 Although these 
treatments have effectively halted the progression of 
cancer, they are associated with limitations such as drug 
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Abstract
Colorectal cancer (CRC) constitutes 
a significant global health challenge, 
accounting for a considerable proportion 
of cancer cases and associated mortality. 
Projections indicate a potential increase 
in new cases by 2040, attributed to 
demographic factors such as aging 
and population growth. Although 
advancements in the understanding of 
CRC pathophysiology have broadened 
treatment options, challenges such as 
drug resistance and adverse effects persist, 
highlighting the necessity for enhanced diagnostic methodologies. Timely detection markedly 
improves survival rates; however, colonoscopy, regarded as the gold standard for CRC screening, 
is constrained by its invasiveness and reliance on practitioner expertise. Consequently, the 
development of novel diagnostic approaches is imperative. Cancer biomarkers, which serve as 
indicators of cancer progression, show significant promise for improving diagnosis, prognosis, and 
treatment strategies. This study investigates molecular and cellular biomarkers, including proteins, 
DNA mutations, methylation markers, and microRNAs, that are pivotal in precision medicine and 
the monitoring of CRC progression. Additionally, emerging biomarkers such as circular RNAs 
(circRNAs) and long non-coding RNAs (lncRNAs) present opportunities for early detection. 
Current Food and Drug Administration (FDA)-approved CRC biomarkers reflect a shift towards 
personalized medicine, enhancing patient compliance and clinical outcomes. Nevertheless, further 
research is essential for the discovery of novel biomarkers and for deepening the understanding of 
CRC etiology, thereby advancing personalized care. Addressing standardization challenges will be 
crucial for ensuring global patient access to biomarker-based strategies.
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resistance and undesirable side effects in the context of 
CRC.1,6 However, early detection significantly increases 
the five-year survival rate to approximately 90%.7 
Colonoscopy is widely regarded as the most reliable 
method for CRC screening. However, this procedure 
may be invasive and uncomfortable for patients, and its 
accuracy is significantly affected by the operator's expertise 
and experience.8 In light of these clinical challenges, it is 
imperative to identify innovative approaches that enhance 
the rapid diagnosis and monitoring of patient prognosis.

A cancer biomarker is a quantifiable characteristic 
that indicates the potential development, incidence, or 
outcome of cancer.9 These characteristics can be classified 
into molecular, cellular, physiological, or imaging-
based categories.9 The primary objective of this study 
is to investigate cancer biomarkers at the molecular 
and cellular levels. One aspect of biomarker testing in 
oncology involves analyzing tumors or bodily fluids to 
identify alterations in DNA, RNA, proteins, or other 
biomolecules. These changes can provide valuable insights 
for cancer diagnosis, prognosis, precision medicine, 
guiding treatment strategies, predicting drug responses, 
and monitoring cancer progression.10,11 Currently, 
researchers have explored various categories of colorectal 
biomarkers, including proteins, mutations, methylation 
markers, microRNAs, volatile organic compounds, and 
alterations in gut microbiome composition.12,13

This review aims to provide a comprehensive overview 
of the prognostic and predictive biomarkers currently 
used in clinical settings while also examining emerging 
biomarkers that may have significant implications for the 
monitoring and treatment of CRC patients. Furthermore, 
this review will address the major challenges encountered 
in biomarker research and their application in clinical 
practice.

Search strategy
A comprehensive literature search was conducted to 
identify relevant studies for this review. The following 
electronic databases were searched: PubMed, Google 
Scholar, Scopus, and Web of Science. The search terms 
included a combination of keywords and Medical Subject 
Headings (MeSH) such as “liquid biopsy,” “colorectal 
cancer,” “biomarker,” “cancer biomarkers,” “clinical 
implementation,” and “FDA.” Boolean operators (AND, 
OR) were used to combine terms as appropriate.

The inclusion criteria were (1) original research articles 
published in English; (2) studies focusing on the use of 
biomarkers in cancer diagnosis, prognosis, or treatment 
monitoring; and (3) studies involving human subjects. 
Exclusion criteria included (1) case reports, editorials, 
or conference abstracts; (2) studies not directly related to 
the clinical application of liquid biopsy; and (3) articles 
without available full text.

Titles and abstracts were screened for relevance, 

followed by full-text review of potentially eligible articles. 
Reference lists of included studies were also examined to 
identify additional relevant publications. Discrepancies in 
study selection were resolved through discussion among 
the authors.

Overview of biomarkers 
There are specific germline or hereditary variations that 
increase the risk of cancer.14 Based on their frequency 
and ability to induce disease, germline variations can be 
categorized into three categories: uncommon variants 
exhibiting significant penetration, relatively common 
variants with moderate penetration, and common 
variants with limited penetration.15 The first ones have 
a significant correlation with cancer-predisposing 
syndromes and hereditary malignancies, making them 
excellent candidates for use as biomarkers for cancer 
risk assessment. Different cancer types might be more 
or less susceptible to germline variations. For instance, 
Lynch syndrome-associated mutations in the genes 
epithelial cell adhesion molecule(EPCAM), MutL protein 
1 (MLH1), MutS homolog 2 (MSH2), mutS homolog 6 
(MSH6), and postmeiotic segregation increased 2 (PMS2) 
are more strongly associated with CRC than pancreatic 
cancer (PC).15,16 In addition to helping determine a 
person's vulnerability to cancer, germline genetic markers 
are significant prognostic and predictive indicators for 
targeted treatments.17 Many cancers can develop due to 
the accumulation of somatic mutations, some unique 
to a specific type of cancer and others common among 
different types of cancer. Chromosomal abnormalities 
encompass both numerical and structural variations, 
serving as significant biomarkers.18-20 The translocation 
of chromosomes 22 and 9, resulting in the fusion of 
breakpoint cluster region-Abelson murine leukemia viral 
oncogene homolog (BCR-ABL), led to the discovery of 
the Philadelphia chromosome as the initial chromosomal 
abnormality in cancer.21 Fig. 1 illustrates the translocation 
between chromosome 22 and chromosome 9.

Genetic alterations frequently utilized as cancer 
biomarkers include mutations that impact a single 
nucleotide or a limited number of nucleotides.22 Cell-free 
DNA, originating from the lysis of cancer cells or active 
secretion, is termed circulating tumor DNA (ctDNA) and 
holds promise as a biomarker for cancer.23,24 Detecting 
ctDNA presents significant challenges due to its low 
concentration, necessitating the employment of highly 
sensitive methodologies.25 To develop effective cancer 
biomarkers, it is essential to consider various factors, 
including tumor DNA content, sample type, and detection 
techniques. DNA sequencing and polymerase chain 
reaction (PCR)-based methods are frequently utilized to 
investigate small DNA alterations, whereas fluorescence 
in situ hybridization (FISH) and array comparative 
genomic hybridization are employed for the analysis of 
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larger DNA fragments.26

Protein biomarkers in cancer encompass a diverse array 
of proteins reflective of specific cancer characteristics. 
These proteins can be identified through tumor tissue 
analysis.27 Immunohistochemistry (IHC) is typically 
employed to assess proteins within tumor tissues, while 
the enzyme-linked immunosorbent assay (ELISA) is a 
widely used method for analyzing protein biomarkers 
in bodily fluids.28 Also, various techniques such as 
chromatography, Western blotting, laser capture 
microdissection (LCM), protein microarrays, and gel-
based approaches are available for measuring proteins in 
small sample sizes.29 A comprehensive proteomics map 
study involving 949 human cell lines has developed a wide 
range of 189 biomarkers for drug sensitivity prediction, 
significantly contributing to cancer research and drug 
application.30 The Food and Drug Administration (FDA) 
has approved the programmed death-1/programmed 
death-ligand 1 (PD-1/PD-L1) antibody for the initial 
or second course of treatment for several types of 
cancer.31 Regarding gastroesophageal malignancies, a 

comprehensive evaluation is conducted to determine the 
most suitable immunotherapy treatment. This evaluation 
includes assessing microsatellite instability (MSI) or DNA 
mismatch repair (MMR), tumor mutational burden, and 
PD-L1 expression.32 

Epigenetic variations lead to alterations in DNA 
methylation and modifications of histone proteins, all 
without affecting the underlying DNA coding sequence. 
However, these changes significantly influence the 
structure and stability of DNA, playing a pivotal role in 
the pathogenesis of cancer.33,34 MLH1 methylation serves 
as a widely recognized biomarker in clinical settings 
for the assessment of Lynch syndrome, a hereditary 
condition linked to an elevated risk of cancer.34 Moreover, 
DNA methylation biomarkers hold considerable 
potential in forecasting the efficacy of cancer therapies.35 
One of the notable advantages of these diagnostic tests 
is their capacity to accurately identify cancer in its early 
stages and to detect any residual disease. The FDA has 
sanctioned several biomarkers for methylation-based 
testing. These include septin 9 (SEPT9), which can be 

Fig. 1. The Philadelphia chromosome arises from a reciprocal translocation between the long arms of chromosome 9 and chromosome 22, cytogenetically 
designated as t(9;22)(q34;q11). During this chromosomal rearrangement, a segment of the ABL1 gene from chromosome 9 is translocated to chromosome 
22, where it fuses with the BCR gene. This event produces a shortened, abnormal chromosome 22 known as the Philadelphia chromosome and a derivative, 
elongated chromosome 9. The fusion of the BCR and ABL1 genes on the Philadelphia chromosome results in the formation of the BCR-ABL1 fusion gene, 
which encodes a constitutively active tyrosine kinase protein. Unlike normal tyrosine kinases, this fusion protein is always active, leading to uncontrolled cell 
proliferation, inhibition of normal cell differentiation, and resistance to apoptosis. These effects are central to the development of leukemia. The Philadelphia 
chromosome is present in over 95% of chronic myeloid leukemia (CML) cases and is also found in subsets of acute lymphoblastic leukemia (ALL) and 
acute myeloid leukemia (AML). Different breakpoints within the BCR gene result in various BCR-ABL1 fusion transcripts, including p210, which is typical in 
classical CML and some Philadelphia chromosome-positive ALL cases; p190, which is most common in Philadelphia chromosome-positive ALL and rare in 
CML; and p230, which is associated with chronic neutrophilic leukemia and rare CML variants. The presence of the Philadelphia chromosome is a defining 
diagnostic marker for CML and plays a critical role in guiding prognosis and treatment, particularly with the use of targeted tyrosine kinase inhibitors.
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detected in plasma utilizing the Epi proColon test, as well 
as a combination of NDRG family member 4 (NDRG4) 
and bone morphogenetic protein 3 (BMP3), which can be 
found in stool samples for screening purposes.34 

It is noteworthy that less than 2% of transcripts 
are protein-coding genes that generate translational 
messenger RNA (mRNA) transcripts.36 Microarrays 
and RNA sequencing are advanced techniques used to 
analyze the transcriptome.37 Micro RNAs (miRNAs) 
are approximately 22 nucleotides long and have a 
crucial role in regulating various cellular processes.38,39 
They control protein expression by modulating mRNA 
expression, thereby influencing cell growth, cell cycle, cell 
differentiation, apoptosis, invasion, and metastasis.39-41 
When it comes to diagnosing CRC, several studies have 
found that the expression of certain miRNAs in patients 
significantly differs from that in the general population. 
These variations can serve as biomarkers for the early 
detection of CRC and hold significant importance in the 
early diagnosis and prognosis.39 CircRNA is a recently 
discovered form of single-stranded RNA. These circRNAs 
have the potential to serve as biomarkers for early cancer 
detection.42-44 The potential of circRNAs as biomarkers 
for CRC diagnosis was noted in a study by Jiang W. et 
al. In addition, circRNAs can interact with other proteins 
or RNAs to enhance diagnostic accuracy for CRC.45,46 
However, additional research is necessary to fully 
comprehend the mechanisms of cancer.47

Long non-coding RNAs (lncRNAs), which are non-
translated RNA transcripts, can play a crucial role in 
suppressing tumors by interacting with the p53 tumor 
suppressor gene.48

The lncRNA activator of enhancer domains is 
upregulated by p53, while decreased expression is linked 
to CRC, breast cancer, and androgen-sensitive prostate 
cancer.49,50 Researchers have found that elevated levels 
of long intergenic non-coding RNA (lincRNA)-p21 in 
CRC enhance the response to radiotherapy, facilitating 
apoptosis. Conversely, reduced levels of lincRNA-p21 
are associated with a higher risk of disease progression.51 
The changes in lncRNA expression levels can serve as 
indicators and potential biomarkers for the early detection 
of CRC.

Common sample types used for cancer biomarker 

analysis include blood, urine, stool, and other body fluids 
such as exhaled breath, saliva/buccal swabs, cerebrospinal 
fluid, and sputum.34,35 For many years, the field of cancer 
diagnosis and monitoring has extensively utilized protein 
biomarkers, particularly from plasma samples. Urine is 
frequently used for biomarker testing in cases of bladder 
or prostate cancer. The Alere NMP22 Bladder Check Test 
is a reliable protein-based diagnostic and monitoring tool 
for bladder cancer.25 An FDA-approved screening test 
called Cologuard can identify DNA alterations associated 
with CRC in stool samples, achieving 92% sensitivity.25 
Stool samples are also valuable for microbiota profiling, 
which can help predict therapy responses. For instance, 
researchers have found that the ratio of Fusobacterium 
nucleatum to Bifidobacterium probiotic (Fn/Bb) 
demonstrates high sensitivity (84.6%) and specificity 
(92.3%) in detecting CRC. The combined ratio of Fn/Bb 
and F. nucleatum to Faecalibacterium prausnitzii (Fn/Fp) 
increases sensitivity in detecting stage I CRC to 90%.25,52 

Table 1 provides an overview of biomarker types and 
detection methods used in CRC research and diagnostics.

FDA-approved genetic biomarkers 
APC: The adenomatous polyposis coli (APC) gene, located 
at the 5q22.2 locus, produces a protein that acts as a growth 
suppressor. This protein regulates cell proliferation 
and adhesion to adjacent tissues.53 The alteration of the 
APC gene is responsible for approximately 85% of CRC 
patients.7 Given the prevalence of APC mutations among 
patients and their close association with Wnt/β-catenin 
signaling, targeting this pathway could potentially benefit 
individuals with APC mutations.54 Despite the emergence 
of various methods and drugs for treating patients with 
APC mutations, the significant side effects of traditional 
medications have proven to be a major challenge in 
effectively inhibiting CRC caused by these mutations. 
Therefore, identifying novel target genes for managing 
CRC in patients with APC mutations is essential.

TP53: The gene TP53, also known as p53, is essential for 
suppressing the cell cycle, cell division, and proliferation 
via regulating intercellular communication.55 It is 
important to highlight that the incidence of P53 gene 
mutations is higher in distal bowel and rectal cancers 
compared to proximal tumors.55 This suggests a potential 

Table 1. Overview of biomarker types and detection methods

Biomarker category Key points References

Germline variants Variants linked to hereditary cancers, like Lynch syndrome, are useful for risk assessment. 14-17

Somatic mutations Chromosomal abnormalities (e.g., BCR-ABL) serve as key cancer biomarkers. 18-21

Circulating tumor DNA Low levels require sensitive detection; potential as cancer biomarkers. 9,23,24

Protein biomarkers Detected by IHC, ELISA; FDA-approved PD1/PD-L1 for cancer treatment. 26-30

Epigenetic markers DNA methylation (e.g., MLH1) used for early detection and treatment prediction. 31-33

Transcriptome biomarkers miRNAs, circRNAs, and lncRNAs are key for early cancer detection, prognosis, and therapy response. 34-49

Sample types Blood, urine, stool, saliva, etc.; stool DNA testing (e.g., Cologuard) for CRC detection. 9,33-50
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correlation between the p53 gene mutation and the 
occurrence of distant metastasis as well as vascular 
infiltration in CRC.56 The nucleoside reverse transcriptase 
inhibitor 3TC demonstrated significant therapeutic 
activity in p53-mutated CRC.57 Phase II clinical trials 
revealed promising results, offering a novel therapeutic 
approach for the treatment.58

PIK3CA: The PIK3CA oncogene is a crucial 
component of the phosphatidylinositol 3-kinase (PI3K)/
protein kinase B (AKT)/mammalian target of rapamycin 
(mTOR) pathway, which has a significant impact on 
numerous biological processes such as cell replication, 
death, and motility. PIK3CA is commonly found in 
CRC, with a mutation frequency of around 10-15%.59-

61 Research has indicated that aspirin, also known as 
acetylsalicylic acid, can have a beneficial impact on CRCs 
caused by PIK3CA gene mutations.62 Compounds like 
Selaginella doederleinii Hieron ethyl acetate (SDEA) have 
been found to effectively induce cell death in CRC by 
inhibiting the PI3K signaling pathway.63 However, most 
PI3K inhibitors have demonstrated toxic or undesirable 
side effects during in vitro testing. Therefore, it is essential 
to continue developing PI3K signaling pathway inhibitors 
that are both safer and more effective.7

SMAD Family Member 4 (SMAD4): SMAD4 is 
essential for the TGF-β signaling pathway, facilitating 
the transmission of signals from the extracellular 
environment to the nucleus.64 The SMAD4 mutation is 
found in approximately 10-15% of individuals diagnosed 
with CRC.65 The absence of the SMAD4 gene does not 
directly cause the formation of tumors, but it does play 
a role in the spread of tumors, which has implications 
for the prognosis and rates of survival of individuals 
diagnosed with stage III CRC.64,66-68 Possible biomarkers 
for predicting a poor outcome for cetuximab-based 
treatment in Chinese patients with metastatic CRC 
may include mutations of SMAD4.69 Given the impact 
of SMAD4 mutations on the TGF-β signaling pathway, 
it is worthwhile to consider TGF-β signaling pathway 
inhibitors as a potential treatment for CRC.70

KRAS: The mutation of the RAS gene is prevalent in 
a significant majority of patients diagnosed with CRC. 
Specifically, the KRAS gene mutation accounts for 
approximately 85% of these alterations, while mutations 
in the NRAS and HRAS genes collectively constitute the 
remaining 15%.71,72 The proto-oncogene KRAS encodes the 
P21 Ras protein, which plays a pivotal role in various signal 
transduction pathways, angiogenesis, and tumorigenesis. 
In CRC patients, mutations in the KRAS gene frequently 
occur at the 35th nucleotide within the 12th codon. This 
particular mutation is significantly associated with tumor 
infiltration and lymphatic metastasis.73,74 Approximately 
85% of CRC patients exhibit a KRAS mutation. The 
KRAS gene is integral to numerous essential cellular 
processes, including the epidermal growth factor receptor 

(EGFR) and RAS signaling pathways, as well as cellular 
growth and differentiation. Therefore, the KRAS gene 
is of considerable significance in the diagnosis and 
treatment of CRC.73,75,76 Cetuximab and panitumumab are 
commonly used treatments for patients with metastatic 
CRC who have wild-type KRAS and NRAS. Nevertheless, 
additional resistance mechanisms have been observed, 
including acquired mutations of the EGFR and RAS 
genes and amplification of ERBB2, RAS, or MET.77,78 The 
effectiveness of rechallenge therapy is shown by a favorable 
outcome from prior anti-EGFR treatment and significant 
gaps between previous treatment plans.79 Developing 
effective therapeutics for other KRAS mutations is the 
next research frontier.80

BRAF: The BRAF gene plays a critical role in cell 
proliferation, differentiation, and programmed cell 
death in normal physiological conditions.81 Mutations 
in the BRAF gene result in the persistent activation of 
signaling pathways, which can lead to uncontrolled 
cellular proliferation and the subsequent development of 
cancer. A prior study indicated that approximately 10% of 
patients with CRC possess a mutation in the BRAF gene, 
with the majority of these cases (90%) characterized by 
the BRAFV600E mutation.82 The BRAFV600E mutation 
is linked to certain clinicopathological characteristics, 
including being female, being older, having a tumor in the 
proximal colon, being at an advanced TNM stage, having 
poor differentiation, and having mucinous histology.83 
The BRAF mutant status proved to be a dependable 
predictor of survival in metastatic CRC. Patients with 
BRAF-mutant CRC experienced a decline in disease-
free survival (DFS) and overall survival (OS) following 
recurrence subsequent to postoperative adjuvant 
therapy.84 Additionally, the BRAF gene is strongly linked 
to the RAS-RAF-MAPK signaling pathway. As a result, it 
is not feasible to treat CRC by suppressing the BRAF gene 
mutation using a single method. Utilizing a combination 
of EGFR, BRAF, and MEK inhibition has emerged as 
a promising clinical approach.85-87 The (Binimetinib, 
Encorafenib, and Cetuximab Combined to Treat BRAF-
Mutant CRC) BEACON CRC trial examined the potential 
of combining encorafenib, binimetinib, and cetuximab 
to treat patients. The compelling results of combining 
sorafenib with cetuximab, with or without binimetinib, 
highlight the significant advantages of using BEACON 
combinations.88 Above all, the KRAS and BRAF genes 
are widely recognized as critical biomarkers for early 
detection.89 Analyzing the KRAS and BRAF genes can 
diagnose patients with Stage III CRC. It is noteworthy that 
this specific type of cancer exhibits a greater propensity 
for hepatic metastasis compared to cancers characterized 
by a single gene mutation.89-91

MSI Status: Microsatellites are short tandem repeats 
of DNA sequences, and MSI status is a consequence of 
a compromised MMR system, typically resulting from 
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the inactivation of four crucial MMR genes (MSH2, 
MLH1, MSH6, and PMS2).92 An inadequate MMR 
system hampers the ability to correct errors that occur 
during DNA replication, especially those involving the 
addition or deletion of repeating units.93 This ultimately 
leads to a hypermutable phenotype, characterized by 
instability at two or more loci (MSI-high). There are 
two different methods to determine MSI status: IHC or 
PCR.94 IHC can determine the expression of the MLH1, 
MSH2, MSH6, and PMS2 genes, which helps identify 
tumors as MSI (deficient MMR, dMMR) rather than 
MSS (proficient MMR, pMMR).88 Approximately 15% 
of patients diagnosed with CRC exhibit microsatellite 
instability (MSI) tumors, with a small subset of these 
cases attributable to Lynch syndrome—a hereditary 
cancer syndrome that significantly increases the risk of 
CRC.95,96 This condition is also referred to as Hereditary 
Non-Polyposis CRC (HNPCC). The first application 
of MSI was as a screening method for Lynch syndrome 
detection.97 It is important to note that the occurrence 
of MSI varies depending on the stage of the disease. 
Approximately 15% of stage II/III CRCs exhibit dMMR, 
whereas the prevalence of dMMR in stage IV CRCs is only 
around 4%-5%.98 Tumors characterized by MSI exhibit 
distinct clinical and pathological features, occurring more 

frequently in the right colon and being predominantly 
observed in younger patient populations. These tumors 
also display poor differentiation and are characterized 
by a robust lymphocyte infiltrate. Generally, patients 
with MSI-high have a more favorable prognosis when 
compared to patients with MSI-low (MSS).97,99 In the field 
of onco-immunology, the success of checkpoint inhibitors 
in various tumor types has sparked interest among 
researchers and clinicians.100 In 2017, pembrolizumab, a 
monoclonal anti-PD1 antibody, received FDA approval 
for use in MSI-high patients, regardless of their specific 
cancer type.101 Additionally, the FDA has approved 
Nivolumab and Ipilimumab for patients with refractory 
stage IV MSI-high.102 It is worth noting that MSI status 
could potentially serve as a predictive marker for patients 
with stage III MSI.88 However, it is important to note that 
not all patients with metastatic CRC experience a positive 
response to immunotherapy, particularly those with MSI-
high. In patients receiving immunotherapy, the expression 
of PD-L1 in tumors did not correlate with improved 
survival outcomes, raising questions about the reliability 
of PD-L1 as a prognostic indicator for checkpoint 
inhibition treatment in metastatic CRC.103 There is a need 
for further studies to identify biomarkers in this rapidly 
evolving field of clinical research.104 Fig. 2 illustrates key 

Fig. 2. Genetic Mutations and Targeted Pathways. This figure illustrates key genetic mutations and their associated pathways in cancer. It highlights 
mutations in the APC, PIK3CA, SMAD4, BRAF, and KRAS genes, each associated with different signaling pathways. The APC gene mutation affects the 
Wnt signaling pathway, leading to the activation of β-catenin and its translocation into the nucleus. This pathway involves proteins like Dishevelled, GSK-
3β, and CKIα. The PIK3CA oncogene mutation activates the PI3K/AKT/mTOR pathway, which is crucial for cell growth and survival. This pathway is often 
targeted in cancer therapies due to its role in tumor progression. The SMAD4 gene mutation disrupts the TGF-β signaling pathway, which involves proteins 
such as SARA, SMAD2/3, and SMAD7. This pathway is essential for regulating cell proliferation and differentiation. The BRAF gene mutation activates the 
MAPK/ERK pathway, which includes Ras, Raf, MEK1/2, and ERK1/2 proteins. This pathway is critical for cell division and is a common target in cancer 
treatment strategies. KRAS gene mutations also affect the MAPK/ERK pathway, similar to BRAF mutations. These mutations are prevalent in many cancers 
and are associated with resistance to certain therapies. Targeting these pathways can help manage cancer progression by inhibiting key proteins involved 
in cell signaling and growth. Overall, this figure underscores the complexity of cancer biology and the importance of targeted therapies. By understanding 
these pathways, researchers can develop more effective treatments that specifically address the underlying genetic mutations driving cancer growth.
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genetic mutations involved in CRC pathways.
Table 2 provides information about FDA-approved 

genetic biomarkers for CRC.

FDA-approved protein biomarkers
CEA, a tumor marker, is a molecule involved in 
intracellular adhesion, produced in embryonic 
gastrointestinal tissue as well as in tumor cells, and 
plays a role in angiogenesis.105,106 Elevated levels of CEA 
in the blood are indicative of several cancers including 
gastrointestinal tract, breast, lung, ovary, and pancreatic 
cancer.107,108 However, an increase in CEA levels can also 
occur in various non-malignant conditions, including 
cigarette smoking, alcoholism, chronic inflammatory 
bowel disease, diverticulitis, pancreatitis, and liver 
disease.108 The CEA protein is widely used as a marker for 
CRC. It is effective in identifying CRC and is beneficial 
for assessing patient prognosis.109 A possible correlation 
between CEA, CRC metastasis, and tumor growth was 
suggested by the study, which found a strong relationship 
between a positive CEA status before surgery and vascular 
spreading, nerve infiltration, and the size of the tumor. 
In order to more successfully guide clinical therapy and 
prognosis, pretreatment CEA levels in the blood may be 
utilized to predict the status of CRC, including the stage 
of cancer and lymph node involvement.110 Additionally, 
previous findings have shown that the serum CEA level in 
CRC patients can independently predict both OS and DFS 
time.111-113 In the world of patients with CRC, CEA is an 
appropriate choice for further investigation of circulating 
tumor cells (CTCs) or circulating epithelial cells (CECs). 
According to a number of research studies, patients with 
greater blood levels of CEA protein prior to surgery 
may have a higher risk of metastasis and recurrence.114 
However, it is important to note that the levels of CEA in 
the bloodstream may change considerably as a result of 
external variables such as liver and lung disorders or daily 
behaviors, which may in turn impact their correlation 
with the original malignant tissue.115 As a result, although 
the blood CEA level has been extensively used in clinical 
practice to diagnose and predict CRC.116,117 they have 
demonstrated inadequate sensitivity, specificity, and 
repeatability for characterizing CRC.118

CA 19-9: CA19-9 was discovered in 1979 and is now 
frequently used to detect pancreatic cancers early.119 It is 
a type of monoclonal antibody that binds to E-Selectin.120 
Elevated levels of CA19-9 can indicate both malignant and 
non-malignant conditions. This tumor marker is mainly 
produced by pancreatic, lung, gastrobiliary tract, and 
CRCs. However, higher CA19-9 levels can also be found 
in patients with chronic liver disease, diabetes mellitus, 
endometriosis, or bronchiectasis.121 guidelines do not 
support the use of CA19-9 for prognostic evaluation.122-124 
However, certain studies have indicated that CA19-
9 holds comparable importance to CEA in terms of 
predicting survival.125 Individuals with CA19-9 levels 
exceeding 200 U/mL experienced a significantly reduced 
5-year survival rate of only 8%. Several other studies have 
reported comparable findings with slightly varying cut-
off values ranging from 31 to 37 U/mL.125-128 In various 
studies, it has been found that CA19-9, although not highly 
sensitive on its own, is closely related to CEA and has the 
potential to enhance the overall sensitivity of CEA.127,129-

132 However, a study by Bagaria et al demonstrated that 
analyzing both tumor markers together did not increase 
the sensitivity to CEA.133 Currently, it is recommended to 
use CEA in combination with other screening methods 
to assess prognosis, monitor surveillance following 
therapeutic resection, and track treatment progress, such 
as chemotherapy or radiation. Using CA19-9 by itself is 
not advised to identify CRC or evaluate ongoing treatment 
or monitoring because of its low sensitivity.122,123,134

The decrease in serum CEA levels is a common 
outcome observed in numerous studies following effective 
treatment with anti-EGFR monoclonal antibodies or 
KRAS G12C inhibitors.135,136 In a retrospective study of 
the cases of 215 patients with CRC, it was observed that 
a KRAS mutation was associated with elevated initial 
CEA levels. As a result, the researchers suggested that 
elevated initial CEA levels might serve as an indicator of 
the presence of a KRAS mutation.137 However, a different 
retrospective cohort study looked back at the data of 183 
patients with CRC and discovered that CEA levels did not 
significantly impact the identification of KRAS mutations. 
Other research has also shown that CEA cannot be used 
as a marker to determine KRAS mutation status or EGFR 

Table 2. FDA-approved genetic biomarkers for CRC

Biomarker Mutation frequency Clinical relevance Therapeutic approaches Ref.

APC 85% of CRC patients Impacts Wnt/β-catenin signaling. Targeting the Wnt/β-catenin pathway 1,7,52

TP53 (p53) Higher in distal bowel/rectal cancers Associated with metastasis 3TC (nucleoside reverse transcriptase inhibitor) 53-55

PIK3CA 10-15% of CRC patients Affects PI3K/Akt/mTOR pathway Aspirin, SDEA, PI3K inhibitors 56-59

SMAD4 ~15% of CRC patients Tumor progression, poor prognosis TGF-β signaling inhibitors 60-65

KRAS 85% of RAS mutations Tumor infiltration, EGFR/RAS signaling Cetuximab, panitumumab, rechallenge therapy 66-74

BRAF ~10% of CRC patients (90% BRAFV600E) Poor survival in metastatic CRC
Combination therapies (EGFR, BRAF, MEK 
inhibitors)

75-83

MSI status ~15% of CRC patients
Better prognosis, linked to Lynch 
syndrome

Immunotherapies (pembrolizumab, nivolumab, 
ipilimumab)

80-92
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expression in CRC. Nonetheless, numerous studies have 
observed decreased CEA levels in the blood following 
successful treatment with anti-EGFR monoclonal 
antibodies or KRAS G12C inhibitors.135,136 In a study by 
Hong Jae Jeon et al, researchers suggested that the CEA-
expressing circulating epithelial cells (CCEC) might serve 
as a supplementary biomarker for blood CEA levels, 
enabling the prediction of prognosis in patients receiving 
different treatment modalities.138 CEA and CA19-9 levels 
in the blood are commonly used as biomarkers to predict 
patient prognosis in CRC, and numerous studies have 
verified that both are increased in patients with advanced 
malignancies.139 A previous analysis examining the 
predictive significance of serum CA19-9 levels in CRC 
patients found that a more significant number of patients 
with higher CA19-9 levels also had elevated CEA levels 
compared to those with lower CA19-9 levels.140 The two 
serum markers did not show a significant correlation in 
certain instances. However, it was discovered that the 
CCEC count was higher in individuals with serum CA19-
9 levels more than 10 U/mL compared to those with lower 
CA19-9 levels (1.83 ± 1.59 cells/mL vs. 0.72 ± 0.90 cells/
mL; P = 0.043).138 The combined CEA result also increased 
among individuals with elevated serum CA19-9 levels, 
but these results were not as significant as CCEC counts 
because of the weak correlation between serum CEA and 
CA19-9 levels. 

These findings suggest that CCEC may offer valuable 
insights into CRC pathology that serum CEA levels 
might overlook. To address these limitations, CECs were 
quantified by measuring CEA expression. The results 
confirmed that the CCEC count demonstrates excellent 
diagnostic capability compared to serum CEA levels. 

This approach not only aids in diagnosing CRC but 
also in assessing tumor invasiveness and its potential 
for metastasis.138 The presence of CCECs was found 
exclusively in individuals with CEA-positive tumors, 
which aligns with the fact that CEA is highly expressed in 
various CRC types.141 Although there is a risk of missing 
specific cancer-related cell subtypes, the CCEC count 
remains a promising biomarker for CRC. It is essential 
to recognize that evaluating multiple factors can enhance 
the sensitivity of the tests. For example, pairing CEA 
with CA242 significantly increases sensitivity compared 
to using either marker alone.142 Additionally, Wang and 

colleagues showed that the combination of CEA, CA19-
9, and CA242 enhanced the precision of prognostic 
forecasting in surgical patients with CRC.143 The Luo et 
al research found a notable connection between serum 
CA19-9 and CA125 levels and both lymph node metastasis 
and pTNM staging. A significantly higher percentage 
of stage III + IV patients tested positive for CA19-9 or 
CA125 compared to stage I + II patients.110 These results 
are consistent with previous reports,144-146 and suggest 
that CA19-9 and CA125 could be valuable for differential 
diagnosis, disease monitoring, and therapeutic evaluation 
of numerous malignant tumors. Nevertheless, guidelines 
recommend CEA as a valuable predictor of OS.122,124,134 
Table 3 provides information about FDA-approved 
protein biomarkers for CRC.

FDA-approved epigenetic biomarkers
The SEPT9 gene functions as a tumor suppressor and 
is involved in several essential physiological processes, 
including cytokinesis, DNA repair, cell movement, 
and apoptosis.147 Abnormal methylation decreases the 
transcriptional activity of the SEPT9 gene, resulting in 
dysregulated gene expression and impaired physical 
function, which may ultimately contribute to cancer 
development.148 Toth et al149 found that SEPT9 protein 
expression in CRC cells is significantly lower than in normal 
cells, and mRNA expression of SEPT9 decreases during 
the transformation from adenoma to CRC. Moreover, 
Wasserkort et al150 also suggested that hypermethylation of 
SEPT9 may occur later in the progression from adenomas 
to CRC. This difference in timing could explain why the 
detection sensitivity of SEPT9 gene methylation is lower 
in adenomas compared to CRC. A recent meta-analysis 
found that plasma mSEPT9 has high diagnostic value 
and is significantly associated with the stage of CRC.151 
In addition, survival analysis indicated that there was a 
negative correlation between SEPT9 methylation levels and 
DFS after CRC surgery.152 In a study consisting of 1544 CRC 
samples (stages I‑IV), assessment of the SEPT9 trial was 
retrospectively conducted. The study reported a sensitivity 
and specificity of 68.2 and 78.8% for CRC and a sensitivity of 
21.6% for advanced adenomas (AA). The main performance 
characteristics of mSEPT9 were demonstrated by a Church 
TR study in 2014,152 and mSEPT9 was eventually approved 
by the FDA for CRC screening.153

Table 3. FDA-approved protein biomarkers for CRC

Biomarker Source Clinical Relevance Limitations Ref.

CEA Tumor marker from gastrointestinal 
tissue and tumor cells

Indicates various cancers (CRC, breast, 
lung, ovarian, pancreatic); prognostic 
marker for CRC

Sensitive to non-malignant conditions; 
inadequate specificity and repeatability

93-107

CA 19-9 Monoclonal antibody (E-Selectin)
Primarily used for pancreatic cancer; 
correlates with CEA for survival 
prediction

Low sensitivity alone; not recommended 
for CRC diagnosis or treatment monitoring

108-123

CECs Blood-based marker Predicts prognosis in CRC; potential to 
identify invasive tumors

Limited correlation with serum CEA; may 
overlook specific cancer cell subtypes

124-132
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The methylation of the SEPT9 gene promoter in 
plasma is one of the most researched noninvasive DNA 
methylation biomarkers for diagnosing CRC. SEPT9, 
a GTP-binding protein, plays a role in actin dynamics, 
cytoskeletal remodeling, vesicle trafficking, and 
exocytosis. Many studies have examined the accuracy 
of this biomarker in diagnosing CRC in large groups of 
patients, and the findings showed a sensitivity ranging 
from 48.2% to 95.6% and a specificity ranging from 79.1% 
to 99%.154-156 Epi proColon 2.0 CE, a plasma-based test, 
detects SEPT9 methylation with a sensitivity of 68.2% to 
81.0% and a specificity of 87.4% to 99.0%.157,158 The Epi 
proColon (SEPT9) test is approved by the FDA.159

SEPT9 and SDC2 aberrant methylation have been 
examined in the stool and plasma of patients with CRC 
in various studies.160,161 The ColoDefense test is a blood-
based methylation assay designed for early CRC screening, 
combining the methylation of two biomarkers (SEPT9 
and SDC2) in a single reaction to improve the detection 
rate for early-stage CRC and AA.161 Recent studies 
demonstrate that ColoDefense is a potent, suitable, and 
practical approach with high sensitivity and specificity 
for early screening. The simultaneous identification of 
mSEPT9 and mSDC2 in blood shows excellent promise 
for partially non-invasive CRC screening. Additionally, 
the ColoDefense stool test has demonstrated greater 
accuracy in detecting AAs and CRC compared to the 
detection of mSEPT9 or mSDC2 alone.160-162

DNA methylation can be detected using various 
methods, such as methylation-specific PCR,163 DNA 
sequencing, MethyLight,164 methylation-specific 
melting curve analysis,165 pyrosequencing,166 microarray 
analysis,167 And liquid chromatography (LC). Notably, 
LC was the first platform used to quantify global 
DNA methylation, which was represented by the total 
5-methyldeoxycytidine content in DNA samples.168 
Due to technological progress, the combination of LC 
and mass spectrometry offers a precise and extremely 
sensitive approach for comprehensive quantification of 
DNA methylation.169 Several methylation markers are 
associated with the initiation and progression of CRC.170-

172 Certain markers have the potential to detect CRC 
early, evaluate prognosis, and even predict the response 
to treatment. The status of these methylation markers is 
linked to various factors, including tumor size, grade, and 
metastasis.

Interest in microbiome science has led to the sequencing 
and profiling of an unprecedented number of sample types 
and tissues. This effort has uncovered microbial signals 
in locations previously thought to be devoid of microbial 
communities. However, the reliability and significance of 
these signals are not always evident.173 The influence of 
certain microorganisms on cancer development is widely 
recognized. However, with the recent surge in interest in 
microbiome science, we are on the brink of potentially 

changing our understanding of cancer. It is estimated that 
approximately 20% of the overall cancer burden is related 
to infectious agents, a finding that could revolutionize 
cancer research.174 F. nucleatum, a bacterium, has 
become significant in microbiome research on CRC. Its 
potential role in the progression and development of 
CRC has attracted considerable interest and is a matter 
of immediate concern in our field.175 Fusobacteria are 
Gram-negative anaerobic bacilli with species-specific 
reservoirs in the human mouth, gastrointestinal tract, 
and elsewhere.173,176 F. nucleatum has been found in CRC 
tissues in 10% to 90% of cases, with a higher occurrence 
in the proximal colon compared to the distal colon. 
It is frequently linked to advanced disease, resistance 
to chemotherapy, metastasis, and a grim prognosis.177 
Therefore, an association between F. nucleatum and 
human CRC has emerged across patient populations 
and disease stages.178 Research has demonstrated that F. 
nucleatum strengthens the ability of CRC cells to adhere 
to each other, promotes the attachment of CRC cells to 
endothelial cells, and aids in the process of moving out 
of blood vessels and forming metastases by activating 
the Nuclear factor kappa B (NF-κB) pathway and 
increasing the expression of Keratin7-antisense (KRT7-
AS) and Keratin7 (KRT7) in CRC cells.179,180 The level 
of F. nucleatum was significantly higher in fecal samples 
of CRC patients with positive lymph node metastasis179 
The fecal samples of patients with carcinoma showed an 
enrichment of F. nucleatum and other bacteria associated 
with intestinal inflammation compared to those of healthy 
subjects.181 In another study, findings showed that the 
combination of F. nucleatum infection and high tumor 
mutational burden strongly predicted poor prognosis.182

The association between F. nucleatum and CRC has 
generated interest in identifying F. nucleatum DNA 
and cells in stool using a quantitative PCR assay, as 
well as in intestinal tissues and antibodies against F. 
nucleatum.173,183,184 These markers could be used to detect 
tumors and predict outcomes for individuals with CRC. 
The presence of F. nucleatum in stool samples could aid 
in non-invasive screening. In addition to stool-based 
diagnostics, the identification of IgA or IgG antibodies 
against F. nucleatum in serum shows promise as a 
diagnostic tool.173 Table 4 provides information about 
FDA-Approved Epigenetic Biomarkers for CRC.

Multi-target stool DNA test (Cologuard) 
The Cologuard is a non-invasive screening test for CRC 
and precancerous lesions, which received approval from 
the FDA in 2014. This test targets several genetic mutations 
and alterations that are commonly associated with CRC. 
It combines stool DNA analysis with immunochemical 
detection of hemoglobin to improve sensitivity. The 
immunochemical component detects hemoglobin in the 
stool, which may indicate the presence of cancer or polyps 
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causing bleeding. This aspect is particularly valuable for 
detecting cancers that do not release adequate DNA into 
the stool but still cause bleeding.185 Cologuard provides 
offers a broader detection spectrum than traditional 
fecal immunochemical test (FIT) or guaiac-based fecal 
occult blood test (FOBT) by capturing both genetic 
evidence of cancer and functional evidence of bleeding.186 
Cologuard detects specific mutations in KRAS, APC, 
BRAF V600E, NDRG4, BMP3, and methylation in SEPT9 
and MLH1.185 Patients only need to collect a stool sample 
along with a preservative solution using a home collection 
kit, which enhances patient compliance compared to 
invasive procedures. The sample is sent to a laboratory. 
Extraction involves isolating DNA from stool cells and 
any free-floating DNA fragments. The process is designed 
to ensure the recovery of both human and cancer-
derived DNA.185 PCR is used to amplify the target DNA 
sequences associated with KRAS and APC mutations. To 
detect the methylation of the NDRG4 and BMP3 genes, 
methylation-specific polymerase chain reaction (PCR) 
techniques are utilized. These methodologies effectively 
differentiate between methylated and unmethylated 
DNA, thereby elucidating the presence of cancer-
associated epigenetic alterations.187 The results obtained 
from both genetic/epigenetic assessments and FIT are 
integrated using proprietary algorithms developed by 
Exact Sciences to evaluate mutations, methylation, and 
hemoglobin levels to generate an overall risk. The final 
report indicates whether further diagnostic procedures, 
such as a colonoscopy, are recommended.185

Cologuard has been evaluated in multiple studies 
to determine its clinical effectiveness in comparison 
to traditional screening methods. The pivotal study 
leading to FDA approval was a large, multicenter trial 
that included more than 10,000 participants. The study 
showed that Cologuard was effective in detecting CRC 
with a high degree of sensitivity and reasonable specificity. 
The FDA recognized Cologuard as a suitable alternative 
to traditional screening methods for individuals at 
average risk.185 Its approval came with labeling that 
specifies Cologuard is for use in average-risk adults aged 
45 and older who are asymptomatic. It is a screening test 
and not a diagnostic tool, meaning that positive results 
should be followed up with a colonoscopy for a definitive 

diagnosis.185 The results showed that it had a sensitivity of 
92% for detecting CRC and 42% for detecting advanced 
precancerous lesions, compared to 73% for FOBT.185 
It has a higher false positive rate than some other 
screening tests, which may lead to unnecessary follow-
up procedures. The test also has a lower sensitivity for 
detecting AAs compared to CRC, meaning that some 
precancerous lesions may go undetected. It is more 
expensive than traditional stool-based tests, which may 
limit its accessibility. Additionally, it is recommended 
every three years, as opposed to annual FIT tests. A study 
by Pickhardt et al. found that, while Cologuard was more 
sensitive for detecting CRC, CT colonography had a 
better detection rate for AAs. These findings highlight 
the complementary role of different screening methods 
in CRC surveillance.188 Cologuard has demonstrated high 
sensitivity for detecting CRC. Specificity of approximately 
87% for CRC, which means there is a 13% rate of false 
positives. This is lower compared to FIT, which has a 
specificity of about 95%. While the lower specificity 
of Cologuard results in a higher rate of false positives, 
its higher sensitivity can be advantageous in detecting 
cancers early.185 The recommendation to use it every 3 
years is based on balancing the test's ability to detect CRC 
with its limitations in detecting all types of precancerous 
lesions.189 The age range (45 and older) aligns with current 
guidelines for screening.190 It is particularly beneficial for 
patients who prefer a non-invasive screening method 
over a colonoscopy. A positive Cologuard result requires 
follow-up with a diagnostic colonoscopy for confirmation. 
The high sensitivity helps to ensure that potential cases 
are identified, but a colonoscopy remains necessary for 
further investigation.191

When compared to FIT, Cologuard offers superior 
sensitivity for CRC detection, but this comes at the cost 
of lower specificity. A study by Pickhardt et al. found that 
while Cologuard is more effective at detecting CRC than 
FIT, it also has a higher rate of false positives. This trade-
off is important when considering patient management 
and follow-up procedures.188 Cologuard's sensitivity for 
CRC is comparable to that of colonoscopy; however, 
colonoscopy remains superior in detecting AAs, with 
Cologuard showing a lower sensitivity for these lesions. 
A study by Levin et al. found that while Cologuard had 

Table 4. FDA-approved epigenetic biomarkers for crc

Biomarker Source Clinical Relevance Limitations Ref.

SEPT9 Plasma, stool
Tumor suppressor; abnormal methylation linked 
to CRC; FDA-approved for screening with high 
diagnostic value

Lower sensitivity in adenomas; variable detection 
sensitivity based on cancer stage

136-142

ColoDefense Blood Combines SEPT9 and SDC2 methylation for 
improved detection of early-stage CRC and AA

Variable performance data; further validation 
needed in diverse populations

149-151

Fusobacterium 
nucleatum Stool, tissue

Associated with CRC progression; higher levels 
linked to advanced disease; potential for non-
invasive detection

Detection methods vary; correlation with 
inflammation requires further investigation

162-173
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a sensitivity of 42% for detecting AAs, colonoscopy’s 
sensitivity is higher, making it more effective for polyp 
detection and surveillance.189 Cologuard’s high sensitivity 
for CRC means that it can effectively identify cancers at 
an early stage, potentially improving patient outcomes 
and survival rates.192 Early detection is crucial, as it 
can significantly reduce mortality.193 Ease of use has 
been shown to improve screening adherence. A study 
by Zhu et al. found that patients offered Cologuard 
were more likely to participate in screening than those 
offered colonoscopy.194 Long-term studies are ongoing 
to evaluate the sustained effectiveness of Cologuard in 
reducing incidence and mortality.192 A negative result 
suggests a lower likelihood of CRC or AAs but does not 
completely rule out the possibility of these conditions. 
Regular screening according to recommended guidelines 
is still important, as Cologuard does not prevent CRC or 
guarantee the detection of all lesions.195

Traditional FOBT, such as guaiac-based tests, detects 
occult blood in the stool, which can be indicative of CRC 
or large polyps. However, these tests are less sensitive and 
specific compared to newer methods. FOBT typically has 
a sensitivity for CRC of around 50-70% and a specificity 
of about 95%. In contrast, Cologuard shows higher 
sensitivity at 92% and slightly lower specificity at 87%.196 
While FOBT has lower sensitivity, it maintains a high 
specificity and a long track record of use in screening 
programs. Additionally, it is relatively inexpensive and 
widely available.197 FIT is also less affected by dietary and 
medication-related factors compared to FOBT. FIT is 
simpler and less costly compared to stool DNA tests. It 
is effective in detecting CRC, though it lacks the broader 
detection capabilities provided by stool DNA tests.186

Colonoscopy detects CRC and adenomatous polyps 
(AAs) with high sensitivity—90-95% for CRC and 70-
80% for AAs—and very high specificity.198 In contrast, 
Cologuard shows a high sensitivity for CRC at 92%, but it 
is less effective at detecting AAs, with a sensitivity of only 
42%.199 Additionally, Cologuard has a lower specificity of 
87%, resulting in a higher rate of false positives, which may 
lead to unnecessary follow-up procedures.200 Colonoscopy 
provides direct visualization of the colon, allowing for 
both detecting and immediate removal of polyps, thereby 
preventing CRC. Cologuard is often used as an initial 
screening tool, with colonoscopy remaining the definitive 
diagnostic and treatment procedure. It provides a valuable 
addition to screening options compared to traditional 
fecal tests. However, consider its limitations, including 
lower specificity and reduced sensitivity for AAs, when 
compared to colonoscopy. Balancing these factors with 
patient preferences and clinical guidelines is crucial for 
selecting the most appropriate strategy. 

Emerging Biomarkers and Future Directions 
The search for novel biomarkers is ongoing, driven by the 

need to enhance early detection and improve sensitivity 
and specificity. Identifying specific APC mutations 
can aid in genetic screening to identify individuals at 
higher risk, particularly those with familial adenomatous 
polyposis (FAP) and other hereditary syndromes.201 
PIK3CA encodes a subunit of the PI3K enzyme, which 
is involved in cell growth and survival. PIK3CA encodes 
a subunit of the PI3K enzyme, which is involved in cell 
growth and survival. Mutations in PIK3CA are frequently 
found in CRC and are associated with poor prognosis. 
Current investigations are focusing on their potential as 
biomarkers for targeted treatments and for monitoring 
disease progression.202 Studies are exploring the use 
of NDRG4 methylation as a biomarker for detection, 
particularly in stool and plasma samples.203 Research is 
also focusing on the role of SOX17 methylation in CRC 
detection and its potential use in combination with 
other biomarkers.204 Histone H3 lysine 27 trimethylation 
(H3K27me3), a repressive histone modification 
associated with gene silencing, indicates tumor presence 
and progression in CRC.205 Global DNA methylation 
patterns reflect overall changes in DNA methylation 
status across the genome and may serve as biomarkers 
for early detection and monitoring.206 The detection of 
abnormal Mucin 1, a transmembrane glycoprotein that 
plays a role in cell signaling and protection, is being 
investigated for its diagnostic and prognostic potential.207 
Changes in Mucin 2, a protein involved in forming the 
protective mucus layer of the gastrointestinal tract, can be 
detected in samples. This protein may serve as a marker 
for detection and could complement existing biomarkers, 
improving the sensitivity of stool-based tests.208 CEA has 
primarily been used as a monitoring tool rather than a 
screening test. However, combining CEA with genetic 
and epigenetic biomarkers may enhance both screening 
and monitoring capabilities.209 Elevated levels of Secreted 
Frizzled-Related Protein 2 (SFRP2), a protein involved in 
the Wnt signaling pathway and frequently dysregulated 
in CRC, have been found in the serum of patients.210 
Reduced levels of short-chain fatty acids (SCFAs) such 
as butyrate, propionate, and acetate, along with SCFA 
profiling, particularly in combination with other fecal-
based test could serve as biomarkers for screening.211 
Research is concentrating on identifying specific amino 
acid profiles, including glutamine and tyrosine, within 
metabolomics studies, as well as examining alterations in 
lipid metabolites, such as phospholipids and sphingolipids, 
in patients. These investigations have the potential to 
enhance diagnostic accuracy.212 Lipid profiles could 
help diagnose and better understand pathogenesis.213 
Proteomics markers in blood or stool, particularly those 
involved in inflammation or tumorigenesis, may offer 
additional diagnostic information.212 All of the markers 
mentioned above offer new avenues for enhancing 
diagnostic accuracy, monitoring disease progression, and 
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personalizing treatment.
Advancements in detection technologies are focused on 

enhancing the sensitivity, specificity, and convenience of 
screening methods, facilitating early diagnosis, improving 
diagnostic accuracy, optimizing patient outcomes, 
and offering personalized treatment options. Ongoing 
research and development efforts are expected to further 
refine these technologies and broaden their clinical 
applications. The integration of artificial intelligence (AI) 
and machine learning is increasingly prevalent in the 
analysis of extensive datasets, enabling the identification of 
novel biomarkers. AI algorithms are capable of processing 
complex data derived from genomics, proteomics, and 
other fields to unveil potential biomarkers and enhance 
the formulation of personalized screening strategies.214

Next-generation sequencing (NGS) has become 
a transformative tool offering detailed insights into 
genetic alterations, enabling comprehensive profiling, 
and supporting precision medicine. It is advancing 
the detection of low-abundance ctDNA and other 
biomarkers.195 Despite challenges associated with data 
interpretation, cost, and clinical integration, ongoing 
advancements in NGS technology and bioinformatics 
are facilitating enhanced detection and management of 
CRC. Precise interpretation necessitates the utilization 
of advanced bioinformatics tools and expertise to 
differentiate between clinically relevant and benign 
genetic variants.195 Fig. 3 illustrates the process and key 

considerations involved in integrating liquid biopsy 
technologies into clinical practice.

Future developments will likely enhance the utility 
of NGS, making it a cornerstone of personalized 
cancer care. Genomics profiling by NGS helps identify 
actionable mutations and guide targeted therapies, such 
as those targeting EGFR or VEGF. Profiling can uncover 
mechanisms of resistance to therapy and improve it.195

Liquid biopsy integration into clinical practice is 
fraught with challenges related to validation, regulatory 
approval, and clinical implementation.215 Innovations in 
liquid biopsy technologies provide enhanced accuracy 
and reduced invasiveness in diagnostic tools, as well as 
a more comprehensive understanding of tumor biology. 
The integration of liquid biopsy with NGS is becoming 
increasingly prevalent in the analysis of ctDNA for the 
detection of genetic alterations.195 Exosome analysis can 
provide additional diagnostic and prognostic information 
and is being explored for identifying biomarkers. The 
utilization of nanoparticles for the isolation and analysis 
of exosomes has improved sensitivity and specificity.216 
Improvements in mass spectrometry can Identify specific 
metabolites and provide profiling with high sensitivity, 
thereby discovering new biomarkers. Advances in 
proteomics techniques enable the development of 
multi-protein panels and the introduction of protein 
biomarkers, which can improve diagnostic accuracy and 
stratify patients.

The integration of NGS with proteomics, metabolomics, 
and other omics technologies can yield a more holistic 
understanding of CRC. Such integrative methodologies are 
poised to enhance biomarker discovery, facilitate treatment 
stratification, and improve monitoring strategies.195 
Advances in bioinformatics and analytical tools are 
expected to enhance the interpretation of NGS data. 
Developing more sophisticated algorithms and software 
will improve variant interpretation and clinical decision-
making.195 Establishing standard guidelines will facilitate 
the widespread adoption of NGS for CRC and ensure 
high-quality results.213 The pathway to regulatory approval 
for liquid biopsy tests involves rigorous scrutiny by the 
FDA. Extensive clinical trials and comprehensive data are 
required to demonstrate the safety and efficacy of the test. 
Collaborative efforts among international regulatory bodies 
can facilitate its global adoption. Effective integration 
necessitates that healthcare providers receive thorough 
training in interpreting results and understanding their 
implications for patient management. Guidelines can offer 
recommendations, thereby assisting clinicians in making 
informed decisions.217 Implementing educational programs 
for healthcare professionals can enhance the acceptance of 
liquid biopsy technologies. Conducting health economic 
studies to demonstrate the value of liquid biopsy in terms 
of cost and improved outcomes can support its integration 
into healthcare systems.

Fig. 3. Integration of liquid biopsy technologies into clinical practice: 
challenges, innovations, and opportunities. This figure highlights several 
challenges, including the need for validation, regulatory approval, and 
effective clinical implementation. The figure also emphasizes recent 
innovations in the field, such as enhanced accuracy and reduced 
invasiveness of liquid biopsy techniques. Furthermore, it showcases the 
role of NGS for analyzing ctDNA and the use of exosome analysis, which 
provides additional diagnostic and prognostic biomarkers. Overall, the 
figure underscores both the opportunities and hurdles associated with 
adopting liquid biopsy methods in routine patient care.
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Table S1 provides a concise comparison of the main 
FDA-approved biomarkers used in the detection, 
monitoring, and management of CRC, focusing on their 
sensitivity, specificity, and clinical indications.

Table S2 classifies key CRC biomarkers by their 
clinical role—diagnostic, prognostic, or predictive—and 
indicates whether they are FDA-approved for clinical use. 
Diagnostic biomarkers, such as CEA and mSEPT9, are 
primarily used for detecting or confirming the presence 
of disease, while prognostic biomarkers like BRAF and 
MSI/dMMR provide information about likely disease 
outcomes regardless of treatment. Predictive biomarkers, 
including KRAS/NRAS mutations and MSI/dMMR, help 
guide therapy by indicating which patients are more 
likely to benefit from specific treatments such as anti-
EGFR antibodies or immunotherapy. Only a subset of 
these biomarkers, such as CEA, KRAS/NRAS, BRAF, 
MSI/dMMR, mSEPT9, and Cologuard, are currently 
FDA-approved, while others like ctDNA, miRNAs, and 
microbiome-based markers remain investigational and 
are not yet integrated into standard clinical practice.

Table S3 provides a comprehensive comparison 
between FDA-approved and investigational biomarkers 
for CRC. It highlights which biomarkers are currently 
validated and integrated into clinical practice, such as 
CEA, KRAS, and MSI, and distinguishes them from 
emerging biomarkers like certain microRNAs, circRNAs, 
and novel protein panels that are still under investigation. 
This clear distinction supports clinicians and researchers 
in understanding the current landscape of biomarker 
utility and the future directions of colorectal cancer 
diagnostics and monitoring.

In summary, recent studies have identified several 
novel biomarkers that are improving the early detection 
and management of CRC. Non-coding RNAs, such as 
circRNAs and lncRNAs, show promise for non-invasive 
screening and prognosis. DNA methylation markers like 
SEPT9 and SDC2 have led to FDA-approved blood tests 
with high sensitivity for CRC detection. Multi-target 
stool DNA tests, such as Cologuard, combine genetic 
and methylation markers to enhance detection rates over 
traditional methods. The presence of Fusobacterium 
nucleatum DNA in stool is emerging as a marker for 
CRC progression and prognosis. Additionally, liquid 
biopsy techniques and proteomic/metabolomic panels 
are providing new, minimally invasive ways to monitor 
disease and personalize treatment (Fig. 4).

Conclusion 
The current landscape of FDA-approved biomarkers 
indicates a paradigm shift towards more personalized and 
effective cancer management. Tools such as Cologuard 
provide a non-invasive alternative to colonoscopy, 
significantly enhancing patient adherence to screening 
protocols due to their high sensitivity and specificity. 

Similarly, KRAS mutation testing plays a pivotal role 
in informing treatment decisions, particularly in 
predicting responses to anti-EGFR therapies. Although 
not intended for screening purposes, KRAS testing is 
essential for the customization of targeted treatments. 
CEA is predominantly utilized for monitoring treatment 
efficacy and disease recurrence, with sensitivity notably 
increasing in more advanced disease stages. MSI assays 
have also become integral in identifying patients eligible 
for immune checkpoint inhibitor therapies, thereby 
improving outcomes for individuals with MSI-high 
tumors. Additionally, methylated DNA markers, such 
as SEPT9, identify epigenetic alterations and contribute 
significantly to early detection efforts.

The development of effective and user-friendly 
biomarker-based tools not only reduces mortality but 
also facilitates early diagnosis and timely intervention, 
ultimately enhancing patient survival and quality of life. 
The future of cancer management appears promising, 
with advancements in multi-omics, liquid biopsy, artificial 
intelligence, and next-generation sequencing technologies, 
which have the potential to improve diagnostic precision, 
reduce costs, and integrate these biomarkers into 
standard clinical practice. Despite substantial progress, 
ongoing research remains essential to discover novel 
biomarkers and deepen our understanding of cancer 
biology. Addressing challenges related to standardization 
and accessibility will be crucial to ensuring the global 
implementation of these technologies in patient care.
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