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Abstract:  

Colorectal cancer (CRC) remains one of the leading causes of cancer-related mortality worldwide despite 

remarkable advances in its diagnosis and treatment. Current therapeutic approaches, including surgery, 

chemotherapy, radiotherapy, targeted therapy, and immunotherapy, have significantly improved survival in both 

localized and advanced disease. However, metastatic CRC continues to be associated with poor long-term 

outcomes due to delayed diagnosis, tumor heterogeneity, therapeutic resistance, treatment-related toxicity, and 

high healthcare costs. Consequently, there is an increasing need for reliable biomarkers that can facilitate early 

detection, accurate prognosis, prediction of therapeutic response, and personalized treatment strategies. Recent 

developments in genomics, epigenomics, transcriptomics, and molecular pathology have accelerated the 

discovery of novel biomarkers for colorectal cancer. Among the clinically established biomarkers, alterations in 

KRAS, NRAS, BRAF, and microsatellite instability (MSI) status have become integral to treatment selection 

and precision oncology. Nevertheless, relatively few biomarkers have achieved routine clinical implementation, 

emphasizing the need for continued biomarker discovery and rigorous clinical validation. Emerging evidence 

suggests that non-coding RNAs, particularly long non-coding RNAs (lncRNAs), play critical roles in colorectal 

cancer initiation, progression, metastasis, and therapeutic resistance. This review comprehensively summarizes 

the literature published up to Feb 2023 on established and emerging protein-, DNA-, RNA-, and liquid biopsy-

based biomarkers for colorectal cancer. Particular emphasis is placed on plasmacytoma variant translocation 1 

(PVT1), an oncogenic lncRNA that has demonstrated significant potential as a diagnostic, prognostic, and 

predictive biomarker. The molecular mechanisms through which PVT1 regulates colorectal cancer progression, 

metastasis, and chemoresistance are critically discussed, together with its potential as a therapeutic target. 

Furthermore, this review highlights current challenges, research gaps, and future perspectives in biomarker-

guided precision medicine, providing a comprehensive reference for researchers and clinicians working toward 

improved diagnosis, individualized therapy, and better clinical outcomes in colorectal cancer. 
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Introduction: Global Epidemiology, Disease Burden, 

Current Therapeutic Strategies, and Chemoresistance in 

Colorectal Cancer 

Colorectal cancer (CRC) is one of the most common 

malignancies and remains a major public health concern 

worldwide. It ranks as the fourth most frequently diagnosed 

cancer and contributes nearly 9.7% of the global cancer burden 

[1–5]. Globally, CRC affects approximately 746,000 men and 

614,000 women, accounting for around 10% and 9.2% of all 

newly diagnosed cancers in males and females, respectively. 

More than half of all reported cases occur in developed 

countries, reflecting regional differences in lifestyle, 

healthcare access, and population demographics [3,6]. 

In the United Kingdom, nearly 42,300 new CRC cases are 

diagnosed annually, making it the fourth most common cancer 

overall and the third most frequently diagnosed cancer in both 

men and women [5]. The incidence of CRC increased steadily 

between 1991 and 2016, largely due to population ageing, 

unhealthy dietary habits, obesity, physical inactivity, and other 

environmental and lifestyle-related risk factors [7,8]. 

Although the UK has experienced a modest decline in bowel 

cancer incidence over the past decade, many modifiable risk 

factors continue to contribute to disease development. 

The global burden of colorectal cancer is projected to rise 

substantially, with an estimated 2.2 million new cases and 1.1 

million deaths expected by 2030 [9]. Despite improvements in 

diagnosis and treatment, CRC continues to pose significant 

clinical 

challenges. In England, the overall five-year survival rate is 

approximately 58.4%, which remains lower than the reported 

survival rate of 60 to 65% in the United States [10,11]. 

Furthermore, survival outcomes in the United States remained 

relatively unchanged between 1996 and 2014, indicating the 

need for further advances in disease management [10,11]. 

The increasing proportion of elderly individuals further 

contributes to the growing burden of CRC. Patients aged over 

75 years account for nearly 44% of newly diagnosed cases, 

while approximately 20 to 25% of patients present with 

metastatic disease at diagnosis. An additional one-quarter of 

patients subsequently develop distant metastases during the 

course of their illness [5,13]. Consequently, colorectal cancer 

is responsible for approximately 8.5% of all cancer-related 

deaths worldwide. In the United Kingdom alone, it causes 

nearly 16,300 deaths each year, making it the second leading 

cause of cancer-related mortality [5]. 

Patient survival is strongly associated with the stage at 

diagnosis. The five-year survival rate exceeds 90% for patients 

diagnosed at stage I but declines to nearly 10% in those with 

stage IV disease. Improvements in survival among individuals 

aged 60 to 69 years have been largely attributed to the 

implementation of organized screening programs, which 

facilitate earlier detection and timely treatment [5]. Therefore, 

strengthening early diagnosis, expanding screening coverage, 
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and improving risk-based prevention strategies remain 

essential for reducing the global burden of colorectal cancer. 

 Advances in Colorectal Cancer Screening 

Colorectal cancer (CRC) screening has played a significant 

role in reducing disease-related mortality by enabling early 

detection and timely treatment [14–17]. Population-based 

screening programs have improved survival outcomes by 

identifying precancerous lesions and early-stage cancers 

before the onset of clinical symptoms. In the United Kingdom, 

the national CRC screening program primarily utilizes the 

fecal occult blood test (FOBT), followed by colonoscopy for 

individuals with positive test results. This approach has 

contributed to an approximately 16% reduction in CRC-

related mortality, although its impact on overall disease 

incidence has been limited [18]. Despite its widespread use, 

FOBT has relatively low sensitivity for detecting advanced 

adenomas and early colorectal cancer. To improve diagnostic 

performance, fecal immunochemical testing (FIT) has been 

introduced as a more sensitive alternative for identifying 

occult blood in stool samples [19,20]. In the UK, FIT-based 

screening is routinely offered every two years to individuals 

aged 60 to 74 years, with an additional one-time screening 

invitation at 55 years of age [5]. Individuals with abnormal 

screening results are referred for colonoscopy, which remains 

the gold standard for detecting and confirming premalignant 

and malignant colorectal lesions. Flexible sigmoidoscopy has 

also demonstrated substantial clinical benefits as a primary 

screening method. Large randomized clinical trials have 

reported reductions of up to 23% in CRC incidence and nearly 

31% in disease-specific mortality among screened populations 

[21]. However, because the procedure is invasive, requires 

specialized equipment and trained personnel, and demands 

considerable healthcare resources, its routine implementation 

remains challenging in many settings. Currently, no 

universally accepted screening strategy exists for the early 

detection of colorectal cancer, and screening 

recommendations continue to differ among healthcare 

systems. Consequently, a significant proportion of patients are 

still diagnosed after the development of symptoms, with nearly 

70% presenting at an advanced stage of disease [22]. These 

findings highlight the importance of expanding effective 

screening programs to facilitate the detection of premalignant 

lesions and stage I or II colorectal cancer, thereby improving 

survival rates, reducing disease recurrence, and enhancing 

patients' quality of life. In addition to conventional screening 

methods, increasing attention has been directed toward 

molecular biomarkers for colorectal cancer. Diagnostic, 

prognostic, and predictive biomarkers have the potential to  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Overview of PVT1 in CRC: Biogenesis, Mechanisms and Clinical Significance 
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Table 1. Clinically Established and Emerging Biomarkers in Colorectal Cancer 

Biomarker Type Sample Application Clinical Significance Status 

KRAS Somatic mutation Tumor/ctDNA Predictive Anti-EGFR response Routine 

NRAS Somatic mutation Tumor/ctDNA Predictive Anti-EGFR selection Routine 

BRAF V600E Somatic mutation Tumor/ctDNA Prog./Pred. 
Poor prognosis; targeted 

therapy 
Routine 

MSI/dMMR Genomic Tumor Diag./Pred./Prog. Immunotherapy response Routine 

CEA Protein Serum Surveillance Recurrence monitoring Routine 

CA19-9 Protein Serum Prognostic Advanced disease Limited 

SEPT9 

methylation 
DNA Plasma Diagnostic Non-invasive screening Available 

APC Mutation Blood/Tissue Diagnostic FAP risk Clinical 

MLH1/MSH2/

MSH6/PMS2 
Mutation Blood/Tissue Diagnostic Lynch syndrome Clinical 

DPYD Pharmacogenomic Blood Predictive 5-FU toxicity Clinical 

UGT1A1 Pharmacogenomic Blood Predictive Irinotecan toxicity Clinical 

TYMS Pharmacogenomic Blood Predictive 5-FU response Investigational 

MTHFR Pharmacogenomic Blood Predictive Fluoropyrimidine toxicity Investigational 

PIK3CA Somatic Tumor Prognostic Aspirin benefit Emerging 

PTEN Tumor suppressor Tissue Prognostic Metastatic risk Investigational 

CIMP Epigenetic Tissue Prognostic Poor survival Investigational 

ctDNA Liquid biopsy Plasma Diag./Prog./Pred. MRD, recurrence Emerging 

cfDNA Liquid biopsy Plasma Prognostic Tumor burden Emerging 

LGR5 Stem cell Tissue Prognostic Recurrence Experimental 

BMI-1 Stem cell Tissue Prognostic Aggressive disease Experimental 

miR-21 miRNA Plasma/Stool Diag./Prog. Overexpressed Emerging 

miR-29a miRNA Plasma Diagnostic Advanced adenoma Emerging 

miR-92a miRNA Plasma Diagnostic Early CRC Emerging 

miR-141 miRNA Plasma Prognostic Metastatic CRC Emerging 

MALAT1 lncRNA Tissue Prognostic Metastasis Experimental 

HOTAIR lncRNA Tissue Prognostic Poor prognosis Experimental 

NEAT1 lncRNA Tissue Prognostic Tumor progression Experimental 

lincRNA-p21 lncRNA Tissue Predictive Radiosensitivity Experimental 

PVT1 lncRNA Tissue/Plasma Diag./Prog./Pred. 
Proliferation, 

chemoresistance 
Promising 

Abbreviations: ctDNA, circulating tumor DNA; cfDNA, cell-free DNA; MSI, microsatellite instability; dMMR, 

mismatch repair deficiency; CEA, carcinoembryonic antigen; CIMP, CpG island methylator phenotype. 

Table 2. MicroRNA Biomarkers in Colorectal Cancer 

miRNA Expression Sample Clinical Role Major Target/Association Evidence 

miR-21 Up Plasma/Tissue Diagnostic, 

Prognostic 

Tumor progression, poor 

prognosis 

Emerging 

miR-29a Up Plasma Diagnostic Advanced adenoma, liver 

metastasis 

Emerging 

miR-92a Up Plasma Diagnostic Early CRC detection Emerging 

miR-125b Up Plasma/Tissue Diagnostic Early CRC Emerging 

miR-141 Up Plasma Prognostic Stage IV/metastasis Emerging 

miR-221 Up Plasma/Tissue Prognostic Poor survival, p53 

association 

Emerging 

miR-203 Up Tissue/Plasma Prognostic Lymph node & distant 

metastasis 

Emerging 
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miR-19a Up Tumor Predictive FOLFOX resistance Experimental 

miR-204-5p Up Tumor Predictive 5-FU sensitivity (RAB22A) Experimental 

miR-126 Variable Plasma Predictive Bevacizumab response Experimental 

miR-155-5p Up after 

therapy 

Plasma Treatment 

monitoring 

Improved bevacizumab 

outcome 

Experimental 

miR-20a,130, 

145,216,372 

Down Tumor Predictive Oxaliplatin resistance Experimental 

miR-760 Down Plasma Diagnostic Advanced adenoma Experimental 

miR-601 Down Plasma Diagnostic Advanced adenoma Experimental 

Abbreviations: CRC, colorectal cancer; 5-FU, 5-fluorouracil. 

 

Table 3. Long Non-coding RNA (lncRNA) Biomarkers in Colorectal Cancer 

lncRNA Expression Sample Clinical Role Major Function/ 

Association 

Clinical Status 

PVT1 Upregulated Tissue/Plasma/ 

Exosomes 

Diagnostic, 

Prognostic, Predictive 

Proliferation, metastasis, 

chemoresistance, C-MYC 

regulation 

Highly 

promising 

MALAT1 Upregulated Tissue Prognostic Migration, invasion, metastasis Experimental 

HOTAIR Upregulated Tissue Prognostic Tumor progression, 

radioresistance 

Experimental 

NEAT1 Upregulated Tissue Prognostic Paraspeckle formation, poor 

prognosis 

Experimental 

lincRNA-

p21 

Downregulated Tissue Predictive p53 signaling, radiosensitivity Experimental 

LED Downregulated Tissue Tumor suppressor p53-regulated enhancer 

activation 

Experimental 

DINO Downregulated Tissue Tumor suppressor DNA damage response Experimental 

HOTTIP Upregulated Tissue/Plasma Diagnostic Lymph node metastasis Emerging 

UCA1 Upregulated Plasma/Tissue Diagnostic Metastasis, biomarker panel Emerging 

Abbreviations: lncRNA, long non-coding RNA; C-MYC, MYC proto-oncogene. 

Table 4. PVT1-Mediated Molecular Mechanisms in Colorectal Cancer 

PVT1 Mechanism Target 

Molecule/Pathway 

Biological Effect Clinical Significance Evidence 

ceRNA activity miR-26b Promotes proliferation 

and invasion 

Poor prognosis Cell and clinical 

studies 

Oncogene regulation C-MYC Enhances tumor 

growth 

Aggressive phenotype Experimental 

Cell proliferation EZH2, FUBP1, NPM1 Increased proliferation Tumor progression Experimental 

Apoptosis inhibition BCL-2 pathway Reduced apoptosis Chemoresistance Experimental 

Drug resistance MRP1 5-FU and cisplatin 

resistance 

Predictive biomarker Experimental 

Cell migration EMT-related pathways Enhanced invasion and 

metastasis 

Poor survival Experimental 

Cancer stemness PVT1-214 splice 

variant 

Stem cell-like 

phenotype 

Disease recurrence Experimental 

Extracellular vesicles Exosomal PVT1 Intercellular signaling Liquid biopsy 

candidate 

Emerging 

Signaling pathway WNT/β-catenin Tumor progression Potential therapeutic 

target 

Emerging 

Signaling pathway TGF-β Migration and EMT Aggressive disease Emerging 

Tumor suppressor 

interaction 

p53 Cell cycle regulation Therapeutic target Emerging 
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Table 5. Current FDA-Approved and Emerging Biomarkers for Colorectal Cancer 

Biomarker Category Clinical Utility FDA/Guideline 

Status 

Limitations 

KRAS Gene mutation Anti-EGFR therapy 

selection 

FDA 

approved/Routine 

Not prognostic 

NRAS Gene mutation Anti-EGFR therapy 

selection 

Guideline 

recommended 

Limited predictive 

scope 

BRAF V600E Gene mutation Prognosis; targeted 

therapy 

FDA approved Low prevalence 

MSI/dMMR Genomic marker Immunotherapy; 

Lynch syndrome 

FDA approved Subset of patients 

DPYD Pharmacogenomic 5-FU toxicity 

prediction 

Guideline 

recommended 

Variant-dependent 

UGT1A1 Pharmacogenomic Irinotecan toxicity Guideline 

recommended 

Population variability 

CEA Protein Recurrence 

monitoring 

Routine clinical use Low sensitivity for 

early CRC 

SEPT9 methylation DNA methylation Blood-based 

screening 

FDA approved test Lower sensitivity for 

adenomas 

ctDNA Liquid biopsy MRD, recurrence, 

therapy monitoring 

Emerging Needs 

standardization 

cfDNA Liquid biopsy Tumor burden 

assessment 

Emerging Limited specificity 

miRNA panels Non-coding RNA Diagnosis and 

prognosis 

Emerging Validation required 

lncRNA (PVT1, 

MALAT1, HOTAIR) 

Non-coding RNA Diagnosis, prognosis, 

drug response 

Experimental No clinical validation 

 

 

Figure 2. Sources, biogenesis and regulatory mechanisms of PVT1 in CRC; Figure 3. Clinical 

significance of PVT1 in CRC; Figure 4. Functional roles of PVT1 in CRC progression; Figure 5. PVT1 

as a biomarker and therapeutic target in CRC 
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complement existing screening approaches by enabling 

earlier diagnosis, more accurate risk stratification, and 

individualized therapeutic decision-making. The integration 

of biomarker-based screening into clinical practice may 

further improve treatment outcomes while minimizing 

unnecessary toxicity associated with ineffective therapies 

[10,22]. 

Current Therapeutic Strategies and Clinical Outcomes in 

Colorectal Cancer: The management of colorectal cancer 

(CRC) is primarily determined by the stage of the disease 

based on the TNM classification, the patient's overall health 

status, and whether the treatment goal is curative or palliative 

[12,23–25]. Standard treatment approaches include surgery, 

chemotherapy, targeted therapy, immunotherapy, and, in 

selected cases, radiotherapy. The selection of adjuvant therapy 

is guided by several clinicopathological factors, including 

tumor stage, circumferential resection margin, 

lymphovascular invasion, perineural invasion, and the 

molecular profile of the tumor [26,27]. Fluorouracil (5-FU), a 

fluoropyrimidine-based chemotherapeutic agent, remains a 

cornerstone of systemic treatment for CRC. It is commonly 

administered as part of combination regimens such as 

FOLFOX (5-FU, folinic acid, and oxaliplatin) and FOLFIRI 

(5-FU, folinic acid, and irinotecan). These regimens have 

significantly improved disease-free survival, progression-free 

survival, and overall survival in patients with advanced and 

metastatic colorectal cancer [24,27–29]. Despite these 

benefits, the clinical use of 5-FU is limited by treatment-

related toxicity and variable therapeutic responses. Patients 

with microsatellite instability (MSI) and those carrying 

dihydropyrimidine dehydrogenase (DPYD) deficiency often 

experience reduced efficacy or severe adverse effects during 

treatment [30–34]. Although adjuvant 5-FU-based 

chemotherapy provides a survival advantage in stage II CRC, 

the overall improvement in five-year disease-free survival 

remains modest, ranging from approximately 2% to 4% [35]. 

Furthermore, clinical studies have reported recurrence rates of 

nearly 20% to 25% among patients with treated stage II, lymph 

node-negative colon cancer within five years after surgery, 

highlighting the need for more effective treatment strategies 

and reliable prognostic markers [36,37]. The introduction of 

targeted therapies has substantially improved the management 

of metastatic CRC. Monoclonal antibodies targeting the 

epidermal growth factor receptor (EGFR), such as cetuximab, 

and vascular endothelial growth factor (VEGF), such as 

bevacizumab, have demonstrated improved clinical outcomes 

in selected patient populations. However, the effectiveness of 

anti-EGFR therapy is largely restricted to patients with wild-

type KRAS tumors, whereas those harboring KRAS mutations 

generally show limited therapeutic benefit [38,39]. 

Consequently, KRAS mutation testing has become an 

essential component of treatment planning in clinical practice. 

Recent advances in immunotherapy have further expanded 

treatment options for metastatic CRC. Immune checkpoint 

inhibitors targeting programmed cell death protein-1 (PD-1), 

including nivolumab and ipilimumab, have demonstrated 

durable clinical responses in patients with microsatellite 

instability-high (MSI-H) or mismatch repair-deficient 

(dMMR) tumors. These agents are now approved for patients 

whose disease has progressed following first-line 

chemotherapy [40]. Several novel therapeutic agents are also 

under investigation to overcome treatment resistance and 

improve patient outcomes. Regorafenib, an oral multikinase 

inhibitor with anti-angiogenic activity, has shown clinical 

benefit in refractory metastatic CRC by prolonging 

progression-free survival in selected patients. Its therapeutic 

efficacy appears to be influenced by molecular alterations, 

including activation of the AKT signaling pathway and KRAS 

mutation status [41,42]. Overall, advances in molecular 

profiling have transformed the treatment landscape of 

colorectal cancer by supporting more personalized therapeutic 

approaches. Integrating clinic pathological characteristics with 

genomic and molecular biomarkers enables clinicians to 

optimize treatment selection, minimize unnecessary toxicity, 

overcome chemoresistance, and improve long-term clinical 

outcomes. 

Why Are Biomarkers Needed? The Importance of 

Biomarkers in the Early Detection of Colorectal Cancer: 

Biomarkers are measurable biological molecules that provide 

valuable information for the diagnosis, prognosis, and 

treatment of colorectal cancer (CRC). They play a central role 

in precision medicine by enabling early disease detection, 

predicting clinical outcomes, and guiding personalized 

therapeutic strategies [30,43,44]. Based on their clinical 

applications, biomarkers are broadly classified as diagnostic, 

prognostic, and predictive biomarkers. Together, these 

molecular indicators assist clinicians in identifying disease at 

an early stage, assessing the likelihood of recurrence or 

progression, and selecting the most appropriate treatment for 

individual patients. One of the primary objectives of CRC 

screening is the early detection of asymptomatic disease and 

precancerous lesions, such as advanced adenomas and high-

risk colorectal polyps. Early diagnosis significantly improves 

treatment success and long-term survival. However, currently 

available non-invasive screening methods have important 

limitations. For example, fecal immunochemical testing (FIT) 

demonstrates a sensitivity of approximately 73.8% for 
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detecting colorectal cancer, whereas stool-based DNA testing, 

which analyzes KRAS mutations together with abnormal 

methylation of genes such as NDRG4 and BMP3, achieves a 

substantially higher sensitivity of about 92.3% [19]. Similar 

improvements have been observed in the detection of 

advanced precancerous lesions, where stool DNA testing 

demonstrates greater sensitivity than FIT (42.4% versus 

23.8%) [19]. Stool DNA assays also outperform FIT in 

identifying lesions with a high risk of malignant 

transformation. The detection rate for polyps with high-grade 

dysplasia is approximately 69.2% using stool DNA testing 

compared with 46.2% using FIT. Likewise, large sessile 

serrated polyps measuring more than 1 cm are detected in 

approximately 42.4% of cases with stool DNA analysis but 

only 5.1% with FIT [19]. These findings indicate that 

conventional stool-based screening methods may fail to 

identify a considerable proportion of early-stage colorectal 

cancers and precancerous lesions. Consequently, colonoscopy 

remains the definitive diagnostic procedure, particularly for 

individuals with suspicious clinical findings or positive 

screening results. Nevertheless, the development of more 

sensitive molecular biomarkers is essential to improve non-

invasive screening and facilitate earlier diagnosis. Prognostic 

biomarkers provide additional clinical value by estimating 

disease progression, recurrence risk, and patient survival 

[10,44]. Among the most extensively studied prognostic 

biomarkers is the KRAS oncogene, a member of the RAS 

family of GTP-binding proteins involved in regulating cellular 

proliferation and signaling pathways [45]. Mutations in KRAS 

have been associated with an increased likelihood of tumor 

recurrence after curative surgery and poorer survival outcomes 

in patients with metastatic colorectal cancer undergoing 

hepatic metastasectomy [46,47]. Similarly, mutations in the 

BRAF proto-oncogene, particularly the BRAF V600E variant, 

activate the RAS-RAF-MEK-ERK signaling pathway and are 

strongly associated with aggressive tumor behavior, shorter 

progression-free survival, and markedly reduced overall 

survival compared with BRAF wild-type tumors [48–52]. 

Recent advances in radiogenomics have further expanded the 

role of prognostic biomarkers by integrating imaging 

characteristics with genomic information. This combined 

approach has shown promise in improving prognostic 

accuracy beyond the use of radiological or molecular markers 

alone, thereby supporting more individualized patient 

management [53,54]. Carcinoembryonic antigen (CEA), a 

high-molecular-weight glycoprotein, remains one of the most 

commonly used serum biomarkers in colorectal cancer. 

Although its sensitivity and specificity are relatively limited, 

CEA is routinely used during postoperative surveillance to 

detect disease recurrence and monitor treatment response 

[55,56]. The integration of prognostic biomarkers into routine 

clinical practice enables clinicians to identify patients at high 

risk of relapse, optimize follow-up strategies, and determine 

which individuals may benefit from more intensive 

therapeutic interventions. Predictive biomarkers are equally 

important because they help identify patients who are most 

likely to respond to specific therapies. Molecular 

characterization of tumors has become an essential component 

of treatment planning in colorectal cancer. For example, 

activating mutations in KRAS are well-established predictors 

of resistance to anti-EGFR monoclonal antibodies such as 

cetuximab and panitumumab [57,58]. Clinical studies have 

demonstrated that patients with wild-type KRAS tumors 

experience significantly better response rates when treated 

with cetuximab in combination with FOLFIRI chemotherapy, 

whereas patients harboring KRAS mutations derive little or no 

benefit. Since approximately 40% of colorectal cancers 

contain KRAS mutations, routine molecular testing prevents 

unnecessary exposure to ineffective and costly targeted 

therapies. Pharmacogenomic biomarkers also contribute to 

treatment optimization by predicting drug toxicity. Irinotecan, 

a key component of the FOLFIRI regimen, is metabolized by 

the enzyme uridine diphosphate glucuronosyltransferase 1A1 

(UGT1A1). Individuals carrying the homozygous UGT1A128 

genotype are at significantly higher risk of severe treatment-

related toxicity than those with the wild-type UGT1A11 

genotype [59]. Likewise, more than 80% of administered 5-

fluorouracil is metabolized by the enzyme dihydropyrimidine 

dehydrogenase (DPD). Genetic variants such as DPYD2A and 

DPYD13 reduce enzyme activity, resulting in excessive drug 

accumulation and severe toxicity. Clinical evidence indicates 

that reducing the 5-FU dose by approximately 25–50% in 

patients carrying these variants substantially lowers the risk of 

adverse events while maintaining therapeutic benefit [60]. 

Overall, biomarkers improve multiple aspects of colorectal 

cancer management, including early diagnosis, prognosis, 

treatment selection, and toxicity prediction. Despite 

considerable progress in molecular oncology, only a limited 

number of biomarkers, including KRAS, NRAS, BRAF, and 

microsatellite instability (MSI) status, are currently 

recommended in national and international clinical guidelines 

for therapeutic decision-making in colorectal cancer [61]. 

Ongoing research into emerging protein, DNA, RNA, 

epigenetic, and circulating biomarkers is expected to expand 

the repertoire of clinically useful biomarkers and further 

advance precision medicine in colorectal cancer. 
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Advances in Molecular Classification of Colorectal Cancer 

for Personalized Therapeutic Strategies: Advances in 

molecular biology have significantly improved the 

understanding of colorectal cancer (CRC) heterogeneity, 

leading to the identification of distinct molecular subtypes 

with unique genetic and epigenetic characteristics. These 

molecular classifications have accelerated the development of 

precision medicine by enabling patient-specific therapeutic 

strategies and improving clinical outcomes. Several categories 

of molecular biomarkers have emerged from these studies, 

including somatic mutations, germline pharmacogenomic 

markers, cancer stem cell markers, microRNAs (miRNAs), 

and long non-coding RNAs (lncRNAs). Together, these 

biomarkers provide valuable information for disease 

diagnosis, prognosis, treatment selection, and prediction of 

therapeutic response [10,56,62,63]. 

 Somatic Mutations in CRC: Somatic mutations represent one 

of the most extensively investigated classes of molecular 

biomarkers in colorectal cancer. These genetic alterations arise 

during tumor development and frequently affect signaling 

pathways that regulate cell proliferation, differentiation, 

apoptosis, and metastasis. Identification of these mutations has 

improved the understanding of CRC pathogenesis and 

facilitated the development of targeted therapies. One of the 

most important therapeutic targets is the RAS/RAF/MEK/ERK 

signaling pathway. Clinical studies have demonstrated that 

combined inhibition of multiple components of this pathway 

produces superior outcomes in patients with BRAF V600E-

mutated metastatic colorectal cancer. In particular, the 

combination of the MEK inhibitor binimetinib, the BRAF 

inhibitor encorafenib, and the EGFR inhibitor cetuximab 

achieved an overall response rate of approximately 48% and 

prolonged progression-free survival to nearly eight months, 

compared with only two months in patients receiving 

conventional therapy after disease progression [64]. These 

findings support the importance of molecular profiling for 

selecting targeted treatment strategies. Resistance to MEK 

inhibitors remains a major challenge in CRC therapy. 

Experimental studies have shown that MEK inhibitor-resistant 

colorectal cancer cells frequently exhibit activation of the 

WNT/β-catenin signaling pathway. Combined inhibition of 

both pathways using selumetinib together with cyclosporin A 

has demonstrated enhanced antitumor activity in preclinical 

models, suggesting a potential strategy to overcome acquired 

drug resistance [65,66]. However, current evidence does not 

support MEK mutation status as an independent prognostic 

biomarker or a reliable predictor of treatment response in 

KRAS-mutant tumors. Additional clinical studies are required 

before routine implementation. Amplification of the human 

epidermal growth factor receptor-2 (HER2) gene occurs in 

approximately 3% of colorectal cancer cases and represents 

another promising therapeutic target [67]. The HERACLES 

clinical trial demonstrated that dual HER2 blockade using 

trastuzumab and lapatinib produced meaningful clinical benefit 

in patients with HER2-amplified and KRAS wild-type 

metastatic colorectal cancer who had failed previous 

treatments. Approximately 70% of patients experienced disease 

control, while an objective response rate of 30.3% was 

observed, highlighting the value of HER2-directed therapy in 

this molecular subgroup [68]. Alterations within the 

phosphatidylinositol-3-kinase (PI3K)/AKT/mTOR signaling 

pathway are also frequently detected in colorectal cancer. 

Mutations in the PIK3CA gene, particularly within exons 9 and 

20, occur in approximately 10–15% of CRC patients and have 

been associated with tumor progression and therapeutic 

response [69]. Evidence from the VICTOR randomized clinical 

trial suggested that regular aspirin therapy may influence 

recurrence-free survival in patients carrying PIK3CA 

mutations, indicating that molecular profiling may help identify 

patients likely to benefit from adjuvant aspirin therapy [69]. 

The tumor suppressor gene PTEN, another critical regulator of 

the PI3K/AKT/mTOR pathway, has also been investigated as a 

prognostic biomarker. Loss or mutation of PTEN has been 

associated with poor survival and an increased risk of metastatic 

disease [70,71]. Some studies have reported improved 

responses to cetuximab among patients with intact PTEN 

expression, although subsequent investigations have produced 

inconsistent findings, and the prognostic significance of PTEN 

remains uncertain [70,72]. Epigenetic alterations have emerged 

as another important component of molecular subtyping. The 

CpG island methylator phenotype (CIMP) is characterized by 

extensive promoter hypermethylation of tumor suppressor and 

cancer-related genes and is generally classified as either CIMP-

high or CIMP-low [73,74]. Patients with CIMP-positive tumors 

often experience poorer overall survival and shorter disease-

free survival. In addition, these tumors may exhibit altered 

sensitivity to commonly used chemotherapeutic agents such as 

5-fluorouracil and irinotecan [75]. Nevertheless, interpretation 

of CIMP as an independent prognostic marker remains 

challenging because these tumors frequently harbor concurrent 

BRAF mutations or microsatellite instability (MSI), making it 

difficult to distinguish the individual contribution of each 

molecular alteration [76]. DNA methylation biomarkers have 

also attracted considerable attention for the non-invasive 

detection of colorectal cancer. Hypermethylation of the SEPT9 

gene in circulating cell-free DNA has demonstrated sensitivity 

ranging from 51% to 90% and specificity between 73% and 
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96% for colorectal cancer detection [77]. However, its 

sensitivity for identifying advanced adenomas is only about 

9.6%, limiting its usefulness as a screening biomarker for 

premalignant disease. Additional methylation markers 

involving genes such as CDKN2A, LINE-1, MLH1, and APC 

have shown promising preliminary results, although none has 

yet achieved sufficient clinical validation for routine 

application. Chromosomal instability also contributes 

significantly to colorectal carcinogenesis. DNA aneuploidy, a 

marker of chromosomal instability, has been associated with 

poor overall survival and an increased risk of early recurrence 

in patients with stage II and III colorectal cancer [78,79]. 

Similarly, deletion of chromosome 18q, resulting in loss of 

tumor suppressor genes including DCC, SMAD2, SMAD4, and 

CABLES1, has consistently been linked with unfavorable 

clinical outcomes [80]. Meta-analyses have demonstrated 

markedly reduced survival among patients with chromosome 

18q loss compared with those retaining normal chromosomal 

status. Among apoptosis-related biomarkers, increased 

expression of the anti-apoptotic protein BCL-2 has 

unexpectedly been associated with improved overall survival 

and longer disease-free survival in colorectal cancer, suggesting 

its potential utility as a prognostic indicator despite its 

established biological role in inhibiting apoptosis [81]. 

Additional biomarkers under investigation include tumor-

infiltrating lymphocytes (TILs) and mutations in the POLE 

gene encoding DNA polymerase epsilon. Early evidence 

suggests that high TIL density and POLE mutations may be 

associated with favorable prognosis and prolonged disease-free 

survival, although further large-scale prospective studies are 

necessary before these biomarkers can be incorporated into 

routine clinical practice [56]. Advances in somatic mutation 

profiling have substantially improved the molecular 

classification of colorectal cancer and have accelerated the 

transition toward precision oncology. Continued integration of 

genomic, epigenetic, and immunological biomarkers is 

expected to refine patient stratification, optimize targeted 

therapy selection, and improve long-term clinical outcomes. 

Germline Genetic Biomarkers for Personalized Therapy: 

Germline pharmacogenomic biomarkers represent another 

important class of molecular markers that support risk 

assessment and individualized treatment in colorectal cancer 

(CRC) [56]. Unlike somatic mutations, these inherited genetic 

variations are present in all cells of the body and can influence 

both cancer susceptibility and patient response to anticancer 

therapies. The identification of germline mutations has 

therefore become increasingly important in precision 

oncology, enabling clinicians to predict disease risk, optimize 

treatment strategies, and reduce therapy-related toxicity. 

Among the best-characterized hereditary risk factors 

is the adenomatous polyposis coli (APC) gene. Pathogenic 

mutations in APC are responsible for familial adenomatous 

polyposis (FAP), an inherited syndrome characterized by the 

development of hundreds to thousands of colorectal 

adenomas. If left untreated, affected individuals have an 

almost 100% lifetime risk of developing colorectal cancer, 

emphasizing the importance of early genetic screening and 

prophylactic intervention. Similarly, inherited mutations in the 

DNA mismatch repair genes MLH1 and MSH2 are the 

primary genetic abnormalities associated with Lynch 

syndrome, the most common hereditary form of colorectal 

cancer. Individuals with Lynch syndrome have a substantially 

increased lifetime risk of CRC as well as several other 

malignancies, making genetic testing essential for early 

diagnosis, surveillance, and preventive management [82]. 

Several germline polymorphisms have also been 

investigated for their influence on chemotherapy efficacy and 

toxicity. One of the most extensively studied is the 

thymidylate synthase (TYMS) gene, which encodes the 

primary intracellular target of 5-fluorouracil (5-FU). 

Variations in the TYMS promoter region, particularly the 

2R/3R polymorphism, have been associated with altered 

enzyme expression and an increased risk of treatment-related 

toxicity. Findings from the QUASAR2 study suggested that 

patients carrying specific TYMS genotypes may experience 

greater adverse effects during 5-FU-based chemotherapy [56]. 

Another clinically relevant pharmacogenomic marker is 

methylenetetrahydrofolate reductase (MTHFR), an enzyme 

involved in folate metabolism and DNA synthesis. Reduced 

MTHFR activity leads to the accumulation of 5,10-

methylenetetrahydrofolate, which enhances the formation of 

the inhibitory complex between fluorodeoxyuridine 

monophosphate (FdUMP), a metabolite of 5-FU, and 

thymidylate synthase. This mechanism may increase the 

cytotoxic effects of 5-FU and contribute to treatment-related 

toxicity [56,83]. Clinical studies have reported that patients 

carrying the MTHFR 1298A>C and 677C>T polymorphisms 

are more likely to develop severe toxicity during 5-FU-based 

chemoradiotherapy for rectal cancer [84]. 

Genetic variations within the vascular endothelial growth 

factor A (VEGFA) gene have also attracted attention as 

potential predictive and prognostic biomarkers. In particular, 
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the rs833061 polymorphism, specifically the TC and TT 

genotypes, has been associated with improved progression-

free survival in patients receiving FOLFIRI chemotherapy 

combined with bevacizumab [85]. Because VEGFA plays a 

central role in tumor angiogenesis and lymphatic 

dissemination, these polymorphisms may also influence tumor 

progression and metastatic potential, although further 

validation is required. 

Other inherited genetic variants have been explored for their 

potential clinical significance. The TOSCA trial investigated 

polymorphisms in several nucleotide excision repair (NER) 

genes to determine their association with treatment efficacy 

and chemotherapy-related toxicity. However, no significant 

relationship was identified between these polymorphisms and 

clinical outcomes, suggesting that their current clinical utility 

remains limited [86]. 

Overall, germline pharmacogenomic biomarkers have 

considerable potential to improve personalized colorectal 

cancer management by identifying individuals at increased 

genetic risk, predicting therapeutic efficacy, and minimizing 

treatment-related adverse effects. Nevertheless, despite 

encouraging findings, most pharmacogenomic biomarkers still 

require validation through large prospective clinical trials 

before they can be routinely incorporated into standard clinical 

practice. 

Cancer Stem Cell-Associated Biomarkers in Colorectal 

Cancer: Cancer stem cells (CSCs) have emerged as a 

promising area of research in colorectal cancer (CRC) because 

of their critical role in tumor initiation, progression, 

metastasis, therapeutic resistance, and disease recurrence. 

Although several CSC-associated biomarkers have been 

identified, most remain in the experimental stage and require 

further clinical validation before routine application [87]. 

Among the proposed stem cell markers, B-cell-specific 

Moloney murine leukemia virus integration site-1 (BMI-1) has 

attracted considerable attention. BMI-1 is an oncogenic 

protein involved in the regulation of stem cell self-renewal, 

cellular proliferation, and differentiation. Elevated BMI-1 

expression has been consistently associated with poor 

prognosis and aggressive tumor behavior in colorectal cancer. 

In addition, experimental evidence suggests that tumors with 

increased BMI-1 expression may exhibit enhanced sensitivity 

to the chemotherapeutic agent paclitaxel, indicating its 

potential role as both a prognostic and predictive biomarker 

[87,88]. 

Other stem cell markers, including leucine-rich repeat-

containing G-protein-coupled receptor 5 (LGR5) and EPH 

receptor B2 (EPHB2), are also highly expressed in colorectal 

cancer tissues compared with normal colonic mucosa. 

Increased expression of these proteins has been correlated with 

tumor progression, a greater likelihood of disease recurrence, 

and poorer clinical outcomes [89]. Despite these promising 

observations, none of the currently identified cancer stem cell 

markers has demonstrated sufficient clinical evidence to 

support routine use in patient management. 

Another rapidly developing area of biomarker research 

involves circulating tumor DNA (ctDNA) and cell-free DNA 

(cfDNA). These circulating nucleic acids provide a minimally 

invasive alternative to tissue biopsy and offer valuable 

opportunities for monitoring disease progression, treatment 

response, and recurrence. Residual circulating tumor DNA 

detected after curative treatment may indicate the presence of 

minimal residual disease, allowing earlier identification of 

patients at high risk of relapse. Similar applications have been 

reported in several malignancies, including breast cancer, 

where circulating DNA has been investigated for detecting 

BRCA1 and BRCA2 mutations and predicting progression-

free survival [90–94]. 

In colorectal cancer, elevated levels of circulating cell-free 

DNA have been associated with reduced recurrence-free 

survival and poorer overall survival, particularly in patients 

with metastatic disease [95]. Serial measurement of ctDNA 

may therefore serve as an effective tool for evaluating 

therapeutic response and detecting disease recurrence before 

conventional imaging methods identify clinical progression. 

Although these applications are highly promising, additional 

prospective studies are required to establish standardized 

protocols and validate their clinical utility. 

Liquid biopsy has also demonstrated considerable potential for 

molecular profiling. Circulating DNA can accurately identify 

clinically relevant mutations, including KRAS and BRAF, 

thereby reducing the need for repeated invasive tissue 

biopsies. The ColoBEAM study reported an approximately 

89.3% concordance between blood-based and tissue-based 

analyses for determining RAS and BRAF mutation status, 

highlighting the feasibility of liquid biopsy as a reliable 

alternative for molecular testing [96]. 

Overall, cancer stem cell markers and circulating nucleic acid 

biomarkers represent promising advances in precision 

oncology. However, most candidate biomarkers remain 
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insufficiently validated for routine clinical implementation. 

Biomarker analysis can be performed using tissue samples as 

well as easily accessible biological specimens, including 

blood, urine, and feces. Advances in technologies capable of 

detecting DNA, RNA, and protein biomarkers from these non-

invasive samples are expected to improve colorectal cancer 

screening, diagnosis, prognosis, and treatment monitoring. 

Furthermore, combining multiple complementary biomarkers 

into integrated diagnostic panels may provide greater 

sensitivity and specificity than individual biomarkers alone, 

thereby enhancing their overall clinical value. 

MicroRNAs and Long Non-Coding RNAs in Colorectal 

Cancer: Recent Progress in Biomarker Development: 

Recent advances in molecular oncology have identified non-

coding RNAs as promising biomarkers for the diagnosis, 

prognosis, and treatment of colorectal cancer (CRC). Among 

these, microRNAs (miRNAs) and long non-coding RNAs 

(lncRNAs) have attracted considerable attention because of 

their ability to regulate multiple cellular processes involved in 

tumor initiation, progression, metastasis, and therapeutic 

response. Their remarkable stability in body fluids and tissue 

samples makes them attractive candidates for non-invasive 

cancer detection and personalized medicine [10,56,62,63]. 

MicroRNAs and Colorectal Adenoma Biomarker 

Development: MicroRNAs (miRNAs) are small endogenous 

non-coding RNA molecules consisting of approximately 18–

25 nucleotides. They regulate gene expression by binding to 

complementary sequences within the 3′ untranslated region 

(3′-UTR) of messenger RNA (mRNA), resulting in 

translational repression or degradation of the target transcript 

[97]. Through this post-transcriptional regulation, miRNAs 

influence numerous biological processes, including cell 

proliferation, differentiation, apoptosis, and cellular 

homeostasis. 

Aberrant miRNA expression has been implicated in the 

development and progression of colorectal cancer. Depending 

on their target genes, miRNAs may function either as 

oncogenes (oncomiRs) or tumor suppressors. They regulate 

multiple signaling pathways involved in epithelial-to-

mesenchymal transition (EMT), angiogenesis, immune 

evasion, cell migration, invasion, and metastatic 

dissemination, thereby contributing to colorectal tumor 

progression [98–100]. 

One of the major advantages of miRNAs as biomarkers is their 

remarkable stability in biological specimens. Unlike many 

RNA molecules, miRNAs are relatively resistant to 

degradation by endogenous RNases and can be detected in 

plasma, serum, stool, urine, saliva, and tissue samples [101]. 

Their stability and accessibility have encouraged extensive 

investigation into their potential applications as diagnostic, 

prognostic, and predictive biomarkers for colorectal cancer. 

MicroRNAs in Colorectal Cancer Biomarker 

Development: Numerous studies have demonstrated altered 

expression of specific miRNAs during different stages of 

colorectal carcinogenesis. Several circulating miRNAs are 

capable of distinguishing advanced adenomas and early 

colorectal cancer from healthy individuals, highlighting their 

potential role in non-invasive screening. 

Among the most extensively investigated biomarkers, 

elevated plasma expression of miR-92a and miR-29a has been 

associated with advanced colorectal adenomas. Reported 

diagnostic sensitivities are approximately 64.9% and 62.2%, 

respectively, with corresponding specificities exceeding 80% 

[102]. Importantly, combining these biomarkers improves 

diagnostic accuracy compared with either marker alone. 

Additional miRNAs have also demonstrated diagnostic 

potential. Reduced expression of miR-760 and miR-601 has 

been observed in advanced adenomas, while a panel consisting 

of miR-532-3p, miR-195, miR-331, miR-17, miR-142-3p, 

miR-15b, miR-532, and miR-652 has achieved approximately 

88% sensitivity and 64% specificity for detecting advanced 

adenomatous lesions [103]. Likewise, increased expression of 

miR-21, miR-29a, and miR-125b has been reported in patients 

with early-stage colorectal cancer and has also been useful in 

distinguishing advanced disease from non-advanced tumors 

[104]. Elevated levels of these miRNAs have additionally 

been identified in high-grade intraepithelial neoplasia and 

tubular adenomas, suggesting their involvement during the 

earliest stages of colorectal carcinogenesis. 

Several miRNAs have demonstrated prognostic significance in 

colorectal cancer. Increased expression of miR-141 has been 

associated with stage IV disease and differentiates advanced 

tumors from stage I–II colorectal cancer with relatively high 

diagnostic accuracy [105]. Elevated miR-29a has also been 

linked to the early detection of liver metastasis, while 

overexpression of miR-221 correlates with poor overall 

survival and altered p53 signaling [106,107]. Similarly, 

increased miR-203 expression has been associated with 

advanced TNM stage, lymph node involvement, distant 

metastasis, and reduced patient survival [108]. Collectively, 
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these findings suggest that individual miRNAs or combinations 

of multiple miRNAs may provide valuable prognostic 

information. 

MicroRNAs have also emerged as promising predictive 

biomarkers for treatment response. Elevated miR-19a 

expression has been associated with resistance to the FOLFOX 

chemotherapy regimen [109]. In contrast, increased miR-204-

5p expression enhances sensitivity to 5-fluorouracil through 

downregulation of RAB22A, a member of the RAS oncogene 

family [110]. Furthermore, reduced expression of miR-20a, 

miR-130, miR-145, miR-216, and miR-372 has been reported 

in patients resistant to oxaliplatin-based chemotherapy, 

achieving approximately 92% sensitivity and 88% specificity 

for identifying treatment resistance [111]. 

Targeted therapy response has also been linked to miRNA 

expression. Elevated miR-126 levels have been associated 

with poor response to bevacizumab therapy, whereas 

decreasing miR-126 expression following treatment correlates 

with improved patient survival [112]. Interestingly, an 

increase of more than 30% in miR-155-5p expression after one 

month of bevacizumab treatment has been associated with 

prolonged progression-free and overall survival in patients 

with advanced colorectal cancer [113]. These findings indicate 

that circulating miRNAs may serve not only as predictive 

biomarkers before treatment but also as dynamic indicators for 

monitoring therapeutic response. 

Despite these encouraging observations, most miRNA 

biomarkers remain at the research stage. Differences in patient 

populations, sample processing methods, analytical 

techniques, and study design have resulted in inconsistent 

findings among published studies. Large multicenter 

prospective investigations and standardized analytical 

protocols are therefore required before miRNA-based 

biomarkers can be incorporated into routine clinical practice. 

Long Non-Coding RNAs Biomarker Development in CRC: 

Long non-coding RNAs (lncRNAs) are RNA transcripts 

longer than 200 nucleotides that lack protein-coding potential 

and account for a substantial proportion of the human 

transcriptome [114]. Although they do not encode proteins, 

lncRNAs participate in numerous biological processes, 

including transcriptional regulation, post-transcriptional gene 

regulation, chromatin remodeling, maintenance of protein 

stability, subcellular organization, and epigenetic modification 

[62,63,115]. Through these mechanisms, lncRNAs regulate 

cell proliferation, apoptosis, migration, invasion, and cellular 

differentiation, making them important contributors to cancer 

development and progression. 

Many lncRNAs function as tumor suppressors by interacting 

with the p53 signaling pathway. The lncRNA activator of 

enhancer domains (LED) is transcriptionally activated by p53, 

and reduced LED expression has been observed in colorectal, 

breast, and androgen-sensitive prostate cancers [116,117]. 

Another well-characterized tumor suppressor, lincRNA-p21, 

acts as a downstream mediator of p53 signaling. Reduced 

expression of lincRNA-p21 promotes cellular proliferation, 

whereas increased expression suppresses tumor growth and 

has been associated with improved progression-free and 

disease-free survival in several malignancies [118]. In 

colorectal cancer, elevated lincRNA-p21 expression enhances 

radiosensitivity and promotes apoptosis, while reduced 

expression contributes to tumor progression and treatment 

resistance [119]. 

The lncRNA DINO also participates in the p53-dependent 

DNA damage response and is expressed at relatively low 

levels in colorectal cancer cell lines, suggesting a potential 

tumor-suppressive function [120]. Another important p53-

regulated lncRNA, NEAT1, is involved in the formation of 

paraspeckle nuclear bodies during cellular stress and has been 

associated with unfavorable prognosis in colorectal cancer 

[117]. 

Conversely, several lncRNAs function as oncogenes and 

promote colorectal tumor progression. Increased expression of 

MALAT1 has been strongly associated with enhanced tumor 

proliferation, metastasis, and poor clinical prognosis 

[121,122]. Similarly, HOTAIR contributes to colorectal 

cancer progression by regulating multiple oncogenic signaling 

pathways, while suppression of HOTAIR expression has been 

shown to increase radiosensitivity and inhibit tumor growth 

[123]. 

Overall, long non-coding RNAs represent a rapidly expanding 

class of molecular biomarkers with significant potential for 

colorectal cancer diagnosis, prognosis, and targeted therapy. 

Although numerous lncRNAs have demonstrated promising 

biological and clinical significance, further validation through 

well-designed prospective studies is required before these 

biomarkers can be routinely implemented in personalized 

colorectal cancer management. 

Role of PVT1 in the Diagnosis, Prognosis, and Treatment 

of Colorectal Cancer 
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Plasmacytoma Variant Translocation 1 (PVT1) is a long non-

coding RNA (lncRNA) located on chromosome 8q24.21, 

adjacent to the well-known oncogene C-MYC, and its 

transcription is partially regulated through the p53 signaling 

pathway [124,125]. The PVT1 gene spans approximately 

1,957 base pairs and contains 9 to 12 exons, which undergo 

alternative splicing to produce multiple transcript variants. In 

addition, the PVT1 locus gives rise to several microRNAs, 

including miR-1204, miR-1205, miR-1206, miR-1207-3p, 

miR-1207-5p, and miR-1208, which participate in the 

regulation of numerous cellular signaling pathways involved 

in cancer development [124,126]. 

To date, at least 14 alternatively spliced PVT1 transcripts have 

been identified, with 11 transcripts detected in both normal 

gastrointestinal mucosa and colorectal adenocarcinoma tissues 

[115]. PVT1 expression varies among different populations 

and exhibits tissue-specific expression patterns. The highest 

expression levels have been reported in the ovaries, lymph 

nodes, and bone marrow, whereas moderate expression is 

observed in normal colonic tissue [127,128]. Among the 

identified transcripts, PVT1-217 is considered the 

predominant isoform expressed in gastrointestinal mucosa 

[115]. 

Accumulating evidence indicates that PVT1 is overexpressed 

in multiple human malignancies, including colorectal, lung, 

prostate, cervical, gastric, breast, and liver cancers [129–132]. 

The biological functions of PVT1 are mediated through 

several molecular mechanisms, including regulation of 

microRNAs, functioning as a competing endogenous RNA 

(ceRNA), modulation of chromatin architecture, and 

interaction with the neighboring C-MYC oncogene 

[115,125,133]. By acting as a molecular sponge for tumor-

suppressive microRNAs and enhancing C-MYC signaling, 

PVT1 promotes cellular proliferation, migration, invasion, and 

resistance to apoptosis. Interestingly, PVT1 has also been 

proposed to function as a chromatin boundary element that 

competes with the C-MYC promoter for shared enhancer 

regions, thereby influencing oncogene expression [133]. 

Collectively, these mechanisms contribute to colorectal 

carcinogenesis, tumor progression, metastasis, and 

chemotherapy resistance [134]. 

PVT1 as a Prognostic Biomarker IN Colorectal Cancer: 

Several experimental and clinical investigations have 

demonstrated that elevated PVT1 expression is associated 

with poor prognosis in colorectal cancer [135]. In one of the 

earliest studies, Takahashi and colleagues analyzed tumor 

samples from 164 patients with colorectal cancer and reported 

significantly increased PVT1 expression in tumor tissues 

compared with adjacent normal tissues. Higher PVT1 levels 

were strongly associated with reduced overall survival. 

Furthermore, silencing PVT1 using small interfering RNA 

(siRNA) significantly increased apoptosis while reducing 

tumor cell proliferation, migration, and invasive capacity, 

suggesting that PVT1 actively promotes tumor progression 

[136]. 

Alternative splice variants of PVT1 may also possess distinct 

biological functions. For example, increased expression of the 

PVT1-214 transcript has been associated with poor patient 

survival and acquisition of cancer stem cell-like 

characteristics, including enhanced invasion, migration, and 

self-renewal capacity [137]. Downstream regulatory 

molecules, particularly miR-26b, have also been identified as 

important mediators of PVT1 activity and may serve as 

complementary biomarkers reflecting PVT1-associated 

oncogenic signaling [128]. 

Subsequent investigations have consistently confirmed the 

association between elevated PVT1 expression and aggressive 

clinic pathological characteristics, including increased tumor 

proliferation, invasion, metastasis, and shorter overall survival 

[138]. In extracellular vesicles isolated from colorectal cancer 

cell lines SW480 and SW620, PVT1 expression was markedly 

higher in the highly metastatic SW620 cells. Increased PVT1 

levels were accompanied by co-amplification of C-MYC and 

several C-MYC-regulated genes, including FUBP1, EZH2, 

and NPM1. Functional inhibition of PVT1 using siRNA 

reduced cell proliferation and significantly increased 

apoptosis, highlighting its potential as a therapeutic target 

[139]. 

Clinical evidence further supports these observations. 

Analysis of tumor specimens from 210 colorectal cancer 

patients demonstrated that PVT1 expression was 

approximately 51.4% higher in malignant tissues than in 

adjacent normal mucosa. Elevated PVT1 expression 

correlated significantly with poor tumor differentiation, 

deeper local invasion, advanced TNM stage, lymph node 

metastasis, and reduced overall and disease-free survival 

[140]. However, not all colorectal cancer cell lines exhibit 

identical biological behavior. For example, the HCT116 cell 

line did not demonstrate significantly increased invasiveness 

attributable to PVT1 overexpression, suggesting that the 

oncogenic effects of PVT1 may vary according to tumor 

genotype and cellular context [141]. 
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The prognostic significance of PVT1 has been further 

confirmed by a comprehensive meta-analysis of 39 independent 

studies, which consistently demonstrated that high PVT1 

expression predicts unfavorable survival outcomes across 

several cancer types, including colorectal cancer [142]. In 

addition to expression analysis, inherited genetic variations 

within the PVT1 locus have also been investigated. The 

rs1252200336 polymorphism has been associated with a 2.71-

fold increased risk of colorectal cancer among individuals 

carrying the ID genotype compared with the II genotype in the 

Han Chinese population, while also predicting poorer patient 

survival [143]. These findings suggest that both PVT1 

expression and genetic polymorphisms may serve as valuable 

prognostic biomarkers in colorectal cancer. 

Despite these encouraging observations, much of the available 

evidence has been generated using cell culture experiments and 

retrospective clinical studies. Therefore, large prospective 

multicenter studies are required before PVT1 can be routinely 

implemented as a prognostic biomarker in clinical practice. 

PVT1 as a Predictive Biomarker and Therapeutic Target: 

Beyond its prognostic significance, PVT1 has emerged as a 

promising predictive biomarker for chemotherapy response. 

Multiple studies have demonstrated that overexpression of 

PVT1 contributes to resistance against commonly used 

anticancer agents, including cisplatin and 5-fluorouracil (5-

FU). 

Comparative analyses of cisplatin-sensitive and cisplatin-

resistant colorectal cancer cells revealed significantly higher 

PVT1 expression in resistant tumors [144,145]. 

Mechanistically, PVT1 promoted drug resistance through 

upregulation of multidrug resistance protein-1 (MRP1) and 

suppression of the intrinsic apoptotic pathway, thereby 

reducing treatment-induced cancer cell death. Importantly, 

targeted silencing of PVT1 using siRNA restored cisplatin 

sensitivity by decreasing MRP1 expression and reactivating 

apoptotic signaling pathways. 

Similar findings have been reported for 5-fluorouracil 

resistance. The HCT116 colorectal cancer cell line resistant to 

5-FU exhibited markedly elevated PVT1 expression together 

with increased MRP1 levels [141,146]. Suppression of PVT1 

significantly reduced tumor cell viability, enhanced apoptosis, 

and restored sensitivity to chemotherapy [146]. Comparable 

mechanisms have also been described in gastric cancer and 

glioma models, where elevated PVT1 expression contributes 

to resistance against 5-FU and other cytotoxic agents 

[135,147,148]. 

These findings indicate that measuring PVT1 expression 

before treatment may help identify patients at high risk of 

chemoresistance and facilitate individualized treatment 

selection. Furthermore, direct inhibition of PVT1 represents 

an attractive therapeutic strategy for overcoming drug 

resistance and improving treatment efficacy in colorectal 

cancer [144]. 

PVT1 as a Diagnostic Biomarker in CRC: The diagnostic 

potential of PVT1 remains less extensively investigated than 

its prognostic and predictive roles. Nevertheless, preliminary 

evidence suggests that PVT1 may contribute to the 

development of non-invasive diagnostic assays for colorectal 

cancer. 

One clinical study evaluated PVT1 expression as a biomarker 

for lymph node metastasis and found that its diagnostic 

performance improved substantially when combined with 

other long non-coding RNAs, including HOTTIP and UCA1. 

This multi-marker panel demonstrated greater diagnostic 

accuracy than PVT1 alone, suggesting that combinations of 

complementary biomarkers may provide superior clinical 

performance [149]. 

At present, evidence supporting the use of PVT1 for the early 

detection of colorectal cancer remains limited. Most available 

studies have focused on advanced disease, and little is known 

regarding temporal changes in PVT1 expression during 

adenoma formation or early tumorigenesis. Additional in vivo 

studies and large prospective clinical investigations are 

therefore required to determine whether PVT1 can serve as an 

effective screening biomarker for early-stage colorectal 

cancer. 

Overall, current evidence identifies PVT1 as one of the most 

promising long non-coding RNA biomarkers in colorectal 

cancer. Its strong association with tumor progression, 

metastasis, patient survival, and chemotherapy resistance 

highlights its potential applications in diagnosis, prognosis, 

therapeutic decision-making, and targeted treatment. Future 

multicenter validation studies and standardized detection 

methods will be essential before PVT1 can be incorporated 

into routine precision oncology for colorectal cancer. 
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Here is a completely rewritten version in a more natural 

academic style, preserving the scientific meaning while 

avoiding close similarity to the original. 

Discussion and Future Perspectives: Colorectal cancer 

(CRC) continues to represent a major global health challenge 

because of its high incidence and mortality. Although 

considerable progress has been achieved in screening, 

molecular diagnostics, and targeted therapies, many patients 

are still diagnosed at advanced stages when treatment options 

are limited and survival outcomes are poor. Therefore, 

improving early detection remains one of the most effective 

strategies for reducing disease-related mortality, minimizing 

recurrence, and increasing long-term survival. 

Biomarkers have become fundamental components of modern 

colorectal cancer management. They provide valuable 

information for disease detection, risk stratification, 

prognosis, treatment selection, and monitoring of therapeutic 

response. Currently available biomarkers, including KRAS, 

NRAS, BRAF, and microsatellite instability (MSI) status, 

have significantly improved personalized treatment strategies. 

Nevertheless, these biomarkers are insufficient to accurately 

predict tumor invasion, lymph node involvement, metastatic 

potential, recurrence, or resistance to chemotherapy in all 

patients. Consequently, there remains a strong need to identify 

additional molecular markers with greater sensitivity and 

specificity. 

Among emerging biomarkers, the long non-coding RNA 

PVT1 has attracted increasing interest because of its consistent 

overexpression in colorectal cancer and several other 

malignancies. Numerous experimental studies have 

demonstrated that elevated PVT1 expression is associated 

with aggressive tumor characteristics, including enhanced 

cellular proliferation, invasion, metastasis, advanced TNM 

stage, and poor patient survival. In addition, increasing 

evidence indicates that PVT1 contributes to resistance against 

commonly used chemotherapeutic agents, suggesting that it 

may serve as both a prognostic and predictive biomarker. 

An important advantage of PVT1 is its relative stability 

compared with many other RNA molecules, making it a 

suitable candidate for molecular diagnostic assays. However, 

several challenges must be addressed before PVT1 can be 

routinely incorporated into clinical practice. The temporal 

changes in PVT1 expression throughout colorectal cancer 

progression remain poorly understood, and standardized 

methods for measuring its expression have not yet been 

established. Furthermore, its diagnostic accuracy in early-

stage disease and precancerous lesions requires evaluation 

through large prospective clinical studies. 

The rapid development of liquid biopsy technology offers 

exciting opportunities for future biomarker research. 

Detection of circulating tumor DNA (ctDNA), circulating 

RNA, exosomal RNA, and other molecular markers from 

blood samples provides a minimally invasive approach for 

monitoring tumor burden, identifying minimal residual 

disease, evaluating treatment response, detecting emerging 

drug resistance, and predicting disease recurrence or 

metastatic spread. Liquid biopsy also enables repeated 

sampling throughout the course of treatment, thereby reducing 

the need for repeated tissue biopsies and improving patient 

comfort. Previous studies have demonstrated that methylation-

based gene panels detected in circulating cell-free DNA can 

predict both overall survival and progression-free survival in 

patients with colorectal cancer. Likewise, circulating tumor 

DNA analysis has shown considerable promise for monitoring 

therapeutic response and disease progression in clinical 

practice [157,158]. 

Future investigations should focus on developing integrated 

biomarker panels rather than relying on individual molecular 

markers. Combining genomic, transcriptomic, epigenetic, 

proteomic, and metabolomic biomarkers is likely to improve 

diagnostic accuracy and provide more reliable prediction of 

treatment response than any single biomarker alone. 

Integrating multiple biomarkers with established molecular 

indicators may significantly enhance the sensitivity and 

specificity required for routine clinical implementation. 

Although PVT1 has demonstrated substantial clinical 

potential, several biological questions remain unresolved. 

Most published studies have evaluated total PVT1 expression 

without distinguishing between its numerous alternatively 

spliced transcript variants. Since different splice variants may 

possess distinct biological functions and regulate separate 

signaling pathways, future research should investigate the 

individual contribution of each transcript. Such studies may 

clarify their roles in tumor progression, metastasis, and 

chemotherapy resistance while facilitating the development of 

transcript-specific therapeutic strategies. 

Further mechanistic investigations are also needed to define 

the molecular networks regulated by PVT1. Evidence suggests 

that PVT1 interacts with several oncogenic pathways, 

including WNT/β-catenin, TGF-β, p53, and C-MYC 
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signaling. A better understanding of these interactions could 

identify additional therapeutic targets and improve the 

development of biomarker-based diagnostic assays. Finally, 

extensive in vivo studies and well-designed multicenter 

clinical trials are essential to determine whether PVT1 

expression can reliably predict responses to different 

chemotherapeutic and targeted agents. The development of 

appropriate animal models and prospective validation studies 

will be critical for translating these findings into clinical 

practice. 

Conclusion: The management of colorectal cancer has 

advanced considerably over the past two decades owing to 

improved understanding of tumor biology, molecular genetics, 

and precision oncology. Molecular biomarkers such as KRAS, 

NRAS, BRAF, and microsatellite instability (MSI) status have 

become integral components of clinical decision-making, 

particularly for selecting targeted therapies in patients with 

advanced or metastatic disease. Despite these advances, there 

remains an unmet need for reliable biomarkers capable of 

supporting early diagnosis, accurate prognosis, prediction of 

therapeutic response, and long-term disease surveillance. 

Among the emerging molecular biomarkers, PVT1 has shown 

considerable promise because of its involvement in colorectal 

cancer initiation, progression, metastasis, and resistance to 

chemotherapy. Current evidence indicates that elevated PVT1 

expression is closely associated with aggressive tumor 

behavior and unfavorable clinical outcomes, suggesting that it 

could serve as a valuable diagnostic, prognostic, and 

predictive biomarker. Furthermore, targeting PVT1 may 

represent a novel therapeutic strategy for overcoming 

treatment resistance and improving patient outcomes. 

However, before PVT1 can be incorporated into routine 

clinical practice, its biological functions and clinical 

significance must be validated through large, multicenter 

prospective studies using standardized analytical methods. 

Future progress in precision medicine will depend on 

integrating genomic, transcriptomic, epigenetic, proteomic, 

and metabolomic information to establish comprehensive 

biomarker panels with high diagnostic accuracy and clinical 

utility. Such integrated molecular approaches have the 

potential to transform colorectal cancer management by 

enabling earlier diagnosis, individualized treatment selection, 

more effective disease monitoring, and ultimately improved 

patient survival and quality of life. 
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