


Circulating Tumor DNA as a Biomarker in Colorectal Cancer: Diagnostic, Prognostic, and Therapeutic Perspectives


Abstract
Circulating tumor DNA (ctDNA) is a type of cell-free DNA that originates from the shedding of tumor cells to the bloodstream and has recently been considered as a potential biomarker in colorectal cancer (CRC). This review covers the general features of ctDNA in terms of their biological properties and clinical applications, as well as the methods used to detect and quantify them. The clinical applications of ctDNA in CRC focus on early diagnosis, prognosis, therapeutic response monitoring, MRD evaluation and the resistance mechanisms. Although detection platforms digital PCR, NGS and methylation-based assays have been improved, several issues still need to be overcome such as low ctDNA frequency in early-stage disease and the absence of standardized protocols. The review also discusses prospects, including the embedding ctDNA with multi-omics approaches and artificial intelligence tools to enhance diagnostic precision. Overall, ctDNA is poised to revolutionize colorectal cancer care through its role in non-invasive, personalized, and dynamic disease management.
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1. Introduction
Colorectal cancer (CRC) ranks as the third most diagnosed malignancy and second in terms of cancer deaths in the world, with approximately 1.9 million new cases and more than 900,000 deaths worldwide in 2020 [1]. Despite the implementation of established screening tools such as colonoscopy, fecal occult blood testing (FOBT), and fecal immunochemical tests (FIT), CRC is often diagnosed at an advanced stage, where prognosis is poorer and treatment options are more complex [2]. The invasiveness, cost and logistic difficulties for traditional screening techniques restrict their application in large populations especially in l ow- and middle- income countries [3].
In recent years, the concept of liquid biopsy, defined as the analysis of tumor-derived material in bodily fluids, primarily blood, has gained considerable attention in oncology. Among various analytes, circulating tumor DNA (ctDNA), a tumor-derived fraction of cell-free DNA (cfDNA), has emerged as a particularly valuable biomarker. ctDNA is released into the bloodstream by tumor cells through apoptosis, necrosis, and potentially active secretion, and it carries the genetic and epigenetic alterations found in the primary tumor and its metastases [4, 5]. This makes ctDNA a dynamic and non-invasive indicator of tumor presence, burden, and evolution.
As opposed to standard tissue biopsies that provide only a frozen-in-time glimpse of a given tumor location, ctDNA analysis permits real-time, global assessment of intratumoral heterogeneity and clonal disease progression in advanced stages [6]. It also permits longitudinal follow-up for treatment response and disease progression without the potential hazards of serial tissue sampling. These characteristics render ctDNA an appealing approach for the early diagnosis, prognostication, therapeutic monitoring and minimal residual disease (MRD) detection in CRC [7–9].
Evidence suggests that ctDNA levels correlate with tumor burden and stage, and that postoperative ctDNA positivity is strongly associated with recurrence risk, even preceding radiologic evidence of disease by several months [10]. Furthermore, ctDNA profiling enables detection of emerging resistance mutations and can guide changes in systemic therapy, including the reintroduction or discontinuation of targeted agents [11].
However, several limitations hinder the routine clinical implementation of ctDNA-based testing. These include low ctDNA concentrations in early-stage disease, lack of standardized assays and thresholds for positivity, biological variability in cfDNA background levels, and the potential for false positives due to clonal hematopoiesis of indeterminate potential (CHIP)[12]. Moreover, the cost and technical requirements of advanced detection platforms such as digital PCR (dPCR), next-generation sequencing (NGS), and methylation-based assays remain significant barriers in many healthcare settings [13].
Ongoing advances in molecular diagnostics, including the development of ultra-sensitive and tumor-informed assays, are steadily overcoming these challenges. Personalized ctDNA panels and integrated multi-analyte approaches combining ctDNA with proteomics or immune profiling are now being investigated to enhance diagnostic accuracy [14, 15]. Due to its unique biological properties and broad clinical utility, ctDNA plays a central role in the personalized management of colorectal cancer.
This review provides a comprehensive overview of the biological characteristics, detection methods, clinical applications, and challenges of ctDNA in colorectal cancer. It also discusses current research directions and the potential of ctDNA to transform CRC management through precision oncology.
2. Biological Basis and Characteristics of ctDNA
Circulating tumor DNA (ctDNA) are the short fragments of double-stranded DNA, typically 150–200 base pairs in length, that are released into the bloodstream by tumor cells through apoptosis, necrosis, or potentially active secretion mechanisms[16, 17]  These fragments represent a minor fraction of the total circulating cell-free DNA (cfDNA) in plasma. They carry genetic and epigenetic alterations that reflect the molecular landscape of the tumor. Unlike normal cfDNA, ctDNA contains tumor-specific changes such as point mutations, copy number variations, microsatellite instability, gene rearrangements, and DNA methylation alterations [5]. In colorectal cancer , ctDNA often carry characteristic mutations in key driver genes like KRAS, TP53, APC, and BRAF, which are central to CRC pathogenesis [18, 19]. Many factors, such as tumor stage, size, vascularization, cellular turnover, and the effectiveness of DNA clearance mechanisms, affect the amount of ctDNA in circulation. [20]. ctDNA has a short half-life,between 16 minutes and a few hours, allowing it to reflect real-time tumor dynamics and treatment effects [14]. Low ctDNA levels in early-stage CRC or in minimal residual disease settings raise significant challenges in detection. Advanced molecular techniques like digital PCR (dPCR), BEAMing, and next-generation sequencing (NGS) have greatly improved the sensitivity and specificity of ctDNA detection, helping accurate identification of rare mutant alleles in a high background of wild-type DNA [6, 13]. Thus, ctDNA gives a dynamic and non-invasive picture of tumor biology, supporting its clinical utility in early detection, monitoring, and guiding personalized treatment in CRC.
3. Types of ctDNA
In colorectal cancer, several distinct types of circulating tumor DNA (ctDNA) sequences can be monitored to provide valuable diagnostic, prognostic, and therapeutic information. Point mutations in oncogenes such as KRAS, NRAS, and BRAF are among the most frequently analyzed, as they inform on tumor biology and predict response or resistance to anti-EGFR therapy [16, 18]. Alterations in PIK3CA and TP53 genes are also commonly detected in ctDNA and correlate with disease progression and recurrence risk [21]. Beyond single-nucleotide variants, copy-number variations (CNVs)—including EGFR, HER2, and MYC amplifications—reflect genomic instability and may serve as indicators of tumor aggressiveness [22]. Aberrant DNA methylation patterns, particularly of SEPT9, SDC2, NDRG4, and BMP3, have emerged as reliable non-invasive biomarkers for early CRC detection and minimal residual disease monitoring [23]. Recent studies on fragmentomics shows that ctDNA exhibits distinct fragmentation profiles, nucleosome footprints, and end motifs that can distinguish tumor-derived fragments from healthy cell-free DNA, providing a potential means of early detection.[24]. Assessment of microsatellite instability (MSI) and small insertion/deletion signatures in ctDNA provides information relevant to immunotherapy response prediction in mismatch-repair-deficient CRC [25]. Monitoring tumor-specific structural rearrangements and fusion breakpoints (e.g., NTRK or ALK) in plasma are highly specific markers of disease dynamics [6]. Together, these various ctDNA sequence types provide a thorough molecular picture of colorectal cancer, improving therapeutic monitoring, diagnosis, and prognosis accuracy.
4. Clinical Applications of ctDNA in Colorectal Cancer
4.1 Early Detection and Screening
Circulating tumor DNA (ctDNA) has shown potential in detecting early-stage colorectal cancer (CRC), although sensitivity remains a significant challenge due to the low levels of ctDNA released during early tumorigenesis. Methylation-based assays, such as those targeting the SEPT9 gene, have demonstrated clinical utility and have been used in screening protocols for average-risk individuals who are unwilling or unable to undergo colonoscopy [23, 26].  Single-marker assays are not sufficient to achieve high sensitivity and specificity. Multimodal approaches combining ctDNA with protein markers or imaging modalities are under study to enhance diagnostic performance [27, 28].
4.2 Prognosis and Risk Stratification
High levels of ctDNA prior to treatment are associated with more advanced tumor stages and a poor prognosis (5). Notably, the presence of ctDNA after curative-intent surgery, termed "post-operative ctDNA positivity", strongly correlates with a higher risk of recurrence, often preceding radiologic evidence by several months [7, 8]. This prognostic utility enables stratification of patients who may benefit from intensified adjuvant chemotherapy or closer surveillance [29].
4.3 Monitoring Treatment Response
Serial ctDNA measurements during systemic therapy can provide dynamic insights into tumor burden. A significant decrease in ctDNA levels following initiation of chemotherapy or targeted therapy generally reflects treatment responsiveness and favorable outcomes, while persistent or increasing ctDNA levels may suggest therapeutic resistance or disease progression [30]. These real-time molecular changes can inform timely modifications in treatment strategy.
4.4 Minimal Residual Disease (MRD) Detection
ctDNA-based assays have emerged as powerful tools for the detection of minimal residual disease (MRD) following surgery or adjuvant therapy. Compared to conventional imaging, ctDNA offers a more sensitive and earlier indicator of relapse, often detecting molecular recurrence several months before radiological evidence [31]. Tumor-informed platforms, such as Signatera and Guardant Reveal, personalize ctDNA analysis by incorporating patient-specific mutation profiles, further increasing sensitivity for MRD detection [32].
4.5 Detection of Resistance Mechanisms and Relapse
ctDNA facilitates non-invasive tracking of emerging resistance mutations, such as EGFR pathway alterations during anti-EGFR monoclonal antibody therapy [11]. This ability to monitor clonal evolution allows clinicians to adapt treatment in real-time, e.g., by switching to alternative agents or enrolling patients in clinical trials targeting resistant subclones. Furthermore, ctDNA captures tumor heterogeneity better than single-site tissue biopsies, offering a more comprehensive genomic landscape of relapse biology [18].

5. Methods of ctDNA Detection and Quantification
For the sensitive and targeted detection of ctDNA in plasma, several technologies have been developed. Digital PCR (dPCR) is a highly sensitive and quantitative method used for detecting known mutations with low allele frequencies, making it especially suitable for monitoring treatment response and minimal residual disease [33]. Next-generation sequencing (NGS) platforms enable broader genomic profiling, including detection of single-nucleotide variants, insertions/deletions, copy number variations, and structural rearrangements. NGS methods like CAPP-Seq (Cancer Personalized Profiling by deep Sequencing) and Safe-SeqS offer high sensitivity and allow simultaneous analysis of multiple genomic alterations [34, 35]. BEAMing (Beads, Emulsion, Amplification, and Magnetics) combines emulsion PCR with flow cytometry, providing digital quantification and ultra-sensitive detection of rare ctDNA variants [36]. Methylation-specific PCR and bisulfite sequencing are increasingly employed to detect tumor-specific methylation signatures, such as in the case of SEPT9 and other methylation biomarkers, especially for early-stage CRC detection and screening [37, 38]. Each method differs in terms of cost, analytical sensitivity, required input DNA quantity, and clinical feasibility. New studies focus on increasing the analytical sensitivity while reducing turnaround time and cost, to facilitate widespread use of ctDNA analysis.
6. Limitations and Challenges
Despite its significant potential, the clinical implementation of ctDNA testing is hindered by several limitations. The low abundance of ctDNA, particularly in early-stage colorectal cancer or minimal residual disease,can limit sensitivity and lead to false-negative results [17]. The absence of standardized protocols for sample collection, DNA extraction, and analytical pipelines also contributes to variability in test performance across studies and laboratories [13]. Inter-individual variability in total cell-free DNA levels, influenced by factors such as inflammation, trauma, or comorbid conditions, further complicates interpretation [39]. The use of advanced NGS platforms, while enabling broader mutation profiling, is usually associated with high costs, long turnaround times, and technical complexity, making widespread clinical adoption difficult [21]. Another important concern is the risk of false positives due to clonal hematopoiesis, where age-related somatic mutations in hematopoietic cells may be mistaken for tumor-derived mutations in plasma [12]. Addressing these issues through improved assay sensitivity, harmonized protocols, and integrative interpretation frameworks are required for the robust clinical application of ctDNA in colorectal cancer.
7. Future Directions and Research Perspectives
Current clinical trials are actively exploring the utility of ctDNA-guided strategies in tailoring adjuvant therapy and postoperative surveillance in colorectal cancer, to minimize overtreatment and improve outcomes [40]. The integration of ctDNA analysis with multi-omics approaches, including proteomics, transcriptomics, and metabolomics, is anticipated to enhance the sensitivity and specificity of cancer detection and monitoring [41]. The artificial intelligence (AI)-driven algorithms that are being developed may be useful to interpret complex ctDNA profiles and predict tumor evolution and treatment response with greater accuracy [6]. The development of personalized ctDNA panels, based on individual tumor mutational landscapes, and tumor-informed assays such as Signatera, which monitor patient-specific mutations, are setting new standards for precision oncology in CRC [8]. Although more validation in various clinical settings is still required, ctDNA is anticipated to become a key component of real-time, non-invasive cancer management as these technologies advance.
8. Conclusion
[bookmark: _GoBack]Circulating tumor DNA (ctDNA) provides important information for prognosis, therapeutic monitoring, early detection, and recurrence prediction. It is an effective tool in precision oncology because of its non-invasiveness and capacity to depict tumor dynamics in real time. Continued improvements in molecular diagnostic methods are opening the door for wider clinical adoption, despite technical and practical obstacles like low ctDNA levels in early-stage disease and the requirement for standardization. In the future, optimizing patient-specific management strategies will depend on combining ctDNA analysis with traditional diagnostics, imaging, and cutting-edge technologies like artificial intelligence and multi-omics approaches. A multidisciplinary framework that combines these modalities holds the potential to transform colorectal cancer care across the entire disease spectrum.
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