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Abstract 

Background  Currently, due to the invasive nature of colonoscopy and the associated pain, people avoid undergoing 
the procedure, making it difficult to detect the majority of potential early stage colorectal carcinoma/precancerous 
lesions or advanced adenoma. Advanced colorectal adenoma is the main precursor to the development of colorectal 
carcinoma. Therefore, improving advanced colorectal adenoma detection rate can significantly decrease the develop-
ment and morbidity of colorectal carcinoma. Accordingly, a non-invasive method to screen high-risk people for colo-
noscopy in clinical practice is urgently needed.

Main text  With the development of medical technology, screening methods for colorectal carcinoma are emerging 
rapidly, and diverse non-invasive methods are being developed. Cell-free DNA (cfDNA), commonly referred to as liq-
uid biopsy, has promising application prospects as a minimally invasive strategy for early screening of colorectal 
cancer. CfDNA has already been applied in the field of prenatal diagnosis, advanced carcinoma, and organ trans-
plantation, and the application cfDNA in advanced colorectal adenoma is at the cutting-edge of current research. 
Thus, this review summarizes the progress in research on different biological characteristics of cfDNA and its util-
ity in the screening of advanced colorectal adenoma, including sizes of cfDNA molecules, end signature of cfDNA 
(preferred ends, end motifs, jagged ends), nucleosomal footprints, cfDNA topology, cfDNA methylation, and cfDNA 
integrity.

Conclusions  We hope that this review will advance this promising research field.

Keywords  Advanced colorectal carcinoma, Cell-free DNA, Non-invasive screening, Liquid biopsy, Biological 
characteristics

Background
Colorectal cancer (CRC) is a common malignant can-
cer. According to the latest statistics from the American 
Cancer Society for 2023, the incidence and mortality 

rates of CRC among men and women remain the third 
highest among those of all cancers [1]. Owing to the 
growing awareness about a healthy lifestyle, advance-
ments in early diagnosis and treatment of CRC, and 
improvements in treatment methods, the mortal-
ity rate of CRC has been decreasing annually [2]. The 
early diagnosis and treatment of CRC have been the 
focus of extensive research. Colorectal cancer develops 
relatively slowly, and the process of developing from 
polyp to cancer usually takes 5–10 years or even longer 
(Fig. 1), in which the timely detection and treatment of 
advanced adenomas, which are now known as precan-
cerous lesions, can effectively reduce the incidence rate 
of and mortality associated with CRC [3]. Up to now, 

*Correspondence:
Hoi‑Ioi Ng
15811329134@139.com
1 Department of Endoscopy, National Cancer Center/National Clinical 
Research Center for Cancer/Cancer Hospital, Chinese Academy of Medical 
Sciences and Peking Union Medical College, Beijing 100021, China
2 Department of Endoscopy, National Cancer Center/National Clinical 
Research Center for Cancer/Cancer Hospital & Shenzhen Hospital, 
Chinese Academy of Medical Sciences and Peking Union Medical College, 
Shenzhen 518116, China

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40001-025-02313-z&domain=pdf


Page 2 of 7Chen et al. European Journal of Medical Research          (2025) 30:136 

there are various detection methods for CRC, which 
are summarized in Table 1. Among them, colonoscopy 
is the gold standard for screening and diagnosis of CRC 
[4]. However, because some patients do not want to 
accept or cannot tolerate invasive procedures, such as 
colonoscopy [5] and due to certain standards and qual-
ity requirements of colonoscopy for endoscopists [6], 
it is difficult to promote colonoscopy for early cancer 
screening. Therefore, there is an urgent need to develop 
more accurate and convenient non-invasive screening 
methods.

With advancements in medical technology, screening 
methods for CRC are emerging rapidly, and non-inva-
sive methods are diversifying. Cell-free DNA (cfDNA), 
also known as DNA that circulates freely in the blood-
stream, is derived from a variety of sources, includ-
ing circulating tumor cells that escape from primary 
tumors, degraded tumor cell DNA released from pri-
mary tumor cells (secondary to tumor cell death), and 
secreted tumor cell exosomes [6, 7]. cfDNA, which is 
also used in liquid biopsy, has shown promise as a min-
imally invasive strategy for early CRC screening [8]. In 
this review, different detection methods of cfDNA are 
discussed. The application progress of different bio-
logical characteristics of cfDNA in advanced colorectal 
adenoma is summarized and elaborated, with a focus 
on the latest research (Table 2).

Different analytical methods for cfDNA
There are several methods for detecting cfDNA. Real-
time polymerase chain reaction (PCR)-based assay meth-
ods are widely used for cfDNA measurement but are less 
sensitive for early disease detection. Many PCR-based 
improved tests have since been developed, Including 
digital PCR, droplet digital PCR, allele-specific amplifi-
cation refractory mutation system PCR, allele-specific 
PCR, beads, emulsion, amplification and magnetics [9–
12]. PCR can better detect genetic changes in cfDNA, 
but only a small number of loci can be analyzed at a 
time. Next generation sequencing (NGS), however, can 
simultaneously measure the genetic changes of the whole 
genome in a single sequencing, and has unique advan-
tages in detecting unknown sequences, unknown muta-
tions, and high-throughput multilocus [13]. The main 
technologies include tag-amplicon deep sequencing, safe-
sequencing system, and personalized profiling by deep 
sequencing [14, 15]. There are also enzyme-based cfDNA 
mutation detection methods that can detect mutations in 
target genes in cfDNA [16]. Different detection methods 
complement each other in the study of cfDNA.

Fragmentation patterns of cfDNA
The study of patterns of cfDNA fragments, also known 
as fragmentomics, is currently an area of intense inter-
est in biomarker research, which focuses on sizes, pre-
ferred ends, end motifs, jagged ends, and nucleosomal 

Fig. 1  Colorectal cancer (CRC) development

Table 1  Different detection methods for colorectal cancer

FOBT fecal occult blood test, FIT fecal immunochemical test, cfDNA cell-free DNA

Detection methods Advantages Disadvantages

FOBT, FIT Inexpensive and easy to check Less sensitive and susceptible to interference

Stool DNA testing Non-invasive, safe, and easy Relatively expensive, with uncertain inter-screening periods

Colonoscopy Intuitive, efficient, “Gold standard” requires bowel preparation, poor compliance

Computed tomographic 
colonography

Alternative to colonoscopy requires bowel preparation, expensive and radiation hazards

cfDNA Non-invasive, allows real-time detection of comprehen-
sive genomic information about the tumor

Unstable sensitivity, difficult for early disease screening
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footprints characterized by the distribution patterns of 
cfDNA fragments in the genome and topology [17].

1.	 Sizes of cfDNA molecules

The size distribution of cfDNA is an important bio-
logical characteristic for its clinical application, and 
fragment size can be obtained through single-base reso-
lution sequencing. Existing studies have confirmed that 
tumor-derived cfDNA molecules in the plasma of cancer 
patients are usually small [18, 19], and short genes typi-
cally prioritize tumor-related copy number aberrations. 
The size characteristics of tumor-derived cfDNA in the 
plasma of cancer patients can be used to identify tumor 
DNA fragments and improve cancer detection [20]. 
Based on research on the size characteristics of cfDNA, 
Cristiano et al. [21] developed a method to evaluate the 
size pattern of cfDNA throughout the entire genome and 
found that the size spectrum of cancer patients was dis-
torted. Analysis of fragmentation characteristics in 236 
patients with cancer and 245 healthy individuals showed 
that the size spectrum was helpful in identifying a limited 
number of tissues of cancerous origin in 75% of the cases, 
which further confirmed that the size of cfDNA provided 
information related to the origin tissues. In a study on 
the prediction of advanced adenomas using cfDNA, Peng 

et  al. [22] obtained additional information on a cancer 
group (advanced adenomas and early CRC) and a healthy 
control group based on an improved cfDNA fragment 
size and distribution model, revealing more differences 
between the two, thus improving the predictive perfor-
mance of the model. Studying the mechanism underlying 
differential changes in the cfDNA size spectrum in pre-
cancerous lesions, such as advanced colorectal adeno-
mas, is a promising future research direction with great 
significance.

2.	 End signature of cfDNA

Preferred ends
A subset of genome coordinates is preferentially cut to 
form the so-called “preferred end” [23], which was first 
discovered during the generation of cfDNA in the plasma 
from pregnant women. The results indicated that 25% of 
cfDNA fragments were present in at least one peer shar-
ing the same terminal site. Clusters of preferred ends are 
consistent with the nucleosome pattern in the genome 
[24], which also depends on tissue specificity. Using the 
ratio of tumor-related and non-tumor-related preferred 
terminals, the AUC for distinguishing patients with hepa-
tocellular carcinoma from healthy subjects was 0.88 [24], 

Table 2  Different biological characteristics of cfDNA

Features Application

Biological characteristics 
of cfDNA

Fragmentation patterns 
of cfDNA

Sizes of cfDNA Molecules Usually small in tumor-
derived cfDNA

Identify tumor DNA frag-
ments and improve cancer 
detection

End signature of cfDNA Preferred Ends A subset of genomic 
coordinates that are cut 
preferentially

Ratio of tumor-associated 
and non-tumor-associated 
preferred endpoints dis-
tinguishes tumor patients 
from healthy individuals

End motifs Several bases 
of the 5′-end 
of the sequence 
of a cfDNA molecular 
fragment

Excellent predictive 
performance in early stage 
cancer

Jagged ends Single-stranded DNA 
at the ends of double-
stranded cfDNA

Tumor cfDNA molecules 
have more jagged ends

Nucleosomal Footprints Epigenetic character-
istics

Non-invasively identify 
the tissue origin of cancer 
cells

Topology of cfDNA Different forms of DNA 
molecules, including cir-
cular and linear forms

Distinguish between phys-
ical and neoplastic 
populations

Detection of cfDNA methylation A form of chemical 
modification of cfDNA

High sensitivity and speci-
ficity for CRC screening 
and early detection

Integrity of cfDNA The degree of cfDNA 
fragmentation

High in CRC, a prognostic 
marker
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indicating that the preferred terminal could serve as a 
biomarker for cancer and facilitate its early detection.

End motifs
End motifs refer to several bases (such as 4-nucleotide 
motifs) of the 5′-end of the sequence of a cfDNA molec-
ular fragment. The most common end motif, CCCA, in 
the cfDNA of healthy human subjects was found to be 
reduced in patients with liver cancer and was found to be 
prevalent in multiple cancer types, including CRC, fur-
ther proving its potential clinical application in oncology 
[25]. Adapted from the end motifs originally reported by 
Jiang et al. [25], Peng et al. [22] extended the end motifs 
to 6 bp and detected their frequency. This motif carries 
more information (patterns of fragment origin sites in 
the genome), thereby increasing the predictive ability of 
the end motif for advanced adenomas and early CRC.

Jagged ends
Fragment omics features are largely based on sequencing 
results generated by double-stranded cfDNA molecules 
after the completion of DNA terminal repair, where in 
the 5′ single-stranded protruding end of cfDNA mol-
ecules is repaired and filled, while the 3′ single-stranded 
protruding end is trimmed. Consequently, the presence 
of single-stranded DNA (also known as jagged ends) at 
the ends of double-stranded cfDNA has been overlooked. 
Jiang et  al. [26] developed a method to detect the jag-
ged ends of cfDNA molecules by introducing differential 
methylation signals into the complementary strands of 
single-stranded cfDNA existing at the 5’ end and found 
that tumor cfDNA molecules have more jagged ends than 
the background DNA molecules dominated by hemat-
opoietic DNA in cancer patients.

3.	 Nucleosomal footprints

Studies have shown that the fragmentation pattern of 
cfDNA is non-randomly distributed across the genome 
[27] and that the fragment spectrum of cancer patients 
is more diverse than that of healthy individuals [21]. 
Based on these findings, epigenetic characteristics, such 
as nucleosomal footprint and gene expression, can be 
inferred from the fragment pattern of cfDNA. CfDNA 
fragments are enriched in nucleosome sequences, 
whereas nucleosome footprints are different in cells 
[28], making it possible to non-invasively identify the 
tissue origin of cancer cells. Various methods have been 
developed to characterize the epigenome using cfDNA 
fragment patterns to determine tissue origin [29, 30]. 
Tissue origin and footprint analysis of cfDNA is a cur-
rent research hotspot, which is expected to expand our 
current understanding of fragment pattern of cfDNA. 

However, this is still in the exploratory stage and has not 
been studied in advanced adenomas.

4.	 Topology of cfDNA

DNA topology refers to different forms of DNA mol-
ecules, including circular and linear forms. Previous 
studies focused on double-stranded linear plasma DNA. 
With advancements in detection methods, an increasing 
number of ultralong double-stranded DNA, ultra-short 
single-stranded cfDNA, and circular cfDNA have been 
discovered and studied. Mead et  al. [31] distinguished 
between physical and neoplastic populations using 
an optimal model containing DNA markers, includ-
ing circular cfDNA. The final detection rate had a posi-
tive predictive value of 81.1% for polyps and a negative 
predictive value of 73.5% for early cancer diagnosis. In-
depth research on cfDNA with different fragments and 
topological structures will help gain a more systematic 
and comprehensive understanding of cfDNA, providing a 
foundation for further applications.

In a prospective study, Peng et  al. [22] constructed 
a multi-omics early screening model, based on five 
machine learning models and five cfDNA fragment 
omics features for CRC, to distinguish healthy individu-
als from patients with advanced adenomas/early CRC. 
The specificity of this model was 94.8%, and the AUC 
for distinguishing between healthy individuals and those 
with advanced adenomas/early CRC was 0.988. At a 
94.8% specificity, the sensitivities for advanced adeno-
mas and early CRC were 95.7% (95% CI 85.2–99.5%) and 
98.0% (95% CI 94.2–99.6%), respectively. Further sub-
group analysis showed that the early screening model 
exhibited high sensitivity for different levels of advanced 
adenomas and pedunculated/non-pedunculated ade-
nomas. This indicates that the cfDNA fragment omics 
model is a promising detection and screening method 
for advanced adenomas and early CRC, and non-invasive 
clinical screening of CRC is a new and efficient detection 
method.

Detection of cfDNA methylation
The SEPT9 gene methylation detection method for 
plasma cfDNA was the first FDA-approved blood test-
ing method for CRC screening [32], with high sensitivity 
and specificity for CRC screening and early detection. In 
2014, Church et al. [33] prospectively evaluated the accu-
racy of circulating methylated SEPT9 DNA (mSEPT9) in 
detecting CRC in the screened populations. This study 
found that in asymptomatic high-risk populations under-
going screening, blood-based mSEPT9 detection can 
detect CRC signals in the blood; however, the detection 
sensitivity for advanced adenomas and early cancers is 
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relatively low. With the advancement of cfDNA research 
and the development of detection technology, combining 
multiple biomarkers is an effective strategy to improve 
the sensitivity of advanced adenoma diagnosis and 
screening. Various research groups have established and 
verified non-invasive cfDNA methylation models of mul-
tiple cfDNA methylation biomarkers to detect advanced 
adenoma and early CRC. Zhao et al. [34] reported a new 
qPCR-based detection method that combined methyl-
ated SEPT9 and SDC2 (named the ColorDefense test). 
Compared to individual detection methods, combined 
detection has high sensitivity and specificity for detect-
ing advanced adenomas. Gómez et  al. [35] found that 
11 methylation biomarker models based on the plasma 
cfDNA could reliably identify patients with advanced 
adenomas. Mo et  al. [36] achieved cfDNA multigene 
methylation haplotype detection using NGS technol-
ogy; the detection sensitivity of this method was 79.0% in 
patients with advanced adenomas, 86.6% in patients with 
CRC, and 88.1% in the control population. The perfor-
mance of this method in detecting advanced adenomas 
was superior to that of fecal immunochemical testing 
and carcinoembryonic antigen. Multiple studies have 
reported satisfactory results [37–39]. Methylated cfDNA 
is a promising biomarker for estimating the prognosis of 
patients with advanced adenomas and CRC and will pos-
sibly be widely used in clinical practice in the future.

Integrity of cfDNA
The integrity of plasma cfDNA has been extensively stud-
ied as a diagnostic and prognostic marker in several can-
cers [40]. CfDNA integrity was calculated as the ratio of 
the concentration of longer DNA fragments at a specific 
genetic locus to the concentration of shorter DNA frag-
ments, indicating the degree of cfDNA fragmentation 
[41]. Compared to healthy controls, many cancer patients 
have high plasma-free DNA concentrations, which can 
serve as potential predictive markers [42]. Naoyuki et al. 
[43] found that the integrity of cfDNA in the plasma of 
patients with CRC was higher than that in healthy indi-
viduals; they used the integrity of cfDNA as a prognostic 
marker independent of cfDNA. In a study of advanced 
adenomas, Bedin et  al. [44] assessed the presence and 
integrity of plasma cfDNA in subjects using an ALU 
sequence-based qPCR method. The amount and pat-
tern of cfDNA differed significantly among the control 
group, patients with advanced adenomas, and patients 
with CRC, and increased with tumor occurrence and 
histopathological grade. The distribution of the cfDNA 
integrity index was similar between the control group 
and patients with CRC; however, there was a significant 
difference between the cfDNA integrity index of patients 
with adenoma and patients with CRC (p < 0.01), which 

confirmed that a strategy based on cfDNA integrity can 
improve the diagnosis of advanced adenoma and early 
CRC.

Discussion
Since cfDNA was first found in healthy and diseased 
individuals, its presence has gradually been discovered 
in patients with cancer, patients with systemic lupus ery-
thematosus, and organ transplant recipients [45]. Owing 
to the advancement of cfDNA research and technologi-
cal progress, cfDNA has great potential for application 
in non-invasive prenatal diagnosis, single-gene diseases, 
and cancer screening [46]. Liquid biopsy has been widely 
used in cancer screening, but it still has limitations in the 
early screening and diagnosis of CRC. Compared with 
the cost of fecal immunochemical test or multi-target 
stool DNA testing, cfDNA screening is more expen-
sive and the sensitivity of screening is not significantly 
improved [47]. Because the levels of related molecules 
in the blood of patients with early CRC are very low, 
the sensitivity requirements for liquid biopsy are very 
high. Owing to the limitations of the current technol-
ogy, a shift towards studying other molecular features of 
cfDNA in the blood (cfDNA fragmentation patterns or 
cfDNA methylation) to explore the correlation of cfDNA 
with tumors and improve detection accuracy is currently 
another approach. Research has shown that detection 
technology for cfDNA fragment omics features plays an 
important role in the early diagnosis of CRC. An early 
screening model for CRC based on the characteristics 
of plasma-free DNA multi-omics fragments can effec-
tively distinguish among patients with advanced adeno-
mas, patients with CRC, and healthy populations and has 
potential application value [22]. This provides a good hint 
to determine the relationship between advanced colorec-
tal adenoma and cfDNA, because many previous stud-
ies on early screening or diagnosis of CRC using cfDNA 
included only healthy subjects and patients with CRC. In 
fact, CRC development takes a long time. As an impor-
tant intermediate stage, advanced adenoma has a window 
of several years to develop into cancer. Therefore, a good 
early screening model for CRC should include advanced 
adenomas or “precancerous lesions” as an important 
part. Although cfDNA fragment omics characteristics 
provide a very good method for the early screening of 
CRC using liquid biopsy, research on cfDNA related to 
CRC screening is particularly challenging for the diag-
nosis of advanced adenomas. With the deepening of 
research, an in-depth study of plasma cfDNA fragment 
genomics will help reveal the origin and fragmentation 
mechanism of cfDNA in the physiological and pathologi-
cal processes of diseases and lay the foundation for fur-
ther exploration and development of potential diagnostic 
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tools based on cfDNA fragment genomics [17, 48]. In 
addition, an increasing number of studies have focused 
on exploring detection methods for cfDNA methylation 
in the blood and early screening of CRC based on the 
integrity of plasma cfDNA and have achieved satisfac-
tory results. Conversely, Chung et  al. integrated cfDNA 
genomic alterations, aberrant methylation status, and 
fragmentomic patterns to screen for CRC and showed 
that this cfDNA blood-based test had 83% sensitivity for 
CRC, 90% specificity for advanced neoplasia, and only 
13% sensitivity for advanced precancerous lesions [49]. 
The non-invasive detection of precancerous lesions is 
still a challenge, and further improvement in the sensitiv-
ity and specificity of detection techniques and increasing 
the number of actual tested samples for practical clinical 
applications remain challenges for technical exploration.

In summary, the application of cfDNA analysis for the 
clinical diagnosis of advanced colorectal adenomas pre-
sents enormous challenges. cfDNA fragments are prone 
to chemical damage at low concentrations, which results 
in low clinical sensitivity of the liquid biopsies based on 
cfDNA for cancer detection [50]. How to utilize multi-
omics as a complementary method to identify cancer 
patients as early as possible and sensitively monitor the 
dynamic changes of the disease are an urgent problem 
in liquid biopsy. Combining cfDNA multi-omics, such 
as fragment omics and epigenetics, will help in improv-
ing the accuracy of cfDNA-based detection. It is neces-
sary to develop additional bioinformatic methods and 
tools to improve the sensitivity of detection and explore 
the biological characteristics of cfDNA. Overall, plasma 
cfDNA is a promising strategy for non-invasive detection 
of advanced colorectal adenomas.

Conclusions
The development of CRC is a comprehensive process 
involving genetic, epigenetic, and structural modifica-
tions, from benign adenoma to invasive cancer. Early 
detection and complete endoscopic resection at the ade-
noma stage are the key factors for survival. The non-inva-
sive detection of advanced adenomas based on cfDNA 
is still evolving, and larger and long-term prospective 
studies are needed to confirm its clinical application 
in the prediction of advanced adenomas. As a potential 
minimally invasive tool in the field of liquid biopsy for 
advanced colorectal adenomas, plasma cfDNA has exten-
sive and far-reaching research prospects.
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