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Abstract 

 

Circulating cell-free DNA (cfDNA) is DNA released from necrotic or apoptotic cells 

into the bloodstream(1). Whilst both healthy cells and cancer cells release cfDNA, 

tumours are associated with higher levels of tumour-derived circulating cell-free 

DNA (ctDNA) detectable in blood(2). Absolute levels of ctDNA, as well as genetic 

mutations and epigenetic changes detected in ctDNA show promise as potentially 

useful biomarkers of tumour biology, progression, and response to therapy(2). 

Moreover, studies have demonstrated the discriminative accuracy of ctDNA levels for 

diagnosis of gastrointestinal cancer compared with benign inflammatory diseases(3). 

Therefore, ctDNA detected in blood offers a minimally invasive, easily repeated 

“liquid biopsy” of cancer(4, 5), facilitating real-time dynamic analysis of tumour 

behaviour that could revolutionise both clinical and research practice in oncology(2, 

6).  

 

In this review, we provide a critical summary of the evidence for the utility of ctDNA 

as a diagnostic and prognostic biomarker in gastrointestinal malignancies. 
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Circulating cell-free DNA (cfDNA) is DNA released from necrotic or apoptotic cells 

into the bloodstream(1). Whilst both healthy cells and cancer cells release cfDNA, 

tumours are associated with higher levels of cfDNA detectable in blood (average 

180ng/mL, ranging from 0->1000ng/mL) compared with healthy controls (average 

30ng/mL, ranging from 0-100ng/mL)(7). Within these ranges there is considerable 

variability between individuals, in part influenced by underlying the inflammatory 

state(7). cfDNA derived from tumour cells is termed circulating cell-free tumour 

DNA, or ctDNA(2). cfDNA is highly fragmented, consisting of short segments 

(<185-200bp in length)(8, 9) which are generated by cellular apoptosis and long 

fragments (200bp-21kbp) generated by necrosis, the latter being more prevalent in 

ctDNA in the presence of cancer(1). ctDNA is therefore distinguishable from cfDNA 

using this method, as well as the presence of genetic alterations present in tumour 

cells but not healthy cells. ctDNA is rapidly cleared from serum and plasma and 

therefore represents a highly dynamic marker of tumour biology(10, 11). However, 

studies have shown that mutations detected in ctDNA do not correspond perfectly 

with those identified in primary tumour tissue DNA, particularly for early-stage 

tumours. Contributing factors to this current limitation in ctDNA detection are that 

copy numbers of ctDNA are generally very low compared with copy numbers of wild 

type cfDNA, and limitations in accuracy of current sequencing technologies limit 

sensitivity for detecting specific mutations in cancer(2, 12). Additionally, tumour cells 

prone to release of ctDNA may be genetically different to the majority populations 

detected in the primary tumour due to genetic heterogeneity (2). 

 



4 
 

There are several ways in which cfDNA provides invaluable genomic data for clinical 

studies. Absolute levels of ctDNA and genetic point mutations within ctDNA detected 

using point mutation targeted assays, whole exon genetic sequencing or even whole 

genome sequencing techniques provide invaluable genomic data. Additionally, 

epigenetic changes such as hypermethylation of CpG residues can also be determined. 

These alterations in ctDNA in blood at baseline and over time are potentially useful 

biomarkers of tumour biology, progression, and response to therapy(2, 6). Whilst 

evidence shows cfDNA levels are also elevated in inflammation(7, 13) and 

trauma(14), several studies have demonstrated the discriminative accuracy of ctDNA 

levels in patients with gastrointestinal cancer compared with patients with benign 

inflammatory diseases(3, 15-17). Therefore, ctDNA detected in blood offers a “liquid 

biopsy” of cancer(4), potentially obviating the need for invasive tumour biopsy in 

some clinical scenarios and facilitating dynamic, repeated evaluation of tumour 

characteristics(2, 7). 

  

Tumour biopsy is invasive, painful and carries a risk to patients of complications such 

as bleeding and damage to neighbouring structures. Moreover, tumour biopsies may 

only sample one area of tumour and miss important biological information due to 

tumour heterogeneity. Some tumours such as pancreatic cancer are difficult to access 

and therefore repeated sampling of tumours to monitor for prognostic mutations is not 

practical. ctDNA therefore has the potential to revolutionise both clinical management 

and research in oncology by offering patients a rapid, minimally invasive means of 

monitoring tumour behaviour(5), which through being more acceptable to patients, 

may also improve adherence to tumour management strategies . The non-invasive, 
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easily repeatable nature of ctDNA detection also offers considerable benefits for 

large-scale participation in gastrointestinal cancer research studies. 

 

In this review, we provide a critical summary of the evidence for the utility of ctDNA 

as a diagnostic and prognostic biomarker in gastrointestinal malignancies.  

 

Methods of quantifying cfDNA levels, gene mutations and gene methylation 

  

Significant advancements have been made in cfDNA detection and quantification 

methods in recent years and there are several excellent reviews and many papers 

describing technical aspects of cfDNA quantification and ctDNA mutation detection 

to which we direct the reader(2, 6, 7, 18-20). Methodology will therefore not be 

discussed in detail in this review. A brief summary of the process of cfDNA isolation, 

ctDNA mutation detection and methylation pattern determination is provided in 

Figure 1.  

 

Briefly, cfDNA is isolated from plasma or serum and analysed qualitatively using 

older fluorescence-based methods for cfDNA detection, or increasingly by using 

quantitative, highly sensitive digital polymerase chain reaction (PCR)(7). Allele-

specific targeted mutation analysis digital PCR methods allow detection of pre-

specified gene mutations to distinguish ctDNA from wild-type cfDNA(21), whilst 

massively parallel sequencing microfluidic techniques and duplex sequencing coupled 

with next generation sequencing allow efficient, sensitive sequencing of the entire 

genome(7, 20). It is possible to detect down to 0.01-0.001% of mutation allele 

fractions using new methods(20, 22).  
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Short interspersed nucleic acid elements (ALU) repeats and long interspersed 

nucleotide elements (LINE1) are non-coding repetitive DNA sequences distributed 

throughout the genome that are used to calculate the DNA integrity index in 

cfDNA(7, 23). ALU115 fragments reflect cfDNA of healthy cell origin, whereas 

ALU247 fragments are more frequently detectable in ctDNA(24, 25). This is an older 

method for distinguishing ctDNA from wild-type cfDNA, is less sensitive and is not 

widely used now that digital PCR techniques have improved sensitivity and 

specificity. Relative telomere length is another technique used infrequently in ctDNA 

studies, where the length of telomere repeat sequences distinguishes ctDNA from 

wild-type cfDNA(26). 

 

DNA methylation modifies gene expression, genomic imprinting and chromosome 

structure and stability(27, 28). Methylation of cytosine residues in dinucleotide CpG 

sites and is detectable using bisulphite conversion(28, 29) and subsequent 

methylation-specific digital PCR (MSP) (30). Panels of methylation markers for use 

in MSP have been developed for gene mutations commonly found in malignancy, 

akin to what have been developed for gene mutation digital PCR. 

 

DNA has also been isolated from free circulating tumour cells in plasma to allow 

more specific clonal information about tumour cells independently of normal host 

cells(2). However, this technique is beyond the scope of this review. 

 

Evidence for the utility of ctDNA detection for the diagnosis and management of 

gastrointestinal malignancies 
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A landmark paper by Bettegowda et al(6) evaluated the diagnostic utility of ctDNA in 

a number of different malignancies in a large sample of 640 patients. Their method 

used next generation sequencing of tumour tissue DNA to determine target mutations, 

which were then quantified in plasma ctDNA using RT-PCR(6). Over 75% of patients 

with advanced stage hepatocellular carcinoma, colorectal cancer, pancreatic cancer, 

stomach and oesophageal cancer had detectable ctDNA in plasma(6). In 223 patients 

without metastatic disease, ctDNA was detected in 73% of CRC, 57% of gastro-

oesophageal cancers and 48% of pancreatic cancers(6). This paper established the 

broad potential diagnostic utility of ctDNA across diverse gastrointestinal tumour 

types.  

 

Colorectal Cancer 

 

CRC is the fourth most common malignancy with a global incidence of 17.2 cases per 

100,000. CRC follows a stereotyped progression from premalignant polyp through to 

dysplasia, carcinoma in site and then carcinoma, associated with gradual accrual of 

genetic mutations. Stage I and II CRC are usually curable and only metastatic 

advanced stage IV disease has high mortality. Chromosomal instability with 

mutations in mismatch repair genes and loss of heterozygosity in the APC pathway 

are the most common mutations associated with adenoma development, with 

subsequent KRAS, BRAF, PIK3CA, PTEN, TP53, BAX and TGF-β mutations 

facilitating progression to carcinoma(31). Currently, premalignant adenoma and 

carcinoma screening is performed by colonoscopy, which provides easy access to 

tumour tissue for genetic biomarker analysis. However, patient preference for blood-
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based testing instead of procedural screening tests and the drive for cost-effective 

CRC screening and diagnosis have led to much research into blood-based biomarkers 

in CRC.  

 

The greatest volume of evidence for the diagnostic and prognostic utility of ctDNA 

detection in gastrointestinal malignancy exists for colorectal cancer (CRC) (Table 1).  

 

Diagnosis and Screening in CRC 

 

Levels of both overall cfDNA and tumour-specific ctDNA have been shown in 

multiple studies to be higher in patients with CRC compared with healthy 

controls(32-36) and appear to distinguish early-stage tumours from benign lesions 

with considerable accuracy (36, 37). In one study of 118 CRC patients, 49 with 

polyps and 26 healthy controls, cfDNA levels had a diagnostic accuracy of 80% for 

early-stage CRC compared with benign gastrointestinal disease (36).  

 

ALU247 fragment concentration is higher in plasma ctDNA from CRC patients 

compared with healthy controls (23). A small pilot study reported the combination of 

LINE1, ALU247, ALU115 and mitochondrial DNA detection in plasma ctDNA had 

an AUC of 0.8 for CRC diagnosis alone, rising to 0.9 (PPV of 81% and an NPV of 

74%) when combined with carcinoma-embryonic antigen (CEA) measurement (38). 

A recent large study by Hao et al(39) of 205 patients with CRC, 63 with polyps and 

110 healthy controls found ALU115 and ALU247/115 ratio in ctDNA were 

significantly higher in CRC patients and patients with adenomas compared with 

healthy controls. Both levels fell after curative surgical resection(39). 
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Kirsten rat sarcoma viral oncogene homolog protein (KRAS) mutations are common 

in CRC (40-50%)(40, 41), occur early in the carcinogenic pathway(42) and have 

frequent mutation “hotspots” in codons 12 and 13 (43), making KRAS an attractive 

marker for CRC diagnosis. In a study of 58 patients with CRC, Lecomte et al(44) 

found 78% of patients with CRC had detectable ctDNA; 38% had KRAS mutations in 

tumour specimens, in whom 45% also had these mutations detectable in ctDNA(44). 

In a further study of 106 patients with metastatic CRC, Thierry et al(45) tested for 7 

different common point mutations in the KRAS gene in plasma ctDNA and found 96% 

concordance between KRAS mutations in ctDNA and matched tumour specimens(45). 

Sensitivity of detecting KRAS mutations in ctDNA was 92% and specificity was 98%. 

However, two small studies have demonstrated KRAS mutations in ctDNA in 35% (22 

of 62) patients with benign colorectal disease(46) and 50% (2 of 4) of patients with 

longstanding ulcerative pancolitis(47), raising concerns about specificity for CRC 

diagnosis but showing potential utility as a diagnostic tool for adenoma premalignant 

lesions. In the latter study, no correlation with mutations in primary tumour DNA was 

undertaken and no follow up of the patients with pancolitis was performed to 

determine outcome. This is a critical point as pancolitis is a strong risk factor for 

CRC, which is often sessile and difficult to diagnose. Moreover, others have found no 

evidence of KRAS mutations in ctDNA from patients with benign gastrointestinal 

diseases (16).  

 

Mutations in the Adenomatous Polyposis Coli (APC) gene are also common in CRC 

(60-70%), occur early in carcinogenesis and over 80% occur in exon 15(48). APC 

mutations in ctDNA significantly correlated with stage of CRC disease in one 
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study(49), however mutations in the primary tumour were not evaluated. Tumour 

Protein 53 (TP53) is also commonly mutated in CRC (60-70%)(50, 51), however it is 

a late event in CRC and there are no hotspot sites for mutation, making it a less useful 

marker for early diagnosis(1). Studies suggest TP53 mutation detection rates of less 

than 15% in ctDNA, however in those with known mutations in tumour the detection 

rate is approximately 40%(1, 52). One small study reported BRAF1 mutations in 

ctDNA and matched primary tumour specimens from CRC patients compared with 

healthy controls (53). This was confirmed by Thierry et al(45), who found 96% 

concordance in BRAF mutations between ctDNA and tumour specimens. However, 

BRAF mutations do not occur frequently in early CRC and therefore may have limited 

diagnostic utility.  

 

Abnormal gene methylation patterns are common in CRC and appear to be an early 

event in carcinogenesis, with good potential as biomarkers for diagnosis and 

screening(54, 55). Around 25% of CRC tumours have evidence of gene 

hypermethylation and 40% of these are detectable in ctDNA(1). One small study 

compared overall ctDNA gene methylation between 24 CRC patients, 10 patients 

with benign gastrointestinal disease and 56 healthy controls(56). High levels of 

overall DNA methylation were seen in both CRC and benign colorectal disease(56), 

demonstrating poor specificity of DNA methylation alone as a marker for CRC 

diagnosis.  

 

Septin 9 (SEPT9) methylation in ctDNA is one of the best-validated biomarkers in 

colorectal cancer. SEPT9 methylation is present in over 90% of CRC specimens, and 

has been well validated in several large, well-designed studies using ctDNA, with a 
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sensitivity of 68-79.3% and specificity of 84.8-89% for CRC diagnosis compared 

with healthy controls(57-61). In several large studies, SEPT9 methylation in ctDNA is 

evident in 69 to 88% of CRC, 30% of benign adenomas and 8-14% of healthy 

controls(57, 60, 62). In another study of 92 CRC cases (25 stage I tumours and 67 

stage II to IV tumours) and 92 controls, SEPT9 was positive in 96.4% of left-sided 

CRC and 94.4% of right-sided CRC(57). By contrast, only 50% of right-sided 

tumours were detected using standard faecal-occult blood testing (FOBT) methods 

and 41.7% using CEA. This is clinically significant as right-sided tumours are more 

likely to be asymptomatic and missed by routine screening methods(57).  

 

A well-designed study by Church et al(63) prospectively assessed the utility of 

methylated SEPT9 for CRC screening of a large cohort of 7,941 asymptomatic 

individuals over 50 years of age using a commercial assay. 53 patients were found to 

have CRC and methylated SEPT9 had sensitivity of 48.2% and specificity of 91.5% 

for overall diagnosis of CRC, with sensitivity values of 35.0%, 63.0%, 46.0% and 

77.4% for stage I-IV disease respectively(63). Additionally, they found methylated 

SEPT9 only had 11.2% sensitivity for detection of advanced adenomas(63). Others 

have shown SEPT9 is infrequently detected in adenomas greater than 1cm in size 

(20%), and has lower sensitivity (14%) than stool DNA sensitivity (82%) for 

diagnosis of large adenomas in screening populations(59, 62, 64). Another large study 

found stool DNA had greater sensitivity and specificity for CRC diagnosis than serum 

methylated SEPT9 in ctDNA(64). These studies clearly demonstrate that SEPT9 alone 

is not a suitable screening marker for CRC, though it may have additional benefit in 

combination with other markers.   
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An interesting study by Ladabaum et al(65) evaluated the cost-effectiveness of SEPT9 

as a screening blood test for colorectal cancer in comparison to current screening 

strategies, including faecal occult blood testing (FOBT), faecal immunohistochemical 

testing (FIT), sigmoidoscopy and colonoscopy(65). SEPT9 was cost-effective in 

comparison to no screening, but was inferior to other screening strategies. The cost-

effectiveness of SEPT9 and similar ctDNA-based markers would improve if they 

increased uptake and longitudinal adherence to screening(65).  

 

A large study by Lee et al(17) evaluated methylation patterns in ten genes using 

matched primary tumour tissue and plasma ctDNA from 243 early-stage CRC cases, 

64 patients with colonic adenomas and 276 healthy controls. They found aberrant 

gene methylation patterns in promoters of p14 (18%), p16 (34%), APC (27%), Death 

Associated Protein Kinase (DAPK) (34%), Helicase-Like Transcription Factor 

(HLTF) (32%), human MutL Homolog 1 (hMLH1) (21%), 0,6-Methylguanine-DNA-

Methyltransferase (MGMT) (39%), Retinoic Acid Receptor Beta 2 (RARbeta2) (24%), 

Ras-Association Domain Family Member 2A (RASSF2A) (58%) and WNT Inhibitory 

Factor-1 (Wif-1) (74%) in CRC patients compared with those with benign disease and 

healthy controls (17). Whilst the methylation score for each individual gene had a 

sensitivity of less than 40%, by using a diagnostic cut-off methylation score of 1.6 in 

a model that included APC, MGMT, RASSF2A and Wif-1, the sensitivity of cfDNA 

methylation detection was 85.6% and specificity was 92.1% for CRC diagnosis, with 

a positive predictive value of 90.6% and a negative predictive value of 88.8%(17). 

Wif-1, RASSF2A, p16 and HMLH1 hypermethylation in ctDNA of CRC patients has 

also been reported by others(44, 66-71). HMLH1 promoter hypermethylation appears 

to be an early event in carcinogenesis (66, 67). Others have also identified 
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hypermethylation of Neuropeptide Y (NPY) (sensitivity 97%, specificity 47%), 

Proencephalin (PENK) (95% sensitivity, 61% specificity) and Neurogenin 

1(NEUROG1) (sensitivity 61%) in ctDNA as potential diagnostic markers of CRC(69, 

72).  

 

Leary et al described massively parallel sequencing and personalised analysis of 

rearranged ends (PARE) in matched tumour and ctDNA specimens to identify 

somatic structural variants (including gene copy number alterations and 

rearrangements) (12, 20) for personalised cancer monitoring with greater sensitivity 

than other methods (0.001% variant detection in ctDNA)(20). Whilst structural 

variants are rare in healthy cells and almost ubiquitous in cancer, they are highly 

unique between tumours and their utility is therefore confined to personalised tumour 

monitoring rather than diagnosis and screening.    

 

Finally, microsatellite instability and loss of heterozygosity is a common feature in 

CRC and reflects defective DNA repair mechanisms(73). Evidence of microsatellite 

instability is evident in plasma ctDNA in approximately 35% of CRC patients(1). A 

small study found 16 of 27 (59%) patients who had CRC tumours with confirmed 

microsatellite instability also had detectable markers of microsatellite instability in 

ctDNA(74). However, detection artefacts and high false positive rates for detection in 

ctDNA are likely to limit its utility as a diagnostic marker of CRC(1).  

 

To summarise, these studies collectively demonstrate utility of both ctDNA levels and 

gene mutations for the diagnosis of CRC compared with the healthy state. However, 

non-invasive detection of colonic adenomas to triage the need for colonoscopic 
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removal using ctDNA would also be desirable, and there is currently less evidence to 

support the utility of ctDNA techniques for distinguishing benign adenomas from the 

healthy state. Therefore, this should be an active area of research in future studies in 

CRC. 

 

Prognosis in CRC 

 

A small prospective study found KRAS mutations and RASSF2A hypermethylation in 

ctDNA were associated with reduced disease-free survival at one year in patients with 

metastatic CRC receiving chemotherapy(71). A larger study of KRAS mutations in 58 

patients reported two year survival was only 48% in CRC patients with detectable 

plasma ctDNA, compared with 100% in those without(44). KRAS mutations in 

ctDNA have high diagnostic accuracy for CRC metastases, with sensitivity of 87.2% 

and specificity of 99.2 (6). A further small case-control study identified TP53 

mutations in cfDNA was associated with advanced clinical stage and liver metastases, 

but not lymph node metastases, tumour size or vascular invasion(52). 

 

TAC1 and SEPT9 methylation have prognostic utility in CRC. In a large study of 150 

patients who underwent curative resection for CRC, methylated TAC1 and SEPT9 in 

serum ctDNA were independent predictors of tumour recurrence post surgery and 

cancer-specific mortality and were detectable in blood earlier than CEA levels(75). 

Additionally, hypermethylated HMLH1, HLTF, HPP1 and APC promoters in ctDNA 

are associated with reduced overall survival in CRC in several prospective studies(66, 

67, 70, 76). Others have also reported an association between HLTF and HPP1/TPEF 

hypermethylation and advanced tumour stage(70, 76). Further large prospective 
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studies are needed to validate the prognostic utility of gene alterations in ctDNA in 

CRC. 

 

Post-surgical recurrence 

 

Absolute levels of cfDNA predict survival post surgery in CRC, with lower pre-

operative levels associated with greater survival(77, 78). Plasma cfDNA levels rises 

steadily immediately post surgery, perhaps reflecting inflammatory responses(35, 79). 

However, a rapid rise by day 3 post-operatively without a subsequent fall in levels is 

associated with tumour recurrence(34, 35, 78).   

 

KRAS mutations and hypermethylation of p16 in ctDNA have both been associated 

with tumour recurrence post resection (35, 80). In one study, two-year recurrence-free 

survival post curative resection was 66% in patients with detectable ctDNA levels 

compared with 100% in those without detectable ctDNA (44). Importantly, one study 

showed only 3 of 16 CRC patients with post-operative tumour recurrence and KRAS 

mutation detection in ctDNA had elevated carcino-embryonic antigen (CEA) levels, 

suggesting combining ctDNA gene mutation and CEA levels may improve sensitivity 

for post operative recurrence detection.  

 

In a well-designed, small study of 11 CRC patients who had undergone curative 

resection by Reinert et al(81), large somatic structural variants were identified in 

primary tissue specimens using next generation sequencing, then confirmed in plasma 

ctDNA using droplet-digital PCR. They demonstrated ctDNA detection was useful 

post resection for determining completeness of resection, response to adjuvant 
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chemotherapy, recurrence post surgery and development of metastases(81). 

Importantly, using this method allowed early and highly accurate diagnosis of 

recurrence prior to conventional techniques of tumour recurrence surveillance (both 

sensitivity and specificity were 100%). For metastatic disease, detection was an 

average of ten months earlier than conventional follow-up(81).  

 

Taback et al (82) described an interesting technique to improve accuracy of ctDNA as 

a prognostic marker post resection, by isolating ctDNA from mesenteric venous 

samples taken during surgical resection, the hypothesis being that ctDNA levels may 

be higher in mesenteric venous samples due to CRC venous drainage via the 

mesenteric and portal systems. They confirmed that gene hypermethylation was more 

commonly detected in mesenteric (11/11) compared with peripheral plasma samples  

(9/11) (82). This novel technique is straightforward to employ during surgery and 

requires validation in larger studies.  

  

Chemotherapy response and resistance 

 

One of the most exciting applications of ctDNA is for determining tumour treatment 

response and resistance to chemotherapy. KRAS and EGFR mutations conferring 

resistance to EGFR inhibitors can be detected in ctDNA of patients who are failing 

EGRF inhibitor therapy(6, 83). KRAS and BRAF mutations measured in ctDNA prior 

to therapy and quantification of levels during therapy with cetuximab and irinotecan 

predict response to therapy(84, 85) and these mutations are detectable prior to 

radiological evidence of tumour progression (84, 86, 87). Though correlation between 

BRAF mutations in ctDNA and tumour specimens is high, studies have generally 



17 
 

found BRAF mutations to be rarely detected in tumour specimens of CRC patients, 

which limits its clinical utility compared with KRAS (36, 85, 88). A recent large study 

of 503 patients with CRC by Tabernero et al(88) confirmed the utility of detecting 

KRAS, BRAF and PIK3CA mutations in ctDNA in CRC patients on regorafenib 

therapy and demonstrated that mutations present in ctDNA change dynamically 

during chemotherapy treatment and may differ to those present in baseline, pre-

treatment tumour samples.   

 

Similarly, overall cfDNA levels have also been used to assess response to neo-

adjuvant chemo radiation in rectal carcinoma. Responders have a significant reduction 

in plasma cfDNA levels after treatment compared with non-responders (89). DNA 

integrity index in cfDNA, measured by ALU repeats, is also an independent predictor 

of response to neo-adjuvant chemo radiation (90). 

 

In summary, there is good evidence from large validation studies that methylated 

SEPT9 and KRAS mutations in ctDNA are useful and accurate markers for CRC 

diagnosis, prognosis including detection of metastatic disease, and for rapid detection 

of post surgical recurrence. KRAS mutations additionally predict response to EGFR-

based biologic agents. Methylated RASSF2A, HMLH1 and Wif-1 may also prove 

useful for diagnosis. Though few studies have specifically evaluated the utility of 

ctDNA in CRC for distinguishing patients with metastatic disease, pilot data suggest 

potential utility of ctDNA for metastatic disease detection in CRC. The time is ripe 

for further studies validating the cost-effectiveness of these markers within current 

management guidelines. However, available data suggest current test sensitivity is 

inadequate for their use as sole screening markers in CRC compared with current 
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screening strategies. Studies validating of combinations of biomarkers with CEA, and 

further assessment of the impact if blood-based biomarkers on CRC screening uptake 

and follow up are urgently needed.  

 

Oesophageal Carcinoma 

 

Incidence of oesophageal cancer is 5.9 per 100,000 globally(91) and it has 5-year 

survival rates of only 17% despite treatment. The majority of oesophageal carcinomas 

are adenocarcinoma (10%) or squamous cell carcinoma (90%). Barrett’s oesophagus, 

metaplasia induced by chronic reflux esophagitis, represents the premalignant lesion 

in adenocarcinoma(92). Adenocarcinoma incidence and mortality have been steadily 

increasing over the last decade. The most common genetic mutations in oesophageal 

cancer are TP53, CDKN2A, SMAD4 and ARID1A in adenocarcinoma and TP53, RB1, 

CDKN2A, PIK3CA and NOTCH1 in squamous cell carcinoma(92). Diagnosis and 

screening in Barretts oesophagus is by gastroscopy, which has a low complication rate 

and allows simultaneous treatment options for many lesions as well as ready access to 

genetic material. However, preference for non-invasive approaches to screening and 

monitoring and a lack of other biomarkers provides a potential role for ctDNA in 

oesophageal carcinoma management. 

To date, there have only been a handful of small case-control studies evaluating the 

clinical utility of cfDNA and ctDNA in oesophageal carcinoma. These are 

summarised in Table 2. 

 

Diagnosis and screening of oesophageal carcinoma 
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Zhai et al (93) conducted genome-wide sequencing in cfDNA and matched tumour 

specimens in a small case-control study of 28 patients (8 with oesophageal carcinoma, 

10 with Barrett’s oesophagitis and 10 healthy controls). They found that ctDNA gene 

methylation profiles correlated significantly (r=0.92) with methylation profiles of the 

primary tumour and identified differences in genetic profiles between oesophageal 

carcinoma, Barrett’s oesophagus and healthy controls(93). This requires further 

exploration in larger cohorts. 

 

Disease prognosis and survival in oesophageal carcinoma  

 

Hypermethylation of the MutS Homolog 2 (MSH2) promoter was identified in 

primary tumour specimens of 101 of 209 patients (48%) with oesophageal squamous 

cell carcinoma, of which 77 patients (76%) had matching findings in plasma ctDNA. 

MSH2 hypermethylation detected in plasma ctDNA predicted reduced disease-free 

survival post oesophagectomy in one study (94), whilst another reported APC 

hypermethylation in ctDNA was associated with reduced survival in oesophageal 

adenocarcinoma, but was not commonly detected (95). Both studies were small and 

had no adjustment for confounding variables.  

 

Current data are insufficient to define the role of ctDNA in oesophageal cancer 

diagnosis and management and further studies are warranted. 

 

Gastric Cancer  
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The global incidence of stomach cancer is 12.1 cases per 100,000 (91, 96). Early 

stage tumours are curable by resection, however locally advanced disease has only 

25-25% 5-year survival and most patients with metastatic disease survive less than 12 

months despite treatment(96). Common genetic alterations in sporadic gastric cancer 

include altered methylation pattern of the mismatch repair genes and mutations in 

TP53 and HER2/ ERBB2/ EGFR pathways, whereas hereditary cancer syndromes 

including gastric cancer include mutations in APC, TP53, STK11, CDH1 and 

CTNN1A(96). As these mutations represent therapeutic targets with available 

treatments, ctDNA could prove useful for identifying patients most likely to respond 

to systemic targeted therapies or early detection of drug resistance mutations.  

 

Diagnosis of gastric cancer 

  

A summary of current data of blood-based biomarkers in gastric cancer is found in 

Table 2. cfDNA levels are significantly higher in patients with gastric carcinoma 

compared with healthy controls (97, 98). Kim et al (99) found that cfDNA levels had 

a sensitivity of 96.67% and specificity of 94.11% for diagnosis of gastric cancer 

compared with healthy controls when a cut-off of 90ng/mL was used, however cases 

were not early stage tumours and sample size was small.   

 

Studies have found significant association between gastric cancer and promoter 

hypermethylation of the XIAP association factor 1 (XAF1), APC, HMLH1 and Tissue 

Inhibitor of Metalloproteases 3 (TIMP3) genes detected in ctDNA (100, 101). XAF1 

plays a tumour suppressor role in carcinogenesis and is frequently down-regulated in 

gastric carcinoma specimens (100). XAF1 promoter hypermethylation in ctDNA had 
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reasonable accuracy for diagnosis of gastric cancer from healthy controls (AUC of 

0.9) and levels correlated with shorter overall survival in one study (100). Another 

study reported 33 of 60 cancer subjects (55%) and 3 of 22 healthy controls (14%) had 

detectable target gene methylation in serum(101). Promoter methylation was detected 

for APC in 17%, E cadherin in 13%, HMLH1 in 41% and TIMP3 in 17% of gastric 

cancer subjects(101). Furthermore, methylated APC, HMLH1 and TIMP3 

concentrations were significantly associated with stage III and stage IV disease(101), 

while E cadherin and APC combined were associated with shorter overall 

survival(101). However, of concern in this study was the relatively high detection of 

methylated target genes in the healthy control group. This may reflect underlying 

predisposition to gastric cancer and therefore poor specificity of ctDNA for gastric 

cancer diagnosis(101). In addition, ctDNA findings were not confirmed in primary 

tumour specimens. 

 

Another study highlighted increased Sex determining region Box 17 (SOX17) 

promoter methylation in gastric carcinoma, with a trend to shorter overall survival. 

However, this study was small and included no controls (102). RASSF1A promoter 

methylation in ctDNA was also identified in 34% of 47 patients with gastric 

adenocarcinoma compared with 3% of 30 patients with benign gastric disease and 30 

healthy controls (p<0.001), suggesting potential utility as a diagnostic marker for 

gastric carcinoma (68).  ctDNA RASSF1A methylation correlated strongly with 

RASSF1A methylation in tumour specimens(68). 

 

Multimodular adaptor proteins, or MINTS, are members of the X11 family and have 

key roles in cell membrane function and cellular transport. Methylation of MINT2 
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promoter was detected in ctDNA of 39% of 92 patients with gastric carcinoma, 6% of 

48 patients with chronic gastritis and no healthy controls(103). The findings in ctDNA 

were confirmed in matched primary tumour specimens. MINT2 methylation was 

significantly associated with tumour progression, metastatic disease and shorter 

overall survival, making this a potentially valuable diagnostic and prognostic 

biomarker that warrants further study. 

 

Post surgery prognosis and recurrence detection in gastric cancer 

 

Levels of cfDNA fall rapidly after surgery for gastric carcinoma, and recurrent levels 

of detectable ctDNA have been associated with tumour recurrence(99). More 

specifically, others have demonstrated that detectable XAF1 methylation in serum 

ctDNA post resection for gastric carcinoma is associated with tumour 

recurrence(100). 

 

Gastrointestinal Stromal Tumours (GIST) 

 

Several groups have evaluated ctDNA mutation detection as a diagnostic and 

prognostic marker for GIST tumours, however studies have been small and require 

validation. Maier et al(104) found cKIT and Platelet-Derived Growth Factor Receptor 

A (PDGFRA) mutations in ctDNA were common in GIST compared to healthy 

controls. Moreover, mutation concentration in ctDNA was higher in patients with 

active disease compared with those in clinical remission or who responded to therapy. 

Rawnaq et al (105) assessed loss of heterozygosity in twelve polymorphic marker 

regions in 91 patients with recurrent GIST. They found microsatellite instability in 
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ctDNA in 33% (30 of 92) patients with recurrent disease (105). However, 

confounding factors such as age and duration of follow up were not considered. 

Another very small study by Yoo et al(106) identified cKIT mutations in exon 17 

which predicted response to tyrosine kinase inhibitor-based chemotherapy regimens 

in GIST patients.  

 

In gastric carcinoma, current evidence suggests XAF1, HMLH1, RASSF1A, APC and 

TIMP3 methylation are potential diagnostic markers, while XAF1 is also useful for 

post surgical recurrence detection. Methylated MINT2 appears to have both 

prognostic and diagnostic utility in gastric carcinoma, including detection of 

metastatic disease. Further studies validating these markers and defining their clinical 

role are needed. 

 

Pancreatic cancer 

 

Pancreatic cancer accounts for 2% of cancers globally with a stable incidence of 1-10 

per 100,000 people(91, 107). It is the eighth most common cause of cancer-related 

death with 5 year survival rates of only 5% as it is frequently clinically silent until 

very advanced, when curative therapies are often no longer (108). Pancreatic cancer 

progresses from premalignant lesions to cancer in similar molecular fashion to CRC. 

Over 90% have KRAS mutations, of which 80% are in exon 12 (109-112). Other 

common rate-limiting mutations as lesions progress include CDKN2A, TP53 and 

SMAD family 4 (SMAD4) mutations (107). Currently there is no effective screening 

tool for premalignant lesions or pancreatic cancer(107). Obtaining pancreatic tissue 

for diagnosis and genetic biomarkers is difficult as it requires either endoscopic 
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ultrasound guided biopsy with an associated risk of tumour seeding, therefore there is 

a potential role for ctDNA to reduce the need for invasive pancreatic biopsy. 

 

The discovery of identical KRAS mutations in both pancreatic tumour specimens and 

ctDNA by Sorenson et al (113) was a pioneer publication in ctDNA research. Their 

findings have been confirmed by various groups A recent paper by Kinugasa et 

al(112) in 75 patients with pancreatic cancer demonstrated KRAS mutations were 

detected in 74.7% of tumour specimens and 62.6% of ctDNA samples. Survival was 

reduced in those with KRAS mutations identified in ctDNA, but not in tissue 

samples(112). Another study of 47 patients with pancreatic cancer and 31 patients 

with chronic pancreatitis reported 47% detection of KRAS mutations in ctDNA in 

pancreatic cancer patients, compared with 13% in patients with chronic pancreatitis, 

with a sensitivity of 47% and specificity of 87% for cancer diagnosis(15). However, 

combining KRAS mutation detection in ctDNA with CA19-9 had a sensitivity of 98% 

and specificity of 77% and negative predictive value of 96%(15). Interestingly, none 

of the four patients with chronic pancreatitis went on to develop pancreatic cancer in 

36 months of follow-up. This study highlights that ctDNA KRAS detection may be a 

useful adjunct to CA199 testing when CA199 results are equivocal(15). 

 

Liggett et al(108) used a microarray methylation detection method for 56 fragments 

(MetDet56) and found methylation patterns in 8 gene promoter regions could reliably 

distinguish pancreatic cancer from healthy controls, with sensitivity of 82% and 

specificity of 78% (108). These genes included Breast Cancer Associated gene 1 

(BRCA1), Cyclin D2 (CCND2), HMLH1, Cyclin Dependent Kinase Inhibitor 1C 

(CDKN1C), Progesterone Receptor (PGR)-distal, PGR-proximal, Spleen Tyrosine 
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Kinase (SYK) and Von Hippel-Lindau (VHL) (108). A second panel of 14 gene 

promoter regions could distinguish pancreatic cancer from chronic pancreatitis with 

sensitivity of 91% and specificity of 91%(108). These genes included CCND2, 

DAPK1, Oestrogen Receptor 1 (ESR1), PromA, HMLH1, MGMT, Mucous gel 

forming protein 2 (MUC2), Myogenic Differentiation 1 (MYOD1), CDKN2B, 

CDNK1C, Phosphoglycerate Kinase 1 (PGK1), PGR proximal, RARbeta, 

Retinoblastoma 1 (RB1) and SYK(108). CDKN1C, CCND2, HMLH1, PGR-proximal 

and SYK were identified in both panels and therefore may provide a simple broad 

marker panel worthy of validation for pancreatic cancer diagnosis (108). In this study, 

ctDNA gene mutations were not compared to those present in the primary tumour. 

 

Yi et al(114) reported sensitivity of 81% and specificity of 95% for the combination 

of methylated Basonuclin 1 (BNC1) and ADAM Metallopeptidase with 

Thrombospondin 1 (ADAMTS1) in ctDNA for diagnosing early-stage pancreatic 

carcinoma, including Pancreatic in-situ Neoplasia (PIN) 3(114). Other small studies 

have reported abnormal methylation of the CCDN2, VHL, Thrombospondin 1 

(THBS1), Suppressor of Cytokine Signalling 1 (SOCS1) and Plasminogen Activator 

and Urokinase (PLAU) genes in pancreatic cancer (115).  

 

In summary, KRAS mutations in ctDNA appear useful for diagnosis of pancreatic 

cancer and can distinguish from chronic pancreatitis, which addresses an important 

clinical diagnostic need. However, detecting combinations of KRAS mutations with 

other biomarkers may improve early stage diagnostic accuracy of ctDNA and 

validation studies are needed.  
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Hepatocellular Carcinoma 

 

Hepatocellular carcinoma (HCC) is the sixth most common malignancy worldwide 

and third most common cause of cancer-related death and has a high mortality despite 

treatment(91, 116). HCC usually develops within background liver disease, usually in 

the presence of cirrhosis. Due to the many potential predisposing aetiologies of liver 

disease, HCC is genetically heterogeneous and involves many molecular carcinogenic 

pathways. Commonly mutated genes include CTNNB1/ APC/ AXIN1, TERT, 

CDKN2A, PIK3CA, TP53 and ARID1 and ARID2 (117). To date, this has been a key 

limitation in the translation of genetic markers in HCC to clinical care. Currently, 

HCC screening is performed using twice yearly ultrasound and diagnosis does not 

require tumour tissue biopsy(116). Therefore, ctDNA would provide an alternate 

means of obtaining genetic information about the tumour in the absence of liver 

biopsy.  

 

There have been several studies evaluating cfDNA and ctDNA utility in 

hepatocellular carcinoma (HCC) management. A summary of available ctDNA data 

in HCC is found in Table 3. 

 

Diagnosis and screening in HCC 

 

Currently available tumour markers for HCC show only moderate sensitivity and 

specificity for HCC. Several studies show cfDNA levels are significantly higher in 

patients with HCC compared with chronic liver disease and healthy controls and 
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reasonable accuracy for distinguishing between HCC and chronic liver disease(118-

123), with reported sensitivity of 56.4% to 69.2% and specificity of 93.3% (118, 121)  

 In these studies, attempts to distinguish ctDNA from cfDNA were not made. 

El-Shazly et al (124) found longer cfDNA fragments were more common in HCC 

cases compared with healthy controls, with DNA integrity more strongly associated 

with HCC diagnosis than cfDNA concentration (124). An interesting study by Fu et al 

(26) found relative telomere length in serum cfDNA was significantly higher in 140 

Hepatitis B (HBV)-related HCC cases without cirrhosis compared with 280 HBV 

infected non-cirrhotic controls and this remained significant on multivariate analysis 

(26). Large sample size and statistical adjustment for clinical confounders make this a 

strong study design and further assessment of telomere length in cfDNA in non-

cirrhotic HCC should be prioritised. 

  

Whilst gene mutations are very common in HCC, they are highly varied, with most 

gene alterations reported in less than 30% of tumours and few “hot spots” of frequent 

mutation. Tumour suppressor TP53 249Ser is one exception, a “hotspot” mutation 

very commonly associated with aflatoxin exposure, HBV infection and HCC. It 

occurs predominantly in south Asia and sub-Saharan Africa, where exposure to 

aflatoxin through groundnut consumption is high (122).  However, this mutation is 

very uncommon in Caucasian HCC populations(122, 125). There are several high 

quality genetic epidemiology studies published by Kirk et al demonstrating a strong 

association between ctDNA TP53 mutation Ser249 and hepatitis B (HBV)-related 

HCC in Gambians and this correlates closely with serum aflatoxin adduct levels (122, 

126-128). The largest of these studies detected the mutation in 74 of 186 HCC cases, 

15 of 98 patients with HBV-related liver cirrhosis and 12 of 348 HBV infected 
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controls, with an odds ratio of 20.3 for HCC (122). This study was particularly 

important for highlighting the potential utility of ctDNA for diagnosis of HCC in 

resource-poor settings. However, mutations that predispose to HCC and pre-date 

HCC development are unlikely to be highly specific for HCC diagnosis and may be 

better suited to HCC risk stratification for the purposes of screening. This study also 

described confounding adjacent gene mutations that affected the accuracy of TP53 

249Ser mutation assays, highlighting an important potential cause of reduced 

diagnostic sensitivity of ctDNA point mutation analysis for HCC diagnosis (122).  

 

There have been few other studies of ctDNA gene mutations in HCC. An Egyptian 

case-control study reported low levels of TP53 detection and an absence of CTNNB1 

mutations in ctDNA of HCC patients of mixed aetiology, and these findings were 

confirmed in primary tumour tissue specimens in a smaller subset of patients (119).  

 

Promoter methylation of RASSF1A occurs in up to 70% of HCC patients compared 

with patients with chronic liver disease and healthy controls (6-8% RASSf1A 

hypermethylation) (30, 129-132). Importantly, several groups have found elevations 

in methylated RASSF1A as well as p15 and p16, APC, Fragile Histidine Triad (FHIT) 

and E cadherin (30, 133) in ctDNA pre-dates HCC diagnosis (30, 132). Overall 

accuracy of RASSF1A, p15 and p16 methylation detection in ctDNA for HCC 

diagnosis was 89% (sensitivity of 84% and specificity of 94%), after adjusting for 

confounding variables (30).  

 

Hypermethylation of G protein-coupled bile acid receptor GPBAR1 (TGR5) in 

ctDNA was significantly more common in HCC cases (77/160) compared with 
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chronic hepatitis B infection (12/88) and healthy controls (2/45) in one large study 

(134). When combined with alpha-fetoprotein, TGFR5 significantly improved 

sensitivity for diagnosis of HCC (81.25% for AFP cut-off of 20ng/mL), however, this 

was at the expense of reduced specificity (38.64%). Interestingly, there was 

significantly greater methylation in those over 60 years of age, confirming the 

importance of adjusting for confounding factors such as age in gene methylation 

studies (134).  By contrast, hypomethylation of LINE1 repeats in ctDNA is more 

common in HCC cases compared with cirrhosis and healthy controls, though 

diagnostic accuracy has not been assessed(24). 

 

Prognosis in HCC 

 

Several studies have reported significant associations between overall cfDNA levels 

and tumour differentiation and tumour size (121, 135), as well as a negative 

association with 3 year disease-free survival(135). In a large study of 87 HCV-related 

HCC with chronic HCV infection, Tokuhisa et al(120) found high cfDNA levels were 

an independent predictor of shorter overall survival and distant metastases after 

hepatectomy on multivariate analysis. However, in another cohort of 96 HCV-related 

HCC and 99 chronic HCV controls not undergoing surgery, the same group found no 

association between cfDNA levels and tumour size, stage or overall prognosis (123). 

Interestingly, they found that cfDNA levels correlated with inflammatory cytokine 

gene expression (123).  

 

Hypomethylation of LINE1 repeats in ctDNA was an independent predictor of shorter 

overall survival and associated with HBV infection, large tumour size and advanced 
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CLIP score in one study(24). High DNA integrity has also been shown to be an 

independent marker of shorter overall survival, tumour size, TMN stage, vascular and 

lymphatic invasion and distant metastases (124). 

 

Two markers of microsatellite instability D8S258 and D8S264, in combination with 

ctDNA concentration, were independent predictors of overall and 3 year disease-free 

survival in HCC(136). Moreover, D8S258 was independently associated with tumour 

stage, tumour differentiation and vascular invasion (136). 

 

To summarise, available evidence suggests concentration of overall cfDNA and TP53 

249Ser mutation in ctDNA are important diagnostic markers of advanced stage HBV 

and aflatoxin-related HCC in African patients, but not in caucasians. cfDNA levels 

appear prognostic for both advanced disease stage and metastases, whilst RASSF1A, 

p15 and p16 methylation appear promising diagnostic markers for early-stage HCC. It 

is important to note that few large validation studies have been conducted of ctDNA 

in HCC patients. Future studies should also include sub-analyses of different 

aetiologies of HCC.  

 

Considerations for the design of future studies 

 

There are three main limitations common to many studies investigating ctDNA 

detection in gastrointestinal malignancy. The first is lack of a standardised approach 

to isolation, detection and quantification of cfDNA levels or gene mutations and 

epigenetic changes in ctDNA. cfDNA concentration is higher in serum than plasma 

due to release from cells during coagulation (137-141), however both methods are 
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widely used and results are not comparable. Furthermore, whilst DNA is relatively 

robust, studies have demonstrated degradation in sample quality over time and use of 

historical samples may reduce accuracy for cfDNA quantification and analysis and 

likewise reduce comparability across studies (139, 142, 143). Studies validating 

different techniques in parallel are needed. 

 

Secondly, not all studies have determined gene mutations and gene methylation 

patterns in both ctDNA and matched primary tumour specimens, and few have 

compared ctDNA sequence to germline sequence in non-tumour cells within the same 

subject. For diagnosis, genetic variants ideally must only be present in ctDNA, not 

cfDNA from healthy cells. For prognosis, ctDNA must accurately reflect mutations 

currently present in the primary tumour. These comparisons are essential to establish 

credibility of ctDNA as a dynamic marker of tumour..  

 

The third criticism of many published studies in this field is their small sample size, 

which limits discriminative power to determine the effects of clinical confounding 

variables. For example, studies have shown DNA methylation is independently 

influenced by age, smoking, alcohol consumption, gender, toxin exposure, diet 

(particularly folate intake), physical activity, BMI(144), even socio-economic 

status(28, 145-149). Background polymorphisms can also affect epigenetic 

methylation and tumour phenotype and should be accounted for (150). Aetiology of 

underlying disease may also be a factor influencing the carcinogenesis pathway 

through altered inflammatory mechanisms. Detailed analysis of these potentially 

important clinical variables cannot be performed rigorously without sufficient 

numbers of subjects included. Indeed, development of  
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strict statistical analysis benchmarks for studies in ctDNA akin to bioinformatical 

analysis standards developed for GWAS studies would greatly benefit this field.  

 

Future directions for the practical use of ctDNA techniques in the clinic 

 

Collectively, these data support a potential role for ctDNA at the bedside in 

gastrointestinal malignancy. ctDNA levels and mutation detection has proven utility 

for diagnosis in gastrointestinal malignancy, including more limited evidence for 

diagnosis of premalignant lesions for some cancers (such as colonic adenomas and 

Barrett’s’ oesophagitis) which could allow a screening blood test to triage the need for 

more invasive endoscopy to detect and remove premalignant lesions. Prognostic 

information offered by ctDNA mutation detection could facilitate early detection of 

metastatic disease and personalise treatment algorithms to maximise outcomes. 

ctDNA also provides rapid detection of tumour recurrence post curative therapy, with 

evidence for this in CRC and HCC. Identification of systemic treatment resistance-

conferring genetic mutations in ctDNA also has proven utility in CRC. Moreover, 

development of epigenetic methylation inhibitor therapies means ctDNA gene 

methylation detection may also become an important biomarker for prognosis and 

treatment response. Genetic mutations and altered methylation patterns have proven 

useful for prognosis in CRC, pancreatic cancer and HCC, whereas to date methylation 

changes have been the main biomarker identified in ctDNA in gastro-oesophageal 

cancer.  

 

From a practical perspective, there are still limitations to use of ctDNA in the clinic. 

Cost of whole exome sequencing is currently very high and unlikely to be a cost-
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effective approach in the short term. Moreover, limitations in sensitivity for detecting 

the majority of mutations present in primary tumour tissue in ctDNA still exist, as 

outlined in many of the studies described, particularly for early-stage disease and 

well-differentiated tumours with lower metastatic potential such as HCC. However, 

the rapid pace of genomic technology and associated bioinformatics analysis platform 

developments, coupled with subsequent reductions in sequencing costs over time, 

mean it is likely that these barriers will be overcome and targeted whole exon 

sequencing will become more readily available, with lower detection limits and 

greater sensitivity and specificity for ctDNA detection. Whole exon sequencing will 

also expand the clinical utility of ctDNA in malignancies with greater heterogeneity 

of genetic mutational sequences such as HCC, where individual targeted point 

mutation assays are unlikely to be helpful. However, for malignancies such as CRC, 

targeted combinations of point mutation in panels are likely to prove very useful for 

both diagnosis and prognosis. Targeted mutation assays are also likely to have an 

important role for following individual mutations located in tumour specimens over 

time for early detection of recurrence post curative therapies. Whilst in CRC the 

mutational landscape is well recognised and the future looks bright for translation of 

ctDNA-based technologies into the clinic, for other malignancies such as HCC and 

oesophageal cancer more research is still required to identify the best genetic 

biomarkers for diagnosis and prognosis. Arguably, where ctDNA will prove most 

clinically useful will be malignancies such as HCC and pancreatic cancer, where 

tumour tissue is not routinely obtained or is not recommended due to the potential for 

tumour seeding of biopsy tracts. Finally, how we successfully combine biomarkers 

spanning genomic, metabolomics and proteomic domains and incorporate them into 

current gastrointestinal malignancy screening and management guidelines to 
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maximise early cancer diagnosis and prognosis remains a critically important future 

challenge for translational researchers. Greater translational data quality and cost-

effectiveness analyses will support regulatory changes to allow incorporation of these 

exciting new technologies at the bedside. 

 

Conclusion 

 

There is a wealth of data supporting the utility of ctDNA for both diagnosis and 

prognosis in various gastrointestinal malignancies, with particularly strong evidence 

for diagnosis and prognosis in colorectal cancer, pancreatic cancer and HCC. 

Monitoring for tumour recurrence post surgery and detection of mutations indicating 

resistance to chemotherapy are two of the most promising clinical uses of ctDNA 

detection. Pilot data also support a role for ctDNA in metastatic disease detection in 

CRC, gastric cancer and HCC. However few studies have specifically evaluated the 

accuracy of ctDNA techniques for distinguishing metastatic from non-metastatic 

disease with sufficient power. Further large-scale validation studies of ctDNA 

biomarkers will help refine their role in the clinical management of gastrointestinal 

malignancies.  
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Figure 1A. Development of cancer and relationship to circulating cell-free 

tumour DNA levels (ctDNA) 

ctDNA levels remain low in the healthy state. ctDNA levels increase with the 

presence of adenomas and become increasingly elevated with progression of 

malignancy from carcinoma-in-situ to early-stage cancer. Curative treatment causes a 

rapid fall in ctDNA levels back to baseline levels. However, ctDNA levels are 

detectable in recurrent disease and increase rapidly as advanced carcinoma and 

systemic metastases develop. 

 

Figure 1B. The process of circulating cell-free tumour DNA (ctDNA) 

procurement, genetic analysis and use in the clinic 

A blood sample is taken from the patient in the clinic. Whole blood undergoes 

centrifugation and the plasma or serum supernatant is then isolated, then applied to 

cfDNA isolation columns and a multi-step process of elution and precipitation of 

DNA from plasma occurs.  

ctDNA is then quantified using real-time polymerase chain reaction (PCR). Specific 

gene mutations of interest are detected using allelic imbalance methodology, targeted 

PCR mutation assay, microarray of whole genome Next Generation Sequencing 

(NGS).  

Hypermethylated CpG dinucleotides can be detected by bisulphite conversion of 

DNA. Briefly, bisulphite conversion protocols convert unmethylated, but not 

methylated, cytosine residues to uracil. The modified DNA is then analysed using 
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either methylation-specific polymerase chain reaction (PCR), whole genome 

sequencing, or methylation marker microarray panels.  

 

References 

 

1. Lecomte T, Ceze N, Dorval E, Laurent-Puig P. Circulating free tumor DNA 

and colorectal cancer. Gastroenterol Clin Biol. 2010;34(12):662-81. 

2. Alix-Panabieres C, Schwarzenbach H, Pantel K. Circulating tumor cells and 

circulating tumor DNA. Annu Rev Med. 2012;63:199-215. 

3. Shapiro B, Chakrabarty M, Cohn EM, Leon SA. Determination of circulating 

DNA levels in patients with benign or malignant gastrointestinal disease. 

Cancer. 1983;51(11):2116-20. 

4. Alix-Panabieres C, Pantel K. Circulating tumor cells: liquid biopsy of 

cancer. Clin Chem. 2013;59(1):110-8. 

5. Heitzer E, Ulz P, Geigl JB. Circulating Tumor DNA as a Liquid Biopsy for 

Cancer. Clin Chem. 2014. 

6. Bettegowda C, Sausen M, Leary RJ, Kinde I, Wang Y, Agrawal N, et al. 

Detection of circulating tumor DNA in early- and late-stage human 

malignancies. Sci Transl Med. 2014;6(224):224ra24. 

7. Schwarzenbach H, Hoon DS, Pantel K. Cell-free nucleic acids as 

biomarkers in cancer patients. Nat Rev Cancer. 2011;11(6):426-37. 

8. Mouliere F, El Messaoudi S, Pang D, Dritschilo A, Thierry AR. Multi-marker 

analysis of circulating cell-free DNA toward personalized medicine for 

colorectal cancer. Mol Oncol. 2014;8(5):927-41. 



37 
 

9. Boynton KA, Summerhayes IC, Ahlquist DA, Shuber AP. DNA integrity as a 

potential marker for stool-based detection of colorectal cancer. Clin Chem. 

2003;49(7):1058-65. 

10. Lo YM, Zhang J, Leung TN, Lau TK, Chang AM, Hjelm NM. Rapid clearance 

of fetal DNA from maternal plasma. Am J Hum Genet. 1999;64(1):218-24. 

11. Tsumita T, Iwanaga M. Fate of injected deoxyribonucleic acid in mice. 

Nature. 1963;198:1088-9. 

12. Leary RJ, Sausen M, Kinde I, Papadopoulos N, Carpten JD, Craig D, et al. 

Detection of chromosomal alterations in the circulation of cancer patients 

with whole-genome sequencing. Sci Transl Med. 2012;4(162):162ra54. 

13. Jiang N, Pisetsky DS. The effect of inflammation on the generation of 

plasma DNA from dead and dying cells in the peritoneum. J Leukoc Biol. 

2005;77(3):296-302. 

14. Lo YM, Rainer TH, Chan LY, Hjelm NM, Cocks RA. Plasma DNA as a 

prognostic marker in trauma patients. Clin Chem. 2000;46(3):319-23. 

15. Maire F, Micard S, Hammel P, Voitot H, Levy P, Cugnenc PH, et al. 

Differential diagnosis between chronic pancreatitis and pancreatic 

cancer: value of the detection of KRAS2 mutations in circulating DNA. 

British journal of cancer. 2002;87(5):551-4. 

16. Salbe C, Trevisiol C, Ferruzzi E, Mancuso T, Nascimbeni R, Di Fabio F, et al. 

Molecular detection of codon 12 K-RAS mutations in circulating DNA from 

serum of colorectal cancer patients. Int J Biol Markers. 2000;15(4):300-7. 

17. Lee BB, Lee EJ, Jung EH, Chun HK, Chang DK, Song SY, et al. Aberrant 

methylation of APC, MGMT, RASSF2A, and Wif-1 genes in plasma as a 



38 
 

biomarker for early detection of colorectal cancer. Clin Cancer Res. 

2009;15(19):6185-91. 

18. Heitzer E, Auer M, Ulz P, Geigl JB, Speicher MR. Circulating tumor cells and 

DNA as liquid biopsies. Genome Med. 2013;5(8):73. 

19. Haber DA, Velculescu VE. Blood-based analyses of cancer: circulating 

tumor cells and circulating tumor DNA. Cancer Discov. 2014;4(6):650-61. 

20. Leary RJ, Kinde I, Diehl F, Schmidt K, Clouser C, Duncan C, et al. 

Development of personalized tumor biomarkers using massively parallel 

sequencing. Sci Transl Med. 2010;2(20):20ra14. 

21. Luke JJ, Oxnard GR, Paweletz CP, Camidge DR, Heymach JV, Solit DB, et al. 

Realizing the potential of plasma genotyping in an age of genotype-

directed therapies. J Natl Cancer Inst. 2014;106(8). 

22. Diehl F, Schmidt K, Choti MA, Romans K, Goodman S, Li M, et al. 

Circulating mutant DNA to assess tumor dynamics. Nat Med. 

2008;14(9):985-90. 

23. da Silva Filho BF, Gurgel AP, Neto MA, de Azevedo DA, de Freitas AC, Silva 

Neto Jda C, et al. Circulating cell-free DNA in serum as a biomarker of 

colorectal cancer. J Clin Pathol. 2013;66(9):775-8. 

24. Tangkijvanich P, Hourpai N, Rattanatanyong P, Wisedopas N, Mahachai V, 

Mutirangura A. Serum LINE-1 hypomethylation as a potential prognostic 

marker for hepatocellular carcinoma. Clin Chim Acta. 2007;379(1-2):127-

33. 

25. Umetani N, Kim J, Hiramatsu S, Reber HA, Hines OJ, Bilchik AJ, et al. 

Increased integrity of free circulating DNA in sera of patients with 



39 
 

colorectal or periampullary cancer: direct quantitative PCR for ALU 

repeats. Clin Chem. 2006;52(6):1062-9. 

26. Fu X, Wan S, Hann HW, Myers RE, Hann RS, Au J, et al. Relative telomere 

length: a novel non-invasive biomarker for the risk of non-cirrhotic 

hepatocellular carcinoma in patients with chronic hepatitis B infection. 

Eur J Cancer. 2012;48(7):1014-22. 

27. Robertson KD. DNA methylation and human disease. Nat Rev Genet. 

2005;6(8):597-610. 

28. Li L, Choi JY, Lee KM, Sung H, Park SK, Oze I, et al. DNA methylation in 

peripheral blood: a potential biomarker for cancer molecular 

epidemiology. J Epidemiol. 2012;22(5):384-94. 

29. Wilson AS, Power BE, Molloy PL. DNA hypomethylation and human 

diseases. Biochim Biophys Acta. 2007;1775(1):138-62. 

30. Zhang YJ, Wu HC, Shen J, Ahsan H, Tsai WY, Yang HI, et al. Predicting 

hepatocellular carcinoma by detection of aberrant promoter methylation 

in serum DNA. Clin Cancer Res. 2007;13(8):2378-84. 

31. Markowitz SD, Bertagnolli MM. Molecular origins of cancer: Molecular 

basis of colorectal cancer. N Eng J Med. 2009;361(25):2449-60. 

32. Schwarzenbach H, Stoehlmacher J, Pantel K, Goekkurt E. Detection and 

monitoring of cell-free DNA in blood of patients with colorectal cancer. 

Ann N Y Acad Sci. 2008;1137:190-6. 

33. Boni L, Cassinotti E, Canziani M, Dionigi G, Rovera F, Dionigi R. Free 

circulating DNA as possible tumour marker in colorectal cancer. Surg 

Oncol. 2007;16 Suppl 1:S29-31. 



40 
 

34. Frattini M, Gallino G, Signoroni S, Balestra D, Battaglia L, Sozzi G, et al. 

Quantitative analysis of plasma DNA in colorectal cancer patients: a novel 

prognostic tool. Ann N Y Acad Sci. 2006;1075:185-90. 

35. Frattini M, Gallino G, Signoroni S, Balestra D, Lusa L, Battaglia L, et al. 

Quantitative and qualitative characterization of plasma DNA identifies 

primary and recurrent colorectal cancer. Cancer Lett. 2008;263(2):170-

81. 

36. Danese E, Montagnana M, Minicozzi AM, De Matteis G, Scudo G, Salvagno 

GL, et al. Real-time polymerase chain reaction quantification of free DNA 

in serum of patients with polyps and colorectal cancers. Clin Chem Lab 

Med. 2010;48(11):1665-8. 

37. Perrone F, Lampis A, Bertan C, Verderio P, Ciniselli CM, Pizzamiglio S, et 

al. Circulating free DNA in a screening program for early colorectal cancer 

detection. Tumori. 2014;100(2):115-21. 

38. Mead R, Duku M, Bhandari P, Cree IA. Circulating tumour markers can 

define patients with normal colons, benign polyps, and cancers. Br J 

Cancer. 2011;105(2):239-45. 

39. Hao TB, Shi W, Shen XJ, Qi J, Wu XH, Wu Y, et al. Circulating cell-free DNA 

in serum as a biomarker for diagnosis and prognostic prediction of 

colorectal cancer. Br J Cancer. 2014;111(8):1482-9. 

40. Bos JL, Fearon ER, Hamilton SR, Verlaan-de Vries M, van Boom JH, van der 

Eb AJ, et al. Prevalence of ras gene mutations in human colorectal cancers. 

Nature. 1987;327(6120):293-7. 



41 
 

41. Vogelstein B, Fearon ER, Hamilton SR, Kern SE, Preisinger AC, Leppert M, 

et al. Genetic alterations during colorectal-tumor development. N Engl J 

Med. 1988;319(9):525-32. 

42. Span M, Moerkerk PT, De Goeij AF, Arends JW. A detailed analysis of K-ras 

point mutations in relation to tumor progression and survival in 

colorectal cancer patients. Int J Cancer. 1996;69(3):241-5. 

43. Andreyev HJ, Norman AR, Cunningham D, Oates J, Dix BR, Iacopetta BJ, et 

al. Kirsten ras mutations in patients with colorectal cancer: the 'RASCAL 

II' study. Br J Cancer. 2001;85(5):692-6. 

44. Lecomte T, Berger A, Zinzindohoue F, Micard S, Landi B, Blons H, et al. 

Detection of free-circulating tumor-associated DNA in plasma of 

colorectal cancer patients and its association with prognosis. Int J Cancer. 

2002;100(5):542-8. 

45. Thierry AR, Mouliere F, El Messaoudi S, Mollevi C, Lopez-Crapez E, Rolet 

F, et al. Clinical validation of the detection of KRAS and BRAF mutations 

from circulating tumor DNA. Nat Med. 2014;20(4):430-5. 

46. Kopreski MS, Benko FA, Borys DJ, Khan A, McGarrity TJ, Gocke CD. 

Somatic mutation screening: identification of individuals harboring K-ras 

mutations with the use of plasma DNA. J Natl Cancer Inst. 

2000;92(11):918-23. 

47. Borchers R, Heinzlmann M, Zahn R, Witter K, Martin K, Loeschke K, et al. 

K-ras mutations in sera of patients with colorectal neoplasias and long-

standing inflammatory bowel disease. Scand J Gastroenterol. 

2002;37(6):715-8. 



42 
 

48. Beroud C, Soussi T. APC gene: database of germline and somatic 

mutations in human tumors and cell lines. Nucleic Acids Res. 

1996;24(1):121-4. 

49. Diehl F, Li M, Dressman D, He Y, Shen D, Szabo S, et al. Detection and 

quantification of mutations in the plasma of patients with colorectal 

tumors. Proc Natl Acad Sci U S A. 2005;102(45):16368-73. 

50. Baker SJ, Preisinger AC, Jessup JM, Paraskeva C, Markowitz S, Willson JK, 

et al. p53 gene mutations occur in combination with 17p allelic deletions 

as late events in colorectal tumorigenesis. Cancer Res. 1990;50(23):7717-

22. 

51. Fearon ER, Vogelstein B. A genetic model for colorectal tumorigenesis. 

Cell. 1990;61(5):759-67. 

52. Ito T, Kaneko K, Makino R, Konishi K, Kurahashi T, Ito H, et al. Clinical 

significance in molecular detection of p53 mutation in serum of patients 

with colorectal carcinoma. Oncol Rep. 2003;10(6):1937-42. 

53. Lilleberg SL, Durocher J, Sanders C, Walters K, Culver K. High sensitivity 

scanning of colorectal tumors and matched plasma DNA for mutations in 

APC, TP53, K-RAS, and BRAF genes with a novel DHPLC fluorescence 

detection platform. Ann N Y Acad Sci. 2004;1022:250-6. 

54. Jubb AM, Bell SM, Quirke P. Methylation and colorectal cancer. J Pathol. 

2001;195(1):111-34. 

55. Zitt M, Zitt M, Muller HM. DNA methylation in colorectal cancer--impact 

on screening and therapy monitoring modalities? Dis Markers. 

2007;23(1-2):51-71. 



43 
 

56. Holdenrieder S, Dharuman Y, Standop J, Trimpop N, Herzog M, Hettwer K, 

et al. Novel serum nucleosomics biomarkers for the detection of 

colorectal cancer. Anticancer Res. 2014;34(5):2357-62. 

57. Toth K, Sipos F, Kalmar A, Patai AV, Wichmann B, Stoehr R, et al. Detection 

of methylated SEPT9 in plasma is a reliable screening method for both 

left- and right-sided colon cancers. PloS one. 2012;7(9):e46000. 

58. deVos T, Tetzner R, Model F, Weiss G, Schuster M, Distler J, et al. 

Circulating methylated SEPT9 DNA in plasma is a biomarker for colorectal 

cancer. Clin chem. 2009;55(7):1337-46. 

59. Grutzmann R, Molnar B, Pilarsky C, Habermann JK, Schlag PM, Saeger HD, 

et al. Sensitive detection of colorectal cancer in peripheral blood by septin 

9 DNA methylation assay. PloS one. 2008;3(11):e3759. 

60. Lofton-Day C, Model F, Devos T, Tetzner R, Distler J, Schuster M, et al. DNA 

methylation biomarkers for blood-based colorectal cancer screening. Clin 

chem. 2008;54(2):414-23. 

61. Jin P, Kang Q, Wang X, Yang L, Yu Y, Li N, et al. Performance of a second-

generation methylated SEPT9 test in detecting colorectal neoplasm. J 

Gastroenterol Hepatol. 2015;30(5):830-3. 

62. Toth K, Wasserkort R, Sipos F, Kalmar A, Wichmann B, Leiszter K, et al. 

Detection of methylated septin 9 in tissue and plasma of colorectal 

patients with neoplasia and the relationship to the amount of circulating 

cell-free DNA. PloS one. 2014;9(12):e115415. 

63. Church TR, Wandell M, Lofton-Day C, Mongin SJ, Burger M, Payne SR, et al. 

Prospective evaluation of methylated SEPT9 in plasma for detection of 

asymptomatic colorectal cancer. Gut. 2014;63(2):317-25. 



44 
 

64. Ahlquist DA, Taylor WR, Mahoney DW, Zou H, Domanico M, Thibodeau 

SN, et al. The stool DNA test is more accurate than the plasma septin 9 test 

in detecting colorectal neoplasia. Clin Gastro Hepatol. 2012;10(3):272-7 

e1. 

65. Ladabaum U, Allen J, Wandell M, Ramsey S. Colorectal cancer screening 

with blood-based biomarkers: cost-effectiveness of methylated septin 9 

DNA versus current strategies. Cancer Epi Biom Prev. 2013;22(9):1567-

76. 

66. Grady WM, Rajput A, Lutterbaugh JD, Markowitz SD. Detection of 

aberrantly methylated hMLH1 promoter DNA in the serum of patients 

with microsatellite unstable colon cancer. Cancer Res. 2001;61(3):900-2. 

67. Leung WK, To KF, Man EP, Chan MW, Bai AH, Hui AJ, et al. Quantitative 

detection of promoter hypermethylation in multiple genes in the serum of 

patients with colorectal cancer. Am J Gastroenterol. 2005;100(10):2274-

9. 

68. Wang YC, Yu ZH, Liu C, Xu LZ, Yu W, Lu J, et al. Detection of RASSF1A 

promoter hypermethylation in serum from gastric and colorectal 

adenocarcinoma patients. World J Gastroenterol. 2008;14(19):3074-80. 

69. Roperch JP, Incitti R, Forbin S, Bard F, Mansour H, Mesli F, et al. Aberrant 

methylation of NPY, PENK, and WIF1 as a promising marker for blood-

based diagnosis of colorectal cancer. BMC Cancer. 2013;13(1):566. 

70. Philipp AB, Stieber P, Nagel D, Neumann J, Spelsberg F, Jung A, et al. 

Prognostic role of methylated free circulating DNA in colorectal cancer. 

Int J Cancer. 2012;131(10):2308-19. 



45 
 

71. Lefebure B, Charbonnier F, Di Fiore F, Tuech JJ, Le Pessot F, Michot F, et al. 

Prognostic value of circulating mutant DNA in unresectable metastatic 

colorectal cancer. Ann Surg. 2010;251(2):275-80. 

72. Herbst A, Rahmig K, Stieber P, Philipp A, Jung A, Ofner A, et al. Methylation 

of NEUROG1 in serum is a sensitive marker for the detection of early 

colorectal cancer. Am J Gastroenterol. 2011;106(6):1110-8. 

73. Boland CR, Goel A. Somatic evolution of cancer cells. Semin Cancer Biol. 

2005;15(6):436-50. 

74. Kolble K, Ullrich OM, Pidde H, Barthel B, Diermann J, Rudolph B, et al. 

Microsatellite alterations in serum DNA of patients with colorectal cancer. 

Lab Invest. 1999;79(9):1145-50. 

75. Tham C, Chew M, Soong R, Lim J, Ang M, Tang C, et al. Postoperative serum 

methylation levels of TAC1 and SEPT9 are independent predictors of 

recurrence and survival of patients with colorectal cancer. Cancer. 

2014;120(20):3131-41. 

76. Wallner M, Herbst A, Behrens A, Crispin A, Stieber P, Goke B, et al. 

Methylation of serum DNA is an independent prognostic marker in 

colorectal cancer. Clin Cancer Res. 2006;12(24):7347-52. 

77. Lin JK, Lin PC, Lin CH, Jiang JK, Yang SH, Liang WY, et al. Clinical Relevance 

of Alterations in Quantity and Quality of Plasma DNA in Colorectal Cancer 

Patients: Based on the Mutation Spectra Detected in Primary Tumors. Ann 

Surg Oncol. 2014. 

78. Czeiger D, Shaked G, Eini H, Vered I, Belochitski O, Avriel A, et al. 

Measurement of circulating cell-free DNA levels by a new simple 



46 
 

fluorescent test in patients with primary colorectal cancer. Am J Clin 

Pathol. 2011;135(2):264-70. 

79. Lindforss U, Zetterquist H, Papadogiannakis N, Olivecrona H. Persistence 

of K-ras mutations in plasma after colorectal tumor resection. Anticancer 

Res. 2005;25(1B):657-61. 

80. Ryan BM, Lefort F, McManus R, Daly J, Keeling PW, Weir DG, et al. A 

prospective study of circulating mutant KRAS2 in the serum of patients 

with colorectal neoplasia: strong prognostic indicator in postoperative 

follow up. Gut. 2003;52(1):101-8. 

81. Reinert T, Scholer LV, Thomsen R, Tobiasen H, Vang S, Nordentoft I, et al. 

Analysis of circulating tumour DNA to monitor disease burden following 

colorectal cancer surgery. Gut. 2016;65(4):625-34. 

82. Taback B, Saha S, Hoon DS. Comparative analysis of mesenteric and 

peripheral blood circulating tumor DNA in colorectal cancer patients. Ann 

N Y Acad Sci. 2006;1075:197-203. 

83. Morelli MP, Overman MJ, Dasari A, Kazmi SM, Mazard T, Vilar E, et al. 

Characterizing the patterns of clonal selection in circulating tumor DNA 

from patients with colorectal cancer refractory to anti-EGFR treatment. 

Annals Onc. 2015;26(4):731-6. 

84. Spindler KL, Pallisgaard N, Andersen RF, Jakobsen A. Changes in 

mutational status during third-line treatment for metastatic colorectal 

cancer-Results of consecutive measurement of cell free DNA, KRAS and 

BRAF in the plasma. Int J Cancer. 2014;135(9):2215-22. 

85. Spindler KL, Pallisgaard N, Vogelius I, Jakobsen A. Quantitative cell-free 

DNA, KRAS, and BRAF mutations in plasma from patients with metastatic 



47 
 

colorectal cancer during treatment with cetuximab and irinotecan. Clin 

Cancer Res. 2012;18(4):1177-85. 

86. Diaz LA, Jr., Williams RT, Wu J, Kinde I, Hecht JR, Berlin J, et al. The 

molecular evolution of acquired resistance to targeted EGFR blockade in 

colorectal cancers. Nature. 2012;486(7404):537-40. 

87. Misale S, Yaeger R, Hobor S, Scala E, Janakiraman M, Liska D, et al. 

Emergence of KRAS mutations and acquired resistance to anti-EGFR 

therapy in colorectal cancer. Nature. 2012;486(7404):532-6. 

88. Tabernero J, Lenz HJ, Siena S, Sobrero A, Falcone A, Ychou M, et al. 

Analysis of circulating DNA and protein biomarkers to predict the clinical 

activity of regorafenib and assess prognosis in patients with metastatic 

colorectal cancer: a retrospective, exploratory analysis of the CORRECT 

trial. Lancet Oncol. 2015;16(8):937-48. 

89. Zitt M, Muller HM, Rochel M, Schwendinger V, Zitt M, Goebel G, et al. 

Circulating cell-free DNA in plasma of locally advanced rectal cancer 

patients undergoing preoperative chemoradiation: a potential diagnostic 

tool for therapy monitoring. Dis Markers. 2008;25(3):159-65. 

90. Agostini M, Pucciarelli S, Enzo MV, Del Bianco P, Briarava M, Bedin C, et al. 

Circulating cell-free DNA: a promising marker of pathologic tumor 

response in rectal cancer patients receiving preoperative 

chemoradiotherapy. Ann Surg Oncol. 2011;18(9):2461-8. 

91. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo M, et al. 

Cancer incidence and mortality worldwide: sources, methods and major 

patterns in GLOBOCAN 2012. Int J Cancer. 2015;136(5):E359-86. 



48 
 

92. Rustgi AK, El-Serag HB. Esophageal carcinoma. The New England journal 

of medicine. 2014;371(26):2499-509. 

93. Zhai R, Zhao Y, Su L, Cassidy L, Liu G, Christiani DC. Genome-wide DNA 

methylation profiling of cell-free serum DNA in esophageal 

adenocarcinoma and Barrett esophagus. Neoplasia. 2012;14(1):29-33. 

94. Ling ZQ, Zhao Q, Zhou SL, Mao WM. MSH2 promoter hypermethylation in 

circulating tumor DNA is a valuable predictor of disease-free survival for 

patients with esophageal squamous cell carcinoma. Eur J Surg Oncol. 

2012;38(4):326-32. 

95. Kawakami K, Brabender J, Lord RV, Groshen S, Greenwald BD, Krasna MJ, 

et al. Hypermethylated APC DNA in plasma and prognosis of patients with 

esophageal adenocarcinoma. J Natl Cancer Inst. 2000;92(22):1805-11. 

96. Van Cutsem E, Sagaert X, Topal B, Haustermans K, Prenen H. Gastric 

cancer. Lancet. 2016. 

97. Kolesnikova EV, Tamkovich SN, Bryzgunova OE, Shelestyuk PI, 

Permyakova VI, Vlassov VV, et al. Circulating DNA in the blood of gastric 

cancer patients. Ann N Y Acad Sci. 2008;1137:226-31. 

98. Sai S, Ichikawa D, Tomita H, Ikoma D, Tani N, Ikoma H, et al. Quantification 

of plasma cell-free DNA in patients with gastric cancer. Anticancer Res. 

2007;27(4C):2747-51. 

99. Kim K, Shin DG, Park MK, Baik SH, Kim TH, Kim S, et al. Circulating cell-

free DNA as a promising biomarker in patients with gastric cancer: 

diagnostic validity and significant reduction of cfDNA after surgical 

resection. Ann Surg Treat Res. 2014;86(3):136-42. 



49 
 

100. Ling ZQ, Lv P, Lu XX, Yu JL, Han J, Ying LS, et al. Circulating Methylated 

DNA Indicates Poor Prognosis for Gastric Cancer. PLoS One. 

2013;8(6):e67195. 

101. Leung WK, To KF, Chu ES, Chan MW, Bai AH, Ng EK, et al. Potential 

diagnostic and prognostic values of detecting promoter hypermethylation 

in the serum of patients with gastric cancer. Br J Cancer. 

2005;92(12):2190-4. 

102. Balgkouranidou I, Karayiannakis A, Matthaios D, Bolanaki H, Tripsianis G, 

Tentes AA, et al. Assessment of SOX17 DNA methylation in cell free DNA 

from patients with operable gastric cancer. Association with prognostic 

variables and survival. Clin Chem Lab Med. 2013;51(7):1505-10. 

103. Han J, Lv P, Yu JL, Wu YC, Zhu X, Hong LL, et al. Circulating methylated 

MINT2 promoter DNA is a potential poor prognostic factor in gastric 

cancer. Dig Dis Sci. 2014;59(6):1160-8. 

104. Maier J, Lange T, Kerle I, Specht K, Bruegel M, Wickenhauser C, et al. 

Detection of mutant free circulating tumor DNA in the plasma of patients 

with gastrointestinal stromal tumor harboring activating mutations of 

CKIT or PDGFRA. Clin Cancer Res. 2013;19(17):4854-67. 

105. Rawnaq T, Schwarzenbach H, Schurr PG, Freise K, Brandl S, Izbicki JR, et 

al. Monitoring of loss of heterozygosity in serum microsatellite DNA 

among patients with gastrointestinal stromal tumors indicates tumor 

recurrence. J Surg Res. 2011;169(1):31-5. 

106. Yoo C, Ryu MH, Na YS, Ryoo BY, Park SR, Kang YK. Analysis of serum 

protein biomarkers, circulating tumor DNA, and dovitinib activity in 



50 
 

patients with tyrosine kinase inhibitor-refractory gastrointestinal stromal 

tumors. Ann Oncol. 2014. 

107. Ryan DP, Hong TS, Bardeesy N. Pancreatic adenocarcinoma. N Eng J Med. 

2014;371(11):1039-49. 

108. Liggett T, Melnikov A, Yi QL, Replogle C, Brand R, Kaul K, et al. Differential 

methylation of cell-free circulating DNA among patients with pancreatic 

cancer versus chronic pancreatitis. Cancer. 2010;116(7):1674-80. 

109. Mulcahy HE, Lyautey J, Lederrey C, qi Chen X, Anker P, Alstead EM, et al. A 

prospective study of K-ras mutations in the plasma of pancreatic cancer 

patients. Clin Cancer Res. 1998;4(2):271-5. 

110. Castells A, Puig P, Mora J, Boadas J, Boix L, Urgell E, et al. K-ras mutations 

in DNA extracted from the plasma of patients with pancreatic carcinoma: 

diagnostic utility and prognostic significance. J Clin Oncol. 

1999;17(2):578-84. 

111. Sorenson GD. Detection of mutated KRAS2 sequences as tumor markers 

in plasma/serum of patients with gastrointestinal cancer. Clin Cancer Res. 

2000;6(6):2129-37. 

112. Kinugasa H, Nouso K, Miyahara K, Morimoto Y, Dohi C, Tsutsumi K, et al. 

Detection of K-ras gene mutation by liquid biopsy in patients with 

pancreatic cancer. Cancer. 2015;121(13):2271-80. 

113. Sorenson GD, Pribish DM, Valone FH, Memoli VA, Bzik DJ, Yao SL. Soluble 

normal and mutated DNA sequences from single-copy genes in human 

blood. Cancer Epidemiol Biomarkers Prev. 1994;3(1):67-71. 



51 
 

114. Yi JM, Guzzetta AA, Bailey VJ, Downing SR, Van Neste L, Chiappinelli KB, et 

al. Novel methylation biomarker panel for the early detection of 

pancreatic cancer. Clin Cancer Res. 2013;19(23):6544-55. 

115. Melnikov AA, Scholtens D, Talamonti MS, Bentrem DJ, Levenson VV. 

Methylation profile of circulating plasma DNA in patients with pancreatic 

cancer. J Surg Oncol. 2009;99(2):119-22. 

116. EASL-EORTC clinical practice guidelines: management of hepatocellular 

carcinoma. J Hepatol. 2012;56(4):908-43. 

117. Zucman-Rossi J, Villanueva A, Nault JC, Llovet JM. Genetic Landscape and 

Biomarkers of Hepatocellular Carcinoma. Gastroenterology. 

2015;149(5):1226-39 e4. 

118. Chen K, Zhang H, Zhang LN, Ju SQ, Qi J, Huang DF, et al. Value of circulating 

cell-free DNA in diagnosis of hepatocelluar carcinoma. World J 

Gastroenterol. 2013;19(20):3143-9. 

119. Hosny G, Farahat N, Tayel H, Hainaut P. Ser-249 TP53 and CTNNB1 

mutations in circulating free DNA of Egyptian patients with hepatocellular 

carcinoma versus chronic liver diseases. Cancer Lett. 2008;264(2):201-8. 

120. Tokuhisa Y, Iizuka N, Sakaida I, Moribe T, Fujita N, Miura T, et al. 

Circulating cell-free DNA as a predictive marker for distant metastasis of 

hepatitis C virus-related hepatocellular carcinoma. Br J Cancer. 

2007;97(10):1399-403. 

121. Iizuka N, Sakaida I, Moribe T, Fujita N, Miura T, Stark M, et al. Elevated 

levels of circulating cell-free DNA in the blood of patients with hepatitis C 

virus-associated hepatocellular carcinoma. Anticancer Res. 

2006;26(6C):4713-9. 



52 
 

122. Kirk GD, Lesi OA, Mendy M, Szymanska K, Whittle H, Goedert JJ, et al. 

249(ser) TP53 mutation in plasma DNA, hepatitis B viral infection, and 

risk of hepatocellular carcinoma. Oncogene. 2005;24(38):5858-67. 

123. Iida M, Iizuka N, Sakaida I, Moribe T, Fujita N, Miura T, et al. Relation 

between serum levels of cell-free DNA and inflammation status in 

hepatitis C virus-related hepatocellular carcinoma. Oncol Rep. 

2008;20(4):761-5. 

124. El-Shazly SF, Eid MA, El-Sourogy HA, Attia GF, Ezzat SA. Evaluation of 

serum DNA integrity as a screening and prognostic tool in patients with 

hepatitis C virus-related hepatocellular carcinoma. Int J Biol Markers. 

2010;25(2):79-86. 

125. Montesano R, Hainaut P, Wild CP. Hepatocellular carcinoma: from gene to 

public health. J Natl Cancer Inst. 1997;89(24):1844-51. 

126. Kirk GD, Camus-Randon AM, Mendy M, Goedert JJ, Merle P, Trepo C, et al. 

Ser-249 p53 mutations in plasma DNA of patients with hepatocellular 

carcinoma from The Gambia. J Natl Cancer Inst. 2000;92(2):148-53. 

127. Umoh NJ, Lesi OA, Mendy M, Bah E, Akano A, Whittle H, et al. Aetiological 

differences in demographical, clinical and pathological characteristics of 

hepatocellular carcinoma in The Gambia. Liver Int. 2011;31(2):215-21. 

128. Gouas DA, Villar S, Ortiz-Cuaran S, Legros P, Ferro G, Kirk GD, et al. TP53 

R249S mutation, genetic variations in HBX and risk of hepatocellular 

carcinoma in The Gambia. Carcinogenesis. 2012;33(6):1219-24. 

129. Schagdarsurengin U, Wilkens L, Steinemann D, Flemming P, Kreipe HH, 

Pfeifer GP, et al. Frequent epigenetic inactivation of the RASSF1A gene in 

hepatocellular carcinoma. Oncogene. 2003;22(12):1866-71. 



53 
 

130. Lee S, Lee HJ, Kim JH, Lee HS, Jang JJ, Kang GH. Aberrant CpG island 

hypermethylation along multistep hepatocarcinogenesis. Am J Pathol. 

2003;163(4):1371-8. 

131. Yu J, Ni M, Xu J, Zhang H, Gao B, Gu J, et al. Methylation profiling of twenty 

promoter-CpG islands of genes which may contribute to hepatocellular 

carcinogenesis. BMC Cancer. 2002;2:29. 

132. Chan KC, Lai PB, Mok TS, Chan HL, Ding C, Yeung SW, et al. Quantitative 

analysis of circulating methylated DNA as a biomarker for hepatocellular 

carcinoma. Clin Chem. 2008;54(9):1528-36. 

133. Iyer P, Zekri AR, Hung CW, Schiefelbein E, Ismail K, Hablas A, et al. 

Concordance of DNA methylation pattern in plasma and tumor DNA of 

Egyptian hepatocellular carcinoma patients. Exp Mol Pathol. 

2010;88(1):107-11. 

134. Han LY, Fan YC, Mu NN, Gao S, Li F, Ji XF, et al. Aberrant DNA methylation 

of G-protein-coupled bile acid receptor Gpbar1 (TGR5) is a potential 

biomarker for hepatitis B Virus associated hepatocellular carcinoma. Int J 

Med Sci. 2014;11(2):164-71. 

135. Ren N, Ye QH, Qin LX, Zhang BH, Liu YK, Tang ZY. Circulating DNA level is 

negatively associated with the long-term survival of hepatocellular 

carcinoma patients. World J Gastroenterol. 2006;12(24):3911-4. 

136. Ren N, Qin LX, Tu H, Liu YK, Zhang BH, Tang ZY. The prognostic value of 

circulating plasma DNA level and its allelic imbalance on chromosome 8p 

in patients with hepatocellular carcinoma. J Cancer Res Clin Oncol. 

2006;132(6):399-407. 



54 
 

137. Lo YM, Tein MS, Lau TK, Haines CJ, Leung TN, Poon PM, et al. Quantitative 

analysis of fetal DNA in maternal plasma and serum: implications for 

noninvasive prenatal diagnosis. Am J Hum Genet. 1998;62(4):768-75. 

138. Lee TH, Montalvo L, Chrebtow V, Busch MP. Quantitation of genomic DNA 

in plasma and serum samples: higher concentrations of genomic DNA 

found in serum than in plasma. Transfusion. 2001;41(2):276-82. 

139. Jung M, Klotzek S, Lewandowski M, Fleischhacker M, Jung K. Changes in 

concentration of DNA in serum and plasma during storage of blood 

samples. Clin Chem. 2003;49(6 Pt 1):1028-9. 

140. Thijssen MA, Swinkels DW, Ruers TJ, de Kok JB. Difference between free 

circulating plasma and serum DNA in patients with colorectal liver 

metastases. Anticancer Res. 2002;22(1A):421-5. 

141. El Messaoudi S, Rolet F, Mouliere F, Thierry AR. Circulating cell free DNA: 

Preanalytical considerations. Clin Chim Acta. 2013;424:222-30. 

142. Sozzi G, Roz L, Conte D, Mariani L, Andriani F, Verderio P, et al. Effects of 

prolonged storage of whole plasma or isolated plasma DNA on the results 

of circulating DNA quantification assays. J Natl Cancer Inst. 

2005;97(24):1848-50. 

143. De Mattos-Arruda L, Cortes J, Santarpia L, Vivancos A, Tabernero J, Reis-

Filho JS, et al. Circulating tumour cells and cell-free DNA as tools for 

managing breast cancer. Nat Rev Clin Oncol. 2013;10(7):377-89. 

144. Di Gioia S, Bianchi P, Destro A, Grizzi F, Malesci A, Laghi L, et al. 

Quantitative evaluation of RASSF1A methylation in the non-lesional, 

regenerative and neoplastic liver. BMC Cancer. 2006;6:89. 



55 
 

145. Terry MB, Delgado-Cruzata L, Vin-Raviv N, Wu HC, Santella RM. DNA 

methylation in white blood cells: association with risk factors in 

epidemiologic studies. Epigenetics. 2011;6(7):828-37. 

146. Teschendorff AE, Menon U, Gentry-Maharaj A, Ramus SJ, Weisenberger DJ, 

Shen H, et al. Age-dependent DNA methylation of genes that are 

suppressed in stem cells is a hallmark of cancer. Genome Res. 

2010;20(4):440-6. 

147. Breitling LP, Yang R, Korn B, Burwinkel B, Brenner H. Tobacco-smoking-

related differential DNA methylation: 27K discovery and replication. Am J 

Hum Genet. 2011;88(4):450-7. 

148. Zhang FF, Cardarelli R, Carroll J, Zhang S, Fulda KG, Gonzalez K, et al. 

Physical activity and global genomic DNA methylation in a cancer-free 

population. Epigenetics. 2011;6(3):293-9. 

149. Zhang FF, Morabia A, Carroll J, Gonzalez K, Fulda K, Kaur M, et al. Dietary 

patterns are associated with levels of global genomic DNA methylation in 

a cancer-free population. J Nutr. 2011;141(6):1165-71. 

150. Kim JW, Park HM, Choi YK, Chong SY, Oh D, Kim NK. Polymorphisms in 

genes involved in folate metabolism and plasma DNA methylation in 

colorectal cancer patients. Oncol Rep. 2011;25(1):167-72. 

151. Flamini E, Mercatali L, Nanni O, Calistri D, Nunziatini R, Zoli W, et al. Free 

DNA and carcinoembryonic antigen serum levels: an important 

combination for diagnosis of colorectal cancer. Clin Cancer Res. 

2006;12(23):6985-8. 

152. Kuo YB, Chen JS, Fan CW, Li YS, Chan EC. Comparison of KRAS mutation 

analysis of primary tumors and matched circulating cell-free DNA in 



56 
 

plasmas of patients with colorectal cancer. Clin Chim Acta. 2014;433:284-

9. 

153. Taly V, Pekin D, Benhaim L, Kotsopoulos SK, Le Corre D, Li X, et al. 

Multiplex picodroplet digital PCR to detect KRAS mutations in circulating 

DNA from the plasma of colorectal cancer patients. Clin Chem. 

2013;59(12):1722-31. 

154. Hibi K, Mizukami H, Saito M, Kigawa G, Nemoto H. p16 Methylation is 

frequently detected in the serum of metastatic colorectal cancer patients. 

Hepatogastroenterology. 2014;61(130):354-6. 

 

 

 


