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Abstract

Worldwide, colorectal cancer (CRC) is a deadly disease whose death rate ranks second among cancers though its
incidence ranks third. Early CRC detection is key and is associated with improved survival outcomes. However, exist-
ing tests for CRC diagnosis have several weaknesses thus rendering them inefficient. Moreover, reliable prognostic
tests that can predict the overall cancer outcome and recurrence of the disease as well as predictive markers that can
assess effectiveness of therapy are still lacking. Thus, shifting to noninvasive liquid biopsy or blood-based biomarkers
is vital to improving CRC diagnosis, prognosis, and prediction. Methylated circulating tumor DNA (ctDNA) has gained
increased attention as a type of liquid biopsy that is tumor-derived fragmented DNA with epigenetic alterations.
Methylated ctDNA are more consistently present in blood of cancer patients as compared to mutated ctDNA. Hence,
methylated ctDNA serves as a potential biomarker for CRC that is worth investigating. In this review, we explore what
has been reported about methylated ctDNA as a biomarker for CRC diagnosis that can distinguish between CRC
patients or those having adenoma and healthy controls as validated specifically through ROC curves. We also examine
methylated ctDNA as a biomarker for CRC prognosis and prediction as confirmed through robust statistical analyses.
Finally, we discuss the major technical challenges that limits the use of methylated ctDNA for clinical application and
suggest possible recommendations to enhance its usage.
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Introduction

Colorectal cancer (CRC) is considered the third most
commonly diagnosed (10.2%) and the second most fatal
(9.2%) cancer worldwide among both sexes combined
[1]. In 2018, an estimated 1.8 million new cases and
881,000 deaths were attributed to CRC. Even though
the death rate is relatively high from this cancer, detec-
tion at an early stage is associated with better survival
outcomes. Based on the Surveillance, Epidemiology, and
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End Results (SEER) Program of the National Cancer
Institute (NCI) between 2010 and 2016, the percentage
of diagnosed cases by stage was 38% for localized stage,
33% for regional stage, and 22% for distant stage and
their reported 5-year relative survival by stage was 90.2%,
71.8%, and 14.3%, respectively. Screening helps the diag-
nosis of asymptomatic CRC which are less advanced than
the symptomatic ones. Present diagnostic, prognostic,
and therapy predictive tests for CRC have drawbacks
that affect their success. This highlights the need of novel
more effective noninvasive biomarkers for CRC early
detection before it progresses to distant stage as well as
biomarkers for its prognosis for surveillance of recur-
rence or progression during treatment.
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Current research in oncology is directed at finding and
evaluating biomarkers defined as biological character-
istics that act as an indicator of normal biological pro-
cess, carcinogenesis, or pharmacological response to a
therapeutic intervention. Since solid biopsy is an invasive
method that is dynamically affected by tumor heteroge-
neity and since radiology screening methods can pose a
threat of exposure to excessive ionizing radiation, liquid
biopsy as a noninvasive technique for sampling and ana-
lyzing of blood has been favored for biomarker detection.
Biomarkers that are currently in use or under investiga-
tion in liquid biopsies include proteins, circulating tumor
cells (CTC), circulating tumor DNA (ctDNA), circulating
cell-free RNA, and exosomes [2—4]. ctDNA are of a par-
ticular interest in CRC since these fragmented DNA are
readily available and offer a minimally invasive approach
for tumor detection and characterization in circula-
tion. It is postulated that ctDNA may have arisen from
tumor microenvironment cells or from neoplastic tumor
cells through necrosis, apoptosis, phagocytosis, or active
release in the form of exosomes or lipoproteonucleo-
tidic complex [5, 6]. These ctDNA can be distinguished
from circulating DNA originating from healthy cells by
the presence of genomic aberrations that correspond to
those found in the tumor, such as tumor-specific muta-
tions or methylation. However, somatic mutations could
be compromised since CRC is a heterogeneous disease
and the mutations might occur at low frequency [7, 8].
This could be overcome by detecting the epigenetic
alterations of ctDNA such as DNA methylation which
involves the addition of a methyl group to position 5
of the DNA cytosine ring by DNA methyltransferase
enzymes and usually causes gene silencing. Interestingly,
aberrant ctDNA methylation can be detected in circula-
tion in different cancers and these ctDNA covalent modi-
fications are more frequent and usually goes ahead many
mutational changes at early stage of carcinogenesis [9].
As such, all of these characteristics along with the ease
in detection render methylated ctDNA competent to be
investigated as circulating biomarker. In this review, we
are highlighting the studies that investigate the perfor-
mance of circulating ctDNA methylation as a potential
epigenetic biomarker for CRC diagnosis, prognosis, and
prediction using robust statistical analysis to be trans-
lated for clinical application.

Methodology
A literature search was performed on PubMed using the
following search query for each section:

+ Section A: colorectal cancer AND methylation AND
diagnosis AND circulating
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+ Section B: colorectal cancer AND methylation AND
prognosis AND circulating, colorectal cancer AND
methylation AND prediction AND circulating

Most of the studies discussing circulating methylated
ctDNA as biomarkers for CRC diagnosis report only sen-
sitivity and specificity that is bound by the selected cut-
off point that have been considered. Accordingly, in our
search in section A, we wanted to highlight the studies
that can assess the performance of methylated ctDNA as
biomarkers under different cutoff points using receiver
operating characteristic (ROC) curve. As for reporting
circulating methylated ctDNA as CRC prognostic bio-
markers in section B, we focused on studies that reported
prognostic and predictive ctDNA through robust statis-
tical analysis according to Reporting Recommendations
for Tumor Marker Prognostic Studies (REMARK) check-
list [10]. This checklist addressed widespread deficiencies
in the reporting of prognostic biomarker studies and par-
ticularly included details about statistical analysis show-
ing the relation between the biomarker and the outcome
(such as univariate and multivariate analysis with esti-
mated effect like hazard ratio and survival probability).

DNA methylation as a biomarker for CRC diagnosis

Multiple screening tests for the detection of CRC have
shown promising results in decreasing CRC incidence
and mortality. Two important characteristics of a test
are the sensitivity (or true-positive rate) and specificity
(or true-negative rate) [11]. Currently, the gold-stand-
ard tool for CRC screening is colonoscopy. Although it
is characterized by its high sensitivity in detecting CRC
(>95%) and precancerous lesions (88—98% for advanced
adenoma (AA)), it has some limitations including the
invasiveness of the method, unpleasant lengthy bowel
preparation, discomfort during the test, probability of
gut perforation, infection transmission, sedation and
high cost, all of which affect the patient’s compliance [11,
12]. Sigmoidoscopy and computed tomography colo-
nography (CT colonography) are other semi-invasive
screening tests that show high sensitivity for detecting
CRC (>95% and>90%, respectively) and precancerous
lesions, but are also limited by unpleasant bowel prepa-
ration [11, 12]. Noninvasive inexpensive methods include
fecal immunohistochemical test (FIT) that shows higher
sensitivity in detecting CRC (60—-85%) than fecal occult
blood test (FOBT) that shows low sensitivity in detecting
CRC (33-75%) due to dietary restrictions and the need
for multiple sampling. Although both show poor detec-
tion of precancerous lesions and high rates of false posi-
tives and false negatives, patients are easy to accept these
methods because of their noninvasive characteristics
and low cost. In addition, several tumor markers such
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as carcinoembryonic antigen (CEA) and carbohydrate
antigen (CA19-9) have been utilized in clinical practice
but show unsatisfactory results for CRC diagnosis [12].
Novel, noninvasive, sensitive tests, such as those based
on the detection of aberrant DNA methylation markers
in the plasma or serum have emerged to detect CRC and
precancerous lesions (Table 1).

So far, Epi proColon, with its improved edition Epi
proColon 2.0, is the only blood-based DNA hypermeth-
ylation screening test for CRC that has been approved by
the Food and Drug Administration (FDA) [13]. This test
is based on a qualitative real-time polymerase chain reac-
tion (PCR) detection of methylated Septin 9 (mSEPT9)
DNA. SEPT9 is a member of the septin gene family, a
group of GTP binding protein that was first identified in
yeast as key regulators of cell division. Although its role
in colorectal cancer development is still not well under-
stood, hypermethylation of SEPT9 has been reported
extensively in CRC patients [14, 15]. Other tests have
also been utilized to analyze the methylation status of
SEPT9 as an individual marker or in combination with
other markers. These include ColoDefense, MethyLight,
and Heavy MethyLight assays that rely on the quantita-
tive methylation-specific real-time PCR (qMSP) detec-
tion. Sensitivity of the analyzed mSEPT9 in plasma/
serum ranged from 47 to 87% with a specificity ranging
from 89 to 98% in a wide variety of studies [13, 16—28].
Sensitivity of mSEPT9 gradually increased with higher
stages and was reported to be 100% in stage IV CRC
patients in some studies, however, remaining low in early
stages (I-1I) [16, 17, 22, 27, 28]. Notably, SEPT9 methyla-
tion showed higher sensitivity in diagnosing CRC than
the conventional markers CEA and CA-19-9, or even
FOBT [18, 19, 25], and when combining mSEPT9 with
either one of them, diagnostic sensitivity, especially for
early stages, increased [18, 25, 26]. Furthermore, sensi-
tivity of mSEPT9 for the detection of adenomas and pol-
yps was relatively low in most studies, ranging from 8 to
40% [17-19, 21, 23, 24, 28]. Most of these studies used
the 1/3 algorithm, which means that the sample is con-
sidered positive if one of three PCR replicates is posi-
tive. However, a recent study by Song et al. reported a
high positive detection rate (PDR) in villous adenoma
and adenoma with high-grade dysplasia (83.3% and
62.5%, respectively), although the rate for all adenomas
was much lower (31.8%) [27]. In this study, they used the
2/3 algorithm, which might explain the difference in the
obtained results. A recent study detected 10 different
methylation subregions within the SEPT9 gene at a sensi-
tivity of 84.9% and a specificity of 83.3% (Area under the
curve, AUC=0.882) in a cohort of 53 CRC patients, 48
patients with AA, 30 patients with benign polyps, and 48
healthy controls. To compare whether this multi-marker
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approach produced better detection of early-stage CRC
and precancerous lesions from the usual single-marker
approach that is commercially used, a new cohort of
43 CRC patients, 15 patients with AA, 15 patients with
benign polyps, and 30 controls was recruited. Both
approaches had the same high specificity (90%). When
compared with the usual single-marker approach, the
sensitivity of the multi-marker approach was higher for
early-stage CRC (73.3% vs. 60% for stage I, 76.5% vs.
70.6% for stage II) and was statistically higher for AA and
polyps (53.3% vs. 26.7% for AA, 33.3% vs. 6.7% for pol-
yps) [29].

Other defined markers for CRC detection described
in more than one study include methylated BCATI
(branched-chain amino acid transaminase 1), IKZFI
(IKAROS family zinc finger 1), SDC2 (syndecan-2), ALX4
(aristaless-like homeobox 4), SFRP2 (secreted frizzled-
related protein 2), OSMR (oncostatin M receptor), SFRPI
(secreted frizzled-related protein 1), and VIM (vimentin).
Methylation of BCATI and IKZF1 is regularly described
together. BCAT1 gene encodes an enzyme involved in
catabolism of branched-chain amino acids and IKZFI
gene encodes a transcription factor that regulates a
small set of cell cycle-regulator genes [30, 31]. Sensitiv-
ity of BCAT1 ranged between 47.3 and 64.9% and that of
IKZF1 ranged between 48 and 67.6% for CRC detection.
In addition, the positivity rates increased with higher
CRC stages but were very low for adenomas [32-34].
Another reported gene, SDC2, promotes cell prolif-
eration, migration, and invasion, inhibits apoptosis, and
activates epithelial to mesenchymal transition (EMT)
and mitogen-activated protein kinase (MAPK) signal-
ing pathways in CRC cells [35]. SDC2 might be a highly
promising methylation marker for CRC detection where
it displayed a sensitivity that ranged between 69 and
87% for all stages and a specificity of approximately 95%
in the plasma/serum of CRC patients. Recent studies
showed that the PDR of SDC2 methylation test increased
with higher tumor stage, ranging between 55 and 100%
for stages I-IV [16, 17, 36]. In addition, methylation of
ALX4, a transcription factor involved in limb and skull
development, was more frequently found in the serum of
CRC patients compared to normal individuals (sensitivity
of 83.3%, specificity of 70%, AUC=0.839) [37]. Methyla-
tion of another gene, SFRP2, a member of the SFRP fam-
ily that act as soluble modulators of Wnt signaling, is also
reported as a potential marker for CRC detection. SFRP2
methylation analysis showed a sensitivity of 63.8/69.4%
for CRC detection and 42.9%/81.8% for adenoma detec-
tion [38, 39]. Compared to SEPTY, sensitivity of SFRP2
for AA detection is much higher suggesting that SFRP2
might be a viable biomarker for the detection of precan-
cerous lesions. OSMR is reported as a tumor suppressor
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in colon cancer progression; promoter methylation corre-
lated with loss of OSMR expression in CRC cells and low
expression of OSMR was associated with resistance to
growth inhibition [40]. Another gene, SFRPI, is a tumor
suppressor gene that inhibits cell proliferation, migration,
and invasion, and mediates apoptosis of CRC cells [41].
Methylation of OSMR and SFRPI genes was shown to be
significantly higher in CRC and adenoma than in normal
plasma samples [21, 42]. Furthermore, VIM gene, a target
of epigenetic modifications, is frequently methylated in
CRC. VIM methylation was shown to be higher in CRC
plasma compared to normal samples with a sensitivity of
59% and specificity of 93% (AUC=0.81) [43]. All men-
tioned markers are reported to be methylated in CRC
tissues, blood, and/or stools [44]. Overall, these markers
showed promising results in the detection of CRC and
thus require further validation in larger cohorts. Other
less frequently described candidate markers that require
further investigation and validation include B4GALT1
[45], WIFI [46], JAM3 [47], EYA4 and TACI [20],
PCDH18 [48], NEUROGI [49], TMEFF2 and NGFR [22],
NDRG4, GATAS, FOXE1, and SYNEI [50], C90orf50 and
THBD [51], HIC, CYCD2, and VHL [52], and hypometh-
ylated LINE-1 [53].

Several studies investigated the diagnostic performance
of a panel of methylated genes and showed that the
simultaneous analysis of multiple hypermethylated circu-
lating DNA is more sensitive in detecting CRC than the
individual markers. Multiple studies showed that a panel
of methylated genes containing mSEPT9 might be prom-
ising in the detection of precancerous lesions and early-
stage CRC. The simultaneous analysis of methylated
SEPT9 and SDC2 increased the sensitivity for all stages
and for each stage without significant effect on specific-
ity [16, 17]. In addition, sensitivity of AA detection was
higher for the combinatorial markers (47.8%) than for
each marker individually (12.1% for SEPT9 and 43.5% for
SDC2) [17]. These studies have shown that methylated
SEPT9 and SDC2 panel might be one of the best com-
binations for early CRC screening. Analysis of BCAT1
and IKZF1, simultaneously, showed a sensitivity of 77%
for CRC at a specificity of 92.4%. This model improved
the detection rate of CRC with a small decrease in the
specificity (BCATI sensitivity: 64.9%, specificity: 96.5%;
IKZF1 sensitivity: 67.6%, specificity: 95.1%) [32]. A recent
study reported the test performance of different meth-
ylation target combinations (BCATI/IKZF1, BCAT1/
IRF4 (Interferon regulatory factor 4), IKZF1/IRF4, and
BCATI1/IKZF1/IRF4) and showed that the best sensitiv-
ity (73.9%) was achieved using the three gene markers
(BCAT1/IKZF1/IRF4) with a specificity of 90.1% and an
AUC of 0.82. In addition, the positivity rates for detecting
AA and non-advanced adenoma (NAA) were the highest
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in this panel although remaining very low (15.7% for
AA, 9.3% for NAA) [33]. However, more than one study
showed that the use of a single positive PCR replicate for
methylated BCATI can yield false positive results [33,
54]. To overcome this, Young et al. used a “BCAT1 repli-
cate rule” that states that a specimen is positive if at least
two PCR replicates were positive for BCAT1 (along with
at least one positive PCR replicate for IKZF1 or IRF4).
In this way, the false-positive rate for CRC significantly
decreased from 9.9 to 5.9% without any significant effect
on sensitivity, but it significantly decreased the sensitiv-
ity of AA detection from 15.7 to 11% [33]. Furthermore,
age (=70 years) and cell free DNA vyield were significant
independent factors associated with the detection of
methylated BCAT1/IKZFI in the patients with no CRC
[54]. Another study showed low sensitivity of BCAT1/
IKZFI1 in detecting sessile serrated adenomas/polyps
(SSP) (8.8%) and when combined with FIT, it remained
low (26.5%) but still higher than FIT alone (16.3%) [55].
The combined analysis of ALX4, BMP3 (bone mor-
phogenetic protein 3), NPTX2 (neuronal pentraxin 2),
RARB (retinoic acid receptor beta), SDC2, SEPT9, and
VIM displayed a sensitivity of 90.7% for all CRC stages
and 88.7% for stages 1/II using a model accounting for the
covariates female gender and age greater than 66 years
however, with a p value>0.05 [13]. This logistic regres-
sion model was considered the most applicable among
17 developed models in the study since it contained a
limited number of genes and it did not differ from the
model produced by another method which is Penal-
ized regression using Firth’s method. Interestingly, in
this study, they showed the low sensitivity to some indi-
vidual markers, reiterating the importance of a panel of
genes as diagnostic biomarkers [13]. Moreover, Tanzer
et al. proved that the combined analysis of methylated
SEPTY9 and ALX4 was highly significant in the detection
of advanced precancerous colorectal lesions with a 71%
sensitivity and a 95% specificity. This study presents an
approach for the detection of precancerous lesions using
methylated markers in plasma of CRC patients; however,
it should be validated on a larger cohort [23]. In addi-
tion, a panel of 80 hypermethylated markers detected
by methylated CpG tandem amplification and sequenc-
ing (MCTA-Seq) method distinguished early-stage CRC
patients from normal individuals with 74% clinical sensi-
tivity and 90% specificity. These markers included known
ones like SEPT9 and IKZF1 and novel ones including
TJP2 (tight junction protein 2) and GATM (glycine ami-
dinotransferase, mitochondrial) [56]. Another study
distinguished CRC from normal controls through 9
methylated markers with 87.5% sensitivity and 89.9%
specificity (AUC =0.96) in the training cohort, and 87.9%
sensitivity and 89.6% specificity (AUC=0.96) in the
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validation cohort, by constructing a combined diagnos-
tic score (cd-score). They then showed that cg10673833
displayed the best diagnostic performance with AUC of
0.904 and 0.91 for training and validation cohort, respec-
tively [57]. Moreover, Sui et al. reported that the meth-
ylation of specific CpG sites in plasma can be used as an
early CRC detection model. The selected CpG sites were
based on enrichment of CRC-related methylated varia-
tion signal, based on the 450 K microarray data of CRC
samples, normal samples and white blood cells from
The Cancer Genome Atlas (TCGA) and Gene Expres-
sion Omnibus (GEO) datasets. These ctDNA methyla-
tion markers had a sensitivity of 88.6% and a specificity
of 89.3% (AUC=0.943) in a training set composed of 149
CRC and 149 healthy controls, and a sensitivity of 83.6%
and a specificity of 91.9% (AUC=0.934) in the test set
composed of 67 CRC and 74 healthy controls. The sensi-
tivity increased with higher CRC stages in both the train-
ing and test sets. The performance of the model in the
unmatched population was similar to that of the matched
population in detecting the different CRC stages. In addi-
tion, this model had higher sensitivity when compared
to SEPT9 model (41.2%) with a comparable specificity
making it a more promising approach in the early detec-
tion of CRC [58]. In addition, a panel of 13 methylated
DNA markers (FER1L4, VAV3, CHST2, DTX1, PDGFD,
SMBT2, QKI, ZNF568, ANKRD13B, ZNF671, CNNM1,
GRN2D, and JAM3), in the plasma of 97 CRC and 200
controls, detected all stages of CRC with a sensitivity of
77%, a specificity of 95%, and AUC of 0.91, higher than
that of each marker and than that of CEA. Upon adding
CEA to the panel, AUC did not improve [59]. Moreover, a
panel consisting of methylated SFRP1, SFRP2, SDC2, and
PRIMAI (proline-rich membrane anchor 1) genes might
allow noninvasive detection of colorectal adenoma and
cancer from plasma samples, where they displayed higher
sensitivities than that of the individual genes. This panel
distinguished CRC patients (n=47) from normal ones
(n=37) with a 91.5% sensitivity and a 97.3% specificity
(AUC=0.978), and adenoma samples (n=37) with a sen-
sitivity of 89.2% and specificity of 86.5% (AUC=10.937)
[38]. Other described panels that might be valuable diag-
nostic biomarkers for CRC detection include SEPT9 and
OSMR [21], SEPT9 and TACI [20], HIC/CYCD2/VHL
[52], APC/MGMT/RASSF2A/WIF1 [46], SYNEI and
FOXE1 [50], WIF1/NPY/PENK [60], THBD and C90rf50
[51], and FAMI123A/GLI3/PPPIR16B/SLIT3/TMEM90B
[61]. Overall, these studies have shown that the use of
marker panels is of high accuracy in the detection of CRC
and is more promising than the use of single markers.
Most of the studies analyzed methylation status of the
genes in CRC tissues by microarray analysis, [llumina
methylation array, or MSP then, validated the results in
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the plasma and/or serum by MSP dependent assays. Sev-
eral studies reported different sensitivities/specificities
of the same diagnostic methylated marker. Differences
in marker performance might be due to differences in
ethnicity, choice of control population, sample type, or
DNA extraction methods. Other frequently reported
markers include APC, CDKN2A, HLTE MLHI, HPPI,
RUNX3, and SHOX2, and less frequently described mark-
ers include TMEM240, AKAP12, BNC1, BRCA1, CDH],
CDH4, CRABPI1, DAPKI1, DLCI1, ERCCI1, FBN2, FGF2,
FHIT, GRASP IRF4, ITGA4, LRR3CB, MAL, NELLI,
PCDHI10, PDX1, PHACTR3, PPENK, RASSF1A, SMAD4,
SOX21, SPG20, SST, TFPI1, and WNT5A, some of which
showed high sensitivities, therefore, supporting their
further investigation and validation [62]. These markers,
along with the previously described ones, were investi-
gated in multiple studies, but we did not include them
since ROC curves were not established to validate their
diagnostic performance.

DNA methylation as a biomarker for CRC prognosis

and prediction

DNA methylation has been also explored as a potential
biomarker for CRC prognosis and therapy prediction
whereby it can predict the overall cancer outcome and
recurrence of the disease as well as the effectiveness of a
treatment. Most of current CRC prognostic and predic-
tive biomarkers are mainly tissue derived and vary due
to intratumoral heterogeneity as well as heterogeneity
between metastases. Increased prognostic severity of
CRC has been identified with increase in tumor tissue
staging (TNM staging), presence of BRAF mutation espe-
cially V600 mutation [63], microsatellite stability due to
activation of the mismatch repair genes as compared to
microsatellite instability [64], and presence of mutations
in SMAD4 and APC genes [65, 66]. However, analysis of
multiple biopsies is not feasible in the clinical routine,
and this is unsuitable for neoadjuvant treatment deci-
sions which makes these markers inefficient. Computed
tomography is a method for disease assessment, but
it cannot be used routinely since this radiation method
cannot be repeated frequently as an instant test.

As for blood markers, higher ctDNA levels (especially
KRAS, APC and TP53 mutations) have been reported
with poor outcome [67, 68] and elevated neutrophil-to-
lymphocyte ratio has been associated with short overall
survival (OS) and progression-free survival (PFS) after
treatment in CRC patients [69, 70]. However, CEA is the
main current serum marker to assess recurrence espe-
cially every 3 months post-surgery for CRC patients with
stage II or III [71] or to have intensive follow-up every
3—6 months for CRC along with CT every 3—12 months
[72]. CEA is more sensitive to advanced stage CRC than
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early stage CRC, which restricts its use for many surgical
patients [73]. Despite these examinations, novel prognos-
tic, and predictive biomarkers such as methylated ctDNA
that are easily detected are needed (Table 2).

The HPPI gene (hyperplastic polyposis 1) encodes a
transmembrane protein that is frequently methylated in
colorectal tumors [74]. Another gene HLTF (helicase-like
transcription factor) encodes for a SWI/SNF family pro-
tein with both helicase and E3 ubiquitin ligase activities
and is also common target for methylation and epigenetic
gene silencing in colon cancer [75]. Both methylated ctD-
NAs of these genes were extensively studied prospec-
tively pretherapy in the serum of CRC patients in several
cohorts. They were associated with low OS especially in
stage IV CRC [76, 77]. In another study, methylation of
HLTF and HPPI in serum were significantly correlated
not only with more advanced stages of CRC but also
with high levels of lactate dehydrogenase (LDH) release
as a surrogate marker for cell damage [78]. Moreover,
plasma levels of methylated HPP1 (mHPPI) ctDNA in
a large cohort of metastatic CRC patients was detected
before treatment with a combination therapy contain-
ing a fluoropyrimidine, oxaliplatin and bevacizumab and
then became undetectable after 2—3 weeks of therapy
[79]. The baseline level of mHPP1 ctDNA correlates with
poor OS, while its low level after the first treatment cor-
related with reduced risk of progression. mHPP1 ctDNA
differentiates between responders and non-responders
to therapy as determined by the radiological staging
after 12 or 24 weeks (AUC=0.77 or 0.71, respectively).
Hence, mHPPI1 ctDNA might be a predictive biomarker
for monitoring response to first-line therapy and switch-
ing therapy protocols even before doing radiological
staging. Furthermore, methylated HLTF ctDNA in pre-
therapy sera of 106 patients curatively resected for CRC
were associated with poor outcome and a relative risk
of disease recurrence [80]. Hence, it was concluded as a
predictor of disease recurrence in CRC even though with
Philipp et al. 2012, mHLTF ctDNA failed to detect iden-
tify high risk groups in the UICC II and III subgroups
[76].

Methylated SEPT9 (mSEPT9) ctDNA has been also
discussed as a prognostic and predictive CRC biomarker.
High levels of mSEPT9 ctDNA is a prominent biomarker
for CRC recurrence as shown by more than one study
[19, 81]. Elevated level mSEPT9 detected in postoperative
sera of CRC patients (stages I-III) after one year follow-
up and its dynamic change from one week before sur-
gery to last follow-up were found to be an independent
predictor of tumor recurrence [81]. mSEPT9 was even
a better biomarker for recurrence than CEA where its
level at one year showed an earlier lead time advantage
of more than 2 months compared to concurrent serum
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CEA. The combined detection of mSEPT9 and contrast
enhanced CT enhanced the sensitivity (positive detec-
tion rate for both is 95.2%) for recurrence monitoring in
CRC after radical surgical resection [19]. Furthermore,
hypermethylation of SEPT9 in the plasma of postop-
erative CRC patients was associated with lower OS and
its dynamic increment after surgery correlated with a
higher mortality rate and the presence of metastasis [18].
A recent study on mSEPT9 that used multiple probes
for 10 selected subregions of SEPT9 revealed that posi-
tive detection of these markers in postoperative (within
2 weeks) plasma of CRC patients associate with poorer
recurrence-free survival. The capacity of these mSEPT9
markers to predict recurrence did not change upon
stratifying the patients according their use of adjuvant
chemotherapy but it was affected when dividing patients
according to stage (localized, stage II, or stage III CRC)
[29]. Detection of positive mSEPT9 ctDNA in the plasma
of CRC patients even at baseline before surgery was cor-
related with higher risk of death after surgery and shorter
PFS and OS [82, 83].

In addition, NPY gene (neuropeptide Y) is methylated
at high frequency in CRC [84] and it encodes a neuro-
peptide involved in cell motion and proliferation in CRC
[85]. High baseline levels of methylated NPY (mNPY)
ctDNA in plasma of metastatic CRC patients before
treatment with regorafenib, oral multi-kinase inhibi-
tor, was correlated with shorter OS. Its measurement
was shown to be better even than measuring mutated
RAS/RAF ctDNA since it could be measured in almost all
patients irrespective of mutational status [86]. Changes
in the longitudinal levels of mNPY ctDNA in these meta-
static CRC may predict early effect and later progression
which is in line with Garrigou et al. who was the first to
analyze the hypermethylation of NPY ctDNA in different
stages of CRC in a follow up setting [87]. A recent study
revealed that high levels of mNPY ctDNA in pretherapy
serum samples taken from locally advanced rectal cancer
patients was correlated with higher risk of death and dis-
tant disease [88]. Additionally, elevated levels of mNPY in
plasma of metastatic CRC patients before treatment with
5-fluorouracil, oxaliplatin, and bevacizumab was also
correlated with shorter OS and PFS [89]. Another studied
methylated ctDNA is that of RASSFIA gene (RAS associ-
ation domain family protein 1) which is a tumor suppres-
sor thought to regulate cell proliferation and apoptosis
and its expression is reported to be lost in CRC mainly
by hypermethylation [90, 91]. Promoter methylation of
RASSFIA in blood was reported to be a prognostic bio-
marker for patients with stage II and III CRC treated with
oxaliplatin-based chemotherapy [92]. Similar results were
also identified in serum but with more pronounced nega-
tive impact on survival of metastatic CRC patients [93].
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Hypermethylation of these two genes IKZFI and
BCATI in plasma of CRC patients after surgery increased
their risk of residual disease and subsequently the risk
of recurrence [94]. Several studies have explored the use
of these 2 methylated ctDNA in plasma of CRC patients
who are in remission or after treatment in order to detect
recurrence [95-97]. The sensitivity and the odds ratio of
these two methylated ctDNA test for recurrence were
significantly higher than the sensitivity of CEA. Upon
adjusting for other predictors of the presence of recur-
rence, a positive methylated ctDNA of BCATI and IKZF1
was an independent predictor (odds ratio, 155.7; 95% ClI,
17.9-1360.6; p<0.001) in plasma of CRC patients either
during surveillance or within 12 months of the confirma-
tion of recurrence [96].

Other prognostic and predictive methylated ctDNA
biomarkers that were mentioned only in a single study
were methylated ctDNA of somatostatin (SS7), tachy-
kinin-1 (TACI) and adenomatous polyposis coli (APC).
Two genes that are usually downregulated in CRC were
studied as circulating methylated biomarker: SST gene
encodes a well-characterized gastrointestinal neuroendo-
crine and growth regulatory peptide that acts as a tumor
suppressor gene and its promoter is silenced in CRC [98].
High methylation of SST ctDNA in sera of CRC patients
who only underwent elective curative surgical resection
is associated with low cancer-specific survival especially
in stage III and with low DEFS as well as higher risk of
recurrence [99]. Patients having hypermethylation levels
in their serum of APC gene (encodes tumor suppressor
that destabilizes and degrades B-catenin) preoperatively
and TACI gene (encodes a neuroendocrine gastrointes-
tinal peptide) at 6-month follow-up had unfavorable OS
particularly in early stage CRC and poor DFS respectively
(81, 93].

Panels of methylated ctDNA were examined to predict
the prognosis of CRC patients. A recent study of a panel
of 13 methylated DNA (FERIL4, VAV3, CHST2, DTXI,
PDGFD, SMBT2, QKI, ZNF568, ANKRDI13B, ZNF671,
CNNM1, GRN2D, and JAM3) in plasma from 40 cases
and 60 healthy controls detected recurrent/metastatic
colorectal cancer especially in patients with liver or lung
metastasis, with 90% sensitivity, 90% specificity, and an
AUC of 0.96 [59]. A five gene prognostic methylation
panel consisting of MYOIG, CALML4, GCET2, KLF3,
and ATXNI genes were identified using targeted bisulfite
sequencing of 801 CRC patients and 1021 healthy con-
trols after marker selection based on comparison of CRC
tissue DNA methylation data from TCGA and normal
blood leukocyte methylation data from an aging study
[57]. In spite of the inconsistencies in sample types of
CRC and controls that might increase data deviation in
marker screening, Luo et al. built a prognostic prediction

Page 19 of 25

model using the five genes and formulated combined
prognosis score (cp-score) that takes into consideration
the training and validation datasets. High cp-score in
plasma of CRC patients was associated with poor prog-
nosis and was an independent prognostic risk factor in
a multivariable analysis in both training and validation
cohorts. This cp-score was even superior to other prog-
nostic risk factors (CEA status, TNM stage, and primary
tumor location) [57]. Another five gene methylation
panel of EYA4, GRIA4, ITGA4, MAP3KI14-AS1, MSC
genes was first discovered in genome-wide methylation
microarrays of CRC cell lines and validated in tumor
tissue and ctDNA from metastatic CRC patients [100].
Hypermethylation of this panel in the pretherapy plasma
of metastatic CRC patients receiving regorafenib treat-
ment was associated with worse OS and increased risk of
progression, while its level during regorafenib treatment
or its dynamic change was correlated with shorter PES
[101]. Hence its longitudinal assessment as a dynamic
biomarker could be utilized relatively early during the
treatment of metastatic CRC patients, before radiological
assessment, to identify those with a negative prognosis.

Challenges and recommendations

Detection of circulating tumor-derived methylated DNA
biomarkers in CRC might help in diagnosis, progno-
sis, and prediction (Fig. 1). Since methylated ctDNA is a
stable molecule with high clinical sensitivity and ease in
detection in a minimally invasive manner, several stud-
ies have investigated the performance of a single or a
panel of such potential blood-based markers, but further
essential standardization and fine-tuning are required.
Some studies followed checklists to ensure complete and
transparent reporting such as the REMARK (REporting
recommendations for tumor MARKer prognostic stud-
ies) consisting of 20 items to report for published tumor
marker prognostic studies [88], STROBE-ME (STrength-
ening the reporting of OBservational studies in Epide-
miology—Molecular Epidemiology) including 22 items
to be reported in epidemiological studies [102], STARD
(STAndards for the Reporting of Diagnostic accu-
racy studies) initiative that lists 30 items for diagnostic
accuracy studies [103, 104] and TRIPOD (Transparent
reporting of a multivariable prediction model for indi-
vidual prognosis or diagnosis) which is 22 checklist items
deemed essential for transparent reporting of a predic-
tion model study [105]. However, none of them go into
thorough technical molecular details that are essential for
identifying biomarkers (Fig. 2).

To begin with, the methodology for methylated
ctDNA processing, isolation and quantification should
be fully adjusted. A recent systematic review that dis-
cusses the methodological factors influencing recovery
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Adenoma: SFRP1, SFRP2,
spcz

CRC: SEPTY, BCAT1, IKZF1,
SDC2, ALX4, SFRP1, SFRP2,
OSMR, NDRG4, VIM

mmmmm

Recurrence: HLTF, SEPT9
Pre-Surgery/Therapy:
HPP1, HLTF, NPY, APC,
RASSF1A, PBX3
Post-Surgery/Therapy:
SEPTS, BCAT1, IKZF1, SST,
TAC1

Circulation
Fig. 1 Summary of potential methylated ctDNA in colorectal
cancer patients as diagnostic, prognostic, and predictive circulating
biomarkers. This figure was designed using some images from
Servier Medical Art by Servier, licensed under a Creative Commons
Attribution 3.0 Unported License (https://smart.servier.com/)

and quantification of circulating free DNA has devel-
oped recommendations for optimal conditions regard-
ing blood specimen type, storage conditions of blood
and time to processing, centrifugation speed and time,
and method of ctDNA isolation and quantification [106].
The choice of plasma or serum can affect the levels of
ctDNA. Higher levels of ctDNA seem to be present in
serum compared to plasma due to contamination from
genomic DNA which are large DNA shedding from leu-
kocyte lysis during the clotting process. A study in 2020
using digital droplet PCR revealed that ctDNA was less
frequently detected in serum of cancer patients than
that in plasma where tumor-derived DNA is less diluted
[107]. Processing of blood sample should be within 6 h
and double centrifugation are needed [108]. This step
is crucial to be done as quick as possible especially that
methylated ctDNA is highly influenced by the proportion
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of cell types present in the blood sample [109]. Choosing
the best method to detect DNA methylation must take
into consideration: amount of DNA needed, robustness
and simplicity of the method and cost. Several methods
were reported in the different sections of this review.
A recent review has compared four commonly used
methylation methods: methylation-specific restriction
endonucleases (MSRE) analysis, pyrosequencing, methyl-
ation-specific high-resolution DNA melting (MS-HRM)
and quantitative methylation-specific polymerase chain
reaction (qMSP) [110]. They concluded that pyrose-
quencing and MS-HRM are the most convenient meth-
ods. Pyrosequencing analyzes every methylated region
in a chosen location, but it is a bit costly. MSHRM is a
quick, cheap, very accurate and easy PCR-based method.
On the other hand, MSRE is an expensive assay not suit-
able for intermediately methylated regions. Its analysis is
based on a methylation-specific digestion of DNA that
does not need DNA bisulfite conversion as the other
methods. qMSP is the least accurate and time-consuming
method especially that its primers are designed specifi-
cally for methylated and unmethylated alleles of a cho-
sen region. Other enhanced methods were developed
like MethyLight PCR that amplifies bisulfite-converted
DNA in combination with fluorescently labeled probes
that hybridize specifically to a predefined DNA meth-
ylation pattern. Combination of multiple biomarkers has
been used to improve sensitivity of diagnostic tests such
as ColoDefense assay which is multiplex gPCR that was
used to detect the methylation of SEPT9 and SDC2, from
purified bisulfite-converted DNA, simultaneously [16,
17]. Recently, digital droplet PCR has been reported to

a
Test Group

Validation Group

Charact-
eristics

- Type: Serum/plasma
Sample - Timepoints: pre/post-operative, pre/post-therapy

Collection

- Storage condition
- Time for processing
- Centrifugation speed and time

Sample
Processing

Methylated
ctDNA
Selection

- Literature/tissue based
- Single/panel ctDNA

Methodology

ctDNA
Isolation

- Method

- PCR-based
Methylation | - NGS-based
Quantification/ - Different promoter

subregions for a single ctDNA
Data
Analysis | ~ROCcurve
- Survival analysis
- Univariate/multivariate Cox regression

Fig. 2 Guidelines for identifying methylated ctDNA optimal biomarker for CRC
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be more sensitive than real time PCR for detection of low
abundant targets such as methylated ctDNA with higher
precision, greater accuracy, and technical simplicity
[111]. It might be a better technology to detect AA since
detection of abnormal methylation in blood depends on
the methylation level in abnormal tissue and the amount
of DNA that can be released into circulation from cell
turnover [82, 110]. Another novel way to improve the
detection rate of methylated ctDNA is to use multiple
DNA methylation markers of different subregions in the
promoter rather than one subregion as done by Jin et al.
for SEPT9. As such, testing multiple DNA methylation
markers will overcome any variations in DNA methyla-
tion patterns and make it more sensitive particularly in
patients with early-stage cancer or early in recurrence
[29]. Notably, this method of multiple markers was even
more sensitive in postoperative and follow-up plasma
samples than targeted NGS covering 532 cancer-related
genes for plasma ctDNA detection.

In addition to that, most of the studies identifying
blood-based methylated DNA biomarkers were exam-
ined on a small size of patients of different characteris-
tics but on specific ethnic groups. A study has shown that
the global leukocyte DNA methylation can differ by gen-
der and race/ethnicity in peripheral blood which should
be taken into consideration when choosing a biomarker
[112]. For instance, most of the studies on HLTF and
HPPI methylated ctDNA were done in the same ethnic
groups in Germany which should be further validated
in other ethnic groups. Studies have shown that DNA
methylation detected in CRC tissues could be divergent
between different populations [113, 114]. For example, a
study conducted on 51 Iranian and 51 African-American
CRC tissues showed that the latter had higher GPNMB,
ICAMS, and CHDS promoter methylation levels than
Iranians [115]. Even though these studies were done on
tissues, some studies showed concordance between cir-
culating ctDNA and tumor tissue methylation profile of
specific genes. When comparing the methylation status
between tissues and their matched plasma/serum, some
markers showed high concordance like RUNX3 (94.4%)
and SFRPI (94.3%) [116] while others showed low con-
cordance like OSMR (48%) [42]. Moreover, SEPT9
showed a positive correlation between tumor tissues and
their matched plasma with a p-value of 0.001 [21] and
NEUROGI showed a positive correlation between tumor
tissues and their matched serum in 18 out of 35 samples
[49], suggesting that some methylated ctDNA might be
accessible biomarkers for CRC detection in circulation.
In addition, DNA methylation pattern might be affected
by the age of the studied population. As mentioned pre-
viously, a model of seven methylated gene promoter
regions (ALX4, BMP3, NPTX2, RARB, SDC2, SEPT9, and
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VIM) and the covariates, female gender, and age greater
than 66 years, had the ability to distinguish colorectal
patients from healthy individuals [13]. Another study
showed that CRC subjects older than 60 years had signifi-
cantly higher methylation levels of SEPT9 in the plasma
as compared to the younger subjects (40.1% vs 24.2%)
[25]. On the other hand, the presence of methylated
NDRG4, GATAS, FOXEI, and SYNEI in plasma was not
associated with age and gender [50]. Hence, further vali-
dation studies must be performed on a larger sample size
of different ethnicities, different age groups, and specific
characteristics (receiving specific treatment or with spe-
cific mutations or of particular stages). Some of studies
were restricted by a relatively short clinical follow-up, so
further investigations with longer clinical monitoring are
still required to assess the reliability of prognostic bio-
markers in clinical decision-making for patients. In the
studies investigating the prognosis of methylated ctDNA,
defined blood sampling intervals are required to clarify
the best time to determine the ctDNA status in terms
of predicting. For example, direct postoperative level of
methylated ctDNA may be affected by severe inflamma-
tion or stress after surgery which may lead to increased
cell turnover rate and subsequently temporary increase
of methylated ctDNA level [82]. Thus, longitudinal moni-
toring post-resection must be done for each biomarker.
Since CRC recurrence and tumorigenesis, may develop
through various pathways, different methylation markers
become detectable at different time frames, so a combi-
nation panel of methylation markers rather than single
one for monitoring is required [81].

Interestingly, for prognostic and predictive methyl-
ated ctDNA, each study investigating utilized a different
method other than multivariate analysis to increase the
robustness of these markers. Akaike information crite-
rion (AIC) was used to compare different Cox models by
evaluating the performance of models either combining
any of the parameters or testing parameters alone [76,
79]. Small AIC indicates better models. For instance, a
study compared a model including established clinical
parameters alone, like the mutational status, grading,
Eastern Cooperative Oncology Group performance sta-
tus, and tumor load or in combination with the mHPPI
ctDNA and/or CEA levels in blood sample before and
after therapy [79]. Another powerful statistical tool
called the propensity score (PS) method was used to
decrease the likelihood of confounding bias when ana-
lyzing observational data from a cohort study in order to
obtain results closer to a completely randomized control
study [117]. This score is more practical and statistically
more efficient than other conventional strategies such
as matching on covariates, stratified analyses, or multi-
variate statistical methods [118]. Another method that
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discriminated accurately between patients of different
prognosis was combined prognostic score that multi-
plies the unbiased coefficient estimates (from the trained
model) and the marker methylation value matrix in both
the training and validation datasets [57].

Conclusion

Based on this review, methylated ctDNAs have a promis-
ing future as a circulating biomarker for CRC diagnosis,
prognosis, and prediction. Therefore, these biomarkers
could help us improve CRC early detection and patient
care and surveillance after large-scale clinical trials and
validations. This minimally invasive liquid biopsy bio-
marker still requires not only optimization and stand-
ardization of blood collection, ctDNA isolation, and
quantification but also the evaluation of its performance
as a biomarker to encourage its use in clinical practice.
The performance of the biomarkers is affected by the cut-
offs considered to determine the sensitivity and specific-
ity, the statistical analyses between the biomarker and
the needed outcome, the low sample size as well as the
ethnic and age group of the participants. Furthermore,
the development of algorithms or scores, which increase
the robustness of these markers through taking into con-
sideration the confounding factors, will be a further tool
to improve the current efficacy of this biomarker. Finally,
more research is needed to find the predictive role of cir-
culating DNA methylation since little is reported on this
rising potential.
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