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Abstract

Colorectal cancer (CRC) is the second leading cause of cancer death worldwide that

is attributed to gradual long-term accumulation of both genetic and epigenetic

changes. To reduce the mortality rate of CRC and to improve treatment efficacy, it

will be important to develop accurate noninvasive diagnostic tests for screening,

acute and personalized diagnosis. Epigenetic changes such as DNA methylation play

an important role in the development and progression of CRC. Over the last decade,

a panel of DNA methylation markers has been reported showing a high accuracy and

reproducibility in various semi-invasive or noninvasive biosamples. Research to

obtain comprehensive panels of markers allowing a highly sensitive and differentiat-

ing diagnosis of CRC is ongoing. Moreover, the epigenetic alterations for cancer ther-

apy, as a precision medicine strategy will increase their therapeutic potential over

time. Here, we discuss the current state of DNA methylation-based biomarkers and

their impact on CRC diagnosis. We emphasize the need to further identify and strat-

ify methylation-biomarkers and to develop robust and effective detection methods

that are applicable for a routine clinical setting of CRC diagnostics particularly at the

early stage of the disease.
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1 | INTRODUCTION

Colorectal cancer (CRC) is the third most common malignancy with an

increasing incidence in developing countries.1 CRC screening pro-

grams for early detection lead to a considerable decrease in incidence

and mortality.2

Colonoscopy and the fecal immunochemical test (FIT) are widely

used for CRC screening.3 Both have their limitations. On the molecu-

lar side improved screening methods for genetic alterations (gene

panels or whole-exome sequencing) involved in CRC, which can be

used as diagnostic tests on tumor-derived DNA found in blood and

stool have been developed.4 Gene expression and DNA methylation

analyses complement the current route for CRC molecular diagnosis.

CRCs are divided into four consensus molecular subtypes (CMS)

that have distinct clinical features. The CMS1 tumors are character-

ized by a strong antitumor immune response and widespread pro-

moter hypermethylation in tumor suppressor genes such as MutL

homolog-1 (MLH1). The CMS2 tumors are defined by high activity in

Wnt and MYC signaling. CMS3 tumors are identified by KRAS-activat-

ing mutations and metabolic dysregulation, whereas the hallmark of

the CMS4 tumors is upregulation of the TGFβ pathway.5,6

Epigenetic modifications play a pivotal role in the pathogenesis of

various cancers, including CRC,7 with DNA methylation being the

most broadly considered epigenetic alteration. In general, genome-

wide hypomethylation is often observed in cancer cells accompanied

by local, specific changes (usually hypermethylation) at regulatory

sequences like promoters or enhancers. These changes which often

coincide with altered gene expression serve as cancer-specific

biomarkers.8

A number of studies have elucidated important links between epi-

genetic abnormalities and genetic alterations in CRC. For example,

microsatellite instability (MSI), a hallmark of CRC that arises from a

deficiency in the DNA mismatch repair (MMR) system, is caused both

by genetic mutations of the MMR genes and by MLH1 gene silencing

due to hypermethylation of their promoter(s). Moreover, global hypo-

methylation can result in chromosomal instability (CIN) in CRC.9 Most

cases of CRC develop from CIN, whereas only 10% to 15% of CRCs

result from defects in the MMR system.10

Epigenetic differences among patients can affect the fate of

CRCs. A comprehensive understanding of the effects of epigenetic

alterations on CRC pathophysiology will open the doors for discovery

of new diagnostic and prognostic biomarkers and therapeutic targets.

A simultaneous quantification of both genetic and epigenetic

changes in colon epithelial cells can assist to estimate the abundance

of CRC subtypes and thus enable clinicians to design an effective per-

sonalized therapy.11,12 For example, coincidence of KRAS mutations

and p16 promoter methylation are associated with a metastatic phe-

notype,11 and tumors with BRAF mutations that contain six hyper-

methylated genes with tumor-suppressive functions may enable

patients to use re-expression treatment with demethylating agents

such as 5-azacitidine in order to delay cancer progression.12 However,

the majority of demethylating agents is not specific and might result

in widespread hypomethylation and production of unwanted effects

such as induction of oncogenes.13 Hence, the drugs that inhibit DNA

methylation must be administrated at doses possessing antitumor

potential with reduced side effects.

In this review, we first highlight clinical applications of DNA

methylation biomarkers that have the greatest potential for improving

diagnosis, prognosis and prediction of treatment responses in CRC.

Finally, we discuss the expanding evidence that supports DNA meth-

ylation changes as a potential therapeutic target for the development

of CRC epigenetic therapies, which could form the basis of future pre-

cision medicine strategies.

1.1 | DNA methylation in carcinogenesis

Genome-wide hypomethylation is one of the first abnormal methylation

events that changes the methylation signature of cells in many tumors

including CRC. Global and progressive DNA hypomethylation, especially

in repetitive sequences, is frequently observed in the genome of human

tumors14 and has been implicated in different stages, from the adeno-

matous polyp stage to adenocarcinomas and metastases.9 Hypomethy-

lation of long interspersed nucleotide element-1 (LINE-1) sequences can

lead to reactivation and mobilization of these retrotransposable ele-

ments, and thus can be linked to genomic instabilities such as MSI and

high CpG island methylator phenotype (CIMP-high) status.15,16

Promoter hypermethylation is associated with the silencing of

tumor suppressor genes17 and subsequent oncogenesis by influencing

pivotal cellular pathways like DNA repair, programmed cell death, cell

cycle regulation, angiogenesis and tumor invasion.14,18 Some well-

known tumor suppressor genes silenced by CpG island promoter

hypermethylation are RB1 in glioma, CRC and head and neck cancer;

hMLH1 in CRC and endometrial carcinomas; VHL in renal cancer and

CDKN2A in CRC, acute leukemia and lung cancer.19,20

Some generally well-known methylated and silenced genes in

CRC are vimentin (VIM), cadherin-1 (CDH1), MLH1, TIMP metallopep-

tidase inhibitor-3 (TIMP3), secreted frizzled related protein-1 (SFRP1)

and hypermethylated in cancer-1 (HIC1).17

In recent years, methylated syndecan-2 (mSDC2) and methylated

SEPT9 (mSEPT9) have been introduced as potential biomarkers for

noninvasive diagnosis of CRC.21-24

1.2 | Sources of alterations in DNA methylation

DNA methylation alterations appear to be caused by aging, chronic

inflammation and a diet that lacks vitamins and other nutrients.25

Abnormal DNA methylation occurs in the time of the transformation

of chronic inflammation into CRC. These alterations accelerate trans-

formation and furthermore lead to tumor progression and metastasis

through activating various signaling pathways that are implicated in

carcinogenesis.26 When chronic inflammation continues, immune sur-

veillance mechanisms fail and then the inhibition of antitumor immune

responses leads to tumor development.27 Patients who suffer from

chronic bowel inflammation have a much higher risk for CRC.26

There is a correlation between increased age and DNA hyper-

methylation.28 DNA methylation is an endogenous generator of
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mutations that increases DNA damage, which results in cell apoptosis,

aging and death.29 Several age-related DNA methylation alterations

may occur in genes that potentially participate in the transition from

adenoma to CRC. Among age-dependent genes, numerous tumor sup-

pressor genes (estrogen receptor-1 [ESR1], SFRP1 and SYNE1) appear

to be hypermethylated.10,30

Besides age, metabolic and nutritional factors are known to influ-

ence epigenetic mechanisms. The B-vitamins have a critical role in

DNA metabolism and are required for the synthesis of methyl donors,

methionine and S-adenosylmethionine, which are used to maintain

DNA methylation.31,32

One-carbon metabolism is a crucial biochemical pathway that

includes several dietary factors such as the B2, B6, B9 and B12 vita-

mins that influence local and genome-wide DNA methylation levels.31

Researchers investigated the association between dietary intake of

folate, alcohol and B-vitamins with global LINE-1 methylation levels in

patients with CRC. Using the genome-wide methylation levels at

LINE-1 as a global DNA methylation indicator, they noted that LINE-1

hypomethylation was more common among patients with low folate

levels and excessive alcohol consumption.33 Recently, Boughanem et

al reported high methylation of LINE-1 in CRC patients with low B12

vitamin levels.34 Also, evolutionary younger retroviral sequences like

Alu repeats contribute to the epigenetic landscape of colon cancer

cells.35 Alu elements tend to locate near regulatory sequences with a

functional impact on chromatin structure and gene regulation.36

As an additional environmental factor, stress exposure has been

analyzed and some studies suggest an association between behavior

problems such as posttraumatic stress disorder (PTSD), depression,

posttraumatic growth and resilience with DNA methylation. In these

studies, DNA methylation changes were observed in immune, dopa-

mine, hypothalamic-pituitary-adrenal axis and inflammatory

genes.37,38 How and if stress-induced DNA methylation changes also

contribute to cancer development remains unclear.

1.3 | Clinical applications of DNA methylation
biomarkers in CRC

Common diagnosis, prognosis and therapeutic predictive tests for

CRC have many drawbacks and limitations, including low sensitivity

and specificity combined with high invasive potential and increased

costs. Therefore, the development and detection of novel biomarkers

for the management of CRC are of utmost importance.39,40

Aberrant methylation of genes can reflect tumor stage and be

useful as diagnostic or prognostic biomarker.41 Below we highlight

some of the most extensively studied examples.

1.4 | DNA methylation biomarkers for the
diagnosis of CRC

New screening tests with high sensitivity and specificity along with

less invasive and cost-effective approaches have good potential for

replacing conventional methods for early cancer diagnosis.40 There is

an urgent need to identify reliable noninvasive biomarkers for cancer

screening due to the high recurrence rate in CRC patients.42 Cur-

rently, sensitive and semi-invasive tests have emerged to detect aber-

rant DNA methylation in CRC and adenoma.40

DNA methylation modifications mainly occur in the early stages

of cancer and may be used as early risk indicators for cancer.43 Until

now, aberrant methylation of various genes has been investigated in

the tissues and body fluids of CRC patients that may serve as poten-

tial biomarkers in CRC screening (Table 1, Figure 1). The list includes

genes related to the Wnt signaling pathway (adenomatous polyposis

coli [APC], AXIN2, Dickkopf Wnt signaling pathway inhibitor-1 [DKK1],

SFRP1, secreted frizzled related protein-2 [SFRP2], Wnt family mem-

ber-5A [WNT5A]); DNA repair processes (O6-methylguanine-DNA

methyltransferase [MGMT], MutS homolog-2 [MSH2]); cell cycle regu-

lation (CDKN2A and cyclin-dependent kinase inhibitor-2B [CDKN2B]);

and the RAS signaling cascade (Ras association domain family mem-

ber-1, isoform-A [RASSF1A] and Ras association domain family mem-

ber-1, isoform-B [RASSF1B]).67 Promoter hypermethylation at CDH1

is associated with CRC progression and their detection represents a

potential diagnostic tool for this malignancy.66

DNA methylation biomarkers like N-Myc, downstream-regulated

gene-4 (NDRG4) and bone morphogenetic protein-3 (BMP3), both

tumor suppressor genes, can be used for early CRC screening.68 A posi-

tive association of NDRG4 methylation with CRC and adenoma was

reported in several studies, with 27.8% to 81% sensitivity and 78.1% to

91.7% specificity in various sample types.53,54 Promoter methylation

analysis of the BMP3 gene in blood, stool and tissue samples showed

33.3% to 56.66% sensitivity and 85% to 94% specificity for CRC and

advanced adenoma (AA) diagnosis in multiple studies.53,57,58 In addition,

three DNA methylation markers (NDRG4, BMP3 and SEPT9) have been

included in FDA-approved tests for CRC screening.69

One of the most frequently studied noninvasive DNA methyla-

tion biomarkers for CRC diagnosis is promoter methylation of the

SEPT9 gene in plasma. SEPT9, a GTP-binding protein, is implicated in

actin dynamics, cytoskeletal remodeling, vesicle trafficking and exocy-

tosis. Multiple studies have investigated the diagnostic accuracy of

this biomarker in large cohorts of CRC patients, and the results indi-

cated a sensitivity of 48.2% to 95.6% and specificity of 79.1% to

99%.21,24,61 Epi proColon 2.0 CE, plasma-based test, detects SEPT9

methylation with a sensitivity and a specificity of 68.2% to 81.0% and

87.4% to 99.0%, respectively.70,71 The Epi proColon (SEPT9) test is

approved by the FDA.69

As mentioned earlier, mSDC2 is a potential biomarker under con-

sideration for diagnosis of CRC.22,23 The results of two studies

showed a sensitivity of 87% to 87.2% and 95.2% to 100% specificity

for mSDC2 in screening for CRC in serum or plasma.55,56 SDC2

encodes an integral membrane protein that participates in the pro-

cesses of cell proliferation, migration and cell-matrix interactions via

binding of its receptor to extracellular matrix (ECM) proteins.55 The

SDC2 promoter is hypermethylated in blood and fecal samples of CRC

patients.55,72 Additionally, mSDC2 showed a higher sensitivity for

detecting AA compared to mSEPT9.73

2070 FATEMI ET AL.
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In several studies, the aberrant methylation of SEPT9 and SDC2

was investigated in stool and plasma of CRC patients.74,75 The Colo-

Defense test is a new blood-based methylation assay for early CRC

screening, which combines methylation of two biomarkers (SEPT9

and SDC2) in a single reaction to improve the detection rate for

early-stage CRC and AA. Recent studies show that ColoDefense is a

potent, suitable and effective approach with high sensitivity and

specificity for early screening of CRC. The combined detection of

mSEPT9 and mSDC2 in serum has a high potential for semi-invasive

screening of CRC. Moreover, the stool ColoDefense test showed

higher sensitivity than either mSEPT9 or mSDC2 alone in detecting

AA and CRC.22,74,75

TABLE 1 Overview of promising epigenetic DNA methylation biomarkers used in diagnosis of CRC and adenomas

Gene Test
Sample
type Method

% Sensitivity
(range)

% Specificity
(range)

FDA

approval
(date) References

CDKN2A CRC Stool MSP 40 96.8 No 44

Blood MSP 27 100 No 45

Adenoma Stool MSP 24-31 84-96.8 No 44,46

MGMT CRC Stool MSP 48.1-51.7 100 No 47,48

Adenoma Stool MSP 28.6-48 73-100 No 46-48

MLH1 CRC Blood MSP, Fluorescence based real time

PCR assay

18.4-42.9 97.6-100 No 49,50

TFPI2 CRC Tissue qMSP 61 84 No 51

Stool qMSP 93.4 94.3 No 52

Adenoma Stool qMSP 81.3 94.3 No 52

NDRG4 CRC Stool MSP, nested MSP 68.8-76.2 80-89.1 No 53,54

Blood Nested MSP 54.8 78.1 No 54

Tissue Nested MSP 81 91.7 No 54

Urine Nested MSP 76.2 89.1 No 54

Adenoma Stool MSP 27.8 80 No 53

SDC2 CRC Blood Pyrosequencing, qMSP, CpG DNA

microarray analysis

87-87.2 95.2-100 No 55,56

BMP3 Adenoma Blood BS-HRM 40 94 No 57

Stool MSP 33.3 85 No 53

CRC Blood MSP, BS-HRM 40 30 No 57

Stool MSP 40 85 No 53

Tissue MSP 56.66 93.3 No 58

PRIMA1 CRC Blood Pyrosequencing, qMSP, BS-PCR 80.9 27 No 56,59

Adenoma Blood Pyrosequencing, qMSP 70.3 27 No

SEPT9 CRC Stool Microarray DNA methylation assay,

Pyrosequencing

20 NA No 60

Blood qMSP, Epi proColon® 2.0 CE assay 48.2-95.6 79.1-99 Yes (2016) 24,61

Adenoma Stool qMSP 83.3 92.1 No 62

Blood qMSP 11.2-22 78.8-91.5 No 24

SFRP2 CRC Stool MSP 60 92 No 63

Blood Pyrosequencing, qMSP, MSP 63.8-66-9 97.3-100 No 56

Adenoma Stool MSP 27.8-76 55-100 No 53

Blood Pyrosequencing, qMSP, MSP 6.4-81.1 73-100 No 56

Vimentin CRC Stool MSP, qMSP 38.3-81 82-95 No 64

Blood MSP 59 93 No 64

Adenoma Stool qMSP, MS-HRM. 33-83 93-100 No 65

CDH1 CRC Tissue MSP 87 74.2 No 66

Abbreviations: BS-HRM, bisulfite specific high resolution melting analysis; BS-PCR, bisulfite-sequencing PCR; MS-HRM, methylation-sensitive high-

resolution melting; MSP, methylation-specific PCR; qMSP, quantitative methylation-specific PCR.
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Additional hypermethylated biomarkers have been reported in

published studies. Proline-rich membrane anchor-1 (PRIMA1) hyper-

methylation encodes a membrane protein that has been reported in

plasma samples of colorectal adenoma and cancer patients, especially

those with advanced stage disease.56,59 Tissue factor pathway inhibi-

tor-2 (TFPI2) is a serine proteinase inhibitor that prevents tumor inva-

sion. Hypermethylation of this gene in some studies with high

sensitivity and specificity in different samples is associated with the

risk of colon cancer and adenoma.51,52 Another methylation bio-

marker that has been frequently described for noninvasive diagnosis

of CRC is the VIM gene. VIM encodes an intermediate filament protein

that, combined with actin-based microfilaments and microtubules,

makes the cytoskeleton. The diagnostic accuracy of this biomarker

might be higher in fecal than blood samples. For instance, one study

reported 90.7% sensitivity and 72.5% specificity for VIM methylation

in plasma isolated from 193 CRC patients.76 By contrast, in stool sam-

ples, the sensitivity was 60% with a specificity of 100%, with a high

positive predictive value (100%) for 79 patients.77 According to the

evidence-based practical application of VIM methylation in stool sam-

ples, this biomarker has also been commercialized as the ColoSure

test (LabCorp).78,79 However, according to Table 2, the ColoSure test

has not received FDA clearance or approval for CRC screening.

Parallel testing of more than one methylation biomarker (bio-

marker panels) can lead to higher sensitivity and specificity. Good

examples are the combined testing of IKZF1 and BCAT1 methylation

markers,80 the TriMeth (C9orf50, KCNQ5 and CLIP4) test developed

by Jensen et al, and the biomarker panel established by Rademakers

et al81 with the combination of three methylation markers (GDNF,

SNAP91 and NDRG4) and FIT for early detection of CRC.82

As CRC develops from a combination of genetic mutations and

epigenetic changes, studies have also investigated to use a combina-

tion of types of molecular biomarkers to improve diagnostic accuracy

for colorectal polyps and CRC.9 A number of promising combinations

of methylation biomarkers have been recommended for improved

diagnostic performance (Table 2). Cologuard is the first multitarget

stool DNA test approved by the FDA for CRC screening. This test

assesses KRAS mutations and BMP3 and NDRG4 methylation levels in

addition to an immunoassay for human hemoglobin.68,84 It has a

reported sensitivity and specificity of 92.3% and 86.6%, respec-

tively.68,85 More importantly, the results of one study showed that

Cologuard was significantly more sensitive than FIT (42.4% vs 23.8%)

for detecting AA or sessile serrated lesions that were ≥1 cm in size.86

Taken together, using epigenetic or the combination of genetic and

epigenetic biomarker panels seems to be a very promising strategy for

early CRC diagnosis.

1.5 | DNA methylation biomarkers for prognosis
and prediction of CRC

On the genome-wide level, various studies have shown that hypo-

methylation in retrotransposable elements, such as LINE-1, is associ-

ated with poor survival in CRC87,88 (Table 3, Figure 1). A notable

association has been found between hypermethylation of several

well-known tumor suppressor genes and poor clinical outcomes. For

instance, CDKN2A hypermethylation is correlated with poor prognosis

and an increased risk of recurrence and metastasis in patients with

CRC90,91 (Table 3, Figure 1).

Simultaneous DNA hypermethylation of a subset of genes that

are key components of the ECM remodeling pathway is significantly

associated with poor survival in CRC patients. The ECM remodeling

pathway is involved in maintenance of the cytoskeleton, cell spread-

ing, lamellipodia formation and regulation of IGF1 activity. Enah/

Vasp-like (EVL) and insulin like growth factor binding protein-3

(IGFBP3) are novel methylation biomarkers and changes in

F IGURE 1 DNA methylation-based biomarkers in colorectal
carcinogenesis. Aberrant methylation of various genes that have the
potential to be biomarkers for early diagnosis, prognosis and
prediction of response to therapy in colorectal cancer (CRC). APC,
adenomatous polyposis coli; BMP3, bone morphogenetic protein-3;
CCNDBP1, cyclin D1 binding protein-1; CCNE1, cyclin-E1; CDH1,
cadherin-1; CDKN2A, cyclin-dependent kinase inhibitor-2A; CDKN2B,
cyclin-dependent kinase inhibitor-2B; CHL1, cell adhesion molecule-
L1 like; DDX43, DEAD-box helicase-43; DKK1, Dickkopf Wnt
signaling pathway inhibitor-1; EVL, Enah/Vasp-like; HIC1,
hypermethylated in cancer-1; HLTF, helicase-like transcription factor;
HPP1, hyperpigmentation, progressive, 1; IGFBP3, insulin-like growth
factor binding protein 3; LINE-1, long interspersed nucleotide
element-1; MGMT, methylguanine methyltransferase; MLH1, MutL
homolog-1; MSH2, MutS homolog-2; NDRG4, NDRG family member-
4; PON3, paraoxonase-3; PRIMA1, proline rich membrane anchor-1;
RASSF1A, Ras association domain family member-1, isoform-A;
RASSF1B, Ras association domain family member-1, isoform-B; SDC2,
Syndecan-2; SEPT9, septin-9; SFRP1, secreted frizzled related protein-
1; SFRP2, secreted frizzled related protein-2; TFAP2E, transcription
factor AP-2 epsilon; TFPI2, tissue factor pathway inhibitor-2; TIMP3,
TIMP metallopeptidase inhibitor-3; VIM, vimentin; WNT5A, Wnt
family member-5A

2072 FATEMI ET AL.
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TABLE 2 Panels of methylation biomarkers for diagnosis and prognosis of colorectal cancer and adenomas

Diagnostic

Genes Test Sample Method % Sensitivity % Specificity

FDA
approval
(date) References

Cologuard (NDRG4, BMP3, mutation

KRAS, hemoglobin)

CRC Stool Multitarget stool

DNA assay

92.3-98 86.6-90 Yes (2014) 68

Adenoma Multitarget stool

DNA assay

42.4 86.6 68

ColoSure CRC Stool qMSP 72-77 83-94 No 78

SEPT9, SDC2 CRC Blood qMSP 86.5-88.9 92.1-92.8 No 74,75

Adenoma qMSP 47.8 92.8 75

IKZF1, BCAT1 CRC Blood qMSP 56-79 94-95 No 80

Adenoma qMSP 6-7 94-95

TriMeth (C9orf50, KCNQ5, CLIP4) CRC Blood Methylation-

specific ddPCR

85 99 No 81

GDNF, SNAP91, NDRG4 and the

fecal immunochemical test (FIT)

CRC Tissue and

stool

qMSP 86 96 No 82

Prognostic

Genes Test Sample Method Finding/management FDA approval (date) Reference

SEPT9, CEA CRC Blood qMSP Higher mortality rate No 83

Abbreviations: ddPCR, droplet digital PCR; qMSP, quantitative methylation-specific PCR.

TABLE 3 Overview of promising epigenetic DNA methylation biomarkers used in prognosis and therapeutic prediction of CRC

Gene Test
Sample
type Method Finding/management References

MLH1 CRC Tissue MSP Non-LS MLH1 hypermethylated patients are older

and female

89

CDKN2A CRC Tissue qMSP, MSP, MethyLight assay,

pyrosequencing

Shorter survival increased risk of recurrence and

metastasis

90,91

Blood RTQ-MSP Shorter survival 92

EVL CRC Tissue MSP, qMSP Shorter survival 93

HLTF CRC Blood qMSP Shorter survival in stage IV and tumor recurrence 94

HPP1 CRC Blood qMSP Shorter survival in stage IV and tumor recurrence 94,95

IGFBP3 CRC Tissue MSP, qMSP Shorter survival 93

SEPT9 CRC Blood Epi proColon® 2.0 CE assay, qMSP Reduced overall survival and disease-free survival 96

LINE-1 CRC Tissue Pyrosequencing, MSP, qMSP Shorter survival 87

Blood AQAMA assay Disease progression 88

LINE-1 CRC Tissue qMSP Response to fluoropyrimidines 97

MGMT CRC Tissue MSP Response to fluoropyrimidines and dacarbazine 98,99

TFAP2E CRC Tissue MS-HRM, pyrosequencing Nonresponsiveness to chemotherapy 100,101

MS-HRM Good clinical outcomes in stage II/III with 5FU-based

chemotherapy

102

HIC1 CRC Tissue Sequencing Responsiveness to therapy 103

TIMP3 CRC Tissue MS-MLPA Responsiveness to therapy 104

Abbreviations: AQAMA, absolute quantitative analysis of methylated alleles; MS-HRM, methylation-sensitive high-resolution melting; MS-MLPA,

methylation-specific multiplex ligation-dependent probe amplification; qMSP, quantitative methylation-specific PCR; RTQ-MSP, real-time quantitative

methylation-specific PCR.
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methylation levels of their promoters are associated with worse sur-

vival in CRC patients93 (Table 3, Figure 1).

Promoter methylation of the SEPT9 gene was reported to be one

of the best prognostic biomarker candidates in different CRC patient

cohorts (P = .058-.036)96 (Table 3, Figure 1). It has been conducted a

study with 117 patients and reported that mSEPT9 alone was more

sensitive than positive ELISA signaling of carcinoembryonic antigen

(CEA) (73.2% vs 48.2%; P < .001) for detecting CRC; notably, the com-

bination of mSEPT9 and CEA was more accurate than either CEA or

mSEPT9 alone (P = .009 and P = .532, respectively).83 Detection of

increased mSEPT9 methylation levels may show the strongest associa-

tion with poor clinical outcomes after curative resection (15.2% vs

1.8%; P = .024).83

Both the patient population and analyzed tissue type can have a

major impact on epigenetic modifications used for prognostic markers,

as has been reported for the methylation-induced silencing of the

MLH1 promoter and the concomitant deficient MMR (dMMR).105

In the past few years,94 there was a significant hypermethylation

in helicase-like transcription factor (HLTF) and hyperpigmentation,

progressive, 1 (HPP1) observed in serum samples from CRC patients

along with elevated lactate dehydrogenase (LDH) levels; therefore,

these two genes are considered to be promising candidate biomarkers

for noninvasive monitoring of CRC (Table 3, Figure 1). The results of

more independent studies showed significant correlations between

the methylation status of both biomarkers with advanced cancer

stage, poor survival and tumor recurrence.94,95

Taken together, testing of more than one biomarker is more ben-

eficial for diagnostic or prognostic analysis.17 Researchers showed a

strong correlation with hypermethylation of VIM and intermediate-

methylation of SFRP2 to BRAF and KRAS mutations, respectively, in

patients with CRC.106 The results of a recent study reported hyper-

methylation of six genes (SFRP2, DKK2, PCDH10, TMEFF2, SFRP1,

HS3ST2) in patients with BRAF positive CRC in comparison with BRAF

negative cases.12

Although the above-mentioned DNA methylation biomarkers are

associated with advanced disease stages or poor outcomes in CRC

patients (Table 3, Figure 1), currently, none have acquired sufficient

evidence for use in routine clinical practice for CRC. Nonetheless, the

methylation biomarkers presented here appear to be notable for fur-

ther prospective evaluations because of promising preliminary data.

The combination of genetic mutations and epigenetic aberrations,

including DNA methylation, may help to identify useful diagnostic bio-

markers for designing personalized strategies to improve prognosis in

patients with CRC.

1.6 | DNA methylation biomarkers for prediction
of CRC response to therapy

DNA methylation is proposed to be a predictive biomarker in cases

where the epigenetic status is significantly linked to the probability of

response to various therapeutic interventions. Some of the predictive

DNA methylation-based biomarkers without clinical approval are

worth to be evaluated in clinical trials. An association between LINE-1

methylation, as a therapeutic marker and survival benefit in 155

patients with stage II or III CRC who received oral FP has been

reported.97 Hypermethylation of MGMT, a DNA repair enzyme

involved in cellular defense against mutagenesis and alkylating agents,

is associated with a good prognosis in patients diagnosed with

advanced-stage CRC who received 5-FU and dacarbazine, in addition

to an improved response to neo-adjuvant chemoradiotherapy in

patients with advanced rectal carcinoma98,107 (Table 3).

It has been documented that TIMP3 and HIC1 promoter methyla-

tion occurs in several cancers, including CRC, and may predict treat-

ment response.103,104 It has been shown that hypermethylation of the

nuclear transcription factor AP-2 epsilon (TFAP2E) is associated with

good clinical outcomes in patients with stage II/III CRCs who received

5-FU chemotherapy.102 However, a study of two cohorts of 783 CRC

patients demonstrated that TFAP2E methylation and expression might

not play a major role in predicting response to adjuvant chemotherapy

in CRC patients100 (Table 3, Figure 1). This finding shows the need for

additional appropriate retrospective or prospective clinical trials to

confirm these results.

dMMR is reported to be a predictive marker for the lack of effi-

cacy of 5-FU-based adjuvant chemotherapy in CRC.108,109 Colorectal

tumors with dMMR significantly correlated with CIMP status, which

may have different therapeutic implications.110 Another study evalu-

ated the potential of 5-azacytidine (AZA), a base-analog demethylat-

ing agent, to sensitize refractory CIMP-high patients to capecitabine

and oxaliplatin (CAPOX)-based chemotherapy.111 Despite the encour-

aging preclinical results, 26 patients with CRC who enrolled in the

phase I/II trial showed no objective response according to the

Response Evaluation Criteria in Solid Tumors (RECIST), and study end-

points were not correlated with CIMP-high status.111

MLH1 methylation may also predict therapeutic efficacy in differ-

ent cancers because of its association with MMR status.112,113

Since DNA methylation-mediated silencing of genes has a funda-

mental role in CRC etiology, DNA methyltransferase inhibitors

(DNMTis) have been recently proposed to treat patients with CRC.114

The results of preclinical studies show that inhibition of DNMTs with

two synthetic cytosine analogs, AZA and 5-aza-20-deoxycytidine (dec-

itabine, DAC) reduced cancer cell growth and enhanced cytotoxic che-

motherapy-induced apoptosis in CRC.115 Thus, DNMTis (5-

azacitidine, DAC and zebularine) combined with standard chemother-

apeutics (5-FU, irinotecan or oxaliplatin) might improve the treatment

of patients with CRC.116,117

Baharudin et al identified several potentially important genes

(DEAD-box helicase-43 [DDX43], cyclin-D1 binding protein-1

[CCNDBP1], CCNEI, paraoxonase-3 [PON3] and cell adhesion mole-

cule-L1 like [CHL1]) by DNA methylation profiling in patients with

recurrent CRC that could be used as potential novel therapeutic tar-

gets in chemoresistant patients.118

Overall, the identification of methylation biomarkers in CRC could

be useful for monitoring response to therapy and for switching cur-

rent therapy protocols based on the methylation phenotype of

patients.
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2 | ROLE OF EPIGENETIC BIOMARKERS IN
PRECISION MEDICINE

The growth in our knowledge of cancer biology has shown that many

malignancies, including CRC, are composed of several different molec-

ular subtypes that may show diverse responses to therapeutic inter-

vention. Identification of reliable and powerful molecular biomarkers

that can differentiate between these different subtypes would be

helpful for clinical decision-making and enable clinicians to select the

most effective treatment based on a patient's molecular profile. This

personalized medicine approach has the potential to improve thera-

peutic efficacy and minimize treatment-related toxicity.119 From a

molecular point of view, CRC can be classified into subgroups based

on its global genomic status, including MSI, CIN, epigenomic status

and CIMP. Both genetic and epigenetic alterations dysregulate can-

cer-related signaling pathways and transform normal colorectal epi-

thelium into benign adenomas and ultimately into

adenocarcinomas.120

The four CMS subgroups classification may assist for a subtype-

based therapeutic intervention, especially in patients with metastatic

CRC. The goal of a large number of studies is the identification of

CMS-dependent prognostic factors that are potentially involved in

CMS-based therapeutic strategies.120 For example, Okita et al121

reported that irinotecan-based chemotherapy was more effective in

CMS4 patients (n = 50) compared to oxaliplatin. Mooi et al122 noted

that CMS2 (n = 113, HR 0.50; 95% CI 0.33-0.76) and possibly CMS3

(n = 28, HR 0.31; 95% CI 0.13-0.75) tumors preferentially benefited

from the addition of bevacizumab to first-line capecitabine-based che-

motherapy in patients with mCRC compared to other CMS groups.

CIMP-high colorectal tumors have distinct clinical and molecular

features, including an association with female sex, proximal tumor

location, poor differentiation and dMMR and BRAF mutations.

Patients who have stage III adenocarcinoma, CIMP positive, MMR-

intact tumors benefited most from the addition of irinotecan (P = .01)

to combined fluorouracil and leucovorin chemotherapy.123

Two retrospective studies and a post hoc analysis of the CALGB

89803 prospective trial assessed the prognostic value of CIMP.123-125

All three studies demonstrated that CIMP-high tumors have worse

survival outcomes compared to CIMP-low tumors. However, further

studies are needed because of the potential interactions between

CIMP and BRAF mutations and MMR status. For example, the results

of one study have shown that tumors with the BRAF V600E mutation,

and are CIMP-high and MSI-positive, have a good prognosis126

whereas MSI-negative tumors that are CIMP positive and contain the

BRAF mutation have a poor prognosis.127 Therefore, it is necessary to

validate the independent value of CIMP before determining its benefit

in the clinic setting.

Another study demonstrated that CIMP status can be considered

as a useful predictive marker of survival after surgery for patients with

CRC, particularly stage I/II disease (P = .006).128

DNA aneuploidy, as a marker for CIN, is associated with poor

prognosis in most cases of sporadic CRC.129 The results of two meta-

analyses showed worse overall survival (OS) for patients with stages-II

and III CRC that had CIN.130,131 Furthermore, CIN can act as an inde-

pendent predictor of early relapse and death in patients with stage-II

CRC.132 These findings suggest that DNA aneuploidy may be a poten-

tial predictive biomarker; nevertheless, further studies are required to

validate the prognostic value of DNA aneuploidy.

Emerging data that describe the role of epigenetic changes in can-

cer development and progression provide the justification for pharma-

cological targeting or new therapeutic interventions. Although the

focus on epigenetic modifications in cancer therapy, as a precision

medicine strategy, is complex and requires comprehensive prospec-

tive clinical evaluations, cumulative research results in this area will

increase their therapeutic potential over time.133

3 | SENSITIVE DETECTION OF DNA
METHYLATION IN CRC

A crucial point in routine diagnostics and personalized treatment is

early and sensitive detection of DNA methylation changes in tissue

and, less invasive, in blood or stool. Several techniques were devel-

oped and applied in routine testing since they proved to be fast, sensi-

tive and cost-effective. Stool is the easiest object for analysis that can

be obtained. Single-, dual- and multiple-target methylation-specific

qPCR approaches show high sensitivity (>95%) and specificity

(>88%).134,135 Detection of circulating cell-free methylated (ccfm)

DNA in blood plasma with qPCR was shown to be highly sensitive

when SEPT9 and SDC2 promoters were analyzed.75,136 Coupled with

single-nucleotide primer extension, the sensitivity of mSEPT9 detec-

tion can even be enhanced to the detection of two to three methyl-

ated molecules.137 Multipanel methylation qPCR assays on ccfm DNA

revealed BCAT1, IKZF1 and IRF4 as suitable and flexible in the detec-

tion of advanced adenomas and neoplasia.138 Recently, multiplexed

methylation-specific qPCR on 13 candidate loci in fresh-frozen tissue

yielded 95% to 100% sensitivity and specificity, respectively.139 When

single or few samples have to be analyzed, qPCR is one of the easiest

and most applied techniques for DNA methylation detection. Alterna-

tively, methylation-specific high-resolution melting (HRM) analysis has

the capacity to detect cancer-related de novo methylation down to

0.1%.140 Besides the use of HRM for the detection of microsatellite

instability,141 it has been applied to screen genetic variations142,143

and multiple DNA methylation markers in CRC144,145 with similar sen-

sitivity and specificity compared to qPCR. NGS technologies, how-

ever, offer the highest sensitivity since local deep bisulfite sequencing

is able to detect DNA methylation on the single-molecule level.146

Several potential marker genes have already been screened in differ-

ent body fluids, formalin-fixed, paraffin-embedded (FFPE) and tis-

sue.52,147 The challenges of highly sensitive methylation detection

assays lie in the avoidance of false positives due to the technical vari-

ance of bisulfite conversion148,149 and detection of sparse methyla-

tion that can originate from sequencing background noise without

relevance for the development of CRC tumors.53
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4 | CONCLUSION

In summary, the past decade has witnessed a steep rise in interest in

epigenetic research for CRC. Epigenetic changes notably play a funda-

mental role in all aspects of colorectal tumorigenesis, from tumor initi-

ation to progression. Each stage of different cancer types generates a

unique epigenetic signature, which makes them favorable additions to

the current set of clinical detection methods. Univariate or multivari-

ate regression analyses show that indeed numerous DNA methylation

markers have significant relations to AA and CRC stages I-IV

(Figure 2A,B).69

The use of sensitive and combined marker panels, including

genetic tests, offers great new opportunities for screening and prog-

nostic testing. However, the road from biomarker identification to

clinical use is long and there are many challenges that have to be

overcome.150 At first, the confirmation of clinical outcomes in

prospective trials is critical for medical professionals and regulatory

agencies. In addition, it is essential to develop a commercial product

that has good efficiency, reasonable cost and ease of use. One big

challenge is the need to extend our knowledge on the biological con-

text, that is, the relation of the epigenetic change to the tumor biol-

ogy and hence a qualified interpretation of the results using

computational support. The second challenge is the development of

robust and easy to use technology platforms. Here technical barriers

preclude the use of some of the epigenetic techniques, particularly

advanced detection methods, including mass spectrometry or NGS.

All of these issues will be addressed in the near future because of

the direction taken by modern medicine toward a more personalized

or precise practice. Finally, global harmonization should be estab-

lished for the harmonization and regulation of medical diagnostic

technologies, which would greatly support the translation of epige-

netic assays into the clinic.

F IGURE 2 Association between hypermethylation of VIM, CDH1, MLH1, TIMP3, SFRP1 and HIC1 with tumor progression stages and
metastasis across 640 colorectal cancer (CRC) patients from The Cancer Genome Atlas (TCGA). (A) Association between methylation of six
selected genes with various stages of CRC. (B) Association between methylation and metastasis stages of CRC. CDH1, cadherin-1; HIC1,
hypermethylated in cancer 1; M0, cancer has not spread to other parts of the body; M1, cancer has spread to other parts of the body; MLH1,
MutL homolog-1; MX, metastasis occurred but cannot be measured; SFRP1, secreted frizzled related protein-1; TIMP3, TIMP metallopeptidase
inhibitor-3; VIM, vimentin
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In order to facilitate widespread clinical use of epigenetic bio-

markers, both biomarkers and detection methods should be standard-

ized according to tumor type. Predictive biomarkers can reduce

resistance to therapies and evaluate patient suitability for targeted

therapy; in other words, “individualized biomarker-driven cancer ther-

apy” or “personalized medicine” (Figure 3).

Therefore, it is important that these biomarkers must be noninva-

sive in order to increase screening acceptability and have the capabil-

ity to differentiate between responders and nonresponders with

relative ease and at a decreased cost. To the best of our knowledge,

only mSEPT9 made it to an FDA-approved blood-based biomarker for

the diagnosis of CRC.69 Cologuard, as the first multitarget stool DNA

test, has received FDA approval for CRC screening.68,84

Until now, many drugs used for personalized medicine have been

approved by the FDA.151 Numerous other drugs and drug combina-

tions that target the epigenome are currently under investigation in

clinical trials. Future clinical trials should determine which medications

are beneficial for patients with known tumor defects (eg, gene expres-

sion changes that block cellular differentiation).

Without doubt, a better understanding of epigenetic mechanisms

and their interrelationships in terms of classifying CRC subtypes is

essential for the development of novel approaches for targeted cancer

therapy. Here, we emphasized the critical role of DNA methylation for

CRC development, progression and prognosis. Due to the advent of

personalized therapies, more intricate research is necessary to clarify

the relationship of individual genetic and epigenetic alterations and

consequently, provide a pathway-driven basis to select the best thera-

peutic strategies.
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Arłukowicz T, Przybyłowicz KE. A review of colorectal cancer in

terms of epidemiology, risk factors, development, symptoms and

diagnosis. Cancers. 2021;13:2025.

2. Levin TR, Corley DA, Jensen CD, et al. Effects of organized colorec-

tal cancer screening on cancer incidence and mortality in a large

community-based population. Gastroenterology. 2018;155:1383-

1391.

3. Navarro M, Nicolas A, Ferrandez A, Lanas A. Colorectal cancer popu-

lation screening programs worldwide in 2016: an update. World J

Gastroenterol. 2017;23:3632-3642.

4. Dickinson BT, Kisiel J, Ahlquist DA, Grady WM. Molecular markers

for colorectal cancer screening. Gut. 2015;64:1485-1494.

5. Guinney J, Dienstmann R, Wang X, et al. The consensus molecular

subtypes of colorectal cancer. Nat Med. 2015;21:1350-1356.

6. Sawayama H, Miyamoto Y, Ogawa K, Yoshida N, Baba H. Investiga-

tion of colorectal cancer in accordance with consensus molecular

subtype classification. Ann Gastroenterol Surg. 2020;4:528-539.

7. Lu Y, Chan Y-T, Tan H-Y, Li S, Wang N, Feng Y. Epigenetic regulation

in human cancer: the potential role of epi-drug in cancer therapy.

Mol Cancer. 2020;19:1-16.

8. Dor Y, Cedar H. Principles of DNA methylation and their implica-

tions for biology and medicine. Lancet. 2018;392:777-786.

9. Jung G, Hernández-Illán E, Moreira L, Balaguer F, Goel A. Epigenetics

of colorectal cancer: biomarker and therapeutic potential. Nat Rev

Gastroenterol Hepatol. 2020;17:111-130.

10. Cervena K, Siskova A, Buchler T, Vodicka P, Vymetalkova V. Methyl-

ation-based therapies for colorectal cancer. Cells. 2020;9:1540.

11. Miranda E, Destro A, Malesci A, et al. Genetic and epigenetic

changes in primary metastatic and nonmetastatic colorectal cancer.

Br J Cancer. 2006;95:1101-1107.

12. Dobre M, Salvi A, Pelisenco IA, et al. Crosstalk between DNA meth-

ylation and gene mutations in colorectal cancer. Front Oncol. 2021;

11:697409.

13. Campoli M, Ferrone S. HLA antigen changes in malignant cells: epigenetic

mechanisms and biologic significance.Oncogene. 2008;27:5869-5885.

14. Kerachian MA, Kerachian M. Long interspersed nucleotide element-

1 (LINE-1) methylation in colorectal cancer. Clin Chim Acta. 2019;

488:209-214.

15. Inamura K, Yamauchi M, Nishihara R, et al. Tumor LINE-1 methyla-

tion level and microsatellite instability in relation to colorectal cancer

prognosis. J Natl Cancer Inst. 2014;106:dju195.

16. Barchitta M, Maugeri A, Li Destri G, Basile G, Agodi A. Epigenetic

biomarkers in colorectal cancer patients receiving adjuvant or

neoadjuvant therapy: a systematic review of epidemiological studies.

Int J Mol Sci. 2019;20:3842.

17. Yi JM. DNA methylation change profiling of colorectal disease:

screening towards clinical use. Life. 2021;11:412.

18. Casalino L, Verde P. Multifaceted roles of DNA methylation in neo-

plastic transformation, from tumor suppressors to EMT and metasta-

sis. Genes. 2020;11:922.

19. Lu J, Wilfred P, Korbie D, Trau M. Regulation of canonical oncogenic

signaling pathways in cancer via DNA methylation. Cancer. 2020;12:

3199.

20. Lakshminarasimhan R, Liang G. The role of DNA methylation in can-

cer. Adv Exp Med Biol. 2016;945:151-172.

21. Fu B, Yan P, Zhang S, et al. Cell-free circulating methylated SEPT9

for noninvasive diagnosis and monitoring of colorectal cancer. Dis

Markers. 2018;2018:1-11.

22. Zhao G, Liu X, Liu Y, et al. Aberrant DNA methylation of SEPT9 and

SDC2 in stool specimens as an integrated biomarker for colorectal

cancer early detection. Front Genet. 2020;11:643.

23. Zhao G, Liu X, Liu Y, et al. Methylated SFRP2 and SDC2 in stool

specimens for colorectal cancer early detection: a cost-effective

strategy for Chinese population. J Cancer. 2021;12:2665-2672.

24. Song L, Jia J, Peng X, Xiao W, Li Y. The performance of the SEPT9

gene methylation assay and a comparison with other CRC screening

tests: a meta-analysis. Sci Rep. 2017;7:1-12.

25. Tiffon C. The impact of nutrition and environmental epigenetics on

human health and disease. Int J Mol Sci. 2018;19:3425.

26. Yang Z-H, Dang Y-Q, Ji G. Role of epigenetics in transformation of

inflammation into colorectal cancer. World J Gastroenterol. 2019;25:

2863-2877.

27. Aranda-Olmedo I, Rubio LA. Dietary legumes, intestinal microbiota,

inflammation and colorectal cancer. J Funct Foods. 2020;64:103707.

28. Gào X, Zhang Y, Boakye D, et al. Whole blood DNA methylation

aging markers predict colorectal cancer survival: a prospective

cohort study. Clin Epigenetics. 2020;12:1-13.

29. Romanov G, Sukhoverov V, Vanyushin B. Epigenetic mutagenesis as

program of age-related protein dysfunction and aging. Russ J Dev

Biol. 2015;46:78-87.

30. Galamb O, Kalmár A, Barták BK, et al. Aging related methylation

influences the gene expression of key control genes in colorectal

cancer and adenoma. World J Gastroenterol. 2016;22:10325.

31. Bekdash RA. Early life nutrition and mental health: the role of DNA

methylation. Nutrients. 2021;13:3111.

32. Łobo�s P, Regulska-Ilow B. Link between methyl nutrients and the

DNA methylation process in the course of selected diseases in

adults. Rocz Panstw Zakl Hig. 2021;72:123-136.

33. Schernhammer ES, Giovannucci E, Kawasaki T, Rosner B, Fuchs CS,

Ogino S. Dietary folate, alcohol and B vitamins in relation to LINE-1

hypomethylation in colon cancer. Gut. 2010;59:794-799.

34. Boughanem H, Hernandez-Alonso P, Tinahones A, et al. Association

between serum vitamin B12 and global DNA methylation in colorec-

tal cancer patients. Nutrients. 2020;12:3567.

35. Jordà M, Díez-Villanueva A, Mallona I, et al. The epigenetic landscape

of Alu repeats delineates the structural and functional genomic archi-

tecture of colon cancer cells. Genome Res. 2017;27:118-132.

36. Chen L-L, Yang L. ALUternative regulation for gene expression.

Trends Cell Biol. 2017;27:480-490.

37. Al Jowf GI, Snijders C, Rutten BP, de Nijs L, Eijssen LM. The molecu-

lar biology of susceptibility to post-traumatic stress disorder: high-

lights of epigenetics and epigenomics. Int J Mol Sci. 2021;22:10743.

38. Mehta D, Miller O, Bruenig D, David G, Shakespeare-Finch J. A sys-

tematic review of DNA methylation and gene expression studies in

posttraumatic stress disorder, posttraumatic growth, and resilience.

J Trauma Stress. 2020;33:171-180.

39. Lech G, Słotwi�nski R, Słodkowski M, Krasnodębski IW. Colorectal

cancer tumour markers and biomarkers: recent therapeutic

advances. World J Gastroenterol. 2016;22:1745-1755.

40. Simon K. Colorectal cancer development and advances in screening.

Clin Interv Aging. 2016;11:967-976.

41. Videtic Paska A, Hudler P. Aberrant methylation patterns in cancer:

a clinical view. Biochem Med. 2015;25:161-176.

42. Liu Y, Chew MH, Tham CK, Tang CL, Ong SY, Zhao Y. Methylation

of serum SST gene is an independent prognostic marker in colorectal

cancer. Am J Cancer Res. 2016;6:2098-2108.

2078 FATEMI ET AL.

 10970215, 2022, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ijc.34186 by U

niversitaet D
es Saarlandes, W

iley O
nline L

ibrary on [02/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0001-9211-5291
https://orcid.org/0000-0001-9211-5291


43. Guo M, Peng Y, Gao A, Du C, Herman JG. Epigenetic heterogeneity

in cancer. Biomarker Res. 2019;7:1-19.

44. Chang E, Park DI, Kim YJ, et al. Detection of colorectal neoplasm

using promoter methylation of ITGA4, SFRP2, and p16 in stool sam-

ples: a preliminary report in Korean patients. Hepatogastroenterology.

2010;57:720-727.

45. Zou H-Z, Yu B-M, Wang Z-W, et al. Detection of aberrant p16

methylation in the serum of colorectal cancer patients. Clin Cancer

Res. 2002;8:188-191.

46. Petko Z, Ghiassi M, Shuber A, et al. Aberrantly methylated CDKN2A,

MGMT, and MLH1 in colon polyps and in fecal DNA from patients

with colorectal polyps. Clin Cancer Res. 2005;11:1203-1209.

47. Huang Z-H, Li L-H, Yang F, Wang J-F. Detection of aberrant methyla-

tion in fecal DNA as a molecular screening tool for colorectal cancer

and precancerous lesions.World J Gastroenterol: WJG. 2007;13:950.

48. Baek YH, Chang E, Kim YJ, Kim BK, Sohn JH, Park DI. Stool methyla-

tion-specific polymerase chain reaction assay for the detection of

colorectal neoplasia in Korean patients. Dis Colon Rectum. 2009;52:

1452-1459.

49. 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;

61:900-902.

50. Wallner M, Herbst A, Behrens A, et al. Methylation of serum DNA is

an independent prognostic marker in colorectal cancer. Clin Cancer

Res. 2006;12:7347-7352.

51. Hu H, Chen X, Wang C, et al. The role of TFPI2 hypermethylation in

the detection of gastric and colorectal cancer. Oncotarget. 2017;8:

84054-84065.

52. Zhang W, Yang C, Wang S, et al. SDC2 and TFPI2 methylation in

stool samples as an integrated biomarker for early detection of colo-

rectal cancer. Cancer Manag Res. 2021;13:3601-3617.

53. Park S-K, Baek HL, Yu J, et al. Is methylation analysis of SFRP2,

TFPI2, NDRG4, and BMP3 promoters suitable for colorectal cancer

screening in the Korean population? Intest Res. 2017;15:495.

54. Xiao W, Zhao H, Dong W, et al. Quantitative detection of methyl-

ated NDRG4 gene as a candidate biomarker for diagnosis of colorec-

tal cancer. Oncol Lett. 2015;9:1383-1387.

55. Oh T, Kim N, Moon Y, et al. Genome-wide identification and valida-

tion of a novel methylation biomarker, SDC2, for blood-based detec-

tion of colorectal cancer. J Mol Diagn. 2013;15:498-507.

56. Barták BK, Kalmár A, Péterfia B, et al. Colorectal adenoma and can-

cer detection based on altered methylation pattern of SFRP1,

SFRP2, SDC2, and PRIMA1 in plasma samples. Epigenetics. 2017;12:

751-763.

57. Rokni P, Shariatpanahi AM, Sakhinia E, Kerachian MA. BMP3 pro-

moter hypermethylation in plasma-derived cell-free DNA in colorec-

tal cancer patients. Genes Genomics. 2018;40:423-428.

58. Houshmand M, Abbaszadegan MR, Kerachian MA. Assessment of

bone morphogenetic protein 3 methylation in Iranian patients with

colorectal cancer. Middle East J Dig Dis. 2017;9:158-163.

59. Kalmár A, Péterfia B, Holl�osi P, et al. DNA hypermethylation and

decreased mRNA expression of MAL, PRIMA1, PTGDR and SFRP1

in colorectal adenoma and cancer. BMC Cancer. 2015;15:1-14.

60. Carmona FJ, Azuara D, Berenguer-Llergo A, et al. DNA methylation

biomarkers for noninvasive diagnosis of colorectal cancer. Cancer

Prev Res. 2013;6:656-665.

61. Wu D, Zhou G, Jin P, et al. Detection of colorectal cancer using a

simplified SEPT9 gene methylation assay is a reliable method for

opportunistic screening. J Mol Diagn. 2016;18:535-545.

62. Liu Y, Zhao G, Miao J, et al. Performance comparison between

plasma and stool methylated SEPT9 tests for detecting colorectal

cancer. Front Genet. 2020;11:324.

63. Babaei H, Mohammadi M, Salehi R. DNA methylation analysis of

secreted frizzled-related protein 2 gene for the early detection of

colorectal cancer in fecal DNA. Niger Med J. 2016;57:242.

64. Li M, Chen W-d, Papadopoulos N, et al. Sensitive digital quantifica-

tion of DNA methylation in clinical samples. Nat Biotechnol. 2009;

27:858-863.

65. Xiao Z, Li B, Wang G, et al. Validation of methylation-sensitive high-

resolution melting (MS-HRM) for the detection of stool DNA meth-

ylation in colorectal neoplasms. Clin Chim Acta. 2014;431:154-163.

66. Michailidi C, Theocharis S, Tsourouflis G, et al. Expression and pro-

moter methylation status of hMLH1, MGMT, APC, and CDH1 genes

in patients with colon adenocarcinoma. Exp Biol Med. 2015;240:

1599-1605.

67. Malpeli G, Innamorati G, Decimo I, et al. Methylation dynamics of

RASSF1A and its impact on cancer. Cancer. 2019;11:959.

68. Imperiale TF, Ransohoff DF, Itzkowitz SH, et al. Multitarget stool

DNA testing for colorectal-cancer screening. N Engl J Med. 2014;

370:1287-1297.

69. Koch A, Joosten SC, Feng Z, et al. Analysis of DNA methylation in

cancer: location revisited. Nat Rev Clin Oncol. 2018;15:459-466.

70. Lamb YN, Dhillon S. Epi proColon® 2.0 CE: a blood-based screening

test for colorectal cancer. Mol Diagn Ther. 2017;21:225-232.

71. Jin P, Kang Q, Wang X, et al. Performance of a second-generation

methylated SEPT9 test in detecting colorectal neoplasm. J Gastroen-

terol Hepatol. 2015;30:830-833.

72. Dietrich D. DNA methylation analysis from body fluids. Methods Mol

Biol. 2018;1655:239-249.

73. Ørntoft M-BW. Review of blood-based colorectal cancer screening:

how far are circulating cell-free DNA methylation markers from clini-

cal implementation? Clin Colorectal Cancer. 2018;17:e415-e433.

74. Chen Y, Wang Z, Zhao G, et al. Performance of a novel blood-based

early colorectal cancer screening assay in remaining serum after the

blood biochemical test. Dis Markers. 2019;2019:1-6.

75. Zhao G, Li H, Yang Z, et al. Multiplex methylated DNA testing in

plasma with high sensitivity and specificity for colorectal cancer

screening. Cancer Med. 2019;8:5619-5628.

76. Rasmussen SL, Krarup HB, Sunesen KG, et al. Hypermethylated

DNA, a circulating biomarker for colorectal cancer detection. PLoS

One. 2017;12:e0180809.

77. Pakbaz B, Jabinin R, Soltani N, Ayatollahi H, Farzanehfar MR.

Quantitative study of vimentin gene methylation in stool samples

for colorectal cancer screening. J Adv Pharm Technol Res. 2019;

10:121.

78. Ned RM, Melillo S, Marrone M. Fecal DNA testing for colorectal

cancer screening: the ColoSure™ test. PLoS Curr. 2011;3:RRN1220.

79. El Bairi K, Tariq K, Himri I, et al. Decoding colorectal cancer epige-

nomics. Cancer Genet. 2018;220:49-76.

80. Pedersen SK, Symonds EL, Baker RT, et al. Evaluation of an assay for

methylated BCAT1 and IKZF1 in plasma for detection of colorectal

neoplasia. BMC Cancer. 2015;15:1-11.

81. Jensen SØ, Øgaard N, Ørntoft M-BW, et al. Novel DNA methylation

biomarkers show high sensitivity and specificity for blood-based

detection of colorectal cancer—a clinical biomarker discovery and

validation study. Clin Epigenetics. 2019;11:1-14.

82. Rademakers G, Massen M, Koch A, et al. Identification of DNA

methylation markers for early detection of CRC indicates a role for

nervous system-related genes in CRC. Clin Epigenetics. 2021;13:

1-12.

83. Ma ZY, Law WL, Ng EKO, et al. Methylated Septin 9 and carcinoem-

bryonic antigen for serological diagnosis and monitoring of patients

with colorectal cancer after surgery. Sci Rep. 2019;9:1-9.

84. Ahlquist DA, Zou H, Domanico M, et al. Next-generation stool DNA

test accurately detects colorectal cancer and large adenomas. Gas-

troenterology. 2012;142:248-256.

85. Bosch L, Melotte V, Mongera S, et al. Multitarget stool DNA test

performance in an average-risk colorectal cancer screening popula-

tion. Am J Gastroenterol. 2019;114:1909-1918.

86. Sovich JL, Sartor Z, Misra S. Developments in screening tests and

strategies for colorectal cancer. Biomed Res Int. 2015;2015:1-11.

FATEMI ET AL. 2079

 10970215, 2022, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ijc.34186 by U

niversitaet D
es Saarlandes, W

iley O
nline L

ibrary on [02/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



87. Swets M, Zaalberg A, Boot A, et al. Tumor LINE-1 methylation level

in association with survival of patients with stage II colon cancer. Int

J Mol Sci. 2017;18:36.

88. Nagai Y, Sunami E, Yamamoto Y, et al. LINE-1 hypomethylation sta-

tus of circulating cell-free DNA in plasma as a biomarker for colorec-

tal cancer. Oncotarget. 2017;8:11906-11916.

89. Haraldsdottir S, Hampel H, Wu C, et al. Patients with colorectal can-

cer associated with Lynch syndrome and MLH1 promoter hyper-

methylation have similar prognoses. Genet Med. 2016;18:863-868.

90. Kim SH, Park KH, Shin SJ, et al. CpG Island methylator phenotype

and methylation of Wnt pathway genes together predict survival in

patients with colorectal cancer. Yonsei Med J. 2018;59:588-594.

91. Cha Y, Kim K-J, Han S-W, et al. Adverse prognostic impact of the

CpG Island methylator phenotype in metastatic colorectal cancer. Br

J Cancer. 2016;115:164-171.

92. Nakayama G, Hibi K, Kodera Y, Koike M, Fujiwara M, Nakao A. P16

methylation in serum as a potential marker for the malignancy of

colorectal carcinoma. Anticancer Res. 2007;27:3367-3370.

93. Yi JM, Dhir M, Van Neste L, et al. Genomic and epigenomic integra-

tion identifies a prognostic signature in colon cancer. Clin Cancer

Res. 2011;17:1535-1545.

94. Philipp AB, Nagel D, Stieber P, et al. Circulating cell-free methylated

DNA and lactate dehydrogenase release in colorectal cancer. BMC

Cancer. 2014;14:1-9.

95. Herbst A, Vdovin N, Gacesa S, et al. Methylated free-circulating

HPP1 DNA is an early response marker in patients with metastatic

colorectal cancer. Int J Cancer. 2017;140:2134-2144.

96. Song L, Guo S, Wang J, et al. The blood mSEPT9 is capable of asses-

sing the surgical therapeutic effect and the prognosis of colorectal

cancer. Biomark Med. 2018;12:961-973.

97. Kawakami K, Matsunoki A, Kaneko M, Saito K, Watanabe G,

Minamoto T. Long interspersed nuclear element-1 hypomethylation

is a potential biomarker for the prediction of response to oral fluoro-

pyrimidines in microsatellite stable and CpG Island methylator phe-

notype-negative colorectal cancer. Cancer Sci. 2011;102:166-174.

98. Amatu A, Sartore-Bianchi A, Moutinho C, et al. Promoter CpG Island

hypermethylation of the DNA repair enzyme MGMT predicts clinical

response to dacarbazine in a phase II study for metastatic colorectal

cancer. Clin Cancer Res. 2013;19:2265-2272.

99. Nagasaka T, Sharp GB, Notohara K, et al. Hypermethylation of O6-

methylguanine-DNA methyltransferase promoter may predict non-

recurrence after chemotherapy in colorectal cancer cases. Clin Can-

cer Res. 2003;9:5306-5312.

100. Murcia O, Jover R, Egoavil C, et al. TFAP2E methylation and expres-

sion status does not predict response to 5-FU-based chemotherapy

in colorectal cancer. Clin Cancer Res. 2018;24:2820-2827.

101. Ebert MP, Tänzer M, Balluff B, et al. TFAP2E-DKK4 and chemoresis-

tance in colorectal cancer. N Engl J Med. 2012;366:44-53.

102. Park SJ, Kim S-M, Hong YS, et al. TFAP2E methylation status and

prognosis of patients with radically resected colorectal cancer.

Oncology. 2015;88:122-132.

103. Janeckova L, Kolar M, Svec J, et al. HIC1 expression distinguishes

intestinal carcinomas sensitive to chemotherapy. Transl Oncol. 2016;

9:99-107.

104. Molinari C, Casadio V, Foca F, et al. Gene methylation in rectal can-

cer: predictive marker of response to chemoradiotherapy? J Cell Phy-

siol. 2013;228:2343-2349.

105. Wu D, Chen X, Xu Y, et al. Prognostic value of MLH1 promoter

methylation in male patients with esophageal squamous cell carci-

noma. Oncol Lett. 2017;13:2745-2750.

106. Lyberopoulou A, Galanopoulos M, Aravantinos G, et al. Identifica-

tion of methylation profiles of cancer-related genes in circulating

tumor cells population. Anticancer Res. 2017;37:1105-1112.

107. Hochhauser D, Glynne-Jones R, Potter V, et al. A phase II study of

temozolomide in patients with advanced aerodigestive tract and

colorectal cancers and methylation of the O6-methylguanine-DNA

methyltransferase promoter. Mol Cancer Ther. 2013;12:809-818.

108. Ribic CM, Sargent DJ, Moore MJ, et al. Tumor microsatellite-insta-

bility status as a predictor of benefit from fluorouracil-based adju-

vant chemotherapy for colon cancer. N Engl J Med. 2003;349:

247-257.

109. Sargent DJ, Marsoni S, Monges G, et al. Defective mismatch repair

as a predictive marker for lack of efficacy of fluorouracil-based adju-

vant therapy in colon cancer. J Clin Oncol. 2010;28:3219-3226.

110. Etienne-Grimaldi M, Mahamat A, Chazal M, et al. Molecular patterns

in deficient mismatch repair colorectal tumours: results from a

French prospective multicentric biological and genetic study. Br J

Cancer. 2014;110:2728-2737.

111. Overman MJ, Morris V, Moinova H, et al. Phase I/II study of azaciti-

dine and capecitabine/oxaliplatin (CAPOX) in refractory CIMP-high

metastatic colorectal cancer: evaluation of circulating methylated

vimentin. Oncotarget. 2016;7:67495-67506.

112. Momose K, Yamasaki M, Tanaka K, et al. MLH1 expression predicts

the response to preoperative therapy and is associated with PD-L1

expression in esophageal cancer. Oncol Lett. 2017;14:958-964.

113. Loukovaara M, Pasanen A, Bützow R. Mismatch repair protein and

MLH1 methylation status as predictors of response to adjuvant

therapy in endometrial cancer. Cancer Med. 2021;10:1034-1042.

114. Vymetalkova V, Vodicka P, Vodenkova S, Alonso S, Schneider-

Stock R. DNA methylation and chromatin modifiers in colorectal

cancer. Mol Aspects Med. 2019;69:73-92.

115. Janson W, Jenkins LJ, Chionh F, Mariadason JM. Aberrant DNA

methylation in colorectal cancer: what should we target? Trends

Cancer. 2017;3:698-712.

116. Ikehata M, Ogawa M, Yamada Y, Tanaka S, Ueda K, Iwakawa S. Dif-

ferent effects of epigenetic modifiers on the cytotoxicity induced by

5-fluorouracil, irinotecan or oxaliplatin in colon cancer cells. Biol

Pharm Bull. 2014;37:67-73.

117. Flis S, Gnyszka A, Flis K. DNA methyltransferase inhibitors improve

the effect of chemotherapeutic agents in SW48 and HT-29 colorec-

tal cancer cells. PLoS One. 2014;9:e92305.

118. Baharudin R, Ab Mutalib N-S, Othman SN, et al. Identification of

predictive DNA methylation biomarkers for chemotherapy response

in colorectal cancer. Front Pharmacol. 2017;8:47.

119. Henderson R, French D, Sullivan R, Maughan T, Clarke M, Lawler M.

Molecular biomarkers and precision medicine in colorectal cancer: a

systematic review of health economic analyses. Oncotarget. 2019;

10:3408-3423.

120. Koulis C, Yap R, Engel R, et al. Personalized medicine—current and

emerging predictive and prognostic biomarkers in colorectal cancer.

Cancer. 2020;12:812.

121. Okita A, Takahashi S, Ouchi K, et al. Consensus molecular subtypes

classification of colorectal cancer as a predictive factor for chemo-

therapeutic efficacy against metastatic colorectal cancer. Oncotar-

get. 2018;9:18698-18711.

122. Mooi JK, Wirapati P, Asher R, et al. The prognostic impact of con-

sensus molecular subtypes (CMS) and its predictive effects for beva-

cizumab benefit in metastatic colorectal cancer: molecular analysis

of the AGITG MAX clinical trial. Ann Oncol. 2018;29:2240-2246.

123. Shiovitz S, Bertagnolli MM, Renfro LA, et al. CpG Island methylator

phenotype is associated with response to adjuvant irinotecan-based

therapy for stage III colon cancer. Gastroenterology. 2014;147:

637-645.

124. Ahn JB, Chung WB, Maeda O, et al. DNA methylation predicts

recurrence from resected stage III proximal colon cancer. Cancer.

2011;117:1847-1854.

125. Van Rijnsoever M, Elsaleh H, Joseph D, McCaul K, Iacopetta B. CpG

Island methylator phenotype is an independent predictor of survival

benefit from 5-fluorouracil in stage III colorectal cancer. Clin Cancer

Res. 2003;9:2898-2903.

2080 FATEMI ET AL.

 10970215, 2022, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ijc.34186 by U

niversitaet D
es Saarlandes, W

iley O
nline L

ibrary on [02/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



126. Di Nicolantonio F, Martini M, Molinari F, et al. Wild-type BRAF is

required for response to panitumumab or cetuximab in metastatic

colorectal cancer. J Clin Oncol. 2008;26:1626-1634.

127. Murcia O, Juárez M, Rodríguez-Soler M, et al. Colorectal cancer

molecular classification using BRAF, KRAS, microsatellite instability

and CIMP status: prognostic implications and response to chemo-

therapy. PLoS One. 2018;13:e0203051.

128. Kim CH, Huh JW, Kim HR, Kim YJ. CpG Island methylator pheno-

type is an independent predictor of survival after curative resection

for colorectal cancer: a prospective cohort study. J Gastroenterol

Hepatol. 2017;32:1469-1474.

129. Nguyen HT, Duong HQ. The molecular characteristics of colorectal

cancer: implications for diagnosis and therapy. Oncol Lett. 2018;16:

9-18.

130. Araujo SE, Bernardo WM, Habr-Gama A, Kiss DR, Cecconello I.

DNA ploidy status and prognosis in colorectal cancer: a meta-analy-

sis of published data. Dis Colon Rectum. 2007;50:1800-1810.

131. Walther A, Houlston R, Tomlinson I. Association between chromo-

somal instability and prognosis in colorectal cancer: a meta-analysis.

Gut. 2008;57:941-950.

132. Hveem T, Merok M, Pretorius M, et al. Prognostic impact of geno-

mic instability in colorectal cancer. Br J Cancer. 2014;110:2159-

2164.

133. Malone ER, Oliva M, Sabatini PJ, Stockley TL, Siu LL. Molecular pro-

filing for precision cancer therapies. Genome Med. 2020;12:1-19.

134. Shao Z, Wang T, Zhang M, Jiang Z, Huang S, Zeng P. IUSMMT: sur-

vival mediation analysis of gene expression with multiple DNA

methylation exposures and its application to cancers of TCGA. PLoS

Comput Biol. 2021;17:e1009250.

135. Wang D, O'Rourke D, Garcia JS, Cai T, Scheuenpflug J, Feng Z.

Development of a liquid biopsy based purely quantitative digital

droplet PCR assay for detection of MLH1 promoter methylation in

colorectal cancer patients. BMC Cancer. 2021;21:797.

136. Xu F, Yu S, Han J, et al. Detection of circulating tumor DNA methyl-

ation in diagnosis of colorectal cancer. Clin Transl Gastroenterol.

2021;12: e00386.

137. Tierling S, Schuster M, Tetzner R, Walter J. A combined HM-

PCR/SNuPE method for high sensitive detection of rare DNA meth-

ylation. Epigenetics Chromatin. 2010;3:1-8.

138. Young GP, Symonds EL, Nielsen HJ, et al. Evaluation of a panel of

tumor-specific differentially-methylated DNA regions in IRF4, IKZF1

and BCAT1 for blood-based detection of colorectal cancer. Clin Epi-

genetics. 2021;13:1-13.

139. Klein Kranenbarg RA, Vali AH, IJzermans JN, et al. High performance

methylated DNA markers for detection of colon adenocarcinoma.

Clin Epigenetics. 2021;13:1-15.

140. Wojdacz TK, Dobrovic A. Methylation-sensitive high resolution

melting (MS-HRM): a new approach for sensitive and high-through-

put assessment of methylation. Nucleic Acids Res. 2007;35:e41.

141. Raji N, Babheidarian P, Houshmand M. Detection of microsatellite

instability by high-resolution melting analysis in colorectal cancer.

Iran Biomed J. 2022;26:70-76.

142. Miranda RR, Silva TD, Forones NM. High-resolution melting for

detecting KRAS mutations in colorectal cancer. Biomed Rep. 2019;

11:269-273.

143. Fu Y, Qi L, Guo W, et al. A qualitative transcriptional signature for

predicting microsatellite instability status of right-sided colon can-

cer. BMC Genomics. 2019;20:1-9.

144. Tian T, Bi H, Zhang D, et al. Methylation of three genes encoded by

X chromosome in blood leukocytes and colorectal cancer risk. Can-

cer Med. 2021;10:4964-4976.

145. Uhan S, Zidar N, Tomažič A, Hauptman N. Hypermethylated pro-

moters of genes UNC5D and KCNA1 as potential novel diagnostic

biomarkers in colorectal cancer. Epigenomics. 2020;12:1677-1688.

146. Gries J, Schumacher D, Arand J, et al. Bi-PROF: bisulfite profiling of

target regions using 454 GS FLX titanium technology. Epigenetics.

2013;8:765-771.

147. Pu W, Qian F, Liu J, et al. Targeted bisulfite sequencing reveals DNA

methylation changes in zinc finger family genes associated with

KRAS mutated colorectal cancer. Front Cell Dev Biol. 2021;9:3051.

148. Grunau C, Clark S, Rosenthal A. Bisulfite genomic sequencing: sys-

tematic investigation of critical experimental parameters. Nucleic

Acids Res. 2001;29:e65.

149. Tierling S, Schmitt B, Walter J. Comprehensive evaluation of com-

mercial bisulfite-based DNA methylation kits and development of

an alternative protocol with improved conversion performance.

Genet Epigenet. 2018;10:1179237X18766097.

150. García-Giménez JL, Seco-Cervera M, Tollefsbol TO, et al. Epigenetic

biomarkers: current strategies and future challenges for their use in

the clinical laboratory. Crit Rev Clin Lab Sci. 2017;54:529-550.

151. https://www.fda.gov/Drugs/InformationOnDrugs/ApprovedDrugs/

ucm558048.htm

How to cite this article: Fatemi N, Tierling S, Es HA, et al.

DNA methylation biomarkers in colorectal cancer: Clinical

applications for precision medicine. Int J Cancer. 2022;151(12):

2068‐2081. doi:10.1002/ijc.34186

FATEMI ET AL. 2081

 10970215, 2022, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ijc.34186 by U

niversitaet D
es Saarlandes, W

iley O
nline L

ibrary on [02/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.fda.gov/Drugs/InformationOnDrugs/ApprovedDrugs/ucm558048.htm
https://www.fda.gov/Drugs/InformationOnDrugs/ApprovedDrugs/ucm558048.htm
info:doi/10.1002/ijc.34186

	DNA methylation biomarkers in colorectal cancer: Clinical applications for precision medicine
	1  INTRODUCTION
	1.1  DNA methylation in carcinogenesis
	1.2  Sources of alterations in DNA methylation
	1.3  Clinical applications of DNA methylation biomarkers in CRC
	1.4  DNA methylation biomarkers for the diagnosis of CRC
	1.5  DNA methylation biomarkers for prognosis and prediction of CRC
	1.6  DNA methylation biomarkers for prediction of CRC response to therapy

	2  ROLE OF EPIGENETIC BIOMARKERS IN PRECISION MEDICINE
	3  SENSITIVE DETECTION OF DNA METHYLATION IN CRC
	4  CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENT
	FUNDING INFORMATION
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


