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Abstract

Colorectal cancer (CRC) is one of the major cancers in the world and second death-causing cancer 

in the US. CRC development involves genetic and epigenetic alterations. Changes in DNA 

methylation status are believed to be involved at different stages of CRC. Promoter silencing via 

DNA methylation and hypomethylation of oncogenes alter genes’ expression, and can be used as a 

tool for the early detection of colonic lesions. DNA methylation use as diagnostic and prognostic 

marker has been described for many cancers including CRC. CpG Islands Methylator Phenotype 

(CIMP) is one of the underlying CRC mechanisms. This review aims to define methylation 

signatures in CRC. The analysis of DNA methylation profile in combination with the pathological 

diagnosis would be useful in predicting CRC tumors’ evolution and their prognostic behavior.
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Introduction

Colorectal cancer (CRC) arises from the accumulation of genetic and epigenetic alterations. 

DNA methylation is one of the most important epigenetic events that is thought to occur 

during the early stages of such oncogenic transformation [1]. Early detection of colonic 

lesions is the most effective approach to reduce CRC incidence and mortality [2]. Therefore, 

molecular studies aimed at the identification of CRC-specific methylation markers may 

provide useful insight for a better understanding of CRC progression [3,4].

DNA methylation of a number of genes and their significance in CRC has been reported.

[5,6] The hypermethylation of several gene promoters including APC, p16INK4a, TIMP3 in 

CRC has been reported [5,6,7]. The aberrant methylation of CpG islands within gene 
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promoters and/or first exonic/intronic regions is a recognized epigenetic event that leads to 

transcriptional silencing. Regardless of the biological consequences of methylation-induced 

silencing of tumor suppressor genes, this epigenetic alteration constitutes a molecular 

signature that can serve as a promising biomarker for early detection [5,6,8,9]. The ability to 

detect aberrant DNA methylation from a wide range of biological specimens highlights its 

robustness and excellent potential to detect markers of clinical utility in a non-invasive 

manner. In addition, DNA methylation patterns can be applied for the molecular 

classification of neoplasms as well as for the prediction of therapeutic response and 

prognosis.[10] Finally, epigenetic therapy, as such, has been shown to be effective in 

treating hematologic malignancies and might be useful for treating solid organ cancers as 

well [8,11,12,13,14]. As our understanding of the role of epigenetic alterations in colon 

carcinogenesis improves, epigenetic-based therapies might be developed. In addition, the 

identification of epigenetically deregulated signaling pathways may provide means for 

selecting patients who will be particularly responsive to targeted therapies 

[10,15,16,17,18,19,20].

Quantitative approaches to identify DNA methylation differences between normal and 

cancer tissues could lead to the identification of a panel of highly specific methylated 

markers for the early detection of cancer. A systematic and comprehensive assessment of 

aberrantly methylated genes in CRC has the potential not only to improve our understanding 

of the molecular biology of epigenetically driven CRCs, but also the identification of 

methylated genes that might influence patient’s’ clinical management. In this review, we 

discuss, DNA methylation of CRC-associated genes and their clinical and pathological 

implications.

DNA methylome studies: advantages and limitations

As a result of the human genome sequence and the development of high throughput 

technologies such as microarray and next generation sequencing, methylation studies have 

become more comprehensive with the potential of defining global genomic signatures and 

the environment in which methylation takes place.

We analyzed the global methylation profiles of cancer, adenoma and normal colon tissues 

using a microarray IH27 that contain ~1.5 million CpG sites encompassing more than 

21,500 CpG Islands, spanning more than 17,000 genes and non-coding regions. This 

analysis revealed a close clustering of the cancer samples while the adenoma samples 

clustered with normals. This finding is of great relevance as it unequivocally establish the 

fact that methylation in the carcinogenesis process is gradual which is why adenomas 

clustered with normal methylome profiles. It is noteworthy that not only methylation is 

gradual, but genes that were methylated at early stages of the carcinogenic might get 

demethylated at later stages. Indeed, Skowronski et al. have demonstrated that ischemic 

conditions that become prevalent at cancer stages deregulates DNA methyltarnsferases and 

demethylate p16, an early target of methylation [21]. This finding imposes a spatial and 

temporal characterization of the samples to be analyzed as methylation levels vary in 

different anatomical sections of the colon. Moreover, our findings with this methylation 

microarray analysis have led to the clustering of a single adenoma sample with the cancer 
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samples. The pathological analysis of this specimen revealed that it is of villous histology 

that points to high carcinogenic potential [22]. This finding reflects the usefulness of this 

technology in samples analysis and pathogenic behavior prediction. Microarray data analysis 

for detecting important methylation targets remain, however, a challenge as thousands of 

CpG sites show statistically significant differences when samples of different histologies 

were analyzed. While individual CpG sites are analyzed through the microarray technology, 

which is an advantage as different CpG sites methylation have different weights on gene 

expression, the huge number of CpG sites of significance becomes a challenge in data 

analysis. With the recent advent of IH450 microarray, that contains 450K CpG sites, this 

challenge is becoming colossal.

We have also used Reduced Representation Bisulfite Sequencing (RRBS) technology [5,6] 

combined with Next Generation Sequencing (NGS) for global methylation analysis in 

colonic specimens spanning from normal mucosa to adenocarcinoma. RRBS technique 

enriches and isolates CpG rich DNA fragments making sequencing focused on primary 

methylation targets. This analysis along with the microarray studies allows a better view of 

the global picture of DNA methylation. Sequencing data from the samples that underwent 

genome-wide RRBS analysis revealed several DNA methylation aberration including the 

Long Interspersed Elements (LINE) in the genome and reflects a decrease in the methylation 

levels of these sequences from normal to cancer samples. This finding was in line with 

recent studies that reported the involvement of such sequences in gene expression regulation 

and more specifically in some oncogenes upregulation. Genomic instability and loss of 

imprinting genes like IGF2 (insulin-like growth factor 2) may be both initiated by DNA 

hypomethylation [23,24]. Global hypomethylation may influence tumor progression by 

making chromosomes more susceptible to breakage and cause disruption of normal gene 

structure and function, leading to reactivating previously silenced retrotransposons [25,26]. 

A typical example of global hypomethylation is the LINE-1 repeat sequence. LINE-1 is a 

typical repeat sequence of which the hypomethylation has been shown to independently 

prognosticate poor CRC survival and predict poor response to 5-FU (5-fluorouracil) 

chemotherapy [27,28,29].

For methylated targets, after sequence analysis and alignment to reference sequences, 355 

CpG sites were found to be specifically methylated in 14 promoter regions in 13 genes 

(ACTB, ATXN7L1 (ampilicon 2, BMP3, CDH5, EID3, GAS7, GNAS, GPR75, HNRNPF, 

NDRG4, Sept9, SPAG5-AS1, and TNFAIP2) in African American CRC patients [5,6]. Fifty 

CpG sites that showed the highest degree of differential methylation were located within six 

genes, namely: ATXN7L1, BMP3, EID3, GAS7, GPR75, and TNFAIP2.

EID3, which was confirmed as a potential methylation marker, acts as a repressor of nuclear 

receptor-dependent transcription possibly by interfering with CREBBP-dependent co-

activation [30]. This gene may function as a co-inhibitor of other CREBBP/EP300-

dependent transcription factors. Its methylation/silencing likely unleashes the expression of 

several genes that promote cell proliferation and division. Ingenuity pathway analysis (IPA) 

positioned this gene within a network of Sept proteins, of which Sept9, a CRC stool marker, 

is a member [31]. The association of EID3 with such a well-established marker further 

confirms the validity of the RRBS/NGS data.
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More interestingly, the other validated genes, BMP3 and GAS7, were located in a network of 

pathways that involve TGF-β1 and insulin. While GPR75 was not located in this same 

network, probably because of lack of related functional data, other GPR proteins were 

within the TGF-β1network. The co-positioning of these methylated markers in the same 

pathway along with insulin and TGF-β1 is of relevance as it puts colon neoplasia in the 

larger context of diabetes associated molecules such as insulin and TGF-β1. It is noteworthy 

that BMP3 methylation in stools has been found to be associated with CRC in IBD patients 

[32].

We reported EID3, BMP3, GAS7, and GPR75 hypermethylation in African American 

patients with CRC and there are no other reports except for GAS7, which was reported in a 

recent Korean publication [6]. GAS7 hypermethylation has recently been shown in CRC 

compared with normal mucosa in Korean population [15]. In another study of breast cancer, 

it has been shown that GAS7 and BMP3 harbor major epigenetic differences that affect gene 

expression and play a role in the induction and maintenance of different phenotypes [33]. No 

epigenetic data is available for GPR75 or EID3 in any population. Therefore, their 

functional analysis needs to be further dissected. These markers need to be validated in other 

populations and their correlations to other known pathways need to be analyzed.

Comprehensive review of methylation targets in different patients’ 

populations

From our methylation studies and literature review, we identified 47 genes that are used to 

identify CIMP phenotype in CRC and were defined here as new proposed CRC CIMP gene-

panel (Table 1). The criteria we used to select these markers were based on multiple 

citations found in the literature, which identified tumor suppressor genes using quantitative 

and qualitative methylation techniques. We identified and added 16 genes (APC, EVL, 

CD109, PTEN, TWIST1, DCC, PTPRD, SFRP1, ICAM5, RASSF1A, EYA4, 30ST2, LAMA1, 

KCNQ5, ADHEF1, and TFPI2) that consistently showed promoter hypermethylation in 

CRC (Table 1). In our review of the CIMP genes, APC and RASSF1A were the most cited 

markers. A difference in methylation assays is highlighted in the Kim et al. [15] study. In 

one study, APC, was reported to be 15% methylated while other studies reported 92.6%, 

42%, 47%, 27%, and 24% methylation in various forms of CRC [34]. In addition to having 

the most citations, studies about CRC methylation in RASSF1A and APC include a total of 9 

different ethnic populations, and both genes combined a range of methylation percentages 

that was wide (15–93%). 3OST2 was reported to be > 50% methylated in CRC in three 

studies, 2 of which used more than 100 patients samples and three different ethnic groups. 

EVL was also cited to be > 50% methylated in CRC in 4 studies, 3 of which evaluated White 

American cohorts. Importantly, EVL was shown to be > 65% methylated in African 

Americans, suggesting that it may play a role in the more aggressive forms of CRC 

associated with African Americans. CD109 and ICAM5 have the fewest citations in our 

review; however, the roles of genes that regulate extracellular matrix (ECM) are a hot topic 

in the field as they affect tumors’ invasiveness potential. Future studies are likely to identify 

similar genes involved in CRC. PTEN, another important cancer gene, was only found to 

display low methylation in CRC in two studies (6% and 19%). Loss of PTEN is well 
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documented in other cancers such as prostate. TWIST1 gene has been studied in three 

independent ethnic groups and is one of the more recently identified genes that is silenced 

by promoter methylation in CRC. DCC is an excellent candidate to be included in future 

CIMP panels as it is highly methylated in CRC (82.7%, 80%, 56%, and 44%) in several 

studies. SFRP was shown to be methylated in colon adenoma and was cited as displaying > 

90% methylation in CRC in 3 independent studies.[35,36,37]. EYA4, one of the most 

recently identified genes, was found by four independent assays (MSP, methylation array, 

mass spectrometry, and pyrosequencing) to be hypermethylated in CRC. This exhaustive 

review of methylated genes in the path to CRC requires further temporal dissection of these 

markers to assign stage specific methylation that might reflect pathological status specially 

if they were to be used as biomarkers in blood or stools for CRC risk assessment.

Applications of DNA methylation as biomarkers in Colorectal Cancer

A subset of CRCs have a specific phenotype termed: CIMP (CpG island methylator 

phenotype) with a high proportion of methylated genes promoters [5,6]. About 30%–40% of 

proximal CRCs and 3%–12% of distal CRCs are characterized as CIMP [38]. Primary CRCs 

are divided into three distinct subclasses: CIMP1, CIMP2, and CIMP negative based on 

epigenetic and clinical profiles. CIPM1 has a good prognosis, whereas CIMP2 is associated 

with poor prognosis [39]. CIMP status of cancers has been assessed as a predictive marker 

for 5-FU responsiveness [40]. DNA hypermethylation causes tumor suppressor genes such 

as P16, VHL (von Hippel-Lindau tumor suppressor), and MLH1 silencing in CRC. Most 

sporadic MSI colon tumors are CIMP positive and are usually located in the proximal site of 

the colon (up to 40%) [41,42,43]. DNA mismatch repair (MMR) gene MLH1 inactivated by 

promoter methylation, resulting in high-level MSI in some sporadic CRCs, is the driving 

force of genetic instability[44].

Several DNA methylation markers have been proposed as useful early biomarkers for CRC 

detection. The detection of aberrant methylation of Vimentin in fecal DNA was introduced 

in CRC diagnosis with a sensitivity and specificity of 88% and 87%, respectively [45,46]. 

Hypermethylation of GATA4, a transcription factor (GATA binding protein 4) has been 

identified as a novel biomarker for CRC detection with a sensitivity of 51–71% and a 

specificity of 84–93% [47]. NDRG4 is a candidate tumor suppressor gene in CRC whose 

expression is frequently inactivated by promoter methylation and is a potential biomarker 

for detection of CRC in stool samples [48]. Blood-based tests for CRC detection could have 

the potential for better applications. The methylation of SEPT9 (septin 9), encoding a 

GTPase involved in dysfunctional cytoskeletal organization, was detected in CRC patients 

with an overall sensitivity of 90% and specificity of 88% [49]. This marker’s methylation is 

not influenced by patients' age, sex, and tumor location. SEPT9 is particularly attractive for 

biomarker applicability, especially when combined with clinical symptoms such as 

abdominal pain and/or blood in stools. Promoter methylation of CHFR (checkpoint with 

forkhead and ring finger domains) was found to be associated with survival and was 

considered to be an independent predictor for tumor recurrence. IGFBP3 (insulin-like 

growth factor binding protein 3) and CD109 DNA methylation associated with worse 

survival for stage II CRC [50].
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Conclusion

It is now widely recognized that, in addition to genetic mutations, epigenetic mechanisms 

especially aberrant DNA methylation are involved in virtually every step of cancer 

development and progression. Traditional methods cannot sufficiently predict the prognosis 

of single cancer cases. Clinicians may not be able to accurately decide which patient will be 

at high risk for recurrence and benefit from chemotherapy. Therefore, it is essential to search 

for novel biomarkers improving prognosis, that would help clinicians in the decision-making 

process through a molecularly informed clinical management of patients. High-throughput 

technologies, such as methylation microarrays and next generation sequencing, have helped 

advance our understanding of epigenetic events at to the genomic level. Herein, we reviewed 

the current literature along with our own CRC DNA methylation studies data. Although 

many specific genes were found to be valuable as biomarkers for cancer detection, more 

potential epigenetic biomarkers will be found as a result of the wide application of new 

sequencing platforms with high speed, depth, and accuracy. Epigenetic signatures, including 

a panel of methylated genes or specific miRNAs profiles, will show the potential in the early 

diagnosis (screening) and prognosis (therapy response) prediction of CRC patients.
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