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Background/Aims: Methylation status plays a causal role 
in carcinogenesis in targeted tissues. However, the relation-
ship between the DNA methylation status of multiple genes 
in blood leukocytes and colorectal cancer (CRC) susceptibil-
ity as well as interactions between dietary factors and CRC 
risks are unclear. Methods: We performed a case-control 
study with 466 CRC patients and 507 cancer-free controls 
to investigate the association among the methylation status 
of individual genes, multiple CpG site methylation (MCSM), 
multiple CpG site heterogeneous methylation and CRC sus-
ceptibility. Peripheral blood DNA methylation levels were 
detected by performing methylation-sensitive high-resolution 
melting. Results: Total heterogeneous methylation of CA10 
and WT1 conferred a significantly higher risk of CRC (adjusted 
odds ratio [ORadjusted], 5.445; 95% confidence interval [CI], 
3.075 to 9.643; ORadjusted, 1.831; 95% CI, 1.100 to 3.047; 
respectively). Subjects with high-level MCSM (MCSM-H) sta-
tus demonstrated a higher risk of CRC (ORadjusted, 4.318; 95% 
CI, 1.529 to 12.197). Additionally, interactions between the 
high-level intake of fruit and CRH, WT1, and MCSM on CRC 
were statistically significant. Conclusions: The gene methyla-
tion status of blood leukocytes may be associated with CRC 
risk. MCSM-H of blood leukocytes was associated with CRC, 
especially in younger people. Some dietary factors may affect 
hypermethylation status and influence susceptibility to CRC. 
(Gut Liver 2018;12:173-182)
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INTRODUCTION

It was estimated that colorectal cancer (CRC) ranked as the 
third most diagnosed cancer in males and the second most di-
agnosed cancer in females with an estimated 693,900 deaths 
occurring in 2012.1 CRC happens as a result of the accumulation 
of genetic and epigenetic alterations that induce transformation 
of the normal colonic epithelium into colon adenocarcinoma.2 
CpG island hypermethylation in the promoter3 and first exon4 
regions of tumour suppressor genes is a common epigenetic 
event in human cancers and results in transcriptional repres-
sion.5 It has been reported that gene-specific hypermethylation 
changes are associated with transcriptional modulation, which 
may affect tumour progression. There are several transcriptional 
modulation genes, such as Wilms’ tumour gene (WT1, 11p13) 
regulates transcription of growth factor,6,7 carboxy-terminal 
domain 4 gene (CITED4, 1p34.2) inhibits transactivation,8 cor-
ticotropin releasing hormone gene (CRH, 8q13) alternates bind-
ing properties of transcription factor,9 carbonic anhydrase gene 
(CA10, 17q24) shortens the transcription signal,10 and trans-
membrane protein 132D (TMEM132D, 17q11) variates expres-
sion of transcription factor.11 

WT1 encodes a transcription factor that belongs to the early 
growth response family.12 Hypermethylation of the WT1 pro-
moter region was obviously higher in tumour samples than 
in normal colonic mucosa,6,7 suggesting an important role in 
tumourigenesis of colorectal adenocarcinoma.6 Aberrant DNA 
methylation of CITED4 may play a role in breast tumourigene-
sis,8 suggesting that CITED4 is related to cancer-relevant cellular 
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process.13 The function of CRH gene mainly adjusts to the stress 
response in the brain-gut axis in irritable bowel syndrome, in-
testinal inflammation14 and CRC.15 Hypermethylation of CA10 
has also been explored as a novel biomarker for detecting breast 
cancer16 and bladder cancer.17 TMEM132D is a single-pass 
transmembrane protein.18 The coding products of TMEM132D 
were related to the mutual connection of nerve cells and signal 
transduction.19 Hypermethylation of TMEM132D was signifi-
cantly associated with breast cancer.16 

Epidemiological studies have disclosed that some diet fac-
tors were associated with disease prevention and CRC risk. For 
example, high intake of dietary fibre, fish can decrease CRC 
incidence, while high consumption of red meat, alcohol intake 
may increase CRC risk.20 Additionally, in vitro experiments have 
suggested that environmental exposure, such as arsenic, and 
specific dietary nutrition, including isoflavone, may disrupt epi-
genetic balance and cause methylation abnormalities, which are 
related to cancer susceptibility.21,22 However, there is a lack of 
information from the general population to clarify whether en-
vironmental factors alter CpG hypermethylation in blood, that 
is, susceptibility to CRC.

Heterogeneous DNA methylation is defined as the existence 
of multiple epialleles in a sample, each with a different profile 
of methylated and unmethylated CpG sites for a certain region.16 
Recently, researchers have mainly focused on tumour tissues to 
explore the relationship between heterogeneous DNA methyla-
tion status and tumourigenesis16,23-26 and have suggested that 
heterogeneous DNA methylation may be an onset of epigenetic 
processes in tumour tissue.23 Furthermore, studies have demon-
strated that environmental exposure27,28 and age29 may impact 
heterogeneous DNA methylation. Moreover, tumourigenesis is 
not an isolated phenomenon in its target tissue,30 and research 
has increasingly demonstrated that peripheral blood leukocyte 
DNA methylation might be measured as a substitution.31,32 Ad-
ditionally, multiple epigenetic alterations in peripheral blood 
leukocytes were associated with CRC risk.33 However, no study 
has evaluated the association between heterogeneous DNA 
methylation, multiple CpG site heterogeneous methylation (MC-
SHM) and CRC in peripheral blood leukocytes. 

Therefore, we proposed that DNA methylation status, multiple 
CpG site methylation (MCSM), MCSHM of blood leukocytes 
may be associated with risk of CRC. Based on this hypothesis, 
we carried out a case-control study to explore the association 
between DNA methylation status of individual genes, MCSM, 
MCSHM and the risk of CRC and assessed the effects of interac-
tions between gene methylation and environmental factors on 
CRC susceptibility. 

MATERIALS AND METHODS

1. Study subjects

Between June 2004 and June 2012, 466 sporadic CRC patho-

logically confirmed patients in the Cancer Hospital and the 
Second Affiliated Hospital of Harbin Medical University were 
selected as cases, and 507 non-digestive system disease patients 
were chosen as controls from the Second Affiliated Hospital of 
Harbin Medical University. Samples (5 mL) of peripheral blood 
were obtained from the 973 participants. Cases with a family 
history of CRC, metastatic colorectal carcinoma, preoperative ra-
diation or chemotherapy were excluded. Severe organic disease 
and tumor patients were also excluded from the controls. All 
the study subjects provided informed consent and approved by 
the Human Research and Ethics Committee of Harbin Medical 
University. All experiments including interrelated details were 
consistent with the Helsinki Declaration in 2000.

All participants were interviewed face-to-face by well-trained 
interviewers using a structured questionnaire. Information about 
demographic characteristics, dietary status during the past 12 
months (such as the intake of different kinds of meat, fried food 
and fruit), living habits (including cigarette smoking and dura-
tion of leisure physical activity) were collected.

2. Genomic DNA extraction and sodium bisulfite conversion

Genomic DNA was extracted using a Qiagen DNA Blood Mini 
Kit (Qiagen, Hilden, Germany) and was stored at –80°C. The ab-
sorption of ultraviolet light at wavelengths of 260 and 280 nm 
was measured by a Nanodrop 2000 Spectrophotometer (Thermo 
Scientific, Waltham, MA, USA) for determining the purity and 
concentration of DNA. 

Genomic DNA was bisulfite-modified using the EpiTect Fast 
DNA Bisulfite kit (Qiagen). All operation steps were performed 
according to the manufacturer’s protocols. The eluted DNA (32 
μL volume) in triplicate was used for methylation-sensitive 
high-resolution melting (MS-HRM) analysis. Backup bisulfite 
DNA was stored at –80°C. Bisulfite DNA at a concentration of 
20 ng/μL was reserved at –20°C for the subsequent experiment, 
as it is crucial to avoid repeated freezing and thawing. 

3. Methylation-sensitive high-resolution melting

MS-HRM was performed on LightCycler 480 (Roche, Mann-

Fig. 1. Standard curves for the CITED4 methylation-sensitive high-
resolution melting assay.
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heim, Germany) equipment, and the data were analyzed using 
gene scanning and melting temperature (Tm) calling modules. 

Each reaction mixture contained 0.5 μL of bisulfite-treated 
DNA, 0.1 μL of each forward and reverse primer (10 μM), 2.5 μL 
of LightCycler 480 High Resolution Melting Master (Roche), 0.6 
μL MgCl2 (25 mM) and 1.2 μL polymerase chain reaction (PCR)-
grade water to a total volume of 5 μL. Universal unmethylated 
(0% methylated) and methylated (100% methylated) human 
whole genomic DNA samples (Zymo Research Corp., Irvine, CA, 
USA) were used as the control and calibrator samples, respec-
tively. A series of standards, including 100%, 5%, 2%, 1%, and 
0% methylated DNA, in a background of universal unmethyl-
ated DNA, were constructed by serially diluting the methylated 
control DNA into the unmethylated control according to mass 
concentration (Fig. 1). DNA-free distilled water was used as a 
negative control. Each amplified fragment was performed in 
duplicate for the unsure results. Five primer pairs were designed 
by Wojdacz et al.16 and Huang et al.8 The conditions and primer 
sequences are listed in Supplementary Table 1.

Fig. 2. Positive methylation (Pm) of methylation-sensitive high-
resolution melting profiles for the CA10 gene.
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Fig. 3. Heterogeneous methylation 1 (Hm1) of methylation-sensitive 
high-resolution melting profiles for the CA10 gene.
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Fig. 4. Heterogeneous methylation 2 (Hm2) of methylation-sensitive 
high-resolution melting profiles for the CA10 gene.
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Fig. 5. Heterogeneous methylation 3 (Hm3) of methylation-sensitive 
high-resolution melting profiles for the CA10 gene.
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Fig. 6. Unmethylation (Um) of methylation-sensitive high-resolution 
melting profiles for the CA10 gene.
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4. Definition of methylation status, MCSM, and MCSHM

The definition of different methylation status was according 
to the various melting peaks. Each type was as follows (Figs 
2-6): (1) Pm, positive methylation samples, namely homoge-
neous methylation, which could be semi-quantitative according 
to standard curves (Fig. 2); (2) Hm1, heterogeneous methyla-
tion 1 samples presented a wider peak than the unmethylation 
peak (Fig. 3); (3) Hm2, heterogeneous methylation two samples 
showed a methylation peak but before the real methylation 
melting profile (Fig. 4); (4) Hm3, heterogeneous methylation 
three samples presented a melting peak between unmethylation 
and the methylation profiles (Fig. 5); (5) Um, unmethylation 
sample profile was in line with the unmethylation peak (Fig. 6); 
(6) Thm, total heterogeneous methylation included Hm1, Hm2 
and Hm3; (7) Tpm, total positive methylation was composed of 
Thm and Pm.

For the MCSM definition, we ruled out CRH because the odds 
ratio (OR) for the total positive methylation (Tpm) of this gene 
was lower than 1 and had no statistical significance. It is worth 
mentioning that we proposed the use of TMEM132D to catego-
rize MCSM-positive because the OR of the Tpm status of this 
gene was higher than 1 and was marginally statistically signifi-
cant. Thus, four candidate gene biomarkers were analyzed in 
the MCSM panel. High-level MCSM (MCSM-H) was defined as 
three or more of the four candidate genes (WT1, CA10, CITED4 
and TMEM132D) being methylated. Low-level MCSM (MCSM-L) 
was classified as no more than two of the four candidate genes 
being methylated. The incorporation of MCSM indicates that at 
least one gene was methylated, and genes with no methylated 
DNA biomarkers (non-MCSM) was considered the reference 
group. 

Analogously, we excluded CRH because the OR of Thm was 
lower than 1. Although the OR of Thm for CITED4 was 1.087, 
its p-value had no statistical significance and was eliminated 
as well. Finally, we incorporated WT1, CA10 and TMEM132D 
as MCSHM. High-level MCSHM (MCSHM-H) was defined as 
two or more of the three candidate heterogeneous genes being 
methylated. Low-level MCSHM (MCSHM-L) was classified as 
no more than one of the three candidate heterogeneous genes 
being methylated. The incorporation of MCSHM means at least 
one heterogeneous gene was methylated, and genes with no 
heterogeneous DNA methylation biomarkers (non-MCSHM) was 
considered the reference group.

5. Pyrosequencing

To verify the accuracy of the HRM approach, we randomly 
selected two of the five different levels of methylation (>50%, 
25%–50%, 10%–25%, 5%–10%, 0%) in colorectal tissue sam-
ples for pyrosequencing. The assay was operated on a PyroMark 
Q24 Advanced instrument (Qiagen), and the results of pyro-
sequencing were analyzed by PyroMark Q24 Advanced 3.0.0 

software. The pyrosequencing primer sequences and analyzed 
sequences of WT1 are listed in Supplementary Table 2. The 

Table 1. Characteristics of Colorectal Cancer Patients and Controls 

Characteristic Case (%) Control (%) p-value

Sex 0.080

    Male 285 (61.2) 282 (55.6)

    Female 181 (38.8) 225 (44.4)

Age, yr 0.000

    Mean±SD 60.1±11.5 56.7±10.9

    <60 223 (47.9) 308 (60.7)

    ≥60 243 (52.1) 199 (39.3)

Education level 0.181

    Primary school or below 125 (28.5) 117 (23.9)

    Middle school 132 (30.1) 150 (30.6)

    Senior school 94 (21.4) 99 (20.2)

    College or above 88 (20.0) 124 (25.3)

Occupation 0.232

    White collar 122 (26.2) 116 (22.9)

    Blue collar 344 (73.8) 391 (77.1)

Body mass index, kg/m2 0.003

    ≤18.5 38 (8.3) 28 (5.6)

    18.5-23.9 181 (39.3) 157 (31.4)

    ≥24.0 241 (52.4) 315 (63.0)

Nation

    Han people 449 (97.2) 426 (96.8) 0.746

    Other 13 (2.8) 14 (3.2)

Tumor location

    Colon 141 (35.1) - -

    Rectum 261 (64.9) - -

Pathogenic type

    Protrude type 239 (60.8) - -

    Ulcerative type 75 (19.1) - -

    Other types 79 (20.1) - -

Degree of differentiation

    Low 65 (16.1) - -

    Medium 312 (77.4) - -

    High 11 (2.7) - -

    Unknown 15 (3.7) - -

Histological type

    Adenocarcinoma 325 (80.6) - -

    Other types 78 (19.4) - -

Dukes stage

    A 42 (10.4) - -

    B 197 (48.9) - -

    C 132 (32.8) - -

    D 32 (7.9) - -
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optimized cycling for PyroMark PCR and pyrosequencing were 
performed based on the manufacturer’s protocol.

6. Statistical analyses

The distribution of basic demographic characteristics, envi-

ronmental factors, methylation status and clinical data between 
cases and controls were detected by chi-square test or t-test 
as appropriate. The associations between methylation status 
of candidate genes, MCSM, MCSHM and CRC susceptibility 
were analyzed by logistic regression. The difference between 

Table 2. Associations among the Methylation Status of Candidate Genes, MCSM, MCSHM, and CRC Susceptibility

Methylation status Case (%) Control (%) Crude OR (95% CI) p-value ORadjusted (95% CI)* p-value ORadjusted (95% CI)† p-value

CA10

    Um 47 (10.1) 146 (29.7) 1.000 1.000 1.000 

    Pm 185 (39.9) 180 (36.7) 3.193 (2.167–4.704) 0.000 3.136 (2.117–4.645) 0.000 4.202 (2.348–7.519) 0.000 

    Hm1 111 (23.9) 81 (16.5) 4.257 (2.753–6.583) 0.000 4.197 (2.694–6.540) 0.000 4.913 (2.534–9.527) 0.000 

    Hm2 53 (11.4) 61 (12.4) 2.699 (1.648–4.421) 0.000 2.632 (1.598–4.335) 0.000 2.504 (1.209–5.186) 0.014 

    Hm3 68 (14.7) 23 (4.7) 9.184 (5.164–16.335) 0.000 8.514 (4.743–15.282) 0.000 15.668 (7.341–33.441) 0.000 

    Thm 232 (50.0) 165 (33.6) 4.368 (2.973–6.416) 0.000 4.209 (2.848–6.221) 0.000 5.445 (3.075–9.643) 0.000 

    Tpm 417 (89.9) 345 (70.3) 3.755 (2.624–5.373) 0.000 3.647 (2.537–5.244) 0.000 4.831 (2.819–8.278) 0.000 

CRH

    Um 26 (5.6) 20 (4.1) 1.000 1.000 1.000 

    Pm 165 (35.7) 143 (29.0) 0.888 (0.475–1.657) 0.708 0.839 (0.444–1.585) 0.589 0.808 (0.356–1.833) 0.610 

    Hm1 213 (46.1) 192 (38.9) 0.853 (0.461–1.578) 0.613 0.915 (0.489–1.712) 0.782 0.605 (0.264–1.384) 0.234 

    Hm2 41 (8.9) 65 (13.2) 0.485 (0.240–0.979) 0.043 0.504 (0.247–1.029) 0.060 0.188 (0.069–0.513) 0.001 

    Hm3 17 (3.7) 73 (14.8) 0.179 (0.082–0.393) 0.000 0.182 (0.082–0.404) 0.000 0.132 (0.044–0.394) 0.000 

    Thm 271 (58.7) 330 (66.9) 0.632 (0.345–1.156) 0.137 0.666 (0.360–1.230) 0.194 0.400 (0.178–0.899) 0.027 

    Tpm 436 (94.4) 473 (95.9) 0.709 (0.390–1.288) 0.259 0.721 (0.393–1.324) 0.291 0.542 (0.246–1.194) 0.128 

TMEM132D

    Um 120 (26.0) 127 (25.8) 1.000 1.000 1.000 

    Pm 74 (16.0) 70 (14.2) 1.119 (0.742–1.688) 0.593 1.024 (0.670–1.563) 0.914 1.428 (0.767–2.659) 0.261 

    Hm1 151 (32.7) 148 (30.1) 1.080 (0.771–1.513) 0.655 1.072 (0.760–1.513) 0.691 1.708 (1.037–2.815) 0.036 

    Hm2 41 (8.9) 80 (16.3) 0.542 (0.345–0.852) 0.008 0.467 (0.293–0.743) 0.001 0.566 (0.288–1.113) 0.099 

    Hm3 76 (16.5) 67 (13.6) 1.200 (0.795–1.813) 0.385 1.087 (0.713–1.658) 0.698 2.696 (1.498–4.852) 0.001 

    Thm 268 (58.0) 295 (60.0) 0.961 (0.713–1.297) 0.797 0.908 (0.669–1.234) 0.539 1.542 (0.991–2.400) 0.055 

    Tpm 342 (74.0) 365 (74.2) 0.992 (0.742–1.325) 0.955 0.932 (0.693–1.253) 0.640 1.520 (0.988–2.340) 0.057 

CITED4

    Um 387 (84.7) 398 (88.2) 1.000 1.000 1.000 

    Pm 56 (12.3) 19 (4.2) 3.031 (1.7680–5.195) 0.000 2.772 (1.604–4.790) 0.000 6.041 (2.785–13.102) 0.000 

    Hm1 4 (0.9) 30 (6.7) 0.137 (0.048–0.393) 0.000 0.134 (0.047–0.386) 0.000 0.423 (0.125–1.438) 0.168 

    Hm2 8 (1.8) 4 (0.9) 2.057 (0.614–6.886) 0.242 2.023 (0.593–6.895) 0.260 2.698 (0.567–12.850) 0.213 

    Hm3 2 (0.4) 0 - - - - - -

    Thm 14 (3.1) 34 (7.5) 0.423 (0.224–0.801) 0.008 0.416 (0.218–0.793) 0.008 1.087 (0.457–2.586) 0.851 

    Tpm 70 (15.3) 53 (11.8) 1.358 (0.926–1.993) 0.117 1.270 (0.859–1.877) 0.231 2.962 (1.675–5.239) 0.000 

WT1

    Um 145 (31.5) 195 (40.2) 1.000 1.000 1.000 

    Pm 235 (51.0) 169 (34.8) 1.870 (1.396–2.504) 0.000 1.741 (1.291–2.347) 0.000 3.140 (2.024–4.872) 0.000 

    Hm1 14 (3.0) 45 (9.3) 0.418 (0.221–0.791) 0.007 0.391 (0.205–0.748) 0.005 1.507 (0.649–3.496) 0.340 

    Hm2 62 (13.4) 69 (14.2) 1.208 (0.806–1.811) 0.359 1.150 (0.761–1.738) 0.508 1.980 (1.113–3.523) 0.020 

    Hm3 5 (1.1) 7 (1.4) 0.961 (0.299–3.088) 0.946 0.883 (0.269–2.900) 0.838 1.755 (0.416–7.404) 0.444 

    Thm 81 (17.6) 121 (24.9) 0.900 (0.632–1.283) 0.561 0.852 (0.593–1.223) 0.385 1.831 (1.100–3.047) 0.020 

    Tpm 316 (68.5) 290 (59.8) 1.465 (1.121–1.915) 0.005 1.374 (1.044–1.807) 0.023 2.590 (1.730–3.878) 0.000 
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cases and controls, such as basic demographic characteristics 
and environmental factors were considered as confounding 
factors when multiple logistic regression was analyzed. The 
combined effects between environment factors and methyla-
tion of candidate genes on the risk of CRC were analyzed by the 
crossover method. Interactions between gene methylation and 
environmental factors were checked by multifactor dimension-
ality reduction (MDR) and multiple logistic regression methods. 
Spearman rank correlation coefficient and chi-square trend test 
(k-value) were used for analysing the gene methylation results 
between HRM and pyrosequencing. All p-values were two-
sided, and p<0.05 was considered statistically significant. Sta-
tistical analysis was conducted with SAS 9.1 (SAS Institute Inc., 
Cary, NC, USA), SPSS version 21.0 (IBM Corp., Armonk, NY, 
USA) and MDR software version 2.0 (Unix).

RESULTS

1. Characteristics of CRC patients and controls

This research study included 466 cases (285 males and 181 
females) with a mean±standard deviation (SD) age of 60.1±11.5 
and 507 controls (282 males and 225 females) with a mean±SD 
age of 56.7±10.9 (p=0.000) (Table 1). The proportion of patients 
who were overweight (body mass index [BMI] ≥23.0) among 
controls (63.0%) was higher than that among cases (52.4%, 
p=0.003). 

2. Associations between environmental exposure and CRC 
risk

The intake of the various food groups and ORs for CRC are 
presented in Supplementary Table 3. After adjusting for BMI 
and age, individuals with higher intakes of pork, pork intestines, 

fried food, braised fish in brown sauce, sea food, and fruit can 
had a 1.424-, 3.390-, 1.610-, 2.005-, 1.757- and 1.688-fold in-
creased risk of CRC when compared with controls. A significant 
reduction of CRC risk, associated with fruit and coarse grains 
were observed in case-control (adjusted OR [ORadjusted], 0.687; 
95% confidence interval [CI], 0.526 to 0.897 and ORadjusted, 0.516; 
95% CI, 0.391 to 0.682, respectively). After multifactor condi-
tional logistic regression model, we found that the largest con-
tribution factors to the model were fruit, garlic, pork intestines, 
fried food, coarse grains, braised fish in brown sauce and fruit 
can (Supplementary Table 4). All the factors included in the 
model coupled with BMI and age were considered as confound-
ing factors. 

3. Associations between the methylation status of five individual 
genes and CRC risk

Pm of WT1 (ORadjusted, 3.140; 95% CI, 2.204 to 4.872), CA10 
(ORadjusted, 4.202; 95% CI, 2.348 to 7.519) and CITED4 (ORadjusted, 
6.041; 95% CI, 2.785 to 13.102) were related to CRC risk. All 
five genes in our panel had heterogeneous methylation rang-
ing from 5% to 59%. Thm of WT1 and CA10 were statistically 
positively associated with CRC (ORadjusted, 1.831; 95% CI, 1.100 
to 3.047; ORadjusted, 5.445; 95% CI, 3.075 to 9.643, respectively), 
whereas CRH was statistically negatively associated with CRC 
(ORadjusted, 0.400; 95% CI, 0.178 to 0.899) (Table 2). Statistically 
significant associations between Tpm of CA10, CITED4, and 
WT1 and CRC risk were observed before and after adjusting for 
confounding factors. 

 Age stratification analysis indicated that hypermethylation 
of WT1 was associated with positive risk of CRC only in the 
younger group (ORadjusted, 1.516; 95% CI, 1.055 to 2.177) (Table 3). 
Hypermethylation of CA10 was significantly associated with a 

Table 2. Continued

Methylation status Case (%) Control (%) Crude OR (95% CI) p-value ORadjusted (95% CI)* p-value ORadjusted (95% CI)† p-value

MCSM

    Non-MCSM 17 (3.8) 29 (6.7) 1.000 1.000 1.000 

    MCSM-L 182 (40.7) 208 (48.1) 1.493 (0.794–2.805) 0.213 1.403 (0.741–2.658) 0.299 1.430 (0.504–4.054) 0.501 

    MCSM-H 248 (55.5) 195 (45.1) 2.170 (1.158–4.063) 0.016 1.936 (1.024–3.657) 0.042 4.318 (1.529–12.197) 0.006 

    MCSM 430 (96.2) 403 (93.3) 1.820 (0.985–3.363) 0.056 1.659 (0.890–3.092) 0.111 2.528 (0.921–6.939) 0.072 

MCSHM

    Non-MCSHM 17 (15.0) 29 (18.0) 1.000 1.000 1.000 

    MCSHM-L 32 (28.3) 45 (28.0) 1.213 (0.573–2.570) 0.614 1.180 (0.545–2.557) 0.675 1.153 (0.335–3.969) 0.821 

    MCSHM-H 64 (56.6) 87 (54.0) 1.255 (0.636–2.477) 0.513 1.110 (0.551–2.234) 0.771 1.396 (0.438–4.449) 0.573 

    MCSHM 96 (85.0) 132 (82.0) 1.241 (0.645–2.386) 0.518 1.133 (0.579–2.217) 0.716 1.297 (0.427–3.942) 0.647 

MCSM, multiple CpG site methylation; MCSHM, multiple CpG site heterogeneous methylation; CRC, colorectal cancer; OR, odds ratio; CI, confi-
dence interval; Um, unmethylation; Pm, positive methylation; Hm1, heterogeneous methylation 1; Hm2, heterogeneous methylation 2; Hm3, het-
erogeneous methylation 3; Thm, total heterogeneous methylation; Tpm, total positive methylation; MCSM-L, low-level MCSM; MCSM-H, high-
level MCSM; MCSHM-L, low-level MCSHM; MCSHM-H, high-level MCSHM.
*ORadjusted, ORs adjusted for body mass index (BMI) and age; †ORadjusted, ORs adjusted for BMI, age, fruit, coarse grains, fruit can, pork intestines, 
fried food, garlic, and braised fish in brown sauce.
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higher risk of CRC in both the younger and older group (ORadjusted, 
4.021; 95% CI, 2.463 to 6.566; ORadjusted, 3.207; 95% CI, 1.859 to 
5.530, respectively), with stronger associations in the younger 
group.

4. Association between MCSM, MCSHM status and CRC 
risk

Methylation levels in 90.3% patients (879/973) were success-
fully assessed for all five genes (Table 2). Subjects with MCSM-
H had a 4.318-fold increased risk of CRC compared with non-
MCSM (95% CI, 1.529 to 12.197; p=0.006). However, we did 
not observe statistically significant differences in MCSM and 
MCSM-L groups when contrasted with the non-MCSM group 
(ORadjusted, 2.528; 95% CI, 0.921 to 6.939; ORadjusted, 1.430; 95% 
CI, 0.504 to 4.054; respectively). In younger subjects, MCSM-H 
indicated a significantly increased susceptibility to CRC (ORadjusted, 
2.759; 95% CI, 1.170 to 6.509), whereas there was no relation-
ship predicting CRC risk in older subjects (ORadjusted, 1.158; 95% 
CI, 0.415 to 3.230) (Table 3). Moreover, we did not find statisti-
cally significant associations predicting CRC risk in cancer-free 
controls or within either age stratification for MCSHM (Tables 2 
and 3).

5. The interactions between environmental exposure and 
individual gene methylation, MCSM and MCSHM on the 
risk of CRC

Significant synergistic effects between CRH hypermethylation 
and intake of fruit (>2 times/wk) on risk of CRC were observed 

(odds ratio for interaction of environmental factor and gene 
methylation [ORi], 4.849; 95% CI, 1.229 to 19.136; p=0.024). 
Additionally, for WT1 hypermethylation, an antagonistic inter-
action with fruit intake (>2 times/wk) was found (ORi, 0.380; 
95% CI, 0.216 to 0.669; p=0.001). Furthermore, MCSM showed 
a statistically significant synergistic interaction with fruit intake 
(>2 times/wk: ORi, 0.269; 95% CI, 0.075 to 0.964; p=0.044) 
(Supplementary Table 5). The model that evaluated the relation-
ship between the five individual genes, MCSM, MCSHM and en-
vironmental factors in CRC are shown in Supplementary Tables 
5-11.

We firstly applied MDR algorithms to explore the interac-
tion between gene methylation and environmental factors for 
which an interaction might be possible. Then, MDR was used to 
analyze the interaction between seven dietary factors that were 
statistically significant in multiple logistic regression and the 
methylation status of five candidate genes. However, there was 
no best interaction model (data not shown).

6. Validation of the methylation results 

Pyrosequencing is the gold standard to detect methylation 
levels. To validate the accuracy of the HRM results, we ex-
tracted two cases for each of the five methylation levels (>50%, 
25%–50%, 10%–25%, 5%–10%, and 0%) in tissue samples and 
found strong associations between the two techniques (Spear-
man correlation test, r=0.911, p<0.05). We set the cutoff value 
of pyrosequencing results at 80 and divided HRM results into 
0%, 5% to 10% and >10% to test the consistency of the HRM 

Table 3. Association between Methylation, MCSM, MCSHM of Genes and Risk of CRC by Age

Gene
<60 yr ≥60 yr

OR* 95% CI p-value OR* 95% CI p-value

Genes methylation†

    CA10 4.021 2.463–6.566 0.000 3.207 1.859–5.530 0.000 

    CRH 0.830 0.363–1.898 0.658 0.600 0.239–1.508 0.277 

    TMEM132D 0.998 0.677–1.471 0.992 0.844 0.531–1.342 0.474 

    CITED4 1.209 0.684–2.135 0.514 1.327 0.773–2.277 0.305 

    WT1 1.516 1.055–2.177 0.024 1.201 0.788–1.832 0.395 

MCSM

    MCSM-L 1.826 0.777–4.287 0.167 0.927 0.327–2.632 0.887 

    MCSM-H 2.759 1.170–6.509 0.020 1.158 0.415–3.230 0.780 

    MCSM 2.216 0.962–5.103 0.062 1.060 0.385–2.919 0.909 

MCSHM

    MCSHM-L 1.495 0.551–4.053 0.430 0.814 0.228–2.905 0.751 

    MCSHM-H 1.347 0.526–3.449 0.535 0.837 0.280–2.505 0.751 

    MCSHM 1.404 0.576–3.421 0.455 0.831 0.285–2.429 0.736 

MCSM, multiple CpG site methylation; MCSHM, multiple CpG site heterogeneous methylation; CRC, colorectal cancer; OR, odds ratio; CI, confi-
dence interval; MCSM-L, low-level MCSM; MCSM-H, high-level MCSM; MCSHM-L, low-level MCSHM; MCSHM-H, high-level MCSHM.
*ORadjusted, ORs adjusted for body mass index; †All the ORs were calculated by selecting unmethylation as a reference group and total positive 
methylation as a positive group.
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and pyrosequencing results. We discovered high consistency 
(chi-square trend test, k-value=0.833, p=0.000) between the 
two methods. The original HRM and pyrosequencing results are 
listed in Supplementary Table 12. Additionally, we analyzed 
standard curves of 100%, 5.0%, 2.0%, 0.5%, 0% in duplicate to 
verify the variability of HRM results and we observed a good 
reproducibility (Fig. 7).

DISCUSSION

Changes in the DNA methylation status, including locus-spe-
cific hypermethylation and global DNA hypomethylation, are 
common epigenetic alterations in carcinogenesis.16 Large studies 
of DNA methylation have investigated different methylation 
levels between tumours and adjacent tissues.23,26 There is consid-
erable evidence that methylation changes in cancer patients ap-
pear systematically and can be measured in surrogate tissues.31,32 
Alterations in blood-derived DNA methylation may explain the 
response of the haematopoietic systems to tumourigenesis and 
may be partially explained by systemic differences in the meth-
ylation signatures of leukocyte subpopulations in tumourigen-
esis.34 Besides, peripheral blood is much easier to obtain than 
tissue. However, less is known about whether leukocyte DNA 
methylation can be applied as a biomarker for CRC, especially 
for MCSM assessment. Our results indicated a positive relation-
ship between hypermethylation of multiple loci in blood-de-
rived DNA and the risk of CRC. Compared with the non-MCSM 
group, subjects with MCSM-H implied a 4.318-fold higher risk 
of CRC. This phenomenon is similar to that observed in our pre-
vious study in which MCSM-H indicated a 1.79-fold higher risk 
for CRC in patients than in cancer-free controls.33 The MCSM-H 
of peripheral blood leukocytes, which are composed of multiple 
methylated genes, might demonstrate systematic variation of 
hypermethylation in subjects and could be more suitable for as-
sessment of the risk of CRC in the aspect of cancer screening for 
high-risk population, individual prevention and individualized 
treatment.

Heterogeneous methylation was previously confirmed to hap-
pen in different cancer tissues.16,24-26 However, this phenomenon 
has never been researched extensively in a massive sample and 
panel loci in peripheral blood leukocytes for CRC. MS-HRM 
measures the melting behaviour of DNA duplexes.35 Based on 
normalized melting curves and Tm values of the PCR product, 
methylation status can be defined.24,26,36 As far as we know, 
this instance is the first time a study has revealed loci to have 
four types of methylation during CRC tumourigenesis, with 
some loci going through heterogeneous methylation and oth-
ers undergoing homozygous methylation in a large sample size. 
Our data showed that all of the candidate genes had different 
extent heterogeneous methylation. However, we found no as-
sociation between MCSHM and CRC risk or in age stratification. 
The mechanism of heterogeneous methylation leading to gene 
silencing is still obscure. Nevertheless, a hypothesis that hetero-
geneous methylation may be a “passenger” that interferes with 
transcription processes has been proposed,16 and heterogeneous 
methylation may play an important role in tumour develop-
ment25 through perturbing the transcriptome in CRC.37

Exploring the interactions between dietary factors and genes 
for complex diseases has an important implication in disease 
prevention for public health. In this research, we found signifi-
cant antagonistic interaction between increased consumption of 
fruit and the methylation of WT1, MCSM, on the risk of CRC. 
Folic acid, rich in fruits, regulates DNA methylation of cytosine 
within the CpG sequences because of its role in the supplying 
synthesized S-adenosyl methionine.38 Deficiency in folic acid 
may result in aberrant hypermethylation of normally unmethyl-
ated CpG sites.39 Our results showed that braised fish in brown 
sauce and fried food had a significant combined effect on the 
methylation of most candidate genes as well as on MCSM and 
MCSHM. Braised fish in brown sauce and fried foods are high 
temperature cooking foods that can lead to the formation of 
polycyclic aromatic hydrocarbons (PAHs).40 Benzo(a)pyrene 
(BaP) is a type of PAHs, and hypermethylation may increase 
BaP-induced DNA damage through preferentially binding to 
methylated CpG dinucleotides of reactive metabolic intermedi-
ates.41 Whole grains contain choline that can help improve lipid 
status through preventing fat deposition in the liver and in bal-
ancing DNA methylation in the liver and colon.42 This phenom-
enon may explain the interaction between coarse grains and 
CRH and TMEM132D gene methylation predicting on CRC risk. 

There were certain limitations of this research. First, we di-
vided dietary components into only two levels to unify the 
standardization that may lead to some information loss. Second, 
due to limited technology, HRM can only measure qualitative 
heterogeneous methylation and cannot quantitatively assess 
methylation level. Therefore, a precise method for measuring 
the quantitative heterogeneous methylation level is needed in 
future research. However, we and other previous research have 
demonstrated that HRM has the ability to test low methylation 
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levels43 and testified to its sensitivity and specificity when com-
pared with pyrosequencing.33 Third, we were unable to confirm 
possible mechanisms affecting methylation differences between 
cases and controls, including environmental factors and a sub-
population of peripheral blood leukocytes. Additionally, deeper 
investigations should concentrate on the evaluation of whether 
the observed differences occur as a result of, or prior to, tu-
mourigenesis.

In conclusion, our study suggested that the DNA methylation 
status of blood leukocytes may be associated with susceptibility 
to CRC. The MCSM-H of blood leukocytes may be associated 
with CRC risk, especially in younger people. Environmental 
factors may interact with gene methylation, which may trigger 
CRC.
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