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Abstract
AIM: To explore the association between methylation 
in leukocyte DNA and colorectal cancer (CRC) risk in 
male smokers using the α-tocopherol, β-carotene can-
cer prevention study.

METHODS: About 221 incident CRC cases, and 219 

controls, frequency-matched on age and smoking in-
tensity were included. DNA methylation of 1505 CpG 
sites selected from 807 genes were evaluated using Il-
lumina GoldenGate Methylation Cancer Panel I in pre-
diagnostic blood leukocytes of study subjects. Tertiles 
of methylation level classified according to the distribu-
tion in controls for each CpG site were used to analyze 
the association between methylation level and CRC 
risk with logistic regression. The time between blood 
draw to cancer diagnosis (classifying cases according 
to latency) was incorporated in further analyses using 
proportional odds regression.

RESULTS: We found that methylation changes of 
31 CpG sites were associated with CRC risk at P  < 0.01 
level. Though none of these 31 sites remained statisti-
cally significant after Bonferroni correction, the most 
statistically significant CpG site associated with CRC 
risk achieved a P  value of 1.0 × 10-4. The CpG site is 
located in DSP  gene, and the risk estimate was 1.52 
(95% CI: 0.91-2.53) and 2.62 (95% CI: 1.65-4.17) for 
the second and third tertile comparing with the lowest 
tertile respectively. Taking the latency information into 
account strengthened some associations, suggesting 
that the methylation levels of corresponding sites might 
change over time with tumor progression.

CONCLUSION: The results suggest that the methyla-
tion level of some genes were associated with cancer 
susceptibility and some were related to tumor develop-
ment over time. Further studies are warranted to con-
firm and refine our results. 
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INTRODUCTION
Although its incidence and mortality have declined in the 
past decades, colorectal cancer (CRC) remains the third 
most common cancer worldwide[1]. Epigenetic changes, 
which affect gene expression and subsequent phenotypes 
by mechanisms other than DNA sequence change, have 
been shown to play important roles in etiology of  various 
cancers[2]. Studying the roles of  epigenetic and genetic 
factors, as well as their interaction with environmental 
exposures, should lead to better understanding on the 
pathogenesis of  CRC, and ultimately contribute to the 
prevention and treatment. 

DNA methylation, the covalent addition of  a methyl 
group, is an epigenetic event that alters gene expression. 
It has a degree of  dependence on host status, including 
age[3,4] and genetic background[5-7], as well as environ-
mental exposures, including dietary availability of  methyl 
groups[8], smoking[9], and other factors. Variation in DNA 
methylation helps explain genetic diversity, which might 
mediate gene-environment interaction; mechanistically 
it might represent a key mechanism whereby changing 
environment modulates gene action. Alterations of  the 
normal DNA methylation pattern, which is unique for 
each gene, have been considered an important step in 
many human diseases and been associated with all can-
cers examined to date, including CRC[2]. Promoter hy-
permethylation of  many genes, associated with silencing 
(tumor suppressor genes) or activation (oncogenes) of  
downstream genes, has been linked to CRC carcinogene-
sis[10-14]. The key pathways in CRC carcinogenesis, includ-
ing loss of  cell cycle regulation control (p16INK4α), silencing 
of  DNA mismatch repair genes (MLH1, MGMT), loss 
of  function of  apoptosis genes (DAPK), and abolishment 
of  carcinogen metabolism (GSTP1), involve changes in 
promoter methylation[15]. Accumulating evidence suggests 
that epigenetic, including DNA methylation, abnormali-
ties are a driving force of  carcinogenesis[16]. Notably, a 
recent study induced cancer in Apc Min/+ mice through 
over expressing the de novo DNA methyltransferases Dn-
mt3a1 and Dnmt3b1 and thereby established a direct caus-
al connection between DNA hypermethylation and the de-
velopment of  colon tumors[17]. However, evidence for the 
role that these mechanisms play in human populations 
remains incomplete. Case control studies are unable to 
differentiate methylation changes associated with tumor 
susceptibility from those changes that derive solely from 

tumor progression. For this reason, prospective studies 
are needed to examine whether certain DNA methylation 
changes precede cancer development.

Notable DNA methylation pattern changes have been 
observed in CRC tissue[18-22], which could classify CRC 
molecular subtypes. For example, the CpG island methyl-
ator phenotype (panels of  four to eight CpG islands)[23-26] 
has distinct pathogenic features that could have prog-
nostic implications and suggest avenues for prevention 
or therapy. However to date, prospective data on DNA 
methylation and risk of  incident CRC have not been re-
ported, and data from non-target tissue, including leuko-
cytes, are sparse. Study in mice have shown that changes 
of  methylation in leukocyte DNA were parallel those 
observed in other somatic tissues[27]. Emerging data sug-
gest that leukocyte DNA methylation might be linked to 
susceptibility of  bladder cancer[28], lung cancer[29], cervical 
intraepithelial neoplasia[30]. The study of  DNA methyla-
tion status in peripheral leukocytes in relation to CRC 
risk has mainly been conducted among hereditary non-
polyposis CRC patients to compare methylation status 
between tissues[31-35]. Limited epidemiological studies have 
only examined small sets of  genes[36,37] in case-control 
settings. To date, no report has examined the association 
between DNA methylation and CRC risk in a prospective 
study setting.

We conducted a nested case-control study within the 
α-tocopherol, β-carotene (ATBC) cancer prevention study 
to explore the relationship between CRC risk and gene-
specific DNA methylation from pre-diagnostic leukocytes. 

MATERIALS AND METHODS
ATBC study 
The ATBC cancer prevention study was a double-blinded, 
placebo-controlled, 2 × 2 factorial design trial, which as-
sessed the effect of  ATBC, or both, on the incidence of  
cancer in male smokers[38-40]. The prospective cohort com-
prised of  29 133 Finish men, aged 50-69 years at study 
entry (1985-1988), who smoked at least 5 cigarettes per 
day. Participants were randomly assigned to groups receiv-
ing ATBC, both supplements, or placebo for 5-8 years un-
til April 30, 1993 or death. Incident cases were identified 
through the Finnish Cancer Registry. Medical records for 
each cancer case were reviewed centrally by study physi-
cians or oncologists for diagnosis confirmation. Question-
naire based general risk factor, education, family history, 
medical history, detailed smoking, and dietary informa-
tion, as well as anthropometry, were collected at baseline. 
Whole blood biospecimens were collected from subjects 
close to the end of  the intervention (before 1993). 

This trial was approved by the institutional review 
boards of  the National Institute for Health and Welfare 
of  Finland and the National Cancer Institute of  USA. All 
participants provided written informed consent.

Study subjects
We conducted a nested case-control study within the 
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ATBC study. All participants were male smokers. All the 
incident cases with colon and rectal adenocarcinomas 
(International Classification of  Diseases 9, codes 153 
and 154) identified through the latest follow-up (April 
2006) that had a pre-diagnostic blood sample were in-
cluded in this study. Controls were cancer-free subjects 
identified through April 2006, who provided a blood 
sample, were frequency matched to the cases by age at 
study entry (± 5 years), date of  blood draw (± 90 d), and 
smoking intensity (± 10 cigarettes/d). Leukocyte DNA 
was extracted from pre-diagnostic buffy coat sample of  
all study subjects. 

DNA methylation assay 
For the current study, 1 μg DNA from each study subject 
was treated with the bisulfate conversion kit from Zymo Re-
search (D5008) (http://www.zymoresearch.com ) to convert 
unemthylated cytosines to uracil and leave methylated ones 
intact. Bisulfite converted DNA was then genotyped using 
a commercially available chip, the Illumina GoldenGate 
Methylation Cancer Panel 1 (Appendix 3) (http://www.
illumina.com/pages.ilmn?ID=193), to differentiate the 
methylated and unmethylated cytosine. The chip covers 
1505 CpG sites, which are located in the promoter re-
gions of  807 genes reflecting a broad spectrum of  carci-
nogenic processes including tumor suppressor genes, on-
cogenes, genes involved in DNA repair, cell cycle control, 
differentiation, apoptosis, X-linked, and imprinted genes. 
All of  the 454 samples (224 cases and 230 controls) were 
tested in five 96 well-plate chips/ batches. Matched case 
and control samples were placed within the same batch 
in random order. Duplicates from each of  2 QC subjects 
in each of  5 batches were randomly and blindly dispersed 
among study samples in order to assess variability of  the 
assay.

Statistical analysis 
Raw data for methylated (M) alleles and unmethylated (U) 
alleles of  each CpG site were exported from GenomeStu-
dio Data Analysis Software (Illumina). Ten samples were 
excluded because 5% or more of  the markers exceeded 
the threshold for non-specific cross-hybridization (P 
value of  detection > 0.1). Then quantile normaliza-
tion[41] was conducted on both M and U, and β values 
for each CpG site were generated for statistical analysis. 
The β value was expressed as percentage of  methylated 
cytosines as follows: β = min (M, 0)/[min (U, 0) + min 
(M, 0) + 100], and was used as the proxy of  methylation 
level at each CpG site. Principal component analysis was 
conducted based on overall β values of  each individual to 
detect outlier individuals: the first two (principal) compo-
nents, which explained most of  the variance between in-
dividuals, were selected. Four samples which were outside 
the range of  ± 5 SD of  each principal component were 
excluded. A total of  440 subjects were eligible for the fi-
nal analysis. 

Methylation levels for each CpG site were classified 
into tertiles according to the distribution among controls. 

Logistic regression was used to estimate the association 
between the risk for CRC and each CpG site. Adjust-
ment for date of  blood draw and smoking intensity did 
not modify the results substantially so we only included 
age as covariate among the matching factors. Batch dif-
ferences of  QC samples were non-negligible and adjust-
ment for batch variable modified the results significantly. 
Therefore, we reported the results from logistic regres-
sion adjusted for age and batch factor. 

Taking advantage of  the prospective design of  the 
current study, we explored the effect of  latency, which 
was defined as the difference in days between the date 
of  blood draw to reported date of  cancer diagnosis (for 
CRC cases). The range of  latency (ranging 0-13.4 years) 
allowed us to classify cases into three categories: short 
(0-4.8 years), medium (4.9-8.9 years), and long latency 
groups (9.0-13.4 years). Proportional odds regression was 
used to estimate the association between DNA methyla-
tion and CRC risk by coding cases according to latency. 
In addition, another set of  logistic regression analyses 
(partial logistic regression) were conducted with cases 
restricted to those having short and medium latencies. If  
we assume methylation of  some CpG sites changes over 
time in relation to tumor progression, this model should 
enhance the detection of  these markers by excluding sub-
jects with long latency. 

To evaluate the potential false positive findings due to 
multiple testing, we adjusted the P values using a Bonfer-
roni correction for the total number of  all the CpG sites 
tested in the current analysis (1505 sites). All the analyses 
were conducted with SAS9.1 or R software and all the 
tests are two sided. 

RESULTS
A total of  221 CRC cases and 219 frequency matched 
controls with successful DNA methylation measurements 
were included in the current analysis. Cases and controls 
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Table 1  Characteristics of cases and controls  n  (%)

Controls 
(n  = 219)

Cases 
(n  = 221)

P 1

Age of randomization (mean) (yr)        58 (54-62)      58 (54-61) 0.7
ATBC 0.33
   Placebo   62 (28) 48 (22)
   Β-carotene   56 (26) 60 (27)
   VitE   49 (22) 62 (28)
   Both   52 (24) 51 (23)
Family history of CRC   6 (3) 6 (3) 0.98
Smoking age (mean) (yr)        20 (17-22)      19 (17-20) 0.18
Smoking years (mean) (yr)        36 (30-42)      37 (31-42) 0.26
BMI (kg/m2) 0.03
   < 25   80 (36) 75 (34)
   25-29.9 113 (52) 99 (45)
   ≥ 30   26 (12) 47 (21)

1P from T-test for continuous variables or χ2 test for categorical variables. 
CRC: Colorectal cancer; ATBC: α-tocopherol, β-carotene; BMI: Body mass 
index.
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were similar with regard to age, supplement treatment, 
family history of  CRC, smoking starting age, and smok-
ing duration (years) (Table 1). Cases had relatively higher 
body mass index than controls. The median age of  can-
cer diagnosis of  cases was 69.5 years old, which is over 
10 years after study entry (median = 58 years old). The 
histograms (Figure 1) show the data distribution of  β 
values for all CpG sites in controls, suggesting most CpG 
sites in controls were unmethylated. 

In analysis comparing all cases to all controls using 
logistic regression model, the CpG sites with differential 
methylation are candidate sites potentially related to sus-
ceptibility. Of  the 1505 CpG sites analyzed, 25 sites were 

associated with CRC risk at P < 0.01 level and are shown 
in Table 2. None of  these 25 sites exceeded a Bonferroni 
threshold for significance (threshold is 3.3 × 10-5 for 1500 
tests). However, the most statistically significant CpG site 
associated with risk was DSP_P440_R (P = 6.0 × 10-4) 
with the second tertile displaying a 1.01-fold risk (95% 
CI: 0.96-1.26) and the third tertile displaying a 1.26-fold 
risk (95% CI: 1.12-1.43) comparing with the lowest tertile 
of  methylation. 

To capture markers whose status changed over time 
(potentially reflecting tumor progression), we incorpo-
rated the time variable, latency, in analysis using pro-
portional odds regression by coding the cases as three 
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Figure 1  Histogram for data distribution. A: Means of β for all CpG sites in controls; B: SD of β for all CpG sites in controls.
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Table 2  Methylation of CpG sites associated with colorectal cancer development (P  value < 0.01 before multiple testing correction)1

Marker name 2nd tertile vs  1st tertile 3rd tertile vs  1st tertile   P2

  OR      L95   U95 OR   L95   U95

DSP   1.09876       0.95772   1.26057 1.26539   1.11734   1.43306   0.000599826
MLH3   1.04349       0.90638   1.20134 1.26606 1.0994   1.45798   0.000731318
FLT4   1.25952       1.10631   1.43394 1.14513   0.98989   1.32473 0.00096231
INSR   1.16236       1.01962   1.32509 1.24011   1.09317   1.40681   0.001490452
GLA   1.37049       1.15665   1.62388 1.44612   1.19452   1.75072   0.001636963
PTCH2   1.18022       1.03475   1.34615 1.26374   1.11417   1.43339   0.001637435
GSTM2   1.24321       1.09656   1.40947 1.17084   1.02674   1.33516   0.001994473
HCK   1.18573       1.04409   1.34659 1.19691   1.03199   1.38819   0.002287131
PLAGL1   0.91619       0.80363   1.04451 0.87645   0.75745   1.01414   0.002326078
PARP1   1.07016 0.95   1.20553 0.86663   0.75535 0.9943   0.003005978
COL18A1   1.23987       1.08901   1.41162 1.20014   1.05351   1.36719   0.003163099
KCNK4   1.19498       1.05273   1.35645 1.15065   1.00785   1.31368   0.003250103
GJB2   1.16605       1.02831   1.32224 1.02785   0.89877   1.17547   0.003317356
SEMA3F   1.16703       1.01753   1.33848 1.16456   1.01456   1.33673 0.00380004
HBII   0.89709       0.79121   1.01713 0.86969 0.7624   0.99207   0.004064919
SEMA3C   1.08773       0.96383   1.22756 0.87597   0.76919   0.99757   0.004352617
MME_   1.18426       1.04194   1.34601 1.17187   1.02959 1.3338   0.005258668
WNT1_   1.18575       1.02807   1.36761 1.07102   0.91035   1.26004   0.005648004
SGCE 1.0712       0.93671   1.22501 1.22832   1.08144   1.39516 0.00629186
PDE1B_   1.24257       1.09182   1.41413 1.21384   1.04623   1.40831   0.008629968
HIC1   1.16348       1.01124   1.33864 1.22483   1.06765   1.40515   0.008997589
PODXL   1.16034       1.02143   1.31815 1.12456   0.98675 1.2816   0.009182736
IL18BP   1.17737     1.0254   1.35188 1.07299   0.91441   1.25908   0.009206805
DKC1   1.05822       0.92046 1.2166 1.22886   1.05463   1.43187   0.009315729
B3GALT5   0.95137       0.83621   1.08239 1.20365   1.05804 1.3693   0.009772808
SNRPN   0.85441     0.7514   0.97155 0.98115   0.86779 1.1093 0.00995797

1The markers detected here could be markers indicating susceptibility; 2P from logistic regression model (all cases were included).
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categories according to latency. Of  the 1505 CpG sites 
analyzed, 31 sites were associated with CRC risk at P 
< 0.01 level (Table 3). Though none of  these 31 sites 
remained statistically significant after Bonferroni correc-
tion, the most statistically significant CpG site associated 
with CRC risk achieved a P value of  1.0 × 10-4. The CpG 
site is located in DSP gene, and the risk estimate was 1.52 
(95% CI: 0.91-2.53) and 2.62 (95% CI: 1.65-4.17) for the 
second and third tertile comparing with the lowest tertile 
respectively. 

To further explore the time-related DNA methylation 
change, we conducted partial logistic regression analysis 
by excluding the one third of  the cases with the longest 
latency, and only comparing cases with short and me-
dium latency to controls. In this analysis, 26 sites were as-
sociated with CRC risk at P < 0.01 level (Table 4). None 
of  them remain statistically significant after Bonferroni 
correction. GLA_E98_R was the top hit with over 30% 
elevated risk (P = 1.3 × 10-4) for subjects with highest 
methylation level compared to those at the lower level. 

As stated in methods, changes in methylation of  
CpG sites over time, can suggest a relationship to tumor 
progression; models incorporating time/latency informa-

tion (the proportional odds model and the partial logistic 
regression model) are designed to detect such a pattern. 
The regular logistic regression model comparing all cases 
to all controls should select all risk-associated markers. 
These include both susceptibility-related markers (which 
differ between cases and controls and do not change over 
time), as well as progression-related, (which change over 
time with tumor progression). To differentiate the CpG 
sites whose methylation levels are susceptibility related 
from those that are potentially tumor progression- re-
lated, we compared the top CpG sites selected from the 
three models (full logistic regression, proportional odds, 
and partial logistic regression). We found that methyla-
tion levels of  some CpG sites, like those in the DSP 
gene, were consistently associated with CRC risk across 
three models, suggesting these associations were unal-
tered by time prior to diagnosis, or tumor progression; 
the available evidence therefore suggests that they are 
related to cancer predisposition. On the other hand, the 
methylation levels of  some other sites, such as B3GALT5 
and GLA genes, were associated with CRC risk at lower 
p values in analysis from models incorporating latency 
information than from standard model (the all logistic re-
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Table 3  Methylation of CpG sites related to colorectal cancer development with different latencies (P  value < 0.01 before multiple 
testing correction)1 

Marker name 2nd tertile vs  1st tertile 3rd tertile vs  1st tertile   P2

  OR   L95   U95   OR   L95   U95

DSP   1.52027   0.91054   2.53831   2.62423   1.65105   4.17103       0.000104474
PTCH2   1.86565   1.14946   3.02807   2.55851   1.60114   4.08832       0.000327688
GLA   3.22896   1.66054   6.27879   3.62345   1.70627   7.69478       0.000529374
FLT4   2.49882   1.55051   4.02713 1.7312   1.02958   2.91095       0.000651567
B3GALT5   0.91735 0.5746   1.46454   2.11128   1.31709   3.38434       0.000726807
INSR   1.88977   1.16281   3.07122   2.44371   1.52713   3.91043   0.0007899
GSTM2   2.29464   1.44903   3.63373   1.92103   1.18011   3.12712       0.001165928
FASTK   1.66117   1.02457   2.69331   2.26999   1.43313   3.59553       0.001992703
MLH3   1.12063   0.67503   1.86036   2.15187   1.31098   3.53213       0.002175877
HOXC6 1.2189   0.75795   1.96015   2.06861   1.32056   3.24043       0.002826542
MGMT   2.42747   1.34114   4.39373   2.71599   1.45027   5.08638     0.00448402
SYBL1   1.35661   0.89446   2.05754   0.63927   0.39971   1.02239       0.004618893
PDE1B   2.12203   1.33959   3.36151   1.74663   1.01704 2.9996       0.004839975
SEMA3C   1.34045   0.87915   2.04378   0.62126   0.38566 1.0008       0.004858838
AFF3   2.11473   1.30773   3.41973   1.88147   1.16588   3.03628       0.005422481
HCK 2.0406   1.27766   3.25911 2.0338   1.19416   3.46382 0.005503
PXN   1.92122   1.24421 2.9666   1.12493   0.66824   1.89374       0.005766585
PARP1   1.19708   0.79209   1.80913   0.55056   0.33191   0.91323       0.006004429
TK1   1.83172   1.07512   3.12075   2.24792   1.34064   3.76922       0.006184503
SGCE   1.21217   0.74619   1.96916 1.9685   1.25257   3.09363       0.006354949
MME   2.00858   1.25423   3.21663   1.94042   1.20308   3.12967     0.00664085
RARA   1.51526   0.94405   2.43209   2.07639   1.31635   3.27525       0.006899358
COL18A1   2.08647   1.28893   3.37752   1.90316   1.17926   3.07144       0.007110996
SEMA3F   1.98588   1.21715   3.24014   2.03976   1.22672   3.39166       0.007292652
ITGB4   2.08685 1.2669   3.43748   2.02919   1.20223   3.42495       0.007595246
PTPRH   0.47922   0.30082   0.76343   0.71909   0.44823   1.15361       0.007598903
SMO   1.52188   0.95276   2.43094   2.08604 1.3032   3.33915       0.008280298
DKC1   1.25326   0.76383   2.05632   2.20393   1.27785   3.80116       0.008427231
TRPM5   2.22962   1.33245   3.73087   1.80604   1.01389   3.21707       0.008971559
EVI1   1.62829   1.01415   2.61431   2.08373   1.29638   3.34927       0.009481166
EPHA3   1.93252   1.21576   3.07185   1.85827   1.15814   2.98165       0.009792546

1Latency: according to the time difference between blood draw and cancer diagnosis, cases were classified to three categories-short, medium, and long 
latency; 2P from proportional odds regression model (all cases were included).
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gression model); the time/latency pattern observed sug-
gests that the markers are tumor progression- related. 

DISCUSSION
In our study, more than 1500 CpG sites from 807 genes 
were evaluated among 440 study subjects, which is the 
first prospective study for CRC risk focusing on gene-
specific DNA methylation to date. By comparing all the 
cases with all the controls, we found that the methylation 
levels of  some CpG sites were associated with CRC risk. 
The methylation of  these genes might be related to CRC 
susceptibility. By incorporating latency information in 
the analysis, we found some associations between DNA 
methylation and CRC risk were latency-related, suggest-
ing the methylation in these genes altered with tumor 
progression. However, these results are cross-sectional, 
and further studies with repeated blood draws from the 
same subjects are needed to refine the temporal pattern 
prior to cancer diagnosis among same individuals.

Following the report from Feinberg and colleagues 
that colon cancer cells had different DNA methylation 
patterns in some genes compared to their normal coun-
terparts[42], many studies have been conducted using co-
lon cancer as a cancer model for methylation regulation 
in the past three decades. Methylation in several genes 
had been reported to be involved in the pathogenesis 

of  colorectal precursor lesions and adenomas, as well as 
adenocarcinomas[43]. However, epidemiological studies to 
date have only tested limited sets of  CpG sites in small 
numbers of  subjects[36,44,45]. The reported associations re-
quire confirmation and methylation levels of  other genes 
remained to be described. Although further replication is 
needed, our study is among the most comprehensive and 
large studies. 

Epigenetic regulation of  gene expression is specific 
for each cell type, within different tissues, according to 
stages of  development or differentiation[11,46]. Most stud-
ies of  DNA methylation in CRC have been conducted 
by comparing tumor tissue DNA with adjacent normal 
tissue DNA from cancer patients[47]. Circulating DNA 
from serum also has been studied[48-50], although this 
might reflect methylation status in DNA released from 
tumor tissue, and could be influenced by tumor volume, 
vascularity, stage, grade, metastasis, et al. Methylation 
patterns from other DNA sources have only had frag-
mentary study[36,51]. Selected epigenetic markers could be 
heritable from one generation to the next[52], or affected 
by aging or environmental exposures throughout life[53]. 
It is reasonable to hypothesize that DNA methylation 
status in some genes is associated with cancer susceptibil-
ity. Therefore, methylation patterns of  germline tissue, 
including that derived from blood leukocyte DNA might 
be related to cancer risk. Changes of  methylation in leu-

Table 4  Methylation of CpG sites associated with colorectal cancer with short to mediate latency (P  value < 0.01 before multiple 
testing correction)1 

Marker name 2nd tertile vs  1st tertile 3rd tertile vs  1st tertile   P2

  OR   L95     U95   OR   L95   U95

GLA   1.31618   1.12303     1.54256   1.31082   1.09072   1.57534   0.000126734
DSP   1.12406 0.9868   1.2804   1.25115   1.11146 1.4084   0.000305565
B3GALT5   1.00109   0.88664   1.1303   1.18931   1.05066   1.34625   0.001334159
MLH3   1.01719   0.89178     1.16025 1.2404   1.08916   1.41263   0.001421327
PTCH2   1.18044   1.04387     1.33487   1.24209 1.1026   1.39922   0.002140961
FLT4   1.26038 1.1159     1.42356   1.15518   1.01153   1.31924   0.002164413
SGCE   1.05149   0.92678     1.19299   1.19126   1.05786   1.34148   0.002535873
HOXC6   1.02303   0.90426     1.15741   1.16253   1.03342   1.30777   0.002602644
PDE1B   1.19845   1.06385     1.35009   1.10584   0.96046   1.27323   0.002706305
COL18A1 1.2126   1.07142     1.37239   1.19961   1.06058   1.35687   0.002968143
TRPM5   1.16951   1.02324   1.3367   1.10173   0.94879   1.27933   0.003084609
EVI1   1.06179   0.93967     1.19979   0.94512 0.8274   1.07959   0.003902443
GSTM2   1.24009   1.10312     1.39407   1.13952 1.0059   1.29089   0.003956314
FASTK   1.12763   0.99513     1.27778   1.17539   1.04318   1.32436   0.004798386
PARP1   1.08475   0.97053   1.2124   0.87907   0.77119   1.00203   0.005028903
PTGS2   1.03008   0.91145     1.16415   1.15319   1.02574   1.29648 0.00571389
WRN   0.97839 0.8614     1.11128   1.09867   0.96629   1.24918   0.005779497
EPO   1.14731   1.01334 1.299   1.13034 0.9854 1.2966   0.006090622
GPC3   1.19056   1.03981     1.36316   1.09698   0.94341   1.27556   0.006093671
TK1   1.13458   0.98846     1.30232   1.20862   1.05753 1.3813   0.006272625
EVI1   1.14882   1.01559     1.29953   1.17851   1.04142   1.33364   0.006474115
EPHB2   1.15596   1.02875   1.2989   1.05233   0.92701   1.19459   0.006504075
SEMA3C   1.10197   0.98427     1.23375   0.89579 0.7921   1.01304 0.00677389
HLA_DPA1   1.14664   1.00965     1.30223   1.09326   0.95971   1.24538   0.006960326
SYBL1   1.06835 0.9547     1.19553   0.90635   0.80226   1.02394   0.007029222
INSR   1.19021   1.05214     1.34639   1.25474   1.11332   1.41412   0.008045993

1The logistic regression analysis only includes cases with short and medium latency; 2P from proportional odds regression model (all 
cases were included).
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kocyte DNA have been shown to parallel other somatic 
tissues in mice[27], and have been linked to susceptibility 
of  certain cancers[28]. Certainly, we could not rule out the 
possibility that different tissues have different response 
to environmental exposure and that methylation status 
in leukocytes may not fully reflect the changes in the tar-
get tissue[27]. In the current study, we found methylation 
levels of  some genes, like DSP, were consistently associ-
ated with CRC risk across all three models, suggesting a 
relationship to cancer risk that is invariant over time, that 
is unaffected by tumor progression. We recognize that 
the procedure that favor tumor initiation and progression 
may have both similar (as we observed) and independent 
elements and specifically targeted populations will be 
required to explore the later hypothesis in future stud-
ies. Though further confirmation is required, our results 
provide some evidence that DNA methylation of  some 
genes could be related to cancer susceptibility.

Aberrantly increased DNA methylation in the pro-
moter region of  hMLH1 gene in germline DNA has 
been reported among nonpolyposis CRC patients[32-35]. 
Hypermethylation in the MSH2 gene of  germline DNA 
was also observed among early onset CRC patients[31]. 
Interestingly, the inverse relationship between leukocyte 
DNA genomic methylation and colorectal adenoma 
progression was found stronger for nonadvanced rather 
than advanced adenoma in a case-control study, which 
suggests that leukocyte DNA genomic methylation may 
be more important as an etiologic factor in early adeno-
mas[54]. All these data suggest that the methylation levels 
of  some genes either increase or decrease over time with 
tumor progression. Though further studies are required 
to replicate and confirm, our results suggest that meth-
ylation levels of  some genes, i.e., GLA, B3GALT5, et al, 
could be markers of  tumor progression, and methyla-
tion levels of  some genes, i.e., DSP et al, were more likely 
markers of  susceptibility. Also, some genes whose meth-
ylation levels were positively associated with CRC risk, i.e., 
DSP, MLH3, et al, suggest they might be tumor suppress-
ing-like genes, and those showed negative association, i.e., 
PLAL1, et al, might be oncogenic-like genes.

Our study has several advantages. First, it is nested 
within the ATBC cohort, which offers a substantial, 
representative, well characterized, and relatively homo-
geneous population of  male smokers. Second, data on 
cancer diagnoses and key covariates were systematically 
collected. Third, this is the first prospective population-
based study to explore the role of  gene-specific DNA 
methylation in colorectal carcinogenesis with a large num-
ber of  CpG sites. DNA obtained from blood samples at 
baseline allows us to assess methylation status prior to 
cancer diagnosis, and explore the latency effect on the 
associations. Although to our knowledge the sample size 
is among the largest reported to date, variations of  DNA 
methylation in leukocytes are less prominent than those 
observed in colorectal tissue/tumor comparisons; thus 
we had limited power to detect markers with moderate 
and small effect sizes. Another limitation is that this study 

is restricted to male Finnish smokers. The advantage of  
homogeneity implies the limitation that the results are not 
entirely generalizable to other populations. Furthermore, 
we only have one blood draw from each subject, which 
limits our power to precisely explore the direct effect of  
latency on the association between DNA methylation and 
cancer risk. 

In summary, the results from this prospective study 
suggest that the methylation level of  some genes were as-
sociated with cancer susceptibility and some were related 
with tumor progression. Further studies are warranted to 
confirm and refine our results. 
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