
LINE-1 methylation in leukocyte DNA,
interaction with phosphatidylethanolamine
N-methyltransferase variants and bladder
cancer risk
S M Tajuddin1, A F S Amaral1, A F Fernández2, S Chanock3, D T Silverman3, A Tardón4,5, A Carrato6,7,
M Garcı́a-Closas8, B P Jackson9, E G Toraño2, M Márquez1, R G Urdinguio2, R Garcı́a-Closas10, N Rothman3,
M Kogevinas11, F X Real12,13, M F Fraga*,2,14 and N Malats*,1 for the Spanish Bladder Cancer/EPICURO Study
investigators15

1Genetic and Molecular Epidemiology Group, Spanish National Cancer Research Centre (CNIO), Madrid 28029, Spain; 2Cancer
Epigenetics Laboratory, Instituto Universitario de Oncologı́a del Principado de Asturias (IUOPA), HUCA, Universidad de Oviedo,
Oviedo, Asturias 33006, Spain; 3Division of Cancer Epidemiology and Genetics, Department of Health and Human Services, National
Cancer Institute, National Institutes of Health, Bethesda, MD 20892-7335, USA; 4Molecular Epidemiology Group, Instituto
Universitario de Oncologia, Universidad de Oviedo, Oviedo, Asturias 33006, Spain; 5CIBERESP, Barcelona, Spain; 6Molecular
Oncology Group, Hospital General Universitario de Elche, Elche, Alicante 03203, Spain; 7Department of Medical Oncology, Hospital
Ramon y Cajal, Madrid 28034, Spain; 8Division of Genetics and Epidemiology, Institute of Cancer Research, Sutton, Surrey SM2 5NG,
UK; 9Trace Element Analysis Core, Department of Earth Sciences, Dartmouth College, Hanover, NH 03755, USA; 10Unidad de
Investigación, Hospital Universitario de Canarias, La Laguna 38320, Spain; 11Centre for Research in Environmental Epidemiology
(CREAL), Barcelona 08003, Spain; 12Epithelial Carcinogenesis Group, Spanish National Cancer Research Centre (CNIO), Madrid
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Background: Aberrant global DNA methylation is shown to increase cancer risk. LINE-1 has been proven a measure of global
DNA methylation. The objectives of this study were to assess the association between LINE-1 methylation level and bladder
cancer risk and to evaluate effect modification by environmental and genetic factors.

Methods: Bisulphite-treated leukocyte DNA from 952 cases and 892 hospital controls was used to measure LINE-1 methylation
level at four CpG sites by pyrosequencing. Logistic regression model was fitted to estimate odds ratios (ORs) and 95% confidence
intervals (95% CIs). Interactions between LINE-1 methylation levels and environmental and genetic factors were assessed.

Results: The risk of bladder cancer followed a nonlinear association with LINE-1 methylation. Compared with subjects in the
middle tertile, the adjusted OR for subjects in the lower and the higher tertiles were 1.26 (95% CI 0.99–1.60, P¼ 0.06) and 1.33 (95% CI
1.05–1.69, P¼ 0.02), respectively. This association significantly increased among individuals homozygous for the major allele of five
single-nucleotide polymorphisms located in the phosphatidylethanolamine N-methyltransferase gene (corrected P-interactiono0.05).

Conclusions: The findings from this large-scale study suggest that both low and high levels of global DNA methylation are
associated with the risk of bladder cancer.
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Bladder cancer is one of the most common cancers in the
developed countries mainly affecting men (Parkin, 2008). In Spain,
the incidence rate of bladder cancer has been increasing in the past
three decades and the ratio of men to women developing the
disease is 7 : 1 (Izarzugaza et al, 2010). Recurrence is a major
problem in the management of bladder cancer necessitating
frequent follow-ups, thus making it one of the most expensive
cancer types to treat (Lotan et al, 2008). Established risk factors for
bladder cancer include tobacco smoking, occupational exposures to
aromatic amines, arsenic in drinking water (Murta-Nascimento
et al, 2007; Volanis et al, 2010) and genetic variants of NAT2 and
GSTM1; the latter two have been shown to significantly modify the
risk conferred by tobacco smoking (Garcia-Closas et al, 2005;
Rothman et al, 2010). Recently, additional common genetic
variants on CBX6-APOBEC3A, CCNE1, MYC, PSCA, SLC14A1,
TERT-CLPTM1L, TMEM129-TACC-FGFR3, TP63 and UGT1A
cluster have been associated with risk of bladder cancer (Rothman
et al, 2010; Garcia-Closas et al, 2011).

Genome-wide altered epigenetic states are common findings in
several malignancies, including bladder tumours. These epigenetic
states include global DNA hypomethylation and gene promoter
methylation, post-translational histone modifications and deregulation
of microRNAs (Esteller, 2008; Taby and Issa, 2010). Global
DNA hypomethylation in cancer is mostly found in repetitive
sequences of the genome such as long interspersed nuclear element
1 (LINE-1) and Alu elements (Esteller, 2008). It has been suggested
that methylation represses the transcription of these repetitive
regions to maintain genomic stability and prevent mutations,
deletions and insertions (Esteller, 2008). In bladder cancer,
genomic instability has been observed at different stages of the
disease (Florl and Schulz, 2008). There is evidence that LINE-1
hypomethylation could also induce the expression of the MET
oncogene in bladder cancer and normal tissues (Wolff et al, 2010).
Global DNA methylation measured in peripheral blood cells has
been used to investigate its relationship with cancer risk, although
results have been inconclusive (Woo and Kim, 2012). Studies
investigating the role of genomic DNA methylation (measured by
direct quantification of 5-methylcytosine as well as at CpG sites in
LINE-1 sequences) and bladder cancer have inconclusively shown
an inverse association between genomic DNA methylation and risk
of bladder cancer (Moore et al, 2008; Wilhelm et al, 2010; Cash
et al, 2012). Whether environmental and genetic factors modify the
association between global DNA methylation and bladder cancer
risk is not known, although it has been suggested that smoking, B
vitamins, arsenic and genes involved in the one-carbon metabolism
pathway may have a modifier role (Moore et al, 2007; Volanis et al,
2010). Hence, understanding the role of global DNA methylation
in bladder cancer development and its interaction with other
known and potential risk factors may provide further insight on
the aetiology and susceptibility of this tumour.

The objectives of this study were to assess the risk of bladder
cancer associated with LINE-1 methylation levels, as a measure of
global DNA methylation in peripheral blood, as well as to explore
whether personal, lifestyle, environmental and genetic factors
modify this association.

MATERIALS AND METHODS

Study population. The Spanish Bladder Cancer/EPICURO Study
is a multi-center, hospital-based case–control study conducted in
five regions of Spain (Barcelona, Valles, Elche, Tenerife and
Asturias) between 1998 and 2001. The design of the study has been
previously described elsewhere in detail (Garcia-Closas et al, 2005;
Samanic et al, 2006). Briefly, cases and controls were recruited to
the study from 18 hospitals. Cases were newly diagnosed subjects

with histologically confirmed urothelial carcinoma of the bladder.
Controls were patients admitted to the same hospital as cases for
reasons not related to exposures of interest and individually
matched for age (±5 years), sex and geographic region to cases.
From the initial study population of 1219 cases and 1271 controls,
1107 cases and 1032 controls provided blood sample (before
treatment was instituted). Of these, 995 cases and 925 controls, all
Caucasians and without missing demographic data, had enough
granulocyte DNA for sodium bisulphite treatment and subsequent
measurement of DNA methylation. Because in 43 cases and 33
controls quantification of DNA methylation failed, the final study
population for the current analysis was 952 cases and 892 controls
aged from 20 to 81 years. Written informed consent was obtained
from each study subject before interview, and the study was
approved by the US National Cancer Institute and local
institutional review boards.

Data on demographic and personal characteristics, smoking and
other known and potential risk factors for bladder cancer were
collected by means of a computer-assisted personal interview. Food
frequency questionnaires were used to collect data on fruit,
vegetable, B vitamins and protein and alcohol intake over the 5
years before interview (Garcia-Closas et al, 2007b).

Analysis of LINE-1 methylation. Bisulphite modification of
genomic DNA extracted from granulocytes using standard
techniques was performed using EZ-96 DNA METHYLATION-
GOLD KIT (Zymo Research, Irvin, CA, USA) following the
recommendations of the manufacturer. PCR amplification of
bisulphite-modified DNA was carried out using a set of forward
and reverse primers reported previously (Estecio et al, 2007). To
quantify the methylation level of each of the four CpG sites
immediately after the sequencing primer, sequencing of the PCR
product was performed by pyrosequencing using PyroMark Q24
System (QIAGEN, Valencia, CA, USA) as recommended by the
manufacturer. Methylation level at each CpG site was extracted
using PyroMark Application Software version 2.0.6 (QIAGEN),
and the value was expressed as the percentage of methylated
cytosines over the sum of methylated and unmethylated cytosines.
The average methylation level of the four LINE-1 CpG sites was
used in the analysis as a marker of the global DNA methylation
level. As a quality control measure, 307 randomly selected samples
from cases and controls were run in duplicate and the within-
sample coefficient of variation was 4.53%. The mean methylation
level of the duplicates was used in the analysis.

Genotyping. Genotyping was carried out using DNA isolated
form granulocytes as described previously (Garcia-Closas et al,
2005). All genotype assays used in this analysis were done at the
Core Genotyping Facility of the Division of Cancer Epidemiology
and Genetics, National Cancer Institute, Bethesda, MD, USA.
Methods of the SNP genotyping process were described previously
(Garcia-Closas et al, 2005, 2007a; Rothman et al, 2010). SNP
genotyping was done using Illumina Infinium Human1M-Duo
(480 SNPs), Illumina GoldenGate (36 SNPs) (Illumina, San Diego,
CA, USA), and TaqMan (8 SNPs) (Applied Biosystems, Foster
City, CA, USA) assays. All genotypes included in the study were in
Hardy–Weinberg equilibrium in the control population (P40.05).
A total of 524 SNPs and copy number variation in GSTM1 and
GSTT1 were assessed in the present study. Of these SNPs, 515
SNPs were located in 24 candidate genes involved in one-carbon
metabolism pathway, including DNA methylation and arsenic
metabolism (Supplementary Table S1). These pathways are known
to influence DNA methylation by altering the cellular concentra-
tion of the methyl group donor S-adenosylmethionine (SAM)
(Ulrey et al, 2005; Moore et al, 2007; Lee et al, 2009). Additionally,
eight SNPs identified in a recent multi-stage genome-wide
association study of bladder cancer and a SNP rs1495741 tagging
NAT2 acetylator phenotype were also included in the analysis
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(Rothman et al, 2010). SNPs and variants were investigated for
their modifier effect on the association between LINE-1 methyla-
tion and bladder cancer risk.

Quantification of trace elements. Methods of quantification of
toenail trace element level included in the current study have been
previously described (Amaral et al, 2011). Briefly, after cleaning
and washing the toenails to remove external contaminants, trace
elements were quantified at the Trace Element Analysis Core
(Dartmouth College, NH, USA), using inductively coupled plasma-
mass spectrometry (Hopkins et al, 2004). Toenails were digested
with Optima nitric acid (Fisher Scientific, St Louis, MO, USA), at
105 1C, then with hydrogen peroxide and further heating the
dilution with deionised water. All sample preparation steps were
recorded gravimetrically. For quality control, each batch of
analyses accommodated six standard reference material samples
with known trace element content (GBW 07601, powdered human
hair) and six analytic blanks, together with the study samples.
Overall, concentrations (mg g� 1) of 12 trace elements (aluminum,
arsenic, cadmium, chromium, copper, iron, lead, manganese,
nickel, selenium, vanadium and zinc) were determined.

Statistical analysis. Chi-squared test was used to evaluate the
association between case–control status and categorical variables.
Normality of LINE-1 methylation distribution was assessed
graphically by plotting histograms (Supplementary Figure S1)
and formally tested by using Shapiro–Wilk test for normality.
The non-parametric Mann–Whitney U-test was used to compare
medians of continuous variables in different strata.

To estimate the risk associated with global DNA methylation
and examine nonlinear association, LINE-1 methylation level was
modeled using restricted cubic splines in a logistic regression
model adjusting for age (continuous), sex, region and smoking
status (never, occasional, former and current smoker). Cubic spline
models are polynomial functions that provide examination of a
nonlinear association between a dependent and an explanatory
variable. In the restricted cubic spline regression model, methyla-
tion level of 59% was set as a reference, and four knots
(boundaries) at the 5, 35, 65 and 95 percentiles of LINE-1
methylation level were used to restrict the function to be linear
beyond the boundaries at extreme values of LINE-1 methylation
(Royston and Sauerbrei, 2007). Upon the visualisation of a
nonlinear ‘U-shape’ risk pattern from the cubic spline regression
(Supplementary Figure S2), LINE-1 methylation levels were
categorised into three categories by using tertile cut points
(56.68% and 58.65%) based on its distribution among the control
population. For subsequent analyses, this variable was used by
assigning the middle tertile as the referent category. Unadjusted
and adjusted logistic regression models were fitted to estimate odds
ratios (ORs) and the corresponding 95% confidence intervals (95%
CIs). In addition to LINE-1 methylation, variables included in the
basic multivariable adjusted model were age, sex, region and
smoking status. Association between LINE-1 methylation, in
tertiles, at each of the four LINE-1 CpG sites and risk of bladder
cancer was evaluated. Also, and in order to mimic the distribution
of LINE-1 methylation levels in tertiles using a continuous variable,
the association between the absolute deviation (continuous) from
the median LINE-1 methylation level was modeled by logistic
regression unadjusted and adjusted for age, sex, region and
smoking status. Moreover, the association between LINE-1
methylation and bladder cancer subphenotypes (low-, high-grade
non-muscle-invasive bladder cancer (NMIBC) and muscle-invasive
bladder cancer (MIBC)) was modeled using multinomial logistic
regression. Likelihood ratio test for heterogeneity was used to test
whether the ORs for low-, high-grade NMIBC and MIBC are
different from each other.

Interaction between LINE-1 methylation and individual covari-
ates (age (o60, 60–69, andX70 years), sex, smoking status (never

and ever smoker), dietary factors, trace elements (continuous) and
SNPs (four modes of inheritance)) was tested by including a
multiplicative interaction term into the logistic regression model.
For the interaction between LINE-1 methylation and smoking,
additional analyses included adjustment among regular smokers
for each of the following, as a continuous variable: pack-years,
duration of cigarette smoking, and number of cigarettes smoked
per day. Significance of the interaction term was tested by
comparing the models with and without the interaction term
using the likelihood ratio test. To estimate a corrected multiple
testing interaction P for each SNP, a permutation test done by
randomly sampling 10 000 times was applied by assigning case/
control status in a proportion similar to the current study. All
statistical tests were two-sided, and a Po0.05 was considered
significant. Statistical analyses were carried out by using STATA/SE,
version 10.1 (StataCorp, College Station, TX, USA).

RESULTS

The characteristics of cases and controls are shown in Table 1. Subjects
were mostly men and smokers. A large proportion of cases (78%) were
diagnosed with a NMIBC. The distribution of global DNA
methylation was bimodal. The median (interquartile range) LINE-1
methylation levels among cases and controls were 57.60% (4.06%) and
57.44% (3.36%), respectively (P¼ 0.3). The minimum and maximum
values of LINE-1 methylation were 28.81% and 85.44% among cases
and 37.91% and 85.68% among controls, respectively.

Compared with subjects in the middle tertile of LINE-1
methylation, the adjusted ORs were 1.26 (95% CI 0.99–1.60,
P¼ 0.06) and 1.33 (95% CI 1.05–1.69, P¼ 0.02) for the lowest and
highest tertiles, respectively. These ORs were very similar to the
crude ones (Table 2). The associations between methylation level at
each of the four CpG positions of LINE-1 and risk of bladder
cancer were similar to the results using the average of LINE-1
methylation level (Supplementary Table S2). The association for
the absolute deviation from the median LINE-1 methylation level,
modeled as a continuous variable and adjusted for age, sex, region
and smoking status, was similarly significant (adjusted OR¼ 1.03,
95% CI 1.01–1.05, P¼ 0.008). When further analysis was carried
out separately for low-, high-grade NMIBC and MIBC, ORs for
LINE-1 methylation levels were similar to the overall OR, and no
heterogeneity was found between the three bladder cancer
subphenotypes (P40.05) (Supplementary Table S3).

The effect of LINE-1 on bladder cancer risk was not modified by
age, sex, tobacco type, nutrient intakes or trace elements
(Supplementary Tables S4 and S5). Although the risk of bladder
cancer associated with low and high levels of LINE-1 methylation
was significant among never smokers, the interaction between
LINE-1 methylation and smoking status was not significant
(P¼ 0.2; Supplementary Table S4). This interaction was not
significant even when comparing never smokers with regular
smokers, after adjusting the models for duration of cigarette
smoking, cigarettes smoked per day or pack-years among smokers
(data not shown). There was no interaction between variation in
GSTM1 or GSTT1 or SNPs previously associated with bladder
cancer risk and LINE-1 methylation levels. The same is true for
most of the SNPs in genes from the one-carbon metabolism
pathway (Supplementary Tables S5 and S6). However, the
increased risk of bladder cancer among subjects in the lowest
and highest tertiles was significantly modified by five SNPs
(rs2124344, rs7215833, rs4646340, rs4646350 and rs4646341)
in the phosphatidylethanolamine N-methyltransferase (PEMT)
gene. Under the dominant mode of inheritance, the risk of
bladder cancer being in the lowest or highest tertile of LINE-1
methylation was significantly increased only among individuals
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homozygous for the major allele of each of the five SNPs
(P-interactionp4.9� 10� 5; P-interactionp0.03 corrected for
multiple testing; Table 3).

DISCUSSION

The current study shows that both low and high levels of LINE-1
methylation are associated with increased risk of bladder cancer
corresponding to a nonlinear – ‘U-shaped’ – association between
global genomic DNA methylation level and bladder cancer risk.

This association was significantly modified by the five SNPs in the
PEMT gene. Altogether, this points to the complex aetiological
mechanisms of DNA methylation in bladder cancer development.

The finding of increased risk of bladder cancer among
individuals with low level of methylation is in agreement with
previous reports (Moore et al, 2008; Wilhelm et al, 2010; Cash et al,
2012). Moore et al (2008), by analyzing global 5-methylcytosine
content of the genome using HpaII, high-performance capillary
electrophoresis and densitometry, showed that low level of global
DNA methylation was associated with increased risk of bladder
cancer in a subsample of the same study. Additionally, two studies
also using sodium bisulphite modification of leukocyte DNA,
followed by pyrosequencing to quantify methylation levels of four
LINE-1 CpG sites, reported a similar inverse association between
LINE-1 methylation level and risk of bladder cancer in
independent populations (Wilhelm et al, 2010; Cash et al, 2012).
An experimental study demonstrated hypomethylation of LINE-1
sequences in urothelial carcinoma cell lines and tumours compared
with normal bladder tissue (Jurgens et al, 1996). Another study
also showed that hypomethylation of LINE-1 promoter can induce
the expression of the MET oncogene in bladder tumours and
normal urothelial tissues (Wolff et al, 2010). Interestingly, the
current study also shows that higher methylation level was
associated with increased risk of bladder cancer. In support of
this finding, a recent case–control study that investigated the
association between LINE-1 methylation and renal cell carcinoma
showed a direct association between methylation and risk of renal
cell carcinoma (Liao et al, 2011), while another study that
evaluated LINE-1 methylation status in normal and cancerous
cells found out sporadic hypermethylation of LINE-1 loci in cancer
cells (Phokaew et al, 2008). Although nonlinear associations
between exposures and cancer are still uncommonly reported, yet
there are recent examples indicating that this more complex
relationship is also possible and a fact. Studies that have shown
U-shaped risk patterns similar to that observed in this study relate
to studies analyzing the association between pancreatic cancer and
folate, a primary methyl group donor for DNA methylation
modifications (Chuang et al, 2011), telomere length and pancreatic
cancer (Skinner et al, 2012), serum sex hormones and prostate
cancer (Salonia et al, 2012) and serum vitamin D and prostate
cancer (Tuohimaa et al, 2004). Recent studies have demonstrated
that methylation blocks the initiation of transcription of repetitive
DNA sequences such as LINE-1 and Alu elements, while at the
same time allowing transcriptional elongation of the host gene,
suggesting that methylation at repetitive sequences might have dual
functions in addition to silencing repetitive sequences depending
on the location and context of these regions (Jones, 2012).

To our knowledge, the present study is the first to show a
significant interaction between LINE-1 methylation and SNPs in
PEMT gene on the risk of bladder cancer. There is no available data
on bladder cancer risk and PEMT polymorphisms. However, a
population-based study identified a SNP in a promoter region of
PEMT to be associated with increased risk of breast cancer
(Xu et al, 2008). PEMT is located within the Smith–Magenis syndrome
region on chromosome 17 and encodes for a transmembrane
protein involved in important cellular processes, including choline
and lipid metabolism, insulin sensitivity and homocysteine levels
(Vance et al, 2007). PEMT methylates, using SAM as a substrate,
phosphatidylethanolamine to phosphatidylcholine, which accounts
for 95% of total choline pool in tissues (Vance et al, 2007; Ueland,
2011). Evidence suggest that phosphatidylcholine metabolism
could be involved in malignant transformations (Glunde et al,
2011). Experimental studies have demonstrated altered choline
metabolism in tumours, mediated by transcription factors (signal-
ing pathways) associated with oncogenesis such as hypoxia-
inducible factors 1 and by the RAS and PI3K/AKT pathways
(Glunde et al, 2011). It has been known that these pathways are

Table 1. Distribution of characteristics of cases and controls with LINE-1
methylation data in the SBC/EPICURO study

Cases,
n (%)

(n¼952)

Controls,
n (%)

(n¼892) P-value
Age (years), median (IQR) 68 (13) 66 (13) o0.001a

Sex

Men 826 (86.8) 792 (88.8) 0.2b

Women 126 (13.2) 100 (11.2)

Region

Barcelona 162 (17.0) 168 (18.8) 0.7b

Valles 148 (15.5) 135 (15.1)
Elche 72 (7.6) 73 (8.2)
Tenerife 173 (18.2) 145 (16.3)
Asturias 397 (41.7) 371 (41.6)

Smoking status

Never smoker 137 (14.5) 255 (28.7) o0.001b

Occasional smoker 34 (3.6) 66 (7.4)
Former smoker 376 (39.7) 329 (37.0)
Current smoker 399 (42.2) 239 (26.9)
Missing 6 3

Subphenotypes

Non-muscle invasive

Low-risk non-muscle invasive 523 (57.3) –
High-risk non-muscle invasive 185 (20.3) –
Muscle invasive 204 (22.4) –
Missing 40 –

Tumour stage

Ta 590 (64.7) –
Tis 6 (0.7) –
T1 112 (12.3) –
T2 111 (12.2) –
T3 47 (5.1) –
T4 46 (5.0) –
Missing 40 –

Grade

PUNLMP 42 (4.6) –
G1 257 (28.2) –
G2 267 (29.3) –
G3 346 (37.9) –
Missing 40 –

Abbreviations: IQR¼ interquartile range; PUNLMP¼papillary urothelial neoplam of low
malignant potential; Tis¼ flat carcinoma in situ (CIS).
aMann–Whitney U-test’s P-value.
bw2-test’s P-value.
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constitutively activated in the majority of bladder tumours, namely
low-grade non-muscle-invasive papillary tumours, which account
for 70–80% of bladder cancer cases (Wu, 2005; Lopez-Knowles

et al, 2006). On the other hand, upon oxidation choline gives rise
to betaine, which promotes remethylation of homocysteine to
methionine affecting the concentration of SAM (Ueland, 2011).

Table 2. Association between LINE-1 methylation and bladder cancer risk in the SBC/EPICURO study

LINE-1 methylation (tertiles) Cases, n Controls, n Crude OR 95% CI P-value
T1 (o56.68%) 337 298 1.29 (1.02–1.62) 0.03

T2 (56.68–o58.65%) 261 297 1.00 Reference

T3 (X58.65%) 354 297 1.36 (1.08–1.70) 0.008

LINE-1 methylation (tertiles) Cases, n Controls, n ORa 95% CI P-value

T1 (o56.68%) 335 296 1.26 (0.99–1.60) 0.06

T2 (56.68–o58.65%) 260 297 1.00 Reference

T3 (X58.65%) 351 296 1.33 (1.05–1.69) 0.02

Abbreviations: CI¼ confidence interval; OR¼odds ratio.
aModel adjusted for age, sex, region and smoking status.

Table 3. Interaction between LINE-1 methylation and single-nucleotide polymorphisms in phosphatidylethanolamine N-methyltransferase (PEMT) in the
SBC/EPICURO study

rs2124344[CC], PEMT, intron rs2124344 [CT-TT], PEMT, intron

LINE-1
methylation
(tertiles) Cases Controls OR 95% CI P

LINE-1
methylation
(tertiles) Cases Controls OR 95% CI P

P
interactiona

Corrected
P interactionb

T1 (o56.68%) 148 112 2.26 1.52–3.36 5.2� 10� 5 T1 (o56.68%) 179 177 0.89 0.65–1.21 0.4 1.5� 10� 5 0.01

T2 (56.68–o58.65%) 76 132 1 (Ref.) T2 (56.68–o58.65%) 181 160 1 (Ref.)

T3 (X58.65%) 158 107 2.69 1.80–4.00 1.2� 10� 6 T3 (X58.65%) 184 183 0.86 0.63–1.18 0.4

rs7215833[CC], PEMT, flanking 50UTR rs7215833[CT-TT], PEMT, flanking 50UTR

LINE-1 methylation
(tertiles)

Cases Controls OR 95% CI P

LINE-1 methylation
(tertiles)

Cases Controls OR 95% CI P
P

interactiona
Corrected

P interactionb

T1 (o56.68%) 155 119 2.13 1.44–3.14 0.0002 T1 (o56.68%) 172 171 0.89 0.65–1.23 0.5 3.6� 10� 5 0.02

T2 (56.68–o58.65%) 77 131 1 (Ref.) T2 (56.68–o58.65%) 180 161 1 (Ref.)

T3 (X58.65%) 155 101 2.62 1.76–3.91 2.4�10�6 T3 (X58.65%) 187 189 0.87 0.64–1.19 0.4

rs4646340[AA], PEMT, intronc rs4646340 [AG-GG], PEMT, intron

LINE-1
methylation
(tertiles) Cases Controls OR 95% CI P

LINE-1
methylation
(tertiles) Cases Controls OR 95% CI P

P
interactiona

Corrected
P interactionb

T1 (o56.68%) 153 116 2.13 1.43–3.16 0.0002 T1 (o56.68%) 174 174 0.92 0.67–1.25 0.6 3.8� 10� 5 0.02

T2 (56.68–o58.65%) 75 126 1 (Ref.) T2 (56.68–o58.65%) 182 166 1 (Ref.)

T3 (X58.65%) 156 99 2.69 1.79–4.04 1.8�10� 6 T3 (X58.65%) 186 191 0.88 0.65–1.19 0.4

rs4646350[CC], PEMT,intron rs4646350[CT-TT], PEMT,intron

LINE-1
methylation
(tertiles) Cases Controls OR 95% CI P

LINE-1
methylation
(tertiles) Cases Controls OR 95% CI P

P
interactiona

Corrected
P interactionb

T1 (o56.68%) 179 175 2.16 1.45–3.20 0.0001 T1 (o56.68%) 179 175 0.91 0.66–1.24 0.5 4.9� 10� 5 0.03

T2 (56.68–o58.65%) 181 162 1 (Ref.) T2 (56.68–o58.65%) 181 162 1 (Ref.)

T3 (X58.65%) 186 184 2.64 1.77–3.94 2.1� 10� 6 T3 (X58.65%) 186 184 0.88 0.65–1.20 0.4

Abbreviations: CI¼ confidence interval; OR¼odds ratio; UTR¼ untranslated region. Minor allele frequency—rs2124344¼ 0.36, rs7215833¼ 0.36, rs4646340¼ 0.37, rs4646350¼ 0.36 and
rs46341¼ 0.37. All models are adjusted for age, sex, region and smoking status (never, occasional, former and current smoker).
aUncorrected likelihood ratio test’s P-value.
bLikelihood ratio test’s P-value corrected for multiple testing using permutation test.
crs4646341 was in perfect linkage disequilibrium with rs4646340 (r2¼ 1.0, D’¼ 1.0) and the corrected P-value for interaction of this single-nucleotide polymorphism was 0.037.
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Therefore, polymorphisms in PEMT could directly affect the one-
carbon metabolism pathway and impair DNA methylation. The
five SNPs are located in flanking 50UTR and intron of PEMT
(Figure 1). Alternatively, we cannot rule out these associations
could be due to chance.

Unlike the previous studies where linear associations were
observed between LINE-1 methylation and cancer risk, in this study
increased risk of bladder cancer at both extremes of LINE-1
methylation was observed. The risk pattern differences with the other
studies could be explained by the possibility of the present study to
further characterise the risk pattern due to its larger sample size as
well as differences in methods used to quantify DNA methylation.
A recent meta-analysis of LINE-1 methylation and bladder cancer
found a significant heterogeneity in assays used to quantify
methylation (Woo and Kim, 2012). That same analysis also identified
significant heterogeneity among studies. It should be noted that
LINE-1 methylation levels in the current study population
(mean¼ 59.2%) were significantly different from those in the
previous two studies on bladder cancer risk and LINE-1 methylation,
which reported mean methylation levels of 79.6% (Wilhelm et al,
2010) and 81.9% (Cash et al, 2012). This difference is not surprising
and probably results from the fact that distinct CpG sites were
analysed. On the other hand, the differences could perhaps be
explained by geographic dissimilarities resulting in differential
exposure to environmental factors, including diet, or genetic
background and stochastic factors present in these populations.

The limitations of this study include the fact that blood samples
were collected at the time of interviews, before initiation of

treatment. Some individuals were not included in the present
analyses owing to the lack of LINE-1 methylation data; however,
there was no relevant difference in selected characteristics except
age (among controls) and sex (among cases and controls) between
those with and without that data (Supplementary Table S7). To
minimise the potential bias, all the models were adjusted for age,
sex as well as region and smoking status. DNA methylation is
tissue specific, and it could be affected by cell type. To evaluate
whether there is a difference in methylation level among blood cell
types, LINE-1 methylation level was quantified in DNA separately
isolated from neutrophils and lymphocytes, the most abundant
white blood cell types. There was no difference in LINE-1
methylation level between these cell types, which is in agreement
with studies that found significant correlations between LINE-1
methylation assays of different blood cell types among healthy
individuals (Wu et al, 2011) as well as bladder cancer patients (van
Bemmel et al, 2012). However, the study on bladder cancer patients
also showed lack of correlation between global DNA methylation in
the blood and bladder tissue (van Bemmel et al, 2012), while another
study showed LINE-1 methylation to be consistent from tissue to
tissue, indicating that tissue heterogeneity might not be associated
with LINE-1 methylation levels (Choi et al, 2009).

The study has also important strengths. First is the sample size:
to the best of our knowledge, this is the first large study to
investigate the association between LINE-1 methylation and
bladder cancer risk (and any other cancer type). Second, the study
integrates a wide range of information, including epidemiological,
clinical, environmental and genetic data. Third, the method used to

Figure 1. Linkage disequilibrium plot for single-nucleotide polymorphisms (SNPs) in phosphatidylethanolamine N-methyltransferase (PEMT),
including the five SNPs analysed in the current study.
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quantify LINE-1 methylation has been shown to be a good surrogate
marker of global DNA methylation (Yang et al, 2004). Determining
DNA methylation levels by pyrosequencing provides reproducible
and accurate results (Tost and Gut, 2007; Laird, 2010).

In conclusion, this study showed that both low and high levels of
global DNA methylation may be associated with increased risk of
bladder cancer and that this risk can be markedly modified by PEMT.
Taken together, the results suggest that DNA methylation and the
one-carbon metabolism pathway have a relevant role in the
development of bladder cancer. Global DNA methylation may have
a more complex association with bladder cancer than previously
thought. In addition, the findings suggest that DNA methylation
measured in peripheral blood cells could be further explored to be
used as a susceptibility marker for bladder cancer risk. Nevertheless,
further studies in large and independent populations are required.
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