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Abstract

Purpose—Epigenetic alterations including changes to cellular DNA methylation levels contribute
to carcinogenesis and may serve as powerful biomarkers of the disease. This investigation sought to
determine whether hypomethylation at the long interspersed nuclear elements (LINEL), reflective of
the level of global DNA methylation, in peripheral blood-derived DNA is associated with increased
risk of bladder cancer.

Experimental Desigh—LINE1 methylation was measured from blood-derived DNA obtained
from participants of a population-based incident case control study of bladder cancer in New
Hampshire. Bisulfite-modified DNA was pyrosequenced to determine LINE1 methylation status; a
total of 285 cases and 465 controls were evaluated for methylation.

Results—Being in the lowest LINE1 methylation decile was associated with a 1.8-fold increased
risk of bladder cancer (95% Cl, 1.12-2.90) in models controlling for gender, age and smoking, and
the association was stronger in women than in men (ORs = 2.48, 95% CI 1.19-5.17 in women and

1.47, 95% CI 0.79-2.74 in men). Amongst controls, women were more likely to have lower LINE1
methylation than men (p-value 0.04), and levels of arsenic in the 90t percentile were associated with
reduced LINE1 methylation (p-value 0.04).

Conclusions—LINE1 hypomethylation may be an important biomarker of bladder cancer risk,
especially amongst women.

Correspondence and reprint requests to: Carmen J. Marsit, PhD, Assistant Professor, Brown University, Pathology and Laboratory
Medicine, Box G-E537, Providence, Rl 02912; Phone: 401-863-6508; carmen_marsit@brown.edu.

Statement of Translational Relevance: Bladder cancer is a common, exposure-related disease which contributes significantly to
morbidity and health care costs in the United States. Although tobacco use and occupational exposures have been linked to bladder cancer,
much of the etiology of this disease remains unexplained. We have identified a novel epigenetic marker of bladder cancer which has the
potential for utility as a screening strategy for this disease, and may aid in providing a more comprehensive understanding of the etiology
of bladder cancer.
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Introduction

Bladder cancer is the ninth most incident form of cancer in the United States, with an estimated
70, 980 new cases expected to occur in 2009 (1). High rates of bladder cancer are especially
widespread in New England, with women in this area experiencing some of the highest bladder-
cancer mortality rates in the U.S (2). Incidence rates of bladder cancer have been stable in men
in the last twenty years but have been increasing in women at a rate of 0.2% a year; despite
this, men are nearly four times more at risk of developing bladder cancer than women (1,3).
Furthermore, bladder cancer is thought to be a heterogeneous disease with different
characteristics related to the histopathologic presentation of the disease primarily as non-
invasive versus invasive, with the latter contributing to the vast majority of disease mortality
(4). Itis also believed that different molecular mechanisms may contribute to the heterogeneity
of this disease, calling for more research to clarify the differences between pathological
pathways (4).

Genetics, dietary factors, occupational exposures, toxicants and lifestyle factors play an
important role in bladder cancer initiation and development, and the major known risk factors
for bladder cancer include smoking, aromatic hydrocarbons, water chlorination byproducts,
and inorganic arsenic (3,5-6). However, the effects of some of these risk factors on bladder
cancer, particularly arsenic, has only been noted in certain populations (7). Ingestion of high
levels of arsenic has been associated with bladder cancer mortality in certain regions of the
world, most notably in Argentina, Chile and Taiwan (7). Despite this, exposure to lower levels
of arsenic has been found largely in susceptible subgroups (5). A recent New Hampshire study
found the association between levels of arsenic higher than 0.330 mcg/g and an increased risk
of bladder cancer to hold true only in smokers; confirming results reported in two other studies,
one conducted in Utah and the other in Finland (5,8,9).

Epigenetics is an emerging area of epidemiologic interest, seemingly important for
understanding both disease susceptibility and etiology (10,11). Much work has characterized
promoter region hypermethylation of cancer-related genes in bladder tumors, reporting
associations between these alterations and exposures causal for the disease (12-14). Past
research has also shown tumor cells to be hypomethylated, on a global level, in comparison to
normal cells (15,16). Examination of the DNA methylation pattern in repetitive elements, such
as long interspersed nuclear elements (LINEZ1), has been used as a surrogate of overall global
methylation levels (17,18). At the same time, epigenetic alterations of LINE1 may also be of
interest in that they may initiate the clonal expansion of pre-malignant cells in early stages of
cancer development, may contribute to genomic instability and may lead to structural changes
in chromosomes (10,11,19,20). DNA hypomethylation may also lead to gene overexpression,
occurring when genes become hypomethylated, and to the activation transposable elements
which may result in genetic mutations (20-22). In addition, DNA methylation may be altered
by dietary availability of methyl groups; specifically with two of the enzyme's
methylenetetrahydrofolate reductase single nucleotide polymorphisms, MTHFR-677T/T and
1298C/C, having been associated in previous work with lower global methylation in
lymphocytic DNA (23).

There is emerging evidence that changes to the global or repetitive element methylation status

in DNA derived from peripheral blood cells can serve as a biomarker of exposure and disease.
Recent reports suggest that exposure to carcinogens and pollutants, specifically including
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particulate matter and benzene, are associated with global hypomethylation detectable in
peripheral blood (24-26). Further, global DNA hypomethylation in blood, measured using a
radioactive methyl-acceptor assay, has been associated with bladder cancer (27) and gastric
cancer (28), while altered methylation of the LINE1 region has been linked to head and neck
cancer risk (18).

In this study we sought to determine what factors are associated with LINE1 hypomethylation,
whether LINE1 hypomethylation is associated with increased risk of bladder cancer and if any
risk factors for the disease modulate or modify this association.

Materials and Methods

Subjects

A description of the study design appears in earlier reports (5,29). Briefly, cases were selected
from the New Hampshire State Department of Health and Human Services' Cancer Registry
and included only New Hampshire residents aged 25-74 years old with a first diagnosis of
bladder cancer ranging from July 1, 1994 to June 30, 1998. Of the N=618 potential cases
eligible for this study, n=10 (2%) were not able to be contacted due to denial of contact by
their physicians, n=63 (10%) were reported as deceased by a household member or physician,
n=3 (<1%) did not return telephone calls about participation in the study, n=75 (12%) refused
to participate, and n=8 (1%) were too ill to take part. Finally, N=459 or 85% of the eligible
cases were interviewed for this study. A standardized review was conducted by a single study
pathologist (A.R.S.) to verify the diagnosis and histopathology of the cases. For the analyses
presented here, the case group was restricted to cases having LINE1 methylation data and
excluded cases that were diagnosed as carcinoma in situ; this included a total of 285 cases,
whose characteristics are presented in Table 1. For efficiency purposes, the same control group
used in a study of non-melanoma skin cancer conducted from July 1, 1993 to June 30, 1995
was used and additional controls were selected afterwards from the sources described below
(30). All controls less than 65 years of age were selected from records obtained from the New
Hampshire Department of Transportation and controls older than 65 years of age were chosen
from records obtained from the Health Care Financing Administration's Medicare Program.
Controls were then frequency matched to cases by age (25-34, 35-44, 45-54, 55-64, 65-69,
70-74) and gender and were randomly assigned a reference date comparable to the cases'
diagnosis date. Of the 990 potential controls eligible for this study, n=18 (2%) were reported
as deceased by a member of the household, n=17 (2%) did not return telephone calls about
participation in the study (2%), n=261 (26%) refused to participate, and n =29 (3%) were
mentally incompetent or too ill to take part. Finally, N=665 or 70% of the eligible controls
were interviewed for this study. For the analyses presented here, the control group was
restricted to the 465 controls having LINE1 methylation data, whose characteristics are
presented in Table 1. No significant differences in the demographic or risk factor variables
examined were found between subjects with and without methylation data and to ensure
comparability of cases and controls, all subjects were asked if they currently held a driver's
license or a Medicare enrollment card.

Personal Interview and Arsenic measurement

Consenting subjects underwent a detailed in-person interview, usually at their home, which
assessed sociodemographic information, occupational history, detailed information about the
use of tobacco products (such as history of cigarette smoking) and medical history prior to the
reference or diagnosis date. Subjects were requested to save a toenail clipping specimen prior
to the interview or were sent a self-addressed envelope to send in their sample after the
interview. Toenail samples, which reflect arsenic burden in the body from all sources of
exposure, were analyzed for arsenic using instrumental neutron activation analysis at the
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University of Missouri's Research Reactor Center (30). All procedures and study materials
were approved by the appropriate Institutional Review Boards.

DNA extraction, modification and quantification of LINE1 Methylation and Genotyping Assay

DNA was extracted from peripheral blood buffy coats using the QIAmp DNA mini kit
according to the manufacturere's protocol (Qiagen, Valencia, CA). DNA (1 pg) was subjected
to sodium bisulfite modification using the EZ DNA Methylation Kit (Zymo Research, Orange,
CA ) following the manufacturer's protocol. LINE1 region methylation extent was determined
through quantitiative bisulfite Pyrosequencing (31), following the protocol of Bollati et al
(26), which examines the cytosine methylation status at 4 CpG sites in the LINE1 region. All
PCR reactions, performed using Qiagen Hot Star Taqg polymerase, included a no template
control, unmodified DNA control, and 7 standardized percent methylation controls (0%, 15%,
25%, 45%, 65%, 75%, and 100%) derived from Qiagen EpiTect® PCR control DNA set
samples. Each sequencing reaction used 10ul of PCR product and was run according to
instrument/manufacturer protocols (Qiagen) on a PyroMark™MD System (Qiagen). Three
PCR amplifications were performed on each sample and 2 Pyrosequencing runs were
performed from each PCR reaction, resulting in 6 replicates for each individual to assess repeat
measure variability. The standard error of the averaged individual repeats was found to be the
same as the standard error for each replicate so the average measure of LINE1 methylation
across the 4 CpG sites for the 6 replicates was used for each individual. The following
polymorphisms were assessed in this study: methylenetetrahydrofolate reductase
(MTHFR)-677 C>T and MTHFR-1298 C>T and both were genotyped using the 5" nuclease
TagMan allelic discrimination assay on the ABI 7900HT (Applied Biosystems) as previously
described (32).

Statistical Methods

In order to assess any dose dependence of LINE1 methylation extent on bladder cancer risk,
LINE1 methylation was coded into deciles, based on the distribution in controls, to determine
more precisely the amount of methylation which would increase the risk of bladder cancer. As
an increase in the OR for disease was present only in the lowest decile, LINE1 methylation
was coded as a binary outcome comparing the lowest decile with the referent including the
remaining deciles of LINE1. Age was coded as a continuous variable with N=750,
Mean=62.24, Standard deviation=10.04, Minimum=25, and Maximum=74. Arsenic was
classified using percentiles of the control distribution, based again on our previous research:
0.009-0.059 (<=25%-used asthe referent group), 0.060-0.086 (25.1-50%), 0.087-0.126
(50.1-75%), 0.127-0.193 (75.1-90%), 0.194-0.277 (90.1-95%), 0.278-0.330 (95.1-97%) and
0.331-2.484 (97.1-100%) (4). Smoking was evaluated using variables measuring intensity of
smoking, duration of smoking and their combination, as well as the status (never, former,
current) amongst subjects. Smoking was used as a categorical variable defined as never, former,
or current smokers as has been done previously in examinations in this and other populations
(5,27,33). To explore the influence of MTHFR 677 and MTHFR 1298 genotypes on LINE1
methylation and bladder cancer risk, these variables were coded using wt/wt as the referent
and were compared to wt/var and var/var (18). In univariate analyses, the relationship between
amount of methylation and case control status and other factors was evaluated with 2 statistics
and t-tests using a p-value less than 0.05 as statistically significant. To investigate the
association between the level of LINE1 methylation and bladder cancer, unconditional and
stratified logistic models were used and included smoking, age and gender (the latter were
matching variables in the original study). To examine the association between LINE1
methylation and risk of either noninvasive or invasive bladder cancer, we performed the
analysis stratified by tumor stage. Similarly, to examine the differential association of LINE1
methylation with risk of bladder cancer between men and women, we performed analysis
stratified by gender. These models were adjusted for gender and smoking status. To examine
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the relationship between variables including gender, age, arsenic and smoking with the amount
of LINE1 methylation, logistic models were used with low LINE1 methylation defined as being
in the first decile as a binary outcome. Selenium, education, MTHFR 677 and MTHFR 1298
were examined as possible predictors of bladder cancer risk and as possible important
predictors of LINE1; however, these variables were not found to significantly influence
methylation or bladder cancer risk, and did not change the estimates of the effects of the other
variable in the model, and thus were dropped from further models. The interaction between
smoking and LINE1 methylation was examined with the likelihood ratio test. Data were
analyzed by use of SAS statistical software, version 9.1.

LINE1 methylation levels were determined for 465 controls and 285 cases, and overall ranged
from 57.9% and 92.0%. The characteristics of controls and cases with LINE1 methylation data
are shown in Table 1. MTHFR codon 677 and 1298 genotypes, mean toenail arsenic levels and
age were not significantly different in cases and controls while smoking status and gender were
significantly different in the two groups. Figure 1 shows the relationship of LINE1 methylation
extent with bladder cancer risk, grouping LINE1 methylation data into deciles defined by levels
in the controls. These data demonstrate that a significant estimate of disease risk exists only in
the lowest decile of LINE1 methylation. The risk estimate, for being in the lowest decile was
an odds ratio of 2.08 (95% Cl, 1.07-4.07) compared to the referent highest LINE1 methylation
decile, and adjusted for age, gender, and smoking status. Based upon this figure, we further
defined LINEL as a binary variable with the lowest decile grouping the remaining deciles as
the referent.

Table 2 presents the association between LINE1 methylation extent in the lowest decile
compared to all others as referent, adjusting for gender, age and smoking status using logistic
regression. A 1.80-fold increased risk of bladder cancer (95% Cl, 1.12-2.90) was observed
among those with LINE1 methylation extent in the lowest decile. As previous reports have
suggested an interaction between global DNA methylation and smoking (27), we examined
the interaction of LINE1 methylation with smoking status and found no significant association
(data not shown). Since bladder cancer presents in a dichotomous fashion as non-invasive or
invasive disease and these forms of bladder cancer have significant pathological differences,
we performed stratified analysis by invasive status (4). Amongst non-invasive cancers, being
in the lowest LINE1 methylation decile confers an almost two fold risk of bladder cancer (OR
1.94, 95% Cl, 1.17-3.22) while the risk is non-significant amongst invasive cancers, in models
adjusted for smoking, age, and gender. We then stratified our model by gender, adjusting for
age and smoking status in each stratum. Amongst females, being in the lowest LINE1
methylation decile confers a significant almost 2.5-fold increased risk of bladder cancer (95%
Cl 1.19-5.17) while the risk was non-significant amongst males (OR = 1.47, 95% CI =
0.79-2.74).

Given the risk associated with low methylation, we sought to identify predictors of
hypomethylation in healthy controls. We utilized the binary LINE1 methylation variable as
the dependent variable, and examined the association between this variable and known risk
factors of bladder cancer (including gender, age, smoking status and toenail arsenic levels)
stratified by case status in Table 3. Women were more likely to be in the lowest LINE1
methylation decile than men (male controls: OR 0.49, 95% CI 0.25-0.97; males cases: OR
0.38, 95% CI 0.18-0.81). The lowest decile of LINE1 methylation had a higher percentage of
individuals with high toenail arsenic concentrations. A trend in ORs for low LINE1 methylation
from the lowest to the highest toenail arsenic levels was statistically significant (p<0.01), with
the 75t to 90t percentile (0.13 to <0.20 pg/g arsenic) having an OR for low LINE1 methylation
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of 3.68 (95% C1 1.17-11.58), and those with greater than the 90t percentile of arsenic exposure
(>0.20 pg/g arsenic) having an OR for LINE1 methylation of 3.68 (95% CI 1.04-13.02).

Discussion

In models controlling for smoking status, gender and age, we have found a significant 1.8-fold
increased risk of bladder cancer among subjects with mean LINE1 methylation levels in the
lowest decile of methylation, ranging from 57.89 to <74.25%, as compared to subjects with
>74.25% LINE1 methylation. This suggests that LINE1 hypomethylation is an independent
risk factor for bladder cancer and that it may be an excellent biomarker. Our results are
consistent with a previous report that also noted a significantly increased risk of bladder cancer
amongst patients with lower global DNA methylation levels, as assessed by the radioactive
methyl-incorporation assay (27). Interestingly, unlike that report we did not observe a dose-
dependent association of LINE1 methylation extent with bladder cancer risk, but rather saw
only an association with disease risk at the lowest level, a result consistent with our previous
work examining LINE1 methylation in head and neck cancer (18).

We also observed that the risk of non-invasive bladder cancer was increased almost two fold
for subjects in the lowest LINE1 methylation decile, while there was no significant association
in invasive cases. This is of interest, because it suggests that LINE1 methylation may be a
specific biomarker of noninvasive disease. The mechanism responsible for this apparent
distinction is unclear but it is consistent with the fact that there are well known differences in
this disease associated with an invasive pathology (4).

In examining the predictors of lowest tenth decile of LINE1 methylation we found that women
were greater than two-fold significantly more likely to have reduced LINE1 methylation extent.
This finding is consistent with a study which found that females had statistically lower
methylation levels than males in LINE1 and Alu repeats measured from whole blood (34) as
well as with our previous work in head and neck cancer (18). Two other studies did not find a
significant association between LINE1 methylation and gender in leucocytes and in adenomas;
however, these studies did not use a large number of subjects and may have been underpowered
to observe this association (17,23). Our gender-stratified analyses further suggest that the risk
for bladder cancer conferred by low LINE1 methylation extent is significant only among
women, and is consistent with Moore et al. (27) who observed a similar increased risk of bladder
cancer among women with reduced overall global DNA methylation levels.

Our finding of reduced LINE1 methylation in relation to arsenic exposure is consistent with
experimental data showing that arsenic and its inorganic salt, arsenite, induce DNA
hypomethylation in cultures of human lung and rat hepatocytes, as well as in rat livers through
feeding studies (35-37). A study in Bangladesh, with endemic, high level arsenic exposures,
observed that reduced DNA methylation was a risk factor for arsenic-associated skin lesions
(38) but found a positive relationship between urinary arsenic concentrations and global DNA
methylation in peripheral blood leucocytes (using the radioactive methyl-incorporation assay)
(39). This different finding may be related to the different measures of DNA methylation and
the far greater exposures in Bangladesh compared with ours. Although the methylation extent
of the LINE1 region has been correlated with overall cellular 5-methycytosine content (40,
41), and thus serve as a surrogate marker, changes in the extent of methylation of these elements
may lead to specific functional consequences on their expression. Expression of these elements
can lead to their retrotransposition to various regions of the genome, possibly leading to
downstream effects on other genes in these cells (42). It is unclear if the changes in methylation
extent being measured lead to changes in expression of specific functional LINE1 elements.
Going forward, it will be important to delineate the biological nature of this association, as
LINE1 measurement may be, in some cases, in the causal pathway for disease.
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We did not find an interaction between LINE1 methylation and smoking status, unlike previous
reports examining methylation by smoking intensity (27). The non-significant interaction in
our model could be attributable to differential smoking patterns between the populations.

Strengths of this study included the population-based nature of the study, as well as the use of
quantitative pyrosequencing for LINE1 methylation determination and detailed exposure
assessment including the use of toenail analysis of arsenic concentrations. Limitations of this
study included the exclusion of cases and controls without methylation data which could lead
to a selection bias if included and excluded cases and controls differ from one another.
However, we did not note any differences between included and excluded cases and controls
in any of our demographic information and use of tobacco products. Another limitation of this
study was the low number of invasive cases available; a larger study is necessary to further
understand the impact of global hypomethylation on the risk of development of non-invasive
as compared to invasive bladder cancer. Another limitation would be the poor age matching
done in this study; however we do not think this impacted the results as age is not found to be
significant in any of our analyses. Further research on hormonal influences on global
methylation and risk of bladder cancer is also warranted related to our findings of differential
risk amongst women.

In summary, this study adds to the growing literature on the role of epigenetics in human cancer
etiology, and suggests LINE1 hypomethylation as a risk factor for bladder cancer, with
potential utility as a disease biomarker. In addition, this study shows an increased risk of LINE1
hypomethylation with high levels of arsenic, raising important questions about the nature of
the causal pathway for alterations in DNA repeat methylation to contribute to cancer risk. These
results also suggest that women demonstrate lower levels of LINE1 methylation, and may
suggest distinct etiologies of bladder cancer between men and women, which may also aid in
explaining the disparate incidence of this disease in men and women. Further work is needed
to better clarify how exposures important to the disease play a role in LINE1 region
methylation, and to clarify the specific subgroups where this factor may be most predictive of
disease risk.
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Figure 1.

Modeling of LINE1 methylation deciles and corresponding risk of bladder cancer. LINE1
methylation decile bins are represented on the x-axis, and corresponding risk, modeled as odds
ratios represented on the y-axis, of bladder cancer adjusting for smoking, age and gender using
logistic regression. The black horizontal line depicts the odds ratio point estimate at each LINE1
methylation decile, compared to the referent highest decile. The gray bar represents the range
of the 95% upper and lower confidence intervals. Below each decile bin on the x-axis are the
number of observations present at each decile LINE1 methylation level. The deciles were coded
based on the distribution in controls and range from 67 to 86 observations.
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Selected Characteristics of bladder cancer cases and controls with LINE1 methylation data

Table 1

Total N=750 Controls N=465 Cases N=285
Variable (%) (62.0%) (38.0%)
Sex (N=750)
Male 521 (69.5%) 297 (63.9%) 224 (78.6%)
Female 229 (30.5%) 168 (36.1%) 61 (21.4%)
Smoking status (N=750)
Never 194 (25.9%) 140 (30.1%) 54 (19.0%)
Former 382 (50.9%) 240 (51.6%) 142 (49.8%)
Current 174 (23.2%) 85 (18.3%) 89 (31.2%)
Carcinoma Severity (N=730)
Non-invasive 194 (68.1%) - 194 (68.1%)
Invasive 71 (24.9%) -- 71 (24.9%)
Missing 20 (7.0%) - 20 (7.0%)

Toenail arsenic (N=733)

0.01 to <0.06: 0-25%
0.059 t0 <0.09: 25.1-50%

179 (23.9%)
201 (26.8%)

110 (23.7%)
120 (25.8%)

69 (24.2%)
81 (28.4%)

0.09 to <0.13: 50.1-75% 180 (24.0%) 116 (25.0%) 64 (22.5%)
0.13 to <0.20: 75.1-90% 104 (13.9%) 69 (14.8%) 35 (12.3%)
0.20 to 2.48: 90.1-100% 69 (9.2%) 40 (8.6%) 29 (10.2%)
Missing 17 (2.3%) 10 (2.2%) 7 (2.5%)
Age

Mean (+/-SD) 62.2 (10) 61.7 (10.4) 63.1(9.4)
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Table 2

Page 12

Association of LINE1 methylation and risk of bladder cancer: main effects model and models further stratified
by invasiveness and gender

Variable

N Odds Ratio (95% CI) p-value

All subjects (N=465 controls and N=285 cases)*

LINE1 Mean Methylation

57.89 to <74.25-10% 86 1.80 (1.12, 2.90) 0.02
74.25 t0 91.96-90% 664 Ref

Smoking status

Never smoker 194 Ref

Former smoker 382 1.31(0.89, 1.94) 0.17
Current smoker 174 2.46 (1.59, 3.83) <0.0001

Non-invasive cases (N=465 controls and N=194 cases)*

LINE1 Mean Methylation

57.89 to <74.25-10% 31 1.94 (1.17, 3.22) 0.01
74.25 t0 91.96-90% 163 Ref

Smoking status

Never smoker 34 Ref

Former smoker 103 1.58 (1.00, 2.49) 0.05
Current smoker 57 2.43 (1.46, 4.03) 0.00

Invasive cases (N=465 controls and N=71 cases)*

LINE1 Mean Methylation

57.89 to <74.25-10% 6 0.88 (0.36, 2.18) 0.78
74.25 t0 91.96-90% 65 Ref

Smoking status

Never smoker 14 Ref

Former smoker 32 1.12 (0.57, 2.20) 0.74
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Variable N Odds Ratio (95% CI) p-value
Current smoker 25 2.60 (1.28, 5.29) 0.01

Males (N=297 controls and N=224 cases)**
LINE1 Mean Methylation
57.89 to <74.25-10% 45 1.47 (0.79, 2.74) 0.22
74.25 t0 91.96-90% 476 Ref

Females (N=168 controls and N=61 cases)**
LINE1 Mean Methylation
57.89 to <74.25-10% 41 2.48 (1.19,5.17) 0.02
74.25 t0 91.96-90% 188 Ref

*
All models were adjusted for gender and age

*k
All models were adjusted for age and smoking status
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