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Introduction

The incidence of urothelial carcinoma varies worldwide 
with the highest rates occurring among males residing in 
industrialized countries.1 Primarily a smoking-associated disease, 
bladder cancer incidence is expected to rise in developing areas 
of the world due to increases in smoking prevalence and the 
aging world population.2 Although most bladder cancers present 
as superficial tumors, many recur and require regular follow-up 
screening and intervention.3

Previously, four case-control studies using post-diagnostically 
collected blood DNA found that genomic hypomethylation may 
be involved in bladder carcinogenesis.4-7 Using a radioactive 
bioincorporation assay in a Spanish case-control study, Moore 
et. al. reported that lower methylation levels in leukocyte DNA 
were associated with an increased bladder cancer risk.4 This 

finding was replicated in two subsequent population-based case-
control studies conducted in New Hampshire5 and China6 using 
a high-throughput pyrosequencing assay measuring methylation 
throughout long interspersed nuclear element sequences (LINE1) 
to estimate total percent 5-methylcytosine (%5mC) in blood 
DNA.8,9 A fourth hospital-based bladder cancer case-control 
study conducted in Thailand estimated overall and regional 
LINE1 methylation levels by COBRA PCR.7 This study found 
that bladder cancer patients had lower methylation levels in 
blood and exfoliated bladder cell DNA compared with healthy 
controls, with the lowest methylation levels measured in case 
tumor DNA.7 These retrospective findings support an association 
between DNA hypomethylation and bladder carcinogenesis; 
however, since global methylation at CpG loci throughout the 
genome may change in response to environmental exposures, 
immune response, and the carcinogenic process itself, findings 
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Global methylation in blood DNA has been associated with bladder cancer risk in case-control studies, but has not 
been examined prospectively. We examined the association between LINE1 total percent 5-methylcytosine and bladder 
cancer risk using pre-diagnostic blood DNA from the United States-based, Prostate, Lung, Colorectal, Ovarian Cancer 
Screening Trial (PLCO) (299 cases/676 controls), and the Alpha-Tocopherol, Beta-Carotene Cancer Prevention (ATBC) 
cohort of Finnish male smokers (391 cases/778 controls). Logistic regression adjusted for age at blood draw, study center, 
pack-years of smoking, and sex was used to estimate odd ratios (ORs) and 95% confidence intervals (CIs) using study- 
and sex-specific methylation quartiles. In PLCO, higher, although non-significant, bladder cancer risks were observed 
for participants in the highest three quartiles (Q2–Q4) compared with the lowest quartile (Q1) (OR = 1.36, 95% CI: 0.96 
-1.92). The association was stronger in males (Q2–Q4 vs. Q1 OR = 1.48, 95% CI: 1.00–2.20) and statistically significant 
among male smokers (Q2–Q4 vs. Q1 OR = 1.83, 95% CI: 1.14–2.95). No association was found among females or female 
smokers. Findings for male smokers were validated in ATBC (Q2–Q4 vs. Q1: OR = 2.31, 95% CI: 1.62–3.30) and a highly 
significant trend was observed (P = 8.7 × 10-7). After determining that study data could be combined, pooled analysis of 
PLCO and ATBC male smokers (580 cases/1119 controls), ORs were significantly higher in Q2-Q4 compared with Q1 (OR = 
2.03, 95% CI: 1.52–2.72), and a trend across quartiles was observed (P = 0.0001). These findings suggest that higher global 
methylation levels prior to diagnosis may increase bladder cancer risk, particularly among male smokers.
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observed retrospectively could be due to epigenetic changes 
that occur subsequent to cancer diagnosis.10-12 Additionally, 
questionnaire data collected post-diagnosis could be subject to 
recall bias. We therefore designed a nested case-control study 
within the Prostate, Lung, Colorectal, Ovarian Cancer Screening 
Trial (PLCO), a prospective cohort conducted in the United 
States, selecting male and female bladder cancer cases who were 
cancer free and provided blood samples prior to diagnosis. For 
replication, a second nested case-control study was conducted 
within the Alpha-Tocopherol, Beta-Carotene Cancer Prevention 
(ATBC) cohort, a prospective cohort of Finnish male smokers

Results

For PLCO, DNA samples from 419 bladder cancer cases and 
843 controls were sent to the lab. Of these, results were obtained 
from 378 (90.2%) cases and 786 (92.7%) controls. Of these, 
suitable coefficient of variations (CVs < 10%) from triplicate runs 
were obtained from 306 (86.5%) cases and 676 (90%) controls. 
Seven cases were dropped because we could not confirm that 
their blood sample was taken prior to cancer diagnosis within 
that year. Cases and controls included from the PLCO study did 
not differ significantly from those excluded in this study (data 
not shown). For ATBC, data were available from 391 of 395 
cases (99%) and 778 of 790 (99%) of controls, and all CVs were 
<10%.

Analysis of control samples analyzed per plate did not reveal 
systematic batch effects. Control samples that were 0, 50, and 
100% methylated were 2.7, 55.7, and 81.2% methylated in 
PLCO, respectively, and 4.9, 48.1, and 88.5% methylated in 
ATBC, respectively. Averaged across both studies, the percent 
methylation among control samples was 3.8, 51.9, and 84.9%, 
respectively.

No significant differences between cases and controls were 
observed for matching characteristics (age at randomization, 
sex in PLCO), nor for age at blood draw, study center, and 
years between blood draw and case diagnosis/control selection 
(Table 1). In PLCO, approximately 25% of cases never smoked, 
while 45% of controls never smoked. In both studies, cases were 
significantly more likely than controls to have more pack-years 
of smoking. ATBC subjects, in addition to being Finnish male 
smokers, were younger (range: 50–70 vs. 55–74 y in PLCO) and 
some had a longer time between blood draw and diagnosis date/
control selection (range: ≤1–16) compared with PLCO subjects 
(range: ≤1–13 y).

Mean LINE1%5mC levels adjusted for age at blood draw 
and sex (in PLCO only) among controls in each study are 
shown in Table  2. In PLCO, male controls had significantly 
higher mean LINE1%5mC compared with females (84.2% vs. 
83.5%; P = 0.0004). In ATBC, mean LINE1%5mC levels were 
lower than PLCO overall (male ever smokers = 79.1%) and in 
selected subgroups. Age at blood draw was inversely associated 
with LINE1%5mC in PLCO, but positively associated in 
ATBC. LINE1%5mC decreased with increasing years between 
blood draw and case diagnosis in PLCO, but did not show a 
monotonic pattern in ATBC. LINE1%5mC did not vary 

significantly by PLCO study centers, but did vary somewhat 
between ATBC centers. In PLCO, never smokers (84.0%) had 
significantly higher LINE1%5mC compared with ever smokers 
(83.6%). However, no significant trend was observed for pack-
years of smoking in either study or for either gender in PLCO. 
To note, we found no significant correlations between pack-
years of smoking and age among the controls (data not shown). 
Also, mean LINE1%5mC did not vary by dietary factors among 
controls in either study.

Final risk estimates for bladder cancer and LINE1%5mC 
were adjusted for pack-years of smoking, age at blood draw, sex 
(PLCO only), and intervention arm (ATBC only) (Table 3). In 
PLCO, higher although non-significant bladder cancer risks 
were observed for participants in the highest three methylation 
quartiles (Q2–Q4 combined) compared with the lowest quartile 
(Q1) (odd ratio [OR] = 1.36, 95% confidence interval [CI]: 
0.96–1.92, P = 0.08), with no evidence of a monotonic trend by 
methylation quartiles (P-trend = 0.20). When stratified by sex, 
the association was stronger among males (Q2–Q4 vs. Q1: OR 
= 1.48, 95% CI: 1.00–2.20; P = 0.05) than females (Q2–Q4 
vs. Q1: OR = 1.11, 95% CI: 0.51–2.42, P = 0.79), but the test 
for interaction was not statistically significant (P-interaction = 
0.33). After stratification by ever/never smoking, the significant 
association was restricted to ever smokers (OR = 1.82, 95% CI: 
1.18–2.27, P = 0.01) and was null among never smokers (OR = 
0.82, 95% CI: 0.47–1.45, P = 0.50), but the test for interaction 
was not statistically significant (P-interaction = 0.08). In ATBC, 
a study comprised of male smokers, significantly higher bladder 
cancer risk was observed for participants in Q2–Q4 compared 
with Q1 (OR = 2.31; 95% CI: 1.62–3.30, P = 1.8 × 10-6), with a 
significant positive trend across quartiles (P-trend = 8.7 × 10-7). 
We did not find evidence of risk modification or confounding 
by age at randomization, age at blood draw, age at diagnosis/
control selection, years between blood draw and case diagnosis/
control selection, or by the nutrients examined, specifically 
those involved in methylation reactions.

Because of the differences in associations by gender and 
smoking status, we conducted additional stratified analyses 
among PLCO subjects (Table  4). A significant increase in 
bladder cancer risk was observed among male smokers (Q2–Q4 
vs. Q1: OR = 1.83, 95% CI: 1.14–2.95, P = 0.01), but not never 
smokers (OR = 0.88, 95% CI: 0.43–1.78, P = 0.71), although 
the interaction was not significant (P-interaction = 0.16). A 
similar relationship was observed among females, with higher 
risks among ever smokers (Q2–Q4 vs. Q1: OR = 1.63, 95% CI 
0.54–4.93, P = 0.39) compared with never smokers (OR = 0.74, 
95% CI: 0.27–2.03, P = 0.55), but the associations were not 
statistically significant.

Since the interaction between study and methylation on 
bladder cancer risk was not statistically significant (P-interaction 
= 0.26), we pooled male ever smokers from PLCO and ATBC. 
Pooled ORs were significantly elevated across quartiles compared 
with Q1 as a referent: Q2 (OR = 1.66; 95% CI: 1.17–2.34, P = 
0.004), Q3 (OR = 2.29; 95% CI: 1.64–3.19, P = 4.2 × 10-6), 
and Q4 (OR = 2.18; 95% CI: 1.55–3.06, P = 0.0001), (P-trend 
= 0.0001), adjusted for study, pack-years of smoking, and age 
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Table 1. Selected characteristics (continued)

PLCO1 ATBC2

Characteristic
Cases Controls P3

Characteristic
Cases Controls P3

N (%) N (%) N (%) N (%)

Total 299 (100.0) 676 (100.0) NA Total 391 (100.0) 778 (100.0) NA

Gender

Male 242 (80.9) 560 (82.8) Male 391 (100.0) 778 (100.0)

Female 57 (19.1) 116 (17.2) 0.47 -

Age at randomization (years)

- 50–55 113 (28.9) 239 (30.7)

55–59 70 (23.4) 147 (21.7) 55–59 130 (33.2) 250 (32.1)

60–64 91 (30.4) 216 (32.0) 60–64 99 (25.3) 197 (25.3)

65–69 87 (29.1) 191 (28.3) 65–70 49 (12.5) 92 (11.8) 0.92

70–74 51 (17.1) 122 (18.0) 0.90 -

Age at blood draw (years)

- 54 5 (1.3) 23 (3.0)

55–59 22 7.4 84 12.4 55–59 100 (25.6) 194 (24.9)

60–64 84 28.1 169 25.0 60–64 137 (35.0) 275 (35.4)

65–69 95 31.8 213 31.5 65–69 96 (24.6) 184 (23.7)

70–79 98 32.8 210 31.1 0.12 70–76 53 (13.6) 102 (13.1) 0.52

Center

Colorado 24 (8.0) 55 (8.1) Kouvola 17 (4.3) 35 (4.5)

Georgetown 18 (6.0) 40 (5.9) Kotka 22 (5.6) 35 (4.5)

Henry Ford 28 (9.4) 57 (8.4) Helsinki 109 (27.9) 220 (28.3)

Minnesota 98 (32.8) 184 (27.2) Jyvaskyla 29 (7.4) 65 (8.4)

Washington 34 (11.4) 60 (8.9) Hameenlinna 24 (6.1) 43 (5.5)

Pittsburgh 28 (9.4) 102 (15.1) Lahti 25 (6.4) 36 (4.6)

Utah 25 (8.4) 70 (10.4) Meltola 6 (1.5) 13 (1.7)

Marshfield 36 (12.0) 96 (14.2) Pori 30 (7.7) 44 (5.7)

Alabama 8 (2.7) 12 (1.8) 0.19 Tampere 35 (9.0) 77 (9.9)

Salo 9 (2.3) 17 (2.2)

Seinajoki 31 (7.9) 68 (8.7)

Tutku 40 (10.2) 108 (13.9)

Rauma 14 (3.6) 17 (2.2) 0.66

Years between age at blood draw and case dx and matching for controls

≤1 69 (23.1) 149 (22.0) ≤1 43 (11.0) 95 (12.2)

2–3 83 (27.8) 190 (28.1) 2–3 53 (13.6) 92 (11.8)

4–6 86 (28.8) 182 (26.9) 4–6 68 (17.4) 133 (17.1)

7–13 61 (20.4) 155 (22.9) 0.81 7–13 191 (48.9) 383 (49.2)

14–16 36 (9.2) 75 (9.6) 0.91

N, number; NA, not applicable; dx, diagnosis; PLCO, Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial; ATBC, Alpha-Tocopherol, Beta-Carotene 
Cancer Prevention Cohort. 1PLCO included 7 cases also selected as controls prior to diagnosis, and 10 controls randomly selected as controls twice. 2ATBC 
did not include cases also selected as controls and 110 controls were randomly matched to more than 1 case. 3χ2 P value.
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at blood draw (quartiles among pooled controls). Further 
adjustment for study centers and ATBC randomization arm did 
not change estimates.

Discussion

We examined LINE1%5mC levels and bladder cancer risk 
using prospectively collected blood DNA from nested bladder 
cancer case-control studies conducted in a US and European 
population. In PLCO, we did not observe evidence of a linear 
trend when data were analyzed by quartile; however, a significant 
trend emerged when analyses were restricted first to males, and 
subsequently to male smokers. Replication in the ATBC study 
corroborated these findings among male smokers. Pooling data 
from PLCO and ATBC male smokers showed that this positive 
association between LINE1%5mC level and bladder cancer risk 
was highly significant.

Reasons for the different findings between this prospective 
and previous retrospective case-control studies of bladder 
cancer, which found associations for hypomethylation4-7 are 
unclear, but suggest that LINE1%5mC examined in post-
diagnostically collected blood may reflect changes associated 
with immune response and/or the carcinogenic process.10-13 
For example, if a particular blood cell subtype were associated 
with both LINE1%5mC level and bladder cancer risk, then 
the varying proportions could either confound or modify the 
association, resulting in different pre- and post-bladder cancer-
methylation associations. In bladder cancer, alterations have 
been observed primarily in the number of neutrophils, and in 
some cases, leukocytosis (increased leukocyte/white blood cell 
count) has been associated with poor prognosis, but not in the 
earliest stages of bladder cancer.14 It has also been suggested 
that variation in methylation levels could reflect differences 
in the proportion of blood cell subtypes.15-17 Differences in cell 
proportions (assuming the cell subtypes have different means/
distribution of methylation) would have to be very large to 
significantly affect associations. In addition, if cell proportions 
were non-differential with methylation, associations observed 
would be driven toward the null because the added variability 
would increase the likelihood of false-negative results.

Previous studies of global methylation and other cancer 
sites have shown varying results. One meta-analysis of 12 
studies reported an overall significant 1.5-fold cancer risk 
with hypomethylation, with significant heterogeneity between 
studies, but not between retrospective or prospective study 
designs.13 A second meta-analysis did not, with the exception of 
studies using a total 5mC assay.12 Included in this meta-analysis 
were two retrospective studies, one of breast18 and one of renal 
cancer,19 that showed increased cancer risk among those with 
higher methylation levels using the luminometric methylation 
assay (LUMA) and LINE1 assays, respectively. Although the 
Xu et  al.,18 study did not find associations with breast cancer 
risk using the LINE1 assay, the inconsistency was considered 
to be reflecting the different genomic areas examined by each 
assay: the LINE1 assay measures CpG sites throughout LINE1 
sequences spanning the genome; the LUMA assay measures 5mC 
levels in the CmCGG motif, a sequence over-represented in gene 
promoter regions. These findings together with ours suggest that 
global DNA methylation varies by cancer site, the method used 
to measure methylation, and the region of DNA examined.

Although our findings were unexpected, hypermethylation of 
CpG islands in the promoter region of tumor suppressor genes 
has been reported in transitional cell carcinomas of the bladder, 
and have been strongly associated with tumor development and 
progression, in tumor tissue.20 However, it is unknown how 
promoter methylation levels in bladder tumor tissue correlate 
with those in blood DNA. Future epigenome-wide association 
studies (EWAS) that are currently being designed will be able to 
examine an array of specific gene loci using blood DNA.

In PLCO the association between hypermethylation and 
bladder cancer became significant among males, particularly 
ever smoker males. This finding is consistent with Liao et al.,19 
where the association for hypermethylation and renal cancer 
was stronger among current smokers, compared with former or 
never smokers. Interestingly, Moore et al.4 and Cash et al.6 found 
stronger associations for hypomethylation and bladder cancer 
risk among never smokers compared with ever smokers. The 
effect of tobacco use on methylation levels and bladder cancer 
risk is unclear. In relation to our findings, the higher cancer risk 
among smokers could suggest that prior to cancer development, 

Table 1. Selected characteristics (continued)

PLCO1 ATBC2

Characteristic
Cases Controls P3

Characteristic
Cases Controls P3

N (%) N (%) N (%) N (%)

Pack-Years of Smoking

0 75 (25.5) 304 (45.4) -

1–20 51 (17.3) 120 (17.9) 1–20 56 (14.3) 187 (24.0)

21–40 57 (19.4) 116 (17.3) 21–40 166 (42.5) 339 (43.6)

41–60 52 (17.7) 77 (11.5) 41–60 125 (32.0) 197 (25.3)

>60 59 (20.1) 53 (7.9)  <0.0001 >60 44 (11.3) 55 (7.1) <0.001

N, number; NA, not applicable; dx, diagnosis; PLCO, Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial; ATBC, Alpha-Tocopherol, Beta-Carotene 
Cancer Prevention Cohort. 1PLCO included 7 cases also selected as controls prior to diagnosis, and 10 controls randomly selected as controls twice. 2ATBC 
did not include cases also selected as controls and 110 controls were randomly matched to more than 1 case. 3χ2 P value.
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Table 2. Mean LINE-1%5mC among controls (continued)

PLCO ATBC

Characteristic N
Mean 

LINE-1%5mC1 (SE1) P1,2 Characteristic N Controls
Mean 

LINE-1%5mC1 (SE1) P1,2

Gender

Male 560 84.2 (0.09) Male 778 79.08 (0.05)

Female 116 83.5 (0.19) 0.0004 Female 0 - -

Age at blood draw (years)

- 50–55 239 78.57 (0.09)

55–59 84 84.5 (0.23) 55–59 250 78.99 (0.09)

60–64 169 83.9 (0.17) 60–64 197 79.59 (0.10)

65–69 213 83.6 (0.16) 65–70 92 79.53 (0.14) <0.001

70–79 210 83.8 (0.16) 0.01 -

Years between age at blood draw and case diagnosis/control selection

≤1 149 84.1 (0.18) ≤1 95 79.11 (0.14)

2–3 190 83.9 (0.16) 2–3 92 78.96 (0.14)

4–6 182 83.8 (0.17) 4–6 133 78.88 (0.12)

7–13 155 83.6 (0.18) 0.02 7–13 383 78.94 (0.07)

- 14–16 75 80.22 (0.15) 0.01

Center

Colorado 55 84.4 (0.29) Kouvola 35 79.77 (0.23)

Georgetown 40 84.4 (0.33) Kotka 35 79.06 (0.23)

Henry Ford 57 84.1 (0.28) Helsinki 220 78.95 (0.09)

Minnesota 184 83.5 (0.17) Jyvaskyla 65 79.47 (0.17)

Washington 60 84.0 (0.27) Hameenlinna 43 78.84 (0.21)

Pittsburgh 102 83.8 (0.21) Lahti 36 79.44 (0.23)

Utah 70 83.6 (0.25) Meltola 13 78.90 (0.39)

Marshfield 96 83.9 (0.22) Pori 44 79.43 (0.21)

Alabama 12 83.8 (0.60) 0.13 Tampere 77 79.16 (0.16)

Salo 17 79.19 (0.33)

Seinajoki 68 78.78 (0.17)

Tutku 108 78.83 (0.13)

Rauma 17 79.15 (0.33) 0.003

Ever/never smoking

Never 304 84.0 (0.13) Never - - -

Ever 372 83.6 (0.14) 0.008 Ever 778 79.08 (0.05) NA

Pack-years of smoking See males

1–20 120 83.6 (0.25)

21–40 116 83.3 (0.27)

41–60 77 83.3 (0.30)

>60 53 83.2 (0.35) 0.20

N, number; NA, not applicable; SE, standard error; mg, micrograms; g, grams; dx, diagnosis; PLCO, Prostate, Lung, Colorectal and Ovarian Cancer Screening 
Trial; ATBC, Alpha-Tocopherol, Beta-Carotene Cancer Prevention Cohort. 1Adjusted for age at blood draw and sex (PLCO only). 2F-test for categorical 
variables and P-trend for ordinal variables.
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cells from individuals with higher methylation levels that are 
also exposed to important bladder carcinogens (such as those 
found in tobacco) may possess a survival advantage over those 
from individuals with both low methylation levels and the same 
carcinogenic exposure. Having both low DNA methylation in the 

presence of tobacco exposure may direct damaged cells toward 
programmed cell death decreasing the likelihood of survival and 
clonal expansion.4

In this study, LINE1%5mC levels were higher among 
participants in PLCO compared with ATBC, although similar 

Table 2. Mean LINE-1%5mC among controls (continued)

PLCO ATBC

Characteristic N
Mean 

LINE-1%5mC1 (SE1) P1,2 Characteristic N Controls
Mean 

LINE-1%5mC1 (SE1) P1,2

Pack-years of smoking-males

1–20 106 84.2 (0.20) 1–20 187 79.00 (0.10)

21–40 107 84.1 (0.20) 21–40 339 79.10 (0.08)

41–60 72 84.2 (0.25) 41–60 197 79.13 (0.10)

>60 50 83.8 (0.30) 0.05 >60 55 79.02 (0.19) 0.60

Pack-years of smoking-females NA

1–20 14 83.6 (0.68)

21–40 9 82.3 (0.86)

>40 8 82.1 (0.91) 0.16

Alcohol drinking (drinks per day) (g per day)

0 119 83.8 (0.19) 0 67 79.01 (0.17)

0−0.5 283 83.9 (0.14) >0–12.1 332 79.08 (0.07)

>0.5 274 83.8 (0.15) 0.97 >12.1 379 79.01 (0.07) 0.74

Vegetable intake (servings per day)

≤5 335 83.8 (0.13) <749.5 415 79.06 (0.06)

>5 341 83.9 (0.13) 0.83 ≥749.5 363 79.10 (0.08) 0.71

Fruit intake (servings per day)

≤3 342 83.7 (0.13) <233.1 459 79.09 (0.06)

>3 334 84.0 (0.13) 0.09 ≥233.1 319 79.05 (0.08) 0.71

Folate (diet and supplement, mg per day)

≤539.2 338 83.8 (0.13) <346.1 401 79.1 (0.07)

>539.2 338 83.9 (0.13) 0.66 ≥346.1 377 79.06 (0.08) 0.65

Vitamin B6 (diet and supplement, mg per day)

≤3.5 339 83.8 (0.13) <2.5 400 79.06 (0.07)

>3.5 337 83.9 (0.13) 0.56 ≥2.5 378 79.1 (0.08) 0.67

Vitamin B12 (diet and supplement, mg per day)

≤9.1 341 83.8 (0.13) <11.0 421 79.15 (0.06)

>9.1 335 83.9 (0.13) 0.54 ≥11.0 357 78.97 (0.08) 0.08

Dietary methionine (mg per day)

≤1.8 337 83.8 (0.12) <2.1 409 79.12 (0.06)

>1.8 339 83.9 (0.14) 0.60 ≥2.1 369 79.01 (0.08) 0.27

Dietary protein (g per day)

≤83.5 338 83.9 (0.12) <94.8 410 79.1 (0.06)

>83.5 338 83.8 (0.14) 0.91 ≥94.8 368 79.05 (0.08) 0.62

N, number; NA, not applicable; SE, standard error; mg, micrograms; g, grams; dx, diagnosis; PLCO, Prostate, Lung, Colorectal and Ovarian Cancer Screening 
Trial; ATBC, Alpha-Tocopherol, Beta-Carotene Cancer Prevention Cohort. 1Adjusted for age at blood draw and sex (PLCO only). 2F-test for categorical 
variables and P-trend for ordinal variables.
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comparative associations were observed in both studies and the 
levels observed are within the range of those observed in other 
studies.4-7,12,13 One reason for the different levels in each study may 
be the ethnic variation in methylation levels between the study 
populations (US vs. Finnish). Also, PLCO includes both smokers 
and non-smokers of both sexes, whereas ATBC is comprised of 
male ever smokers (although the methylation difference was still 
apparent among male smokers). Another explanation may be the 
DNA source: buffy coat was used in PLCO, whereas whole blood 
was used in ATBC. Also, a higher ICC was observed in ATBC 
compared with the PLCO study. Although ICCs are rarely 
reported, in comparison to Liao et al.19 and a previous study of 
breast cancer,21 the ICCs we report are comparatively higher.

Strengths of this study include the high quality questionnaire 
data collected prior to cancer diagnosis, thus reducing the risk of 
recall bias. Our study design allowed random selection of other 
cancer cases as controls and comparison to the PLCO population 
as a whole to ensure that our controls were not healthier than 
all controls. Each case was histologically confirmed with bladder 
cancer, eliminating case misclassification. Laboratory error could 
have increased the likelihood of false-negative results; however, 
we attempted to reduce intra-and inter-individual variation by 
excluding individual PCR runs in which low bisulfite conversion 
levels were observed and subjects for whom a high CV was 
observed across triplicate runs.

A limitation of this study is that the ATBC cohort only 
included male smokers and did not allow replication of findings 
among women. Also, in PLCO, the number of female cases, 
particularly female smokers, was small and limited the statistical 
power to detect modest risk estimates. While we were able to 
examine temporality of the associations using the time between 
blood draw and date of diagnosis/control selection, changes in 
methylation levels over time would ideally be conducted using 
repeat measurements from the same individuals at time points 
prior to and post-bladder cancer diagnosis, which was beyond the 
scope of the current study but could be conducted in the future.

In conclusion, to our knowledge, this is the first prospective 
study of LINE1%5mC and bladder cancer risk conducted in 
two unique populations, but with similar study design. Unlike 
previous case-control studies, we found higher bladder cancer 
risks with higher methylation levels. Additional longitudinal 
studies using samples from the same individuals collected at 
different time points prior to and post-diagnosis will clarify 
temporal associations between LINE1 methylation levels and 
bladder cancer risk. Studies of genome wide CpG site alterations 
at specific loci will add to the sensitivity and specificity of using 
CpG site methylation levels as biomarkers of future cancer risk in 
healthy populations.

Methods

PLCO screening trial
PLCO study design, sample collection and processing have 

been previously described.22,23 In brief, PLCO is a multi-center 
intervention trial for which participants ages 55 to 74 y were 
recruited from 1993 to 2001 and randomized into a screening 

or control arm. Participants provided demographic and lifestyle 
information at baseline via questionnaire. Participants in the 
screening arm provided non-fasting blood samples at six annual 
examinations. Informed consent was obtained from all subjects 
who provided blood samples. Biospecimen collection was 
approved by the US. National Cancer Institute (NCI) Special 
Studies Institutional Review Board (IRB) (OH-C-N041), the 
US National Institutes of Health, and the IRB at each screening 
site.

For the current study, approval to use biological specimens 
and questionnaire data was granted through a peer review process 
administered by the PLCO Etiologic and Early Marker Studies 
(EEMS) program (https://www.plcostars.gov). Urinary bladder 
cancer cases were selected (International Classification of Diseases 
[ICD] 3 codes C670-C679) from the PLCO screening arm who 
were self-identified as white, had a complete questionnaire, and 
were cancer-free at baseline (n = 437). For each case, two controls 
that were self-identified as white with a completed questionnaire, 
were frequency matched on sex and 5-y categories for age at 
randomization to the screening arm (n = 847). Genomic DNA 
(at least 500 ng) was extracted from pre-diagnostically collected 
buffy coat samples using standard phenol-chloroform methods, 
and was available for 419 cases and 843 controls. Seven controls 
were diagnosed with a cancer other than bladder cancer during 
follow-up. Because controls were sampled with replacement, 
ten controls were sampled twice. When more than one blood 
sample was available per subject, the sample most proximal to the 
diagnosis date was analyzed.

ATBC study
ATBC is a randomized, double-blind, placebo-controlled, 

primary prevention trial of Finnish male smokers, designed to 
evaluate whether daily supplementation with α-tocopherol, 
β-carotene reduced cancer incidence compared with those 
without supplementation.24 Finnish men, 50 to 69 y old who 
smoked at least five cigarettes per day were recruited between April 
1985 and June 1988. Each participant was randomly assigned to 
one of four intervention groups. Subjects were asked about their 
smoking status at enrollment via questionnaire. Cohort follow-up 
continued through the Finnish Cancer Registry. Both cancer 
incidence and mortality data were collected. Written informed 
consent was obtained from each participant. ATBC was approved 
by the IRB of the US NCI and the National Public Health 
Institute of Finland. The trial was registered as Clinical Trials.
gov number NCT00342992 (ClinicalTrials.gov).

For this study, cases were defined as histologically confirmed 
primary carcinoma of the urinary bladder including carcinoma 
in situ (ICD9 codes 188.1–188.9). All cases were white, from 
Finland, had complete questionnaire and nutritional intake data, 
and were cancer-free at baseline (n = 395). For each case, two 
controls were selected with complete questionnaire and nutritional 
intake data, and were frequency matched on 5-y categories for 
age at randomization (n = 790). Because controls were sampled 
with replacement, 110 controls were randomly selected twice. 
Genomic DNA (500 ng) was extracted from pre-diagnostically 
collected whole blood samples using standard phenol-chloroform 
methods (http://atbcstudy.cancer.gov).
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Table 3. Odds ratios and 95% confidence intervals for bladder cancer risk and LINE-1%5mC (continued)

PLCO ATBC

Characteristics
All Subjects

N Case N Control OR2 95% CI2 P2 Characteristic
All Male Smokers

N Case N Control OR2 95% CI2 P2

Q11 68 178 REF - - Q11 49 195 REF - -

Q2 69 151 1.29 0.85–1.97 0.23 Q2 86 194 1.74 1.15–2.63 0.01

Q3 96 180 1.53 1.03–2.28 0.04 Q3 123 195 2.61 1.75–3.90 1.1 × 10-5

Q4 66 167 1.23 0.80–1.89 0.34 Q4 133 194 2.78 1.85–4.19 3.8 × 10-6

P-trend 0.20 P-trend 8.7 × 10-7

Q1 68 178 REF - - Q1 49 195 REF - -

Q2–4 231 498 1.36 0.96–1.92 0.08 Q2–4 342 583 2.31 1.62–3.30 1.8 × 10-6

Gender

Male Q1 49 141 REF - - NA

Q2–Q4 193 419 1.48 1.00–2.20 0.05

Female Q1 19 37 REF - -

Q2–Q4 38 79 1.11 0.51–2.42 0.79

P-interaction 0.33

Age at blood draw-years

55–64 Q1 21 58 REF 50–65 Q1 40 159 REF - -

Q2–Q4 85 195 1.38 0.75–2.56 0.30 Q2–Q4 202 333 2.35 1.57–3.53 <0.001

65–79 Q1 47 120 REF 65–70 Q1 9 36 REF - -

Q2–Q4 146 303 1.42 0.92–2.18 0.11 Q2–Q4 140 250 2.34 1.06–5.15 0.04

P-interaction 0.96 P-interaction 0.75

Years between blood draw and case diagnosis/control selection

≤4 Q1 69 94 REF - - ≤4 Q1 10 52 REF - -

Q2–Q4 37 311 1.57 0.96–2.57 0.07 Q2–Q4 107 174 3.16 1.49–6.67 0.003

5–13 Q1 116 84 REF - - 5–16 Q1 39 143 REF - -

Q2–Q4 77 187 1.19 0.71–2.01 0.51 Q2–Q4 235 409 2.15 1.42–3.24 <0.001

P-interaction 0.42 P-interaction 0.33

Ever/never smoking Ever/never smoking

Never Q1 28 71 REF - - NA

Q2–Q4 78 233 0.82 0.47–1.45 0.50

Ever Q1 47 107 REF - -

Q2-Q4 146 265 1.82 1.18–2.79 0.01

P-interaction 0.08

Pack-years of smoking Pack-years of smoking

1–40 Q1 24 67 REF - - 1–40 Q1 30 143 REF - -

Q2–Q4 84 169 1.71 0.94–3.08 0.08 Q2–Q4 192 383 2.39 1.53–3.74 <0.001

>41 Q1 22 39 REF - - >41 Q1 19 52 REF - -

Q2–Q4 89 91 1.99 1.03–3.83 0.04 Q2–Q4 150 200 2.45 1.3–4.50 0.004

P-interaction 0.58 P-interaction 0.76

N, number; OR, odds ratio; CI, confidence interval; NA, not applicable; mg, milligrams; g, grams; dx, diagnosis; PLCO, Prostate, Lung, Colorectal and Ovarian 
Cancer Screening Trial; ATBC, Alpha-Tocopherol, Beta-Carotene Cancer Prevention Cohort. 1Quartile cutpoints were based on sex and study-specific control 
levels (see methods section). 2Regression models adjusted for age at blood draw, study center, packyears smoking, sex (PLCO), and treatment arm (ATBC).

©
20

14
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.



412	 Epigenetics	 Volume 9 Issue 3

Table 3. Odds ratios and 95% confidence intervals for bladder cancer risk and LINE-1%5mC (continued)

PLCO ATBC

Characteristics
All Subjects

N Case N Control OR2 95% CI2 P2 Characteristic
All Male Smokers

N Case N Control OR2 95% CI2 P2

Alcohol drinking (drinks per day) (g per day)

≤0.5 Q1 36 107 REF - - ≤12.1 Q1 31 94 REF - -

Q2–Q4 130 295 1.43 0.89–2.30 0.14 Q2–Q4 180 305 1.71 1.07–2.76 0.03

>0.5 Q1 32 71 REF - - >12.1 Q1 18 101 REF - -

Q2–Q4 101 203 1.25 0.75–2.07 0.39 Q2–Q4 162 278 3.79 2.13–6.76  <0.001

P-interaction 0.82 P-interaction 0.08

Vegetable intake (servings per day) (g per day)

≤5 Q1 40 89 REF - - <749.5 Q1 27 98 REF - -

Q2–Q4 115 246 1.14 0.71–1.84 0.58 Q2–Q4 204 317 2.51 1.54–4.11  <0.001

>5 Q1 28 89 REF - - ≥749.5 Q1 22 97 REF - -

Q2–Q4 116 252 1.69 1.00–2.85 0.05 Q2–Q4 138 266 2.14 1.25–3.66 0.005

P-interaction 0.23 P-interaction 0.73

Fruit intake (servings per day)

≤3 Q1 42 97 REF - - <233.1 Q1 28 106 REF - -

Q2–Q4 130 245 1.32 0.83–2.09 0.24 Q2–Q4 211 353 2.53 1.56–4.11  <0.001

>3 Q1 26 81 REF - -  >233.1 Q1 21 89 REF - -

Q2–Q4 101 253 1.48 0.85–2.59 0.16 Q2–Q4 131 230 2.37 1.36–4.15 0.002

P-interaction 0.68 P-interaction 0.92

Folate (diet and supplement, mg per day)

≤539.2 Q1 32 86 REF - - < 346.1 Q1 24 97 REF - -

Q2–Q4 100 252 1.24 0.75–2.05 0.40 Q2–Q4 187 304 2.61 1.56–4.36 <0.001

>539.2 Q1 36 92 REF - - ≥346.1 Q1 25 98 REF - -

Q2–Q4 131 246 1.53 0.93–2.50 0.09 Q2–Q4 155 279 1.99 1.20–3.31 0.01

P-interaction 0.47 P-interaction 0.49

Vitamin B6 (diet and supplement, mg per day)

≤3.5 Q1 36 88 REF - - <2.5 Q1 28 106 REF - -

Q2–Q4 105 251 1.19 0.74–1.93 0.48 Q2–Q4 188 294 2.49 1.54–4.05 <0.001

>3.5 Q1 32 90 REF - - ≥2.5 Q1 21 89 REF - -

Q2–Q4 126 247 1.62 0.96–2.72 0.07 Q2–Q4 154 289 2.16 1.24–3.75 0.01

P-interaction 0.25 P-interaction 0.67

Vitamin B12 (diet and supplement, mg per day)

≤9.1 Q1 36 90 REF - - <11.0 Q1 20 105 REF - -

Q2–Q4 96 251 1.12 0.68–1.82 0.66 Q2–Q4 186 316 3.62 2.11–6.20 <0.001

>9.1 Q1 32 88 REF - - ≥11.0 Q1 29 90 REF - -

Q2–Q4 145 247 1.77 1.06–2.94 0.03 Q2–Q4 156 267 1.63 0.98–2.71 0.06

P-interaction 0.17 P-interaction 0.07

N, number; OR, odds ratio; CI, confidence interval; NA, not applicable; mg, milligrams; g, grams; dx, diagnosis; PLCO, Prostate, Lung, Colorectal and Ovarian 
Cancer Screening Trial; ATBC, Alpha-Tocopherol, Beta-Carotene Cancer Prevention Cohort. 1Quartile cutpoints were based on sex and study-specific control 
levels (see methods section). 2Regression models adjusted for age at blood draw, study center, packyears smoking, sex (PLCO), and treatment arm (ATBC).
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LINE1 methylation quantification
Methylation was quantified using LINE1, the most highly 

expressed transposable element in the genome. With more 
than 500 000 copies, it comprises approximately 17% of the 
human genome.25 Although the assay used in most recent 
studies to quantify LINE1 methylation (bisulfite treatment and 
pyrosequencing) does not measure total CpG content (as does the 
HPCE analysis), the accuracy, high-throughput and quantitative 
nature of this surrogate biomarker makes it attractive for use in 
large epidemiologic studies.25,26 Quantification of LINE1 for both 
PLCO and ATBC was conducted at the same laboratory using the 
same methods. Bisulfite DNA modification (0.25–0.5 μg/μl)  
was conducted using the EZ DNA Methylation Kit (Zymo 
Research) according to the manufacturer’s instructions. One 
T/C SNP was used to evaluate the completeness of the bisulfite 
treatment by the proportion of Cs altered and unaltered with 
bisulfite treatment. When the bisulfite treatment is complete, 
the unmethylated cytosine will be modified. In addition to the 
T/C SNP, there were four additional CpG sites evaluated and 
averaged to determine mean CpG site methylation of the LINE1 
promoter region. LINE1%5mC levels were quantified using 
pyrosequencing (EpigenDx).27 Methylation levels were examined 
at four CpG sites in the LINE1 promoter (−492 to –419 bp from 
ATG). Each 50 μl PCR contained the bisulfite-treated DNA, 10× 
PCR buffer, 3.0 mM MgCl

2,
 200 μM dNTPs, 0.2 µM primers, 

1.25 U DNA polymerase (HotStar, Qiagen Inc.). A biotinylated 
primer was used to capture one single-stranded DNA template 
for pyrosequencing27,28 using the Pyrosequencing PSQ96 HS 
System (Biotage). One T/C SNP per locus was evaluated using 
QCpG software (Biotage).

For quality control, each plate contained blank wells and 
controls containing unmethylated (0%), partially methylated 
(50%), and heavily methylated (~100%) DNA samples (SssI 

treated).29 Triplicate measurements were averaged across each 
of the four CpG dinucleotides. Individual runs with >7.5% 
bisulfite-unconverted cytosine loci were eliminated from 
calculations. Subjects with a CV >10% for triplicate runs were 
also excluded. Two plates were excluded from the PLCO analysis 
due to instrumentation problems during aliquotting that resulted 
in insufficient DNA quantities per well. However, because all 
samples were randomized across plates, the excluded samples did 
not differ significantly from those included in the current study 
(data not shown). After exclusions, the PLCO analysis totaled 
299 cases and 676 controls, and the ATBC analysis included 
391 cases and 778 controls. The ICC was calculated using 
the triplicate PCR runs from each individual using the GLM 
procedure in SAS: 0.34 and 0.47 for PLCO and ATBC studies, 
respectively.

Statistical analyses
We first analyzed the data from PLCO and ATBC separately 

using the same statistical methods, unless otherwise noted. 
Selected characteristics were compared between cases and 
controls using chi-square tests. The distribution of methylation 
levels among controls was nearly normal (Kolmogorov-Smirnov 
test P = 0.05), therefore methylation levels were not transformed. 
Among the controls, we calculated mean methylation levels 
adjusting for age at blood draw and sex (PLCO only) by selected 
characteristics, and tested for differences in mean methylation 
values using the F-test for categorical variables and the p-trend 
for ordinal variables.

ORs and 95% CIs for associations between quartiles of 
LINE1%5mC and bladder cancer risk were computed using 
logistic regression models, which considered the random repeat 
sampling of some participants in the variance computation 
using a generalized estimating equation approach. Because of 
the systematically lower methylation levels in PLCO than in 

Table 3. Odds ratios and 95% confidence intervals for bladder cancer risk and LINE-1%5mC (continued)

PLCO ATBC

Characteristics
All Subjects

N Case N Control OR2 95% CI2 P2 Characteristic
All Male Smokers

N Case N Control OR2 95% CI2 P2

Dietary protein (g per day)

≤83.5 Q1 49 94 REF - - <94.8 Q1 22 105 REF - -

Q2–Q4 120 244 1.01 0.66–1.56 0.95 Q2–Q4 176 305 2.63 1.56–4.45 <0.001

>83.5 Q1 19 84 REF - - ≥94.8 Q1 27 90 REF - -

Q2–Q4 111 254 2.32 1.25–4.34 0.01 Q2–Q4 166 278 1.85 1.12–3.05 0.02

P-interaction 0.02 P-interaction 0.30

Dietary methionine (mg per day)

≤1.8 Q1 44 95 REF - - <2.1 Q1 25 101 REF - -

Q2–Q4 122 242 1.20 0.77–1.86 0.43 Q2–Q4 184 308 2.43 1.46–4.03 0.001

>1.8 Q1 24 83 REF - - ≥2.1 Q1 24 94 REF - -

Q2–Q4 109 256 1.65 0.93–2.93 0.09 Q2–Q4 158 275 2.06 1.23–3.45 0.01

P-interaction 0.29 P-interaction 0.69

N, number; OR, odds ratio; CI, confidence interval; NA, not applicable; mg, milligrams; g, grams; dx, diagnosis; PLCO, Prostate, Lung, Colorectal and Ovarian 
Cancer Screening Trial; ATBC, Alpha-Tocopherol, Beta-Carotene Cancer Prevention Cohort. 1Quartile cutpoints were based on sex and study-specific control 
levels (see methods section). 2Regression models adjusted for age at blood draw, study center, packyears smoking, sex (PLCO), and treatment arm (ATBC).
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ATBC, as well as lower levels among female vs. male controls in 
PLCO, study and sex-specific quartile cut-points (Q1–Q4) were 
calculated among controls. Male quartile cut-points in PLCO 
were: 82.9, 84.3, 85.7, and 89.7%; and female quartile cut-points 
in PLCO were: 82.7, 83.4, 84.9, and 89.5%. Quartile cut-points 
among ATBC controls (male smokers) were: 78.1, 78.9, 80.1, 
and 84.9%.

We evaluated the following potential confounders: nutrients 
related to one-carbon metabolism, study center, age at blood 
draw, years between blood draw and case diagnosis/control 
selection, pack-years of smoking, and intervention arm (for 
ATBC). We also evaluated the correlation between pack-years of 
smoking and age (examined as age at randomization, age at blood 
draw, and age at control selection) among all controls, as well 
ever smokers and male smokers, using the Pearson correlation 
coefficient.

Statistical interactions between methylation Q1 (referent), 
Q2–Q4 and sex (in PLCO only), age at blood draw, years between 
blood draw and diagnosis/control selection date, ever/never 
smoking status (in PLCO only), cigarette pack-years, alcohol 
drinks per day, and dietary factors hypothesized to modify DNA 
methylation levels and/or bladder cancer risk were examined 
using an interaction term in logistic regression models. We also 

calculated risk estimates for bladder cancer and methylation 
stratified by the above-mentioned factors. Some dietary intake 
measurement units differed between studies; therefore, study-
specific median values were used (reported in Table 3).

ATBC data were pooled with PLCO data for male smokers. 
ORs and 95% CIs were estimated using logistic regression with 
study-specific quartiles of methylation and quartiles of age at 
blood draw among the pooled controls. We also evaluated the 
interaction between the two studies using an interaction term 
in the logistic regression models. Analyses were conducted using 
SAS version 9.1 (SAS Institute) and STATA version 10.
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Table 4. Odds ratios and 95% confidence intervals for bladder cancer risk and LINE-1%5mC by gender and smoking status in PLCO
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