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Introduction

Lower levels of global DNA methylation (demethylation) have 
been observed in breast cancer tissues1 and white blood cell 
(WBC) DNA of cases compared to controls.2 Global DNA meth-
ylation in WBC has also been associated with a number of other 
cancers including head and neck and bladder cancers.3,4 Some 
epidemiological studies suggest that nutritional, chemical and 
physical factors might alter methylation levels in WBC DNA.5-9 
Greater differences in global DNA methylation levels between 
older monozygotic twins compared with differences in global 
DNA methylation in younger monozygotic twins suggest that 
DNA methylation levels change over the lifecourse and that these 
changes cannot be explained by genetics.6 Decreases in global 
DNA methylation with increases in age suggest that endogenous 
and/or exogenous exposures may be associated with DNA meth-
ylation. For example, an occupational study found that benzene 
exposure was associated with lower levels of global methylation 
of peripheral blood DNA.5 Global DNA methylation has also 
been associated with other environmental exposures including 
cigarette smoking.10

Less is known about whether exposures early in life are asso-
ciated with global DNA methylation. Early life exposures may 
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be particularly important to hormonal cancers like breast can-
cer.11-14 For example, prenatal exposure to diethylstilbestrol, 
a synthetic nonsteroidal estrogen, has been associated with an 
increase in breast cancer.13 In animal models, neonatal expo-
sure to diethylstilbestrol alters the expression of DNA methyl-
transferases and methylation of global DNA in the epididymis 
of mice.15 Persistent dysregulation of global DNA methylation 
may be a plausible molecular mechanism underlying the associa-
tion between early life exposures and disease development later in 
life, including breast cancer.10,16-18 However, data on the associa-
tion between early life exposures and global methylation levels in 
WBC DNA are limited. Using information from girls ages 6–17 
years enrolled in a prospective study of early-life exposures and 
pubertal development, we conducted a pilot study in 51 girls to 
examine whether global DNA methylation measured in child-
hood and adolescence differed in girls with and without a family 
history of breast cancer.

Results

The average ages of girls with and without a family history  
of breast cancer were 13.3 [standard deviation (SD0 = 2.9]  
and 12.3 (SD = 3.2) years, respectively. Age was not statistically 
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reported in Table 1 and illustrated in Figure 1 (Sup. Table 1).  
Figure 1 presents the mean difference in global DNA methyla-
tion between girls with and without a family history of breast 
cancer. Compared to girls without a family history of breast 
cancer, global DNA methylation levels were lower for all assays 
in girls with a family history of breast cancer, and statistically 
significantly lower as measured by Alu MethyLight and LINE1 
pyrosequencing.

significantly associated with global DNA methylation. The 
Spearman correlations with age for LINE1, Sat2 and Alu 
by MethyLight are -0.08 (p = 0.57), 0.15 (p = 0.31) and 
0.09 (p = 0.53), respectively. The correlation between age 
and LINE1 by pyrosequencing was -0.19 (p = 0.18). Table 1  
presents the mean and SD of global DNA methylation using 
the MethyLight and pyrosequencing assays by different par-
ticipant characteristics. Differences by family history are 

Table 1. Mean levels of WBC DNA methylation in young girls using the MethyLight and LINE1 pyrosequencing assays by participant characteristics

MethyLight Pyrosequencing

LINE1 Sat2 Alu LINE1

Breast cancer family history

Yes (n = 31) Mean, (SD) 93.7, (16.9) 125.7, (40.6) 151.4, (35.9)* 75.0, (4.4)*

No (n = 20) Mean, (SD) 98.4, (21.2) 127.4, (31.6) 169.8, (25.1) 78.0, (3.5)

Breast Tanner stage

1–3 (n = 22) Mean, (SD) 99.4, (21.1) 128.2, (37.5) 155.5, (28.9) 76.6, (4.2)

4–5 (n = 28) Mean, (SD) 93.3, (16.3) 125.7, (37.6) 160.9, (36.9) 75.7, (4.5)

Menarche

No (n = 20) Mean, (SD) 97.0, (21.7) 120.0, (36.5) 155.1, (29.8) 77.1, (3.4)

Yes (n = 31) Mean, (SD) 94.7, (16.7) 130.5, (37.2) 160.8, (35.4) 75.6, (4.7)

Age at menarche (years)

<12 (n = 16) Mean, (SD) 99.7, (16.1) 128.9, (23.5) 153.4, (23.4) 77.2, (3.8)

≥12 (n = 15) Mean, (SD) 89.3, (16.1) 132.2, (48.7) 168.7, (44.3) 73.9, (5.1)

BMI (kg/m2)

<23.8 (n = 31) Mean, (SD) 95.5, (21.4) 130.4, (43.4) 159.3, (36.6) 75.6, (4.5)

≥23.8 (n = 20) Mean, (SD) 95.6, (13.9) 120.2, (23.6) 157.5, (27.6) 77.0, (3.9)
*p < 0.05.

Figure 1. Mean differences (and 95% CI) in global DNA methylation between girls with a family history of breast cancer compared to girls without a 
family history of breast cancer.
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DNA methylation of centromeric repeats and repetitive 
sequences accounts for the bulk of global DNA methylation levels 
in the genome. LINE sequences account for at least 34% of the 
human genome and Alu repeats comprise at least 10%.22,23 Loss 
of DNA methylation in these sequences is thought to cause chro-
mosomal instability, reactivation of transposable elements and 
loss of imprinting resulting in the initiation of carcinogenesis.24

If replicated in much larger studies, our study suggests that 
DNA methylation levels may differ between families with and 
without breast cancer, and that these differences may be observed 
early in life. Prospective studies measuring global DNA methyla-
tion over time within the same individuals are needed in order to 
understand the potential role of environmental factors in altering 
global DNA methylation patterns, even early in life.

Materials and Methods

Study participants. This pilot study includes girls participating 
in LEGACY (Lessons in Epidemiology and Genetics of Adult 
Cancer from Youth), a prospective study of early-life exposures, 
pubertal development and other endpoints relevant to breast 
cancer etiology. The study included girls aged 6–17 years with 
a family history of breast cancer whose mothers are enrolled in 
the California (N = 22) and New York (N = 9) sites of the Breast 
Cancer Family Registry (BCFR).19 Girls from families without 
breast cancer in first or second degree relatives were identified 
from participating BCFR mothers who were asked to provide 
names and contact information for friends or acquaintances who 
have daughters of similar ages (N = 20). The study was approved 
by the Institutional Review Boards of Columbia University and 
the Cancer Prevention Institute of California. The girls’ mothers 
were interviewed by trained interviewers about their daughters’ 
health, pubertal development and exercise. The girls completed 
a self-administered questionnaire about their pubertal status. 
Weight and height measurements and blood for the isolation of 
plasma and WBC DNA were collected from the girls at the time 
of interview in the clinic (NY) or the girls’ home (CA).

DNA extraction and bisulfite treatment. Genomic DNA was 
extracted from total WBC by a salting out procedure. Cells were 
lysed with SDS in a nuclei lysis buffer and treated with RNase A 
(final 133 μg/mL) and RNase T1 (final 20 units/mL) to remove 
RNA. Proteins were coprecipitated with NaCl (330 μL of satu-
rated NaCl added per 1 mL solution) by centrifugation. Genomic 

Girls with Tanner scores of 4–5 had slightly lower LINE1 and 
Sat2 methylation by MethyLight compared to girls with Tanner 
scores of 1–3. LINE1, but not Sat2 or Alu, levels were also lower 
among girls who had already experienced menarche versus girls 
who had not. And among girls who had already experienced 
menarche, LINE1 methylation levels measured by MethyLight 
and pyrosequencing were lower among girls with menarche ≥12 
years compared to girls who started menstruation at <12 years. 
Among girls who had already experienced menarche, age at men-
arche was inversely correlated with LINE1 methylation by both 
MethyLight and pyrosequencing (r = -0.41, p = 0.02; and r = 
-0.48, p = 0.007, respectively).

In the multivariable linear models (Table 2), LINE1 meth-
ylation measured by MethyLight was inversely associated with 
Tanner score. In addition, family history of breast cancer was 
inversely associated with Alu methylation but not with the other 
DNA methylation markers after adjusting for age, BMI and 
Breast Tanner Staging.

Discussion

We observed lower levels of global methylation in WBC DNA 
in girls with a family history of breast cancer than in girls with-
out a family history, although this association was only statisti-
cally significant with global DNA methylation as measured by 
Alu MethyLight and LINE1 pyrosequencing. In utero exposures 
and early-life factors have been associated with increased risk of 
breast cancer.11,12,14 Changes in DNA methylation level may be 
one mechanism linking early-life exposures to adult health.10,16,21 
We have previously reported that in utero exposure to maternal 
cigarette smoking and other risk factors across the life course, 
such as age at menarche, birth length and pregnancy history, 
were associated with adult levels of methylation measured in the 
peripheral blood of women.16 Here we observed an inverse asso-
ciation between LINE1 methylation and age at menarche and 
breast development (Tanner score). The association with Tanner 
staging remained after adjusting for age, family history and body 
mass index. The molecular mechanisms by which pubertal status 
may be associated with methylation patterns needs to be further 
investigated in larger samples.

Studies of global DNA methylation patterns in families have 
found positive correlations in DNA methylation levels within 
families pointing to shared environment and/or genetics in 
explaining DNA methylation patterns.8 However, twin studies 
also support greater differences in DNA methylation patterns 
as twins age suggesting a role for the environment in explain-
ing differences even within families.6 Lower 5-methyldeoxycy-
tosine (m5C) in leukocyte DNA was observed in breast cancer 
patients compared with cancer-free controls, and the association 
between global demethylation and breast cancer risk was more 
pronounced among women with a family history of breast can-
cer.2 We found that girls with a family history of breast cancer 
had lower methylation levels in Alu and LINE1 elements com-
pared with girls without a family history; the association with Alu 
and family history remained after further adjusting for Tanner 
stage and BMI.

Table 2. Multivariable* age-adjusted linear regression of genomic DNA 
methylation

Parameter 
estimate 

(standard error)

MethyLight Pyrosequencing

LINE1 Sat2 Alu LINE1

Family history 
(Yes vs. No)

0.04 
(0.55)

-0.02 
(0.80)

-0.14 
(0.03)

-0.03 (0.13)

BMI (kg/m2)
0.01 

(0.07)
0.005 
(0.94)

0.001 
(0.87)

0.002 (0.15)

Breast Tanner 
Staging

-0.07 
(0.0008)

0.003 
(0.93)

0.02 
(0.52)

-0.01 (0.21)

*adjusted for age, family history, BMI and Breast Tanner Staging.
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cytosine residues as internal controls to verify efficient sodium 
bisulfite DNA conversion and universal unmethylated and 
methylated DNAs were run as controls. Methylation quantifi-
cation was performed using the PyroMark Q24 1.010 software. 
The degree of methylation was expressed for each DNA locus as 
percentage methylated cytosine over the sum of methylated and 
unmethylated cytosine. The inter assay CV was 1.1%.

Statistical methods. We used ANOVA to test for differences 
in global methylation by participant characteristics. We calcu-
lated Spearman correlation coefficients to determine the correla-
tion of each marker with age at menarche and used multivariable 
linear regression models to examine associations between each 
methylation marker and participant characteristics, including 
family history of breast cancer (yes vs. no), age (years), body 
mass index (BMI, kg/m2), reached menarche (yes vs. no), age at 
menarche (<12 vs. ≥12) and Tanner breast score (1–3 vs. 4–5). 
We also examined supplemental models which adjusted for age 
at menarche and whether a girl started menstruation (yes vs. 
no). All analyses were performed with SAS software 9.0 (SAS 
Institute, Cary, NC).
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DNA was recovered from the supernatant by precipitation with 
100% ethanol, washed in 70% ethanol and dissolved in the Tris-
EDTA buffer. The laboratory investigator who performed the 
assays was blinded to the epidemiologic data.

For the MethyLight and LINE1 pyrosequencing assays, ali-
quots of DNA (500 ng) were bisulfite-treated with the EZ 
DNA methylation kit (Zymo Research, Orange, CA) to convert 
unmethylated cytosines to uracils while leaving methylated cyto-
sines unmodified. The DNA was resuspended in 20 μL of dis-
tilled water and stored at -20°C until used.

MethyLight assay. We used the sequences of probes and 
forward and reverse primers designated as LINE1-M1, Alu-M2 
and Sat2-M1 in Weisenberger et al.20 Polymerase chain reaction 
(PCR) was performed in a 10 μl reaction volume with 0.3 μM  
forward and reverse PCR primers, 0.1 μL probe, 3.5 μM  
MgCl

2
, using the following PCR program: 95°C for 10 min, 

then 55 cycles of 95°C for 15 sec, followed by 60°C for 1 min. 
Standard curves for the AluC4 repeat control reaction were 
generated from 1:25 serial dilutions of bisulfite-converted, 
CpGenome universal methylated and unmethylated DNAs. A 
pooled sample of DNA from five controls was used as a quality 
control and analyzed with each batch of test samples. Assays 
were run on an ABI Prism 7900 Sequence Detection System 
(Applied Biosystems, Foster City, CA). The inter assay coeffi-
cient of variation (CV) was 1.2%.

The MethyLight data were expressed as percent of methylated 
reference (PMR) values.

PMR = 100% * 2 exp - [d Ct (target gene in sample - con-
trol gene in sample) - d Ct (100% methylated target in reference 
sample - control gene in reference sample)].

LINE1 amplification and pyrosequencing. The methyla-
tion status of LINE1 was also measured by pyrosequencing. The 
sequences of primers and PCR condition have been described 
in detail previously.5 The biotinylated PCR products were puri-
fied and made single-stranded to act as a template in the pyro-
sequencing reaction as recommended by the manufacture 
using the Pyrosequencing Vacuum Prep Tool (Pyrosequencing, 
Westborough, MA). Then, 0.3 nmol/L of pyrosequencing primer 
was annealed to the purified single-stranded PCR product and 
pyrosequencing was run on a PyroMark Q24. We used non-CpG 
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