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It is not yet clear whether white blood cell DNA global methylation is associated with breast cancer risk. In this review we examine
the relationships between multiple breast cancer risk factors and three markers of global DNA methylation: LINE-1, 5-mdC, and
Alu. A literature search was conducted using Pubmed up to April 1, 2016, using combinations of relevant outcomes such as “WBC
methylation,” “blood methylation,” “blood LINE-1 methylation,” and a comprehensive list of known and suspected breast cancer
risk factors. Overall, the vast majority of reports in the literature have focused on LINE-1. There was reasonably consistent evidence
across the studies examined that males have higher levels of LINE-1 methylation in WBC DNA than females. None of the other
demographic, lifestyle, dietary, or health condition risk factors were consistently associated with LINE-1 DNA methylation across
studies.With the possible exception of sex, therewas also little evidence that thewide range of breast cancer risk factorswe examined
were associated with either of the other two global DNA methylation markers: 5-mdC and Alu. One possible implication of the
observed lack of association between global WBC DNA methylation and known breast cancer risk factors is that the association
between global WBC DNAmethylation and breast cancer, if it exists, is due to a disease effect.

1. Introduction

ACpG site, a cytosine followed by a guanine, has the potential
to be methylated, and measuring 5-methyl-2 deoxycytidine
(5-mdC) content across the genome by liquid chromatog-
raphy/mass spectrometry (LC/MS) can provide an overall
measure of genome-wide DNAmethylation levels. Repetitive
sequences of the genome such as LINE-1 and Alu contain
up to half of all DNA methylation in the genome [1].
Thus, measuring DNA methylation levels in LINE-1 or Alu
repetitive elements by pyrosequencing or Methyl Light is
often used as a surrogate higher-throughput approach to
assess genome-wide methylation [2]. Genome instability has
been associated with DNA hypomethylation and such global
loss of methylation is common in breast tumor tissue [3–7].

There is some evidence that peripheral white blood cell
(WBC) DNA contains epigenetic information that can be

used to assess an individual’s risk of breast cancer. In a case-
control study of breast cancer of 179 cases and 180 controls,
Choi and colleagues observed a nearly threefold increase
in risk among women in the lowest tertile of total 5-mdC
levels in WBC DNA compared to women in the highest
tertile [1]. In the NIEHS sister case-cohort study of 294
cases and 646 noncases in which the mean time between
blood collection and breast cancer diagnosis was 15 months
[8], LINE-1 methylation percentage in WBC DNA was also
inversely associated with the risk of breast cancer, with a
nearly twofold increased risk observed among women in the
lowest quartile compared with those in the highest quartile.
However, Brennan and colleagues reported no association
between LINE-1 WBC methylation and breast cancer risk
in three prospective nested case-control studies [9]. Several
other case-control studies, ranging in the number of breast
cancer cases from 19 to 1064, found no association between
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LINE-1 methylation and breast cancer risk [1, 10–12] or
between Alumethylation and breast cancer risk [12, 13].

TheLUminometricMethylationAssay (LUMA)measures
levels of 5-mdC in a specific CmCGG motif which is found
both in promoter regions of the genome and in repetitive
elements [11]. Interestingly, one case-control study reported a
twofold increase in risk of breast cancer among women with
higher 5-mdC content compared to those with lower levels
measured by LUMA. Another study reported no association
[14] and a third study reported a strong inverse association
between increasing tertiles of LUMA methylation and breast
cancer risk [15].

It is not yet clear whether WBC DNA global methylation
is associated with breast cancer risk [16]. If there is an
association, one possible explanation is that the association
represents environmental and lifestyle determinants of breast
cancer that influence both DNA methylation and breast
cancer risk. An alternative possibility is that, in response to
very early breast cancer, a new clone of circulating lympho-
cytes arises that alters white blood cell DNA methylation
[17]. If WBC DNA methylation is a marker of exposure
associated with breast cancer risk, rather than a marker of
early disease, it is reasonable to expect that white blood
cell DNA methylation patterns would be more likely to be
correlated with hormonal and other established or suspected
risk factors for breast cancer. Terry and colleagues [18]
reviewed literature up to 2011 on the relation between WBC
DNA methylation patterns and a number of cancer risk
factors. As the literature has expanded substantially, we
updated the review, focusing on four demographic factors
(age, sex, race/ethnicity, and education), three lifestyle factors
(alcohol, smoking, and physical activity), three dietary factors
(BMI, vegetable intake, and fruit intake), and eight health
history and reproductive factors (menopause status, fetal
birth weight, family history of breast cancer, age at menarche,
age at first birth, parity, hormone replacement therapy, and
endogenous hormones) that have been associated with breast
cancer [19]. We also included folate in our review because
although results have been mixed for breast cancer, folate
is plausibly linked to DNA methylation [20]. We examined
the relationships between these breast cancer risk factors and
three markers of global DNA methylation: LINE-1, 5-mdC,
and Alu. Our review comprises literature published through
April 2016 and includes over 30 new studies that were not
included in the 2011 review [18].

2. Methods

A literature search was conducted using Pubmed up to
April 1, 2016. Searches were performed using combinations
of relevant outcomes such as “WBC methylation,” “blood
methylation,” “blood LINE-1 methylation,” and a compre-
hensive list of known and suspected breast cancer risk factors
such as “diet,” “physical activity,” and “menopause.” Boolean
operators “and” and “or” were used whenever appropriate.
Titles and abstracts were screened to determine relevancy
by three independent reviewers. Additionally, bibliographies
of select reviews were screened to ensure capture of all
relevant information and ideas. If relevancy could not be

determined from the abstract, the full text was retrieved to
ensure comprehensive capture.

A study was included if it was primary research, pub-
lished in English, and contained relevant results on any risk
factor and blood DNA methylation outcomes. Studies were
included that had both men and women due to the limited
number of studies performed only in women. Studies were
only included if their data were based on populations of
nondiseased individuals.

3. Results

Table 1 shows the number of studies reporting associations
between global WBC DNA methylation and demographic,
lifestyle, dietary, and reproductive factors for each of three
markers (i.e., LINE-1, Alu, and 5-mdC). Overall, the vast
majority of reports in the literature have focused on LINE-
1. For example, 21 studies examined the association between
age and LINE-1 but only four studies examined age and 5-
mdC.There were ten or more studies that each examined the
association between LINE-1 and alcohol, smoking, bodymass
index, vegetables, and folate. Fewer studies were available for
Alu and 5-mdC and for reproductive risk factors.

3.1. Demographic Factors

3.1.1. Age. As shown in Table 2, twenty of the twenty-one
studies examining LINE-1 reported no significant association
between age and LINE-1 methylation levels [11, 21–38].
Only one study reported a significant association between
increasing age and higher LINE-1 methylation levels [29].
Three of the six studies examining Alu methylation found
no significant association with age [38, 41, 42], while the
other three studies reported a significant association between
increasing age and decreasing Alu methylation [22, 39, 40].
Two of four studies examining 5-mdC levels did not find
a significant association with age [1, 44], while two other
studies reported a statistically significant association between
increasing age and decreasing 5-mdC levels [39, 43]. In
summary, of the 31 studies with data on age and estimates of
global DNA methylation no relationship was reported for 25
of the studies, a significant inverse relationship was reported
for five studies, and a positive relationship was found in only
one study.

3.1.2. Sex. As shown in Table 2, eleven of the seventeen
studies reported statistically significant higher LINE-1 levels
in males than in females [25, 28–30, 32, 34–36, 42, 45, 46],
while the other six studies found no statistically significant
association between sex and LINE-1 levels [23, 27, 33, 37, 38,
47]. Two studies found no significant association between
sex and Alu methylation [38, 40] while two other studies
found a significant association for higher Alu methylation
in males than in females [42, 48]. One study showed a
significant association for higher 5-mdC levels in males than
in females [43]. In summary, of the 22 studies with data on
sex and estimates of global DNAmethylation no relationship
was reported for eight of the studies, and significant inverse
relationship was reported for fourteen studies.
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Table 1: Summary of number of reports by risk factor and global methylation measure.

Factors Total # of reports LINE-1 Alu 5-mdC
Demographic Factors

Age 31 21 6 4
Sex 22 17 4 1
Race/ethnicity 6 5 0 1
Education 7 6 0 1

Lifestyle factors
Physical activity 5 5 0 0
Alcohol 17 13 3 1
Smoking 22 16 4 2

Dietary factors
BMI 17 13 3 1
Vegetables 11 11 0 0
Fruit 6 6 0 0
Folate 13 12 0 1

Reproductive factors
Menopause status 2 1 0 1
Fetal birthweight 1 1 0 0
Family history of breast cancer 6 4 1 1
Age at menarche 1 0 0 1
Age at first birth 1 0 0 1
Parity 1 0 0 1
Hormones 4 3 0 1

3.1.3. Race/Ethnicity. Five studies investigated the association
between LINE-1 methylation and race/ethnicity (Table 2).
Non-Hispanic Blacks had a significantly lower LINE-1 level
compared to non-HispanicWhites [36] in one study, whereas
the reverse was observed in two studies [28, 34]. Two
other studies showed no significant association between
race/ethnicity and LINE-1 levels [11, 37]. One study showed
no significant association between race/ethnicity and 5-
mdC levels [1]. In summary, of the six studies with data
on race/ethnicity and estimates of global DNA methyla-
tion no relationship was reported for three of the studies,
non-Hispanic Blacks had a significantly lower global DNA
methylation compared to non-Hispanic Whites in one of the
studies, and the inverse relationship was reported for two of
the studies.

3.1.4. Education. As shown in Table 2, all six studies examin-
ing LINE-1 that included education as a risk factor reported
no significant association between the levels of education
attained and LINE-1 levels [21, 27, 29, 34, 36]. None of the
studies examining Alu methylation included education as a
risk factor. Only one 5-mdC study included education and
it reported no significant association between the levels of
education attained and 5-mdC levels [1]. In summary, of the
seven studies with data on education and estimates of global
DNAmethylation no relationship was reported for any of the
seven studies.

3.2. Lifestyle Factors

3.2.1. Physical Activity. Five studies have investigated the
association between physical activity and LINE-1 levels

(Table 3). Four studies found no significant difference
between physical activity and LINE-1 levels [24, 34, 37, 50]
whereas one study reported that higher physical activity was
associated with higher DNA methylation levels [49]. No
studies examined the association between physical activity
and Alu or 5-mdC. In summary, of the five studies with data
on physical activity and estimates of global DNAmethylation
no relationship was reported for four of the studies and a
positive relationship was found in one study.

3.2.2. Alcohol. As shown in Table 3, thirteen studies exam-
ined LINE-1 methylation and alcohol consumption. None
of the thirteen studies reported a significant relationship
between alcohol and LINE-1 levels [11, 21, 27–29, 32–34,
36–38, 47]. Three studies found no significant association
between alcohol and Alu methylation [38, 40, 41]. Addition-
ally, of the only study that examined 5-mdC and alcohol
consumption, there was no significant association between
alcohol and 5-mdC levels [1]. In summary, of the 17 studies
with data on alcohol and estimates of global DNA methyla-
tion no relationship was reported for any of the 17 studies.

3.2.3. Smoking. As shown in Table 3, sixteen studies exam-
ined the relationship between LINE-1 and smoking and all but
one of the studies reported no significant association between
LINE-1 level and smoking habits [11, 21, 26–30, 32–36, 38,
47]. All four studies examining Alu found no association
between smoking and Alu levels [38, 40–42], and both
studies involving 5-mdC found no significant association
between smoking and 5-mdC levels [1, 44]. In summary,
of the 22 studies with data on smoking and estimates of
global DNA methylation no relationship was reported for
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21 of the studies and a significant inverse relationship was
reported for one study with smokers having lower DNA
methylation.

3.3. Dietary Factors

3.3.1. BMI. A total of thirteen studies have examined the
relationship between BMI and LINE-1 levels (Table 3). Twelve
studies reported no relationship [21, 24, 26, 29–31, 33, 34,
36–38, 47] while one study found that a higher BMI was
statistically significantly associated with a lower LINE-1 level
[29]. Two studies found no significant association between
BMI and Alu methylation [38, 40] while one study found
that a higher BMI was significantly associated with a lower
Alu methylation level [41]. One study found no relationship
between BMI and 5-mdC levels [1]. In summary, of the
17 studies with data on BMI and estimates of global DNA
methylation no relationshipwas reported for 15 of the studies,
and significant inverse relationship was reported for two
studies.

3.3.2. Vegetables. As shown in Table 3, eight studies con-
ducted found no relationship between vegetable intake and
LINE-1 levels [21, 24, 27, 29, 30, 37, 47]. Two other studies
showed a significant association between lower vegetable
intake and lower LINE-1 methylation [29, 46]. One study
found a significant association between higher adherence to a
Mediterranean diet and lower LINE-1 levels [51]. In summary,
of the 11 studies with data on vegetables and estimates of
global DNA methylation no relationship was reported for
eight of the studies, and significant positive relationship was
reported for three studies.

3.3.3. Fruit. Six studies investigated the relationship between
fruit intake and global white blood cell DNA methylation
levels (Table 3). Five studies found no significant association
between levels of fruit intake andLINE-1 levels [27, 29, 37, 47].
One study found that, in women, there was a significant
association between lower fruit intake and lower LINE-1
levels [21]. In summary, of the six studies with data on fruit
and estimates of global DNA methylation no relationship
was reported for five of the studies, and significant positive
relationship was reported for one study in women.

3.3.4. Folate. As shown in Table 3, ten studies reported no
significant relationship between dietary folate intake and
LINE-1 levels [11, 26–29, 34, 36, 44, 47]. Two studies reported
a statistically significant positive correlation between higher
blood folate levels and higher LINE-1 levels [37, 52]. However,
in one of the same studies, folate intake from natural foods
and total dietary folate equivalents were not found to be
associated with higher LINE-1 levels [37]. Another study
reported that women with a folate deficiency had a statisti-
cally significantly lower LINE-1 level [21]. In summary, of the
13 studies with data on folate and global DNA methylation
estimates no relationship was reported for ten of the studies
and a significant positive relationship was reported for three
of the studies.

3.4. Health History and Reproductive Factors

3.4.1. Menopause Status. As shown in Table 3, one study
examined the relationship between menopausal status and
LINE-1methylation and did not find a significant association
[11]. Another study did not find a significant association
between menopausal status and 5-mdC levels [1].

3.4.2. Fetal Birthweight. A cross-sectional study investigated
the relationship between fetal birthweight and LINE-1 levels
and found a significant association between low (<2500 g)
or high (4000+ g) birthweight and lower LINE-1 levels of the
newborn [53] (Table 3).

3.4.3. Family History of Breast Cancer. Four studies reported
no relationship between family history of breast cancer and
LINE-1 levels [9, 11, 54, 55] (Table 3). Family history of
breast cancer was unrelated to 5-mdC levels in another study
[1]. However, one study did find a relationship between
family history of breast cancer and lower Alu levels [55].
In summary, of the six studies with data on family history
and estimates of global DNA methylation no relationship
was reported for five of the studies, and significant inverse
relationship was reported for one study.

3.4.4. Age at Menarche. One study found no association
between the age at menarche and 5-mdC level [1] (Table 3).

3.4.5. Age at First Birth/Parity. As seen in Table 3, one study
did not find a significant association between the age at first
live birth or parity, and 5-mdC level [1].

3.4.6. Endogenous Hormones/Hormone Use. All four studies
found no statistically significant association between LINE-
1 levels and sex hormone levels [56, 57] or between LINE-
1 levels and phase of the menstrual cycle [25] (Table 3).
The only study that evaluated 5-mdC levels did not find a
significant association between 5-mdC and hormone use [1].

4. Discussion

There was reasonably consistent evidence across studies that
males have higher levels of global methylation in WBC DNA
than females. There was little evidence across studies that
age was associated with global methylation in WBC DNA
but the populations studied were generally restricted to older
adults. Age has been reported to be associated with WBC
DNA LINE-1methylation in a study that evaluated epigenetic
changes throughout the lifetime of monozygotic twins [39].
None of the other demographic, lifestyle, dietary, or other risk
factors were consistently associated with global WBC DNA
methylation.

There are several factors that warrant consideration in
interpreting the existing data on the associations between
WBCDNAmethylation and breast cancer risk factors. Nearly
all the published studies used a composite of DNA from
different subtypes of WBCs. As previously noted by others
[18, 58], DNA methylation can vary by WBC subtype and
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the distribution of WBC subtypes varies among individuals,
which could possibly obscure associations. In addition, the
type and method of assessing WBC DNA methylation dif-
fered across studies, which could potentially contribute to
variation in results across studies. Another possible explana-
tion for the general lack of association with breast cancer risk
factors is that the assays used may not be optimal. However,
the fact that global WBC DNA methylation levels appear to
be slightly lower among women than men when measured
by any of the three assays tends to suggest that laboratory
measurement error is not the entire explanation. Finally,
studies are generally cross-sectional in design [18], and for
some of the risk factors examined the number of studies
was quite limited. Overall, however, it seems unlikely that
these considerations account for the consistently null findings
observed.

4.1. Conclusion. In summary, with the exception of sex, there
is very little evidence that the wide range of breast cancer
risk factors we examined (demographic, lifestyle, dietary, and
health conditions) were associated with global WBC DNA
methylation markers including LINE-1, 5-mdC, and Alu.
Although the possibility that globalDNAmethylation reflects
a novel breast cancer risk factor cannot be ruled out on the
basis of these findings, a plausible implication of the observed
lack of association between global WBC DNA methylation
andmost known or suspected breast cancer risk factors is that
the association between global WBC DNA methylation and
breast cancer, if it exists, is due to a disease effect [16, 59].
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