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Alterations in global DNA methylation levels have been associated with chronic diseases. Despite the increase in the
number of studies measuring markers of global methylation, few have adequately examined within-individual
differences by source of DNA and whether within-individual differences by source of DNA differ by age, race and other
lifestyle factors. We examined correlations between peripheral mononuclear cell (PBMC) and granulocyte DNA
methylation levels measured by the luminometric methylation assay (LUMA), and in LINE-1, Sat2, and Alu by
MethyLight and pyrosequencing, in the same individual in 112 women participating in The New York City Multiethnic
Breast Cancer Project. Levels of DNA methylation of Sat2 by MethyLight (r D 0.57; P < 0.01) and LINE-1 by
pyrosequencing (r D 0.30; P < 0.01) were correlated between PBMC and granulocyte DNA of the same individuals, but
LUMA and Alu levels were not. The magnitude of the correlations for Sat2 and LINE-1 varied when stratified by selected
demographic and lifestyle factors, although the study sample size limited our comparisons across subgroups. These
results lend further support to the importance of considering the source of DNA in epidemiologic studies of white
blood cell DNA methylation. Results from studies that combine individuals with different available DNA sources need to
be interpreted with caution.

Introduction

Alterations in the epigenome have been related to several com-
plex chronic diseases such as asthma, autoimmune and neuro-
logic disorders, and cancer.1-4 Global DNA methylation
biomarkers are separated into those that determine levels in spe-
cific repeat sequences, such as LINE-1, Alu, and Sat2, and those
that directly measure 5mC levels at all or a fraction of all CpG
sites. LINE-1 and Alu have been frequently measured in epide-
miologic studies using assays such as Taqman-based MethyLight
or pyrosequencing.5 Measuring directly 5mC content in popula-
tion studies has been more challenging because of the cost and
the amount and quality of DNA needed. Alternative methods,
such as differential digestion of the DNA with methylation sensi-
tive enzymes are available but have not been frequently used.6 In
the few epidemiologic studies that have measured several global
epigenetic markers at once, different measures were not strongly
correlated with each other, suggesting they represent different
biological constructs that should not be used interchangeably.7,8

Studies of global DNA methylation biomarkers have com-
monly determined levels in peripheral tissue such as blood
because it is readily accessible, and it has been associated with dis-
ease, environmental exposures, and behavioral factors.3 White
blood cells (WBC) or leukocytes are composed of different pro-
portions of distinct cell populations. Granulocytes are the largest
WBC fraction composed largely of neutrophils. The other major
fraction is peripheral blood mononuclear cells (PBMC), which
has the longest life span of all blood cells and are considered to
better represent biological changes related to environmental
exposures or modifications of lifestyle and behavior. Because of
the heterogeneity of leukocytes, several studies have investigated
how DNA methylation biomarkers compare among the different
cell fractions.9-17 Most of this research has shown differences in
DNA methylation levels at promoter regions of certain genes or
other specific genomic sites, when investigating different blood
cell fractions.9,10,13,16,17 However, only 2 studies investigated
global DNA methylation biomarkers among blood cell fractions,
finding that these measures are mostly not correlated between
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blood cell subtypes and that DNA methylation at the LINE-1
repeat might be correlated to the percentages of some of the
blood fractions.14,18 An additional challenge in epidemiologic
studies is the fact that WBC composition also varies in relation
to demographic factors such as gender, ethnicity and age which
have also shown to be associated to changes in DNA methylation
biomarkers.1 Therefore, a better understanding of biomarker
measurement variations between cell types and how these differ-
ences relate to demographic factors is needed.

Here, we performed a cross-sectional analysis comparing levels
from 2 sources in 112 women enrolled in the New York City
Multiethnic Breast Cancer Project to understand the relation
between different blood cell types and global DNA methylation
measures. We also investigated whether correlations between
granulocytes and PBMC differed when considering demographic
and behavioral characteristics in this population of healthy
women. We examined these associations for 4 different global
DNA methylation biomarkers: LINE-1, Alu, Sat2, and the lumi-
nometric methylation assay (LUMA).

Results

In Table 1, we show the means and standard deviations (SD) of
all repetitive element measurements by age and ethnicity of the study
sample.Mean levels in granulocyte and PBMCDNA are statistically
significantly different for all epigenetic markers studied. We
observed lower levels of DNA methylation in granulocyte DNA
than in PBMC for LINE-1 (Gran 77.3% vs. PBMC 91.2%,
P D 0.02), Sat2 (Gran 59.3% vs. PBMC 72.8%, P D 0.01), and
Alu (Gran 46.4% vs. PBMC 108.0%, P D 0.01) measured by
MethyLight. Measurements of the LUMA assay were lower for
granulocyte than for PBMC DNA (Gran 68.1% vs. 69.3%,
P D 0.06). In contrast, LINE-1 DNA methylation levels measured
by pyrosequencing of granulocytes were higher than those of PBMC
DNA (Gran 75.9% vs. PBMC 75.1%, PD 0.01).

After stratifying by age, differences between PBMC and gran-
ulocytes remained with few exceptions. LINE-1 measures by
pyrosequencing were similar in PBMC and granulocyte DNA of
individuals younger than 50 y old (Table 1, Gran 75.5% vs.
PBMC 75.1%, P D 0.25). In contrast, LINE-1 MethyLight lev-
els from different cell types were not statistically significantly dif-
ferent in those older than 50 y old (Table 1, Gran 80.6% vs.
PBMC 89.7%, P D 0.21), and neither were levels measured by
LUMA (Table 1, Gran 67.9% vs. PBMC 68.2%, P D 0.76). No
other age differences were observed.

For Alu, we observed no difference between granulocytes and
PBMC when stratifying by race/ethnicity categories; and only
one difference was observed for Sat2 when stratifying by these
categories (Table 1). Sat2 granulocyte and PBMC levels in Afro-
Caribbeans were no longer statistically significantly different
(Gran 66.1% vs. PBMC 73.8%, P D 0.27). There was less con-
sistency in the differences between LINE-1 granulocyte and
PBMC levels measured by both methods. Differences between
granulocytes and PBMC were observed in the Hispanic-
Caribbean and Afro-Caribbean categories (Hispanic-Caribbean:

Gran 76.8% vs. 74.9%, P D 0.01; Afro-Caribbean: Gran 75.8%
vs. 75%, P D 0.04); in other race and ethnicity categories there
were no differences observed for LINE-1 regardless of the
method used. No differences by race/ethnicity categories were
observed in granulocytes and PBMC for LUMA similar to the
measures of the overall sample. No differences between race and
ethnicity categories were observed for any of the markers among
the same cell type (data not shown).

In Table 2, we report Spearman correlation coefficients
between PBMC and granulocyte DNA methylation levels in the
same individual for all markers. Only Sat 2 (r D 0.57, P <

0.0001) and LINE-1 measured by pyrosequencing (r D 0.31,
P D 0.0007) were correlated between granulocyte and PBMC.
The correlation between these cell types varied by demographic
and life style categories. For Sat2, levels were not correlated for
Afro-Caribbeans, current smokers, and individuals with a BMI
of less than 25. Levels of LINE-1 measured by pyrosequencing
were statistically significantly positively correlated for Afro Carib-
beans (r D 0.56, P < 0.01) and whites (r D 0.45, P < 0.05),
never smokers (r D 0.39, P < 0.01), current drinkers (r D 0.46,
P < 0.01), those younger than 50 y old (r D 0.40, P < 0.01),
those who exercise more than 2 hours a week (r D 0.44, P <

0.01), and those with a BMI lower than 25 (r D 0.58, P < 0.01).
While the magnitude of the correlations coefficients differed by
these factors, these differences were not statistically significant.

Figure 1 shows plots of granulocyte and PBMC DNA methyl-
ation levels for Sat2 and LINE-1. Linear regression models
adjusted for the demographic and lifestyle categories suggest
granulocyte DNA methylation levels can predict PBMC levels
for Sat2 and LINE-1 when measured by pyrosequencing.
Adjusted estimates for Sat2 and LINE-1 were 0.55 (95% CI:
0.35, 0.75) and 0.21 (95% CI: 0.06, 0.37), respectively.

In Figure 2, we show the plots for the correlations between the
2 measurements of LINE-1, MethyLight and pyrosequencing, for
the different cell subtypes. No statistically significant correlations
were observed for either granulocyte or PBMC DNA. The granu-
locyte and PBMC Spearman correlation coefficients were 0.13
(P D 0.18), and -0.17 (P D 0.07), respectively.

Discussion

We found that DNA methylation levels in PMBC and granu-
locytes were statistically significantly different in the same individ-
ual for LINE-1, Alu, and Sat2. However, although the differences
were statistically significant, they were quite small and might not
indicate a biologically relevant difference between cell types. We
observed modest to moderate correlations between DNAmethyla-
tion levels of LINE-1, measured by pyrosequencing, and Sat2,
measured by MethyLight, between PBMC and granulocyte DNA
of the same individual. These correlations varied when considering
demographic and lifestyle factors, although our study sample size
limited our evaluations by subgroup. These results lend further
support to the importance of considering source of DNA when
conducting and interpreting data on epidemiologic studies of
white blood cell DNAmethylation.
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Blood is a complex specimen and studies are designed differ-
ently to collect specific blood cell fractions depending on the
goals of the researchers. Previous research has shown that consid-
ering blood cell type is relevant when investigating global epige-
netic markers. Zhu et al investigated the association of different
blood cell fractions and the levels of LINE-1 and Alu DNA
methylation measured by pyrosequencing.18 The authors found
increasing neutrophil counts to be positively related to LINE-1
DNA methylation and conversely, they observed the percentage

of lymphocyte DNA to be negatively associated with DNA meth-
ylation in this repeat. Their research did not show any associa-
tions for Alu DNA methylation levels, or with other cell fractions
and the overall WBC counts.18

The findings of this study are in support of our previously
published work in a separate population investigating correla-
tions of global DNA methylation markers in different blood sub-
types.14 In that study, we found a significant correlation for Sat2
in PBMC and granulocytes (Spearman correlation coefficient of

0.38 (P D 0.01)). There, we also did not
observe statistically significant correla-
tions between these cell types for LUMA
and levels of DNA methylation in the
repetitive elements. In this previous
work, we did not observe a strong corre-
lation with LINE-1, but we used the
MethyLight assay. In contrast, here the
correlation is significant when using
pyrosequencing to determine LINE-1
DNA methylation.14 Here we are also
able to directly compare both measures
of LINE-1 for the same individual. We
performed these comparisons within the
same cell fraction to avoid any effect as a
result of the differential DNA pattern of
a particular blood cell subtype. There
was no correlation for the 2 LINE-1

Table 2. Spearman correlation coefficients between granulocyte and peripheral blood mononuclear cells DNA methylation measures in the New York City
Multiethnic Breast Cancer Project overall and by demographic and behavioral characteristics

MethyLight

Variable (%) LINE-1 Sat2 Alu Pyrosequencing LINE-1 LUMA

Overall 0.08 0.57* 0.08 0.31* 0.15
Age in years
�50 (51%) 0.07 0.49* 0.07 0.40* 0.09
>50 (49%) 0.04 0.67* 0.11 0.23 0.23

Race/ Ethnicity
Hispanic Caribbean (12%) 0.08 0.76* 0.18 0.39 0.28
White (25%) 0.20 0.38* 0.11 0.45* 0.12
African Caribbean (19%) 0.11 0.40 -0.07 0.56* 0.17
African American (41%) ¡0.06 0.60* 0.15 0.12 0.24

Smoking Status
Never (66%) ¡0. 01 0.50* 0.03 0.39* 0.19
Former (23%) 0.11 0.71* 0.21 0.29 ¡0.12
Current (11%) 0.59* 0.52 0.13 ¡0.18 0.11

BMI
<25 (29%) 0.12 0.34 0.01 0.58* 0.16
25–30 (29%) ¡0.10 0.56* 0.02 0.31 0.29
30C (41%) 0.13 0.66* 0.14 0.25 ¡0.07

Alcohol consumption
Never (38%) 0.35 0.62* 0.15 0.13 0.08
Former (17%) ¡0.37 0.47* ¡0.11 0.18 0.05
Current (44%) ¡0.01 0.56* 0.08 0.46* 0.20

Physical Activity
None (12%) ¡0. 36 0.67* 0.10 0.17 0.47
<2 hr/wk (49%) 0.12 0.61* 0.24 0.22 0.17
�2 hr/wk (38%) 0.13 0.42* ¡0.13 0.44* ¡0.07

*<0 .05

Figure 1. Correlation plots of peripheral blood mononuclear cells (PBMC) and granulocyte DNA
methylation percentages for LINE-1 and Sat2 in the New York City Multiethnic Breast Cancer Project.
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measures in either cell subtype, PBMC
nor granulocytes. MethyLight is a Taq-
Man-based methodology, which provides
a relative quantitative measure of DNA
methylation levels, and only give a posi-
tive signal when all CpG sites in the PCR
primers and Taqman probe are fully
methylated.19 However, LINE-1 pyrose-
quencing is a bisulfite sequencing-based
method, which makes a more accurate
measure of DNA methylation levels at
each CpG site. Both assays use PCR
amplification and share the limitations
related to its use: PCR amplification bias
and efficiency variations. The range of
values and the standard deviations for
both assays show that the MethyLight
assay (shown in Table 1 and Fig. 2) has a
larger variability. In MethyLight, another
repetitive sequence (a fragment within the Alu element) is used
as a reference for DNA input. This repeat might vary among
individuals, which can limit the reliability of the results. The cal-
culation of the PMR uses the values from a fully methylated
DNA, and 2 separate reactions of the sample; these are all per-
formed in duplicate, which might increase the effect of variable
reaction efficiency in the final methylation percentage calcula-
tions. Determining levels of DNA methylation of LINE-1 by
pyrosequencing does not have these limitations, pyrosequencing
is more expensive than MethyLight and the assays commonly
used only determine DNA methylation at 3 sites in the promoter
region of the LINE-1 element. This indicates that not only the
type of marker but the methodology used might have an impact
on global epigenetic measures.

While levels in the global epigenetic biomarkers are consis-
tently different between PBMC and granulocyte DNA, we found
that some epigenetic markers (Sat2 and LINE-1 measured by
pyrosequencing) are positively correlated but others (Alu, LINE-
1 by MethyLight and LUMA) are not. The differential correla-
tion between blood cell types among the measures studied sup-
ports the notion that these represent individual biological
constructs and their levels are affected differently among the
blood cell types. Lifestyle and demographic characteristics such
as age and ethnicity can modify the percentages of neutrophils
and lymphocytes in blood20-23 and associations with these cell
counts and LINE-1 levels have been reported, suggesting that
this biomarker could be affected by lifestyle or demographic
data. Although in our analysis the magnitude of the correlation
coefficients differed by covariates such as age, the differences
between these coefficients were not statistically significant (eg.
Sat2 � 50 r D 0.49 and > 50 r D 0.67, P-value of comparison
D 0.168). The small size of our study, limited our power to
examine subgroup differences. Larger studies are needed to for-
mally evaluate the differences between subgroups.

Our study has several strengths. We measured several epige-
netic markers that have been commonly used in large epidemio-
logic studies, in different sources of DNA available for all

participants. Our study population is also racially and ethnically
diverse allowing us to investigate the association of epigenetic
makers and different racial groups. We were able to explore the
measurements of global epigenetic biomarkers, in particular the
limitations of using different methodologies such as in determin-
ing methylation levels of LINE-1, and compare the different
techniques. However, we were not able to investigate within indi-
vidual variation, and compare it with assay variation because of a
lack of sample availability. We were also limited, by our overall
sample size to explore multivariate associations. Our research was
performed in a female study population only, while our results
should be able to be generalized to male cohort it would be
important to replicate these findings in that population. In addi-
tion, larger studies would aid in providing a better understanding
of how epigenetic biomarkers relate to epidemiologic risk factors
such as demographic and life style characteristics. Overall this
work highlights the importance of considering blood cell type
when investigating global epigenetic markers in epidemiologic
studies.

Materials and Methods

Study population:We used epidemiologic data and DNA from
112 women participating in the New York City Multiethnic
Breast Cancer Project.24 The study participants were recruited
during screening mammography appointments in the Radiology
Department of the Long Island City Hospital between January
2007 and April 2008. Participants provided information on per-
sonal and family medical history, reproductive history, and
socio-demographic and behavioral factors such smoking history,
alcohol consumption and physical activity.

Specimen collection, DNA extractions and bisulfite
conversion

We collected blood samples at the time of recruitment. We
separated granulocytes from PBMC in the white blood cell

Figure 2. Correlation plots of LINE-1 methylation by pyrosequencing and MethyLight measures in
peripheral mononuclear cells (PBMC) (A), and granulocytes (B) in the New York City Multiethnic
Breast Cancer Project.
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fraction by using Ficoll� Paque PLUS (17–1440–02, GE
Healthcare Biosciences) following the manufacturer’s instruc-
tions. Briefly, blood was layered on Ficoll and centrifuged at
2700 rpm for 25 min at room temperature. If the layers are well
defined after centrifugation, the PBMC layer is extracted from
above the Ficoll, and the granulocyte fraction is removed from
above the erythrocyte layer. Genomic DNA from each subtype,
was extracted by standard salting out procedures. After quantifi-
cation, aliquots of DNA (500 ng) were bisulfite-treated with the
EZ DNA methylation kit (D5001, Zymo Research Corporation)
following the manufacturer’s protocol. We use Human HCT116
DKO Methylated DNA (D5014–2, Zymo Research Corpora-
tion) as our fully methylated positive control for all assays, and
use the REPLI-g Mini Kit (150023, Qiagen Corporation) to gen-
erate an unmethylated sample by whole genome amplification of
DNA from a pool of lymphocytic cell lines, as our negative con-
trol. These fully methylated and unmethylated DNA samples
were run in all the assay batches as reference samples to monitor
data quality.

Epigenetic biomarkers
LINE-1 Pyrosequencing assay: Pyrosequencing for LINE-1

methylation levels was carried out using PCR and sequencing pri-
mers as previously described, and 10 ng of DNA were used for
each amplification reaction for all samples, regardless of cell frac-
tion.8,25,26 Pyrosequencing was conducted using a PyroMark
Q24 instrument (Qiagen, Hilden, Germany) with subsequent
quantitation of methylation levels determined with the PyroMark
Q24 1.010 software. Relative peak heights were used to calculate
the percentage of methylated cytosines at each given site. Percent
methylation within a sample was subsequently determined by
averaging across all 3 interrogated CpG sites in the analysis. Each
set of amplifications included bisulfite-converted CpGenome
universal methylated, unmethylated and non-template controls.
The unmethylated sample had DNA methylation percentages of
5.2%, and the fully methylated sample had a percentage of
79.2%. The inter assay coefficient of variation was 1.2%.

Luminometric methylation assay (LUMA): The luminomet-
ric methylation assay was performed as previously
described.27 DNA (100 ng) was digested for each sample,
regardless of cell fraction, with 2 isoschizomers that digest
DNA differentially depending on the methylation status of
the CpG site contained within the 5’-CCGG-3’ sequence.
MspI and HpaII target the same sequence; however, MspI
will digest all CCGG sites and HpaII digestions will be
blocked by the presence of a 5-methylcytosines in the second
position. An additional enzyme, EcoRI, is used in the indi-
vidual digests as a reference for DNA amount present in the
reaction mixture. Pyrosequencing performed as indicated
above, is used to sequence the overhangs left by each double
digest. Percentage of DNA methylation is expressed as (1-
(HpaII/EcoRISG/ST)/ (MspI/ EcoRISG/ST))*100. For this
assay, fully methylated sample had a percentage of 80.0%.
The unmethylated sample with DNA methylation percentages
of 51.9%, was in this case Human HCT116 DKO Non-
methylated DNA (D5014–1, Zymo Research Corporation)

because whole genome amplifications generate single stranded
ends not suitable for this assay. The inter-assay coefficient of
variation was 1.5%.

MethyLight assay to determine LINE-1, Sat2, and Alu DNA
methylation levels: We performed real-time PCR using 2 ng of
each sample, regardless of cell fraction, with sequences of probes
and forward and reverse primers of LINE-1-M1, Sat2-M1 and
Alu-M2 that have been described previously.8,19 Universal meth-
ylated DNA served as a methylated reference, and an Alu-based
control reaction (AluC4) was used to measure the levels of input
DNA to normalize the signal for each methylation reaction. The
Human HCT116 DKO Methylated DNA (D5014–2, Zymo
Research Corporation) was used as the 100% methylated refer-
ence sample. Each MethyLight reaction was performed in dupli-
cate, and the percent of methylated reference (PMR) values
represent the mean. The inter assay coefficient of variation was
1.2%. For each repeat LINE-1, Alu, and Sat2, the DNA methyl-
ation percentage was expressed as PMR values. The PMR is a rel-
atively quantitative measure and obtained percentages can be
above 100% because the number of consensus sequences might
be different between each individual sample and the methylated
reference control.

PMR D 100% * 2 exp - [Delta Ct (sample repeat ¡ sample
AluC4) ¡ Delta Ct (methylated reference repeat ¡
methylated reference AluC4)].

Statistical analyses: We used ANOVA to test the DNA methyla-
tion levels of the different biomarkers in the categorical analysis
of behavioral and demographic factors including age, smoking
history, alcohol consumption, BMI and physical activity.

To determine the coefficient of variability of each assay,
we reran 10% of the samples, selected at random. We also
calculated the Spearman correlation coefficients for the corre-
lations between the 2 LINE-1 measurements, MethyLight
and pyrosequencing.

We calculated Spearman correlation coefficients between
PBMC and granulocyte DNA for each biomarker, and we exam-
ined Spearman correlations stratified by age and race/ethnicity.
We did not have lifestyle and demographic data for all partici-
pants therefore sample size for race/ethnicity, alcohol consump-
tion, BMI and physical activity are not the same. We further
used a z-test to determine whether the correlation coefficients
stratified by risk factors were different.28
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