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Genome-wide DNA methylation profiling identifies a
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Folate intake during pregnancy may affect the regulation of DNA methylation during fetal
development. The genomic regions in the offspring
that may be sensitive to folate exposure during in utero
development have not been characterized. Using genome-scale profiling, we investigated DNA methylation
in 2 immune cell types (CD4ⴙ and antigen-presenting
cells) isolated from neonatal cord blood, selected on
the basis of in utero folate exposure. High-folate (HF;
nⴝ11) and low-folate (LF; nⴝ12) groups were selected
from opposite extremes of maternal serum folate levels
measured in the last trimester of pregnancy. A comparison of these groups revealed differential methylation
at 7 regions across the genome. By far, the biggest
effect observed was hypomethylation of a 923 bp
region 3 kb upstream of the ZFP57 transcript, a regulator of DNA methylation during development, observed in both cell types. Levels of H3/H4 acetylation
at ZFP57 promoter and ZFP57 mRNA expression were
higher in CD4ⴙ cells in the HF group relative to the LF
group. Hypomethylation at this region was replicated in
an independent sample set. These data suggest that
exposure to folate has effects on the regulation of DNA
methylation during fetal development, and this may be
important for health and disease.—Amarasekera, M.,
Martino, D., Ashley, S., Harb, H., Kesper, D., Strickland,
D., Saffery, R., Prescott, S. L. Genome-wide DNA methylation profiling identifies a folate-sensitive region of
differential methylation upstream of ZFP57-imprinting
regulator in humans. FASEB J. 28, 4068 – 4076 (2014).
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ABSTRACT

Abbreviations: APC, antigen-presenting cell; ChIP, chromatin immunoprecipitation; CMBC, cord blood mononuclear
cell; DMP, differentially methylated position; DMR, differentially methylated region; fDMR, folate-sensitive differentially
methylated region; H3, histone H4, histone 4; HF, high
folate; IGF2, insulin-like growth factor 2; LF, low folate
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DNA methylation is a key epigenetic mechanism
controlling fetal growth and development (1). Animal
studies suggest that dietary intake of nutrients involved
in 1-carbon metabolism, such as folic acid, during
pregnancy can influence DNA methylation in the developing offspring, which may lead to an altered phenotype (2– 4).
In humans, periconceptional supplementation with
folic acid is routinely recommended to prevent the
occurrence of neural tube defects (5). However, emerging data have linked folic acid intake during pregnancy
with disease outcomes in the offspring, including atopic
dermatitis (6, 7) childhood wheeze (8), and asthma (9).
Parallel investigations into potential underlying epigenetic mechanisms have mostly focused on genomic regions surrounding imprinted genes that regulate growth
and development. Several studies have now reported
variations in DNA methylation at these regions in offspring exposed to periconceptional folic acid. SteegersTheunissen et al. (10) reported the average methylation
of the imprinted insulin-like growth factor 2 (IGF2)
differentially methylated region (DMR) was 4.5%
higher in infants whose mothers reported periconceptional intake of folic acid at a dose of 400 g/d
compared with infants whose mothers did not take folic
acid. Another study reported that average methylation
at the imprinted H19 DMR in cord blood leukocytes
was significantly lower in neonates of mothers who took
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folic acid either before or during pregnancy compared
to neonates of mothers who reported no folic acid
intake as ascertained from self-administered questionnaires (11). Together, these findings suggest a complex
relationship between maternal folic acid intake and DNA
methylation levels at imprinted genes and variation in
folate exposure during development may have effects on
neonatal growth and susceptibility to diseases in later life
(12). Adding another layer of complexity to the association between folate and methylation profile is that the
effects of folate exposure appear to be tissue specific.
Chang et al. (13) investigated the influence of maternal
serum folate on DNA methylation in 18- to 28-wk-old
fetuses following termination of pregnancy for fetal
anomalies. They found a positive correlation between the
levels of DNA methylation and maternal serum folate
levels in brain tissue but not in other tissues, indicating
that exposure to folic acid during pregnancy may have
tissue-specific effects in the developing offspring.
Very few human studies have used a genome-wide
approach in mapping the DNA methylation changes at
birth that are associated with variation in folate exposure
during pregnancy (14, 15). The concern has therefore
been such that changes in epigenetic marks in fetal
epigenome induced by variations in maternal folic acid
intake may have long-term health consequences in accordance with the developmental origin of health and disease hypothesis (16). To advance this area, we conducted
a genome-scale profiling of 450,000 CpG sites in 2 key
neonatal immune cell types [CD4⫹ T cells and antigenpresenting cells (APCs)] purified from cord blood. We
chose to study 2 cell types representing distinct hematopoietic lineages with well-defined roles in regulating the
host immune response to the environment (17).Notably,
by using purified cell populations in this study, we were
able to avoid potential confounding effects of cell heterogeneity that may affect the measured epigenetic changes
(18). Neonates for this study were selected from the
extremes of the maternal serum folate distribution curve
from a Western Australian birth cohort. Using an explorative hypothesis-free approach coupled with an extreme
of exposure design we have identified several folatesensitive DMRs (fDMRs) in the genome.

MATERIALS AND METHODS
Selection of the study population
The study population included 23 neonates selected from a
larger prospective birth cohort of mother-infant pairs recruited through the allergy research clinic in the Princess
Margaret Hospital for Children (Perth, WA, Australia; ref. 7).
Mothers were recruited during the last trimester (ⱖ28 wk) of
pregnancy, at which time maternal blood samples were
collected; cord blood samples were subsequently collected at
the time of birth. Peripheral blood mononuclear cells were
harvested from blood samples within 12 h of collection
according to standard protocols (19). Matched serum folate
measurements were available for both maternal and cord
blood for n ⫽ 222 mother-infant pairs. Extensive clinical and
dietary data collected at recruitment through semiquantita-

tive food frequency questionnaires and maternal antenatal
and sociodemographic factors were also available.
The sample population was selected based on the following
criteria: infants were “nonatopic” and otherwise healthy based
on clinical assessments and skin-prick test to a range of
inhalant and dietary allergens conducted at 12 mo. The
high-folate (HF) and low-folate (LF) groups were defined
according to the first and third quartiles from the distribution
of maternal serum folate levels in conventional extremes of
exposure design. Infants were excluded from the study if
exposed to maternal smoking in pregnancy or if they had
evidence of congenital birth defects. All study procedures
were carried out in accordance with full institutional ethics.
Serum folate measurement
Folate levels were measured in maternal serum from blood
samples collected during the last trimester of pregnancy, and
neonatal serum folate was measured from cord blood samples
using the Immulite 2000 competitive immunoassay platform
(Siemans Medical Solutions Diagnostics, Flanders, NJ, USA).
Isolation of CD4ⴙ T cells
CD4⫹ T cells were isolated from cord blood mononuclear
cells (CBMCs) using a 2-stage positive isolation strategy with
magnetic Dynal beads (Invitrogen, Mount Waverley, VIC,
Australia). CBMCs were incubated with CD8⫹ magnetic beads
(Invitrogen) as per the recommended protocol, and the
CD8⫺ fraction was then incubated with CD4⫹ magnetic beads
as per the recommended protocol. Routine purity tests were
conducted by flow cytometry using antibodies CD19-FITC,
CD3-PE, CD8-PerCP, CD11c-PE Cy7, CD4-APC, and CD14APC Cy7 (BD Biosciences, San Jose, CA, USA) and appropriate concentration matched istoype controls. CD4⫹ cell purities
ranged from 89 to 96% pure. A fraction of isolated CD4⫹ cells
were frozen with 15% dimethyl sulfoxide in heat-inactivated fetal
calf serum and stored in liquid nitrogen until transported to
Marburg, Germany, for chromatin immunoprecipitation
(ChIP) analysis. The rest of the CD4⫹ T cells were lysed with
RLT buffer containing 2-mercaptoethanol (Qiagen Allprep kit;
Qiagen, Chadstone, VIC, Australia)) and stored at ⫺80°C until
genomic DNA was extracted for methylation analysis.
Isolation of APCs
CD3⫺CD19⫺CD14⫹/⫺ CD11c⫹ HLADR⫹ myeloid APCs were
sorted from CD4⫹- and CD8⫹-depleted cell fractions using an
FACSAria instrument and FACSDiva software (BD Biosciences, San Jose, CA, USA).
Nucleic acid extraction
Genomic DNA and mRNA were copurified from CD4⫹ T cells
and APCs using Qiagen Allprep kits according to manufacturer’s instructions.
DNA methylation analysis
A total of 500 ng of purified genomic DNA from each cell
type was bisulfite converted using the MethylEasy Xceed kit
from Human Genetic Signatures (North Ryde, NSW, Australia). Successful bisulfite conversion was evaluated for all
samples using an in-house bisulfite-specific PCR. Bisulfite
DNA was sent to the Australian Genome Research Facility
(Parkville, VIC, Australia) for labeling, staining, and hybridization to Illumina Human Methylation 450 arrays (Illumina,
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San Diego, CA, USA). Raw iDAT files were processed using
the Minfi package from the Bioconductor Project (Fred
Hutchinson Cancer Research Center, Seattle, WA, USA;
http://www.bioconductor.org) in the R statistical environment (http://cran.r-project.org/). The Minfi package was
used for array preprocessing using the stratified quantile
normalization method. Technical bias attributable to different probe chemistries between type 1 and type II probes were
adjusted in this procedure. Probes with a detection value of
P ⬎ 0.01 in ⱖ1 sample were removed. Probes on the X and Y
chromosomes were removed to eliminate gender bias. Probes
previously demonstrated to potentially cross-hybridize nonspecifically in the genome were removed (20). Probes containing a polymorphic single-nucleotide polymorphism at the
single-base extension site with a minor allele frequency of
⬍0.05 were removed. The log2 ratio for methylated probe
intensity to unmethylated probe intensity, the M value, was
subsequently derived and used for statistical inference. Values
of ␤ were derived from intensities as defined by the ratio of
methylated to unmethylated probes given by ␤ ⫽ M/(U/

M⫻100) and were used to complement the M value as a
measure of effect size. Cluster analysis was used in conjunction with the chipwide medians of the methylated and
unmethylated channels to identify any outlying samples, and
1 sample was removed from the data set.
Quantitative PCR
First-strand cDNA was generated by reverse transcription of 500
ng total RNA/sample with random hexamers using SuperScript
VILO (Invitrogen) according to the manufacturer’s instructions. cDNA was diluted 1:5 in RNase-free water for gene
expression analysis. Relative quantitation of gene expression was
performed using predesigned TaqMan assays (Applied Biosystems, Foster City, CA, USA) for ZFP57 on the ABI 7300 real-time
PCR system (Applied Biosystems) in triplicate. All samples were
normalized to the housekeeping gene PPIA. Absolute levels of
ZFP57 mRNA expression were low and not measurable for 8/21

TABLE 1. Population characteristics of the mothers and infants in the discovery cohort
Characteristic

n
Mothers at recruitment
Age (yr)
History of allergic disease [n (%)]
Asthma [n (%)]
Hay fever [n (%)]
Eczema [n (%)]
IgE-mediated food allergy [n (%)]
Sensitization [n (%)]
Had tertiary education [n (%)]
Not exposed to passive smoke (%)
Infants
Male [n (%)]
Gestation (wk)
Delivery method
Vaginal [n (%)]
Caesarean section [n (%)]
Neonatal growth parameters
Birth weight (g)
Length (cm)
Head circumference (cm)
Serum folate
Maternal serum folate level at recruitment (nM)
Cord serum folate (nM)
Cord serum vitamin D (nM)
Maternal daily folic acid intake from supplements
(from questionnaire data;g DFE/d)
Maternal daily intake from diet (from
semiquantitative food frequency questionnaire)
Folate (g DFE/d)
Vitamin D (g)
Total energy (kcal)
Protein (g)
Total fat (g)
Copper (mg)
Zinc (mg)
Retinol (g)
Vitamin B6 (mg)
Vitamin B12 (mg)
Alcohol (g)
Coffee (g)
Vitamin A (g)

High-folate group

Low-folate group

11

12

31.9 ⫾ 1.25
8 (73)
4 (36)
5 (45)
5 (45)
1 (9)
9 (82)
8 (73)
36

32.1 ⫾ 0.82
8 (67)
3 (25)
7 (58)
4 (33)
1 (8)
10 (83)
11 (92)
33

0.95
0.75
0.55
0.54
0.55
0.95
0.92
0.23
0.44

4 (36)
39.7 (0.3)

5 (42)
39.2 (0.3)

0.80
0.28

6 (54)
5 (45)

4 (40)
6 (60)

0.51

3420.3 ⫾ 79
50.2 ⫾ 0.5
35.0 ⫾ 0.3
74.59 ⫾ 6.1
78.15 ⫾ 5.1
59.9 ⫾ 7.8
730.9 ⫾ 127

310.7 ⫾ 36.4
3.8 ⫾ 0.8
2271.9 ⫾ 126
88.9 ⫾ 5.2
88.8 ⫾ 8.4
2.2 ⫾ 0.1
12.0 ⫾ 0.8
512.3 ⫾ 84
2.0 ⫾ 0.2
3.4 ⫾ 0.4
1.8 ⫾ 0.8
84.2 ⫾ 58.8
1390.2 ⫾ 106

3570.9 ⫾ 128
49.9 ⫾ 0.9
35.6 ⫾ 0.5

P

0.43
0.79
0.34

16.8 ⫾ 1.6
36.4 ⫾ 2.3
39.0 ⫾ 5.7
236.6 ⫾ 120.7

199.2 ⫾ 33.7
4.4 ⫾ 1.7
2019.2 ⫾ 294
83.7 ⫾ 12.8
79.4 ⫾ 12.9
1.8 ⫾ 0.3
10.5 ⫾ 1.3
538.4 ⫾ 157
1.5 ⫾ 0.3
3.7 ⫾ 1.0
1.8 ⫾ 1.1
144.9 ⫾ 69.2
1215.4 ⫾ 268

⬍0.001*
⬍0.001*
0.04*
0.006*

0.02*
0.56
0.71
0.71
0.37
0.22
0.22
0.56
0.22
0.96
0.78
0.25
0.5

Values are means ⫾ se or as indicated. DFE, dietary folate equivalent. Statistical comparisons by 2 and Mann-Whitney U tests. *P ⬍ 0.05.
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Figure 1. Relationship between maternal serum folate levels and cord serum folate levels. A) Samples in the discovery cohort.
B) Samples in the replication cohort. Graphs show correlation plots between maternal serum folate levels measured at the
recruitment visit during the third trimester and cord serum folate levels collected at birth.
Tool (GREAT) ontology tool (Stanford University, Stanford,
CA, USA; http://bejerano.stanford.edu/great/public/html/)
under the default basal plus extension settings. Significant
ontologies are reported as raw ⫺log10 binomial P ⬍ 0.05.

individuals, and these were assigned a maximum CT value of 45
for statistical analysis and interpretation at the group level.
Data analysis
Characteristics of genome-wide DNA methylation were assessed
by principal components analysis in the presence of potential
confounding factors. The first 15 principal components capturing ⬎65% of the total variance were derived and tested for
associations with clinical variables. Clinical variables associated
with variation in DNA methylation are provided in Supplemental Data and were included as covariates in regression modeling.
To identify DMRs, we used the dmrFind algorithm in the Charm
package (Bioconductor Project) under the default settings with
the cluster marker function. This algorithm combines surrogate
variable analysis (21) for modeling unexplained variability due
to batch effects or covariates, with regression modeling fitted to
the entire dataset in the presence of covariates and surrogate
variables (22). Comparisons are made at the regional level as
opposed to single-CpG analysis, whereby methylation estimates
are smoothed over spatial blocks accounting for correlation
between nearby CpGs. Ontology enrichment analysis was performed using the Genomic Regions Enrichment of Annotations

LINE-1 Sequenom assay

Histone 3 (H3) and histone 4 (H4) acetylation analysis
Using a validated ChIP analysis for H3/H4 acetylation in
human immune cells, we analyzed the levels of H3/H4
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Target validation was performed using the Sequenom EpiTyper
platform (Sequenom, San Diego, CA, USA) in triplicate. Amplicons were designed using the Sequenom EpiDesigner software
(http://www.epidesigner.com/). Amplification conditions were
as follows: 95°C for 10 min, 95°C for 15 s, 56°C for 30 s, 72°C for
2 min for 5 cycles, 95°C for 10 s, 60°C for 30 s, 72°C for 1 min
30 s for 30 cycles, 72°C for 7 min. The target sequences of the
chromosome 6 fDMR were aggaagagagGAGGATTTTAGAGGTTGGAAGTTTT (left) and cagtaatacgactcactatagggagaaggctCCCTCTCATCTAAATCAAAAAACAC (right).

0.5285

0.75

C

Assay average methylation

A

Validation of array targets

Figure 2. Analysis of global patterns of DNA methylation between folate groups. A) Sequenom EpiTyper analysis of LINE-1 DNA
methylation levels. B) Mean methylation level for all somatic probes on the Illumina methylation 450k array. C) Mean methylation
levels specifically for probes targeting imprinted genes on the Illumina methylation array. All box plots show means with range.
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Chromosome

Genome-scale DNA methylation data were generated
from 2 blood cell types representing both the innate
(APC) and the adaptive (CD4⫹) immune cell compartments. These cell types play a well-defined role in
antigen presentation and processing and mediation of
effector immune cell responses. Principal components
analysis on ␤-methylation values was used to explore
variation in neonatal epigenetic profiles. The most
substantial source of variation in the data set was
attributable to cell type (APC or CD4⫹). Multidimensional scaling and hierarchical clustering of samples
showed widespread differences between cell types reflecting the alternative lineages of APC (myeloid origin) and CD4⫹ cells (lymphoid origin) (Supplemental
Fig. S1A). Differential analysis of CD4⫹ and APC cells
revealed a signature of 13,424 CpG sites (⬃3.5% of the

DMR

Characteristics of genome-scale DNA methylation profiles

TABLE 2. DMRs according to folate status, irrespective of cell type

Maternal serum folate levels ranged from 4.1 to 172.0
nM in the cohort from which the study samples were
derived, with first and third quartiles 25.6 and 50.5 nM,
respectively. The HF and LF groups were identified
from this cohort and defined according to the first and
third quartiles from the distribution of maternal serum
folate levels in conventional extremes of exposure
design. The mean maternal serum folate measurement
at recruitment was 74.6 and 16.8 nM in the HF and LF
group (P⬍0.001), with corresponding cord blood serum levels of 78.2 and 36.4 nM (P⬍0.001), respectively
(Table 1). There were no significant differences in the
key neonatal parameters between HF and LF groups,
with the exception of folate intake during pregnancy
(either as food, P⫽0.02, or as supplement, P⫽0.006),
and cord blood serum vitamin D levels (P⫽0.04), which
were found to be significantly higher in the HF group
(Table 1). Based on this, all subsequent analysis was
adjusted for any potential effects of vitamin D. There
was a significant linear relationship between maternal
serum folate and cord blood folate levels in the sample
population (r⫽0.75, P⬍0.001; Fig. 1A).

HF vs. LF

Clinical characteristics of the cohort

6

RESULTS

1

Gene association

Function

acetylation at selected loci. In brief, DNA-histone interactions
in isolated CD4⫹ T cells were first cross-linked with 1%
formaldehyde. Subsequently, chromatin was sonicated to
achieve the optimal DNA length for the immunoprecipitation, which was done using antibodies against acetylated H3
and H4 (Millipore, Darmstadt, Germany). IgG mock control
was bought from Abcam (San Francisco, CA, USA). Quantitative PCR was performed to measure the precipitated DNA
of investigated loci. Primers were designed for known transcripts of ZFP57 and are as follows: ZFP57-001 distal (ZFP57_
1D) caccaccggctaacttttgt (forward) and cctgggcaaaaagagtgaaa (reverse), ZFP57-002 proximal (ZFP57_2P) cccaggctggtgttgttact (forward) and ggtttgatgtggcttcctgt (reverse), ZFP57002 distal (ZFP57_2D) catggaagagatcttagagagtg (forward)
and acctaatgcagagatgctaaataa (reverse).
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Figure 3. fDMR in chromosome 6 with the smoothed ␤ methylation values for LF (red) and HF (blue) groups, averaged for both
cell types. Location and size of this DMR are shown in the genome browser track above the sliding window. Ideogram track shows
the location of this region on chromosome 6.

CpG sites measured) that differed by a minimum ⌬␤
value of ⱖ20% and reached genome-wide significance
(5048 hypermethylated, 8376 hypomethylated sites).
Localization of these sites to functional regions in the
genome revealed the majority of these differentially methylated positions (DMPs) were localized to gene bodies as
opposed to promoters, and overlapped with flanking
regions of CpG islands (CpG island shore and shelves), or
were found in open sea regions (not island associated)
(Supplemental Fig. S1B). The DMPs were significantly
enriched for genes involved in leukocyte function and
antigen-mediated pathways (binomial P⬍0.05; data not
shown). Birth mode, maternal serum folate levels, folate
status (high or low), and serum vitamin D levels were
included as covariates in data modeling.
Differential methylation according to folate status
We first examined general features of DNA methylation
between folate groups at several regions in the genome,
including repeat elements, nonrepeat CpGs, and imprinted genes. Folate status was not associated with
changes in DNA methylation levels at long interspersed
nucleotide element-1 repeat elements in the genome of
either cell type (Fig. 2A). The average level of DNA
methylation in the genome as measured by the mean of
all CpGs on the array did not differ according to serum
folate status in either cell type (Fig. 2B). Similarly,
average and total levels of DNA methylation levels

across CpG sites targeting known imprinted genes did
not vary according to folate status (Fig. 2C). Collectively
these data suggest the general features of the DNA
methylome in the offspring are similar regardless of
folate exposure during pregnancy.
Next the methylation values for all probes were regressed on folate status (HF or LF), adjusting for known
covariates including cell type, to identify fDMRs in the
methylome. We adopted a sliding-windows approach that
is more powerful than single-CpG analysis to identify
broad DMRs consistent in both cell types by computing
smoothed estimates of regionally associated probes (22).
Seven candidate regions, defined as an average of ⱖ4
consecutively differentially methylated CpG sites, were
identified in this analysis (Table 2) including a 923 bp
region in chromosome 6 of substantial hypomethylation
in the HF group 3 kb upstream of the ZFP57 gene (Fig. 3).
Validation of candidate loci and functional
assessment of ZFP57
We measured DNA methylation levels in CD4⫹ from
the initial discovery cohort of samples interrogated by
the DNA microarray using the Sequenom EpiTyper
platform as a gold-standard technology. We designed
an amplicon spanning a 321 bp region capturing 8 CpG
sites in the chromosome 6 DMR upstream of ZFP57
identified by HM450 analysis as broadly hypomethylated in HF samples. Data from the EpiTyper were in
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agreement with observations from the array with hypomethylation observed in HF relative to LF groups
(Fig. 4A). To determine whether hypomethylation at
this fDMR was indeed associated with the functional
activity of the distal ZFP57 gene, we measured both
mRNA gene expression and histone acetylation in the
same CD4⫹ samples that were analyzed by microarray.
A TaqMan PCR amplicon and an in-house histone
H3/H4 acetylation assay targeted to the transcriptional
start site of ZFP57 were designed. A comparison of HF
and LF groups revealed increased levels of histone H3
and H4 acetylation at ZFP57, a marker of increased
transcriptional activity (Fig. 4B). In general absolute
mRNA expression levels were low but relative differences were in the order of 4-fold between groups which
was statistically significant (Fig. 4C). Collectively, these
lines of evidence suggest a functional role for observed
differences in DNA methylation associated with ZFP57.

potential reproducibility of the findings from our initial
discovery cohort. We sampled an additional set of 19
samples from the first and third quartiles of the maternal serum folate distribution curve from the source
population. The characteristics of these additional samples were similar to the discovery cohort, including a
linear relationship between maternal serum folate levels and cord serum folate levels (r⫽0.76, P⬍0.001; Fig.
1B), but with the notable exception that vitamin D
levels were not different in this group (P⫽0.2). Both
CD4⫹ and APC populations were purified from cord
blood as described previously. In agreement with data
obtained from the discovery cohort, levels of DNA
methylation were consistently lower at the ZFP57 fDMR
in samples from the HF group (Fig. 5).

DISCUSSION

An independent sample population was next drawn
from the source cohort in order to determine the

A

The folic acid metabolic pathway plays a critical role in
fetal development (23), yet its effects on regulation of
fetal DNA methylation and gene expression are incompletely understood. In this study, we investigated the
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Figure 4. Validation data of chromosome 6 fDMR and functional assessment of ZFP57 in CD4⫹ cells. A) Consistent with findings
from the Illumina array, data from Sequenom EpiTyper platform showing the trend of lower methylation in HF group and
higher methylation in LF group. B) mRNA expression of ZFP57 in CD4⫹ cells shows an up-regulation of the gene in HF group.
C) Levels of H3 and H4 acetylation at the ZFP57 promoter region are higher in the HF group, indicating a more open chromatin
state in this group. Details of the primer sequences are given in Supplemental Table S1.
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effects of third-trimester maternal folate status on the
DNA methylation profile of neonatal immune cells, with a
view to identifying fDMRs in the genome. We began with
a hypothesis-free discovery approach with subsequent
replication of candidate loci in an independent set of
samples. With this strategy, we have identified regions of
the methylome that appear sensitive or responsive to folic
acid status in pregnancy.
Using a genome-scale platform, we report several interesting features of the methylation landscape in neonates
stratified by folate exposure in gestation. It is noteworthy
that average DNA methylation levels, methylation levels at
imprinted, and repeat elements of the genome appear
unperturbed. Despite this, our analysis identified 7 folatesensitive regions of methylation change in either direction. Folate plays a well-known role as a carrier of 1-carbon
units that ultimately resulting in providing methyl groups
to methylate DNA; hence, higher folate levels are expected to increase the levels of DNA methylation. However, many studies, both in humans and animals, have
reported that high folate is associated with hypo- and
hypermethylation, either globally or in a gene-specific
manner (3, 11, 24). Ontology enrichment analysis of
fDMRs suggests that these differences affect important
genes involved in the regulation of DNA methylation
during fetal development. Principal among these is
ZFP57, a gene that plays a central role in regulation and
maintenance of imprinting-associated DNA methylation
(25, 26). Both data from the microarray and the EpiTyper
platform suggest that HF exposure was associated with
hypomethylation of a 923 bp region localized within a
CpG dense cluster 3 kb upstream of the currently annotated ZFP57 transcription start site. Analysis of histone
acetylation profiles in the promoter of ZFP57 and gene
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expression levels suggest hypomethylation at this fDMR is
associated with markers of increased transcriptional activity. It is therefore tempting to speculate that a compensatory mechanism or a negative feedback loop may exist to
regulate the activity of the ZFP57 gene in response to folate
exposure to stabilize DNA methylation levels at imprinting
control regions. This assertion is based on the observation
that imprinted regions targeted by the Illumina array did not
differ according to folate status. However, within what range
of folate exposure that this mechanism is biologically plausible and what other factors that may interfere with this
compensatory mechanism is yet to be explored.
Accordingly, a recent study revealed that ZFP57 is
expressed in low but detectable levels in adult tissues,
including peripheral blood mononuclear cells, and suggests that ZFP57 may have other functions beyond imprinting establishment and maintenance (27). More recently, a study focusing on genes down-regulated in
association with embryonic stem cell differentiation
in mice identified ZFP57-mediated IGF2 up-regulation in
anchorage-independent growth of cancer cells (28). The
researchers conclude that ZFP57 acts as an oncogene in
many cancer types. Further studies are needed to reconcile
these findings.
Our 2-cell type screen suggests many of the fDMRs
identified in this study are present more broadly throughout the hematopoietic compartment and, given that APCs
and CD4⫹ represent distinct lineages, suggest that folate
driven effects on the epigenome have originated at the
common hematopoietic progenitor stage. In addition, we
identified a small number of cell-specific CpG sites associated with folic acid exposure; however, it is likely we are
underpowered to characterize these smaller effects in
sufficient detail.
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Analysis of a second sample set drawn from the source
population suggests that the findings reported here are
likely to be reproducible to future investigators. Despite
this, we have used an extremes of exposure design in
which candidates were selected on the basis of serum
folate levels, and therefore we cannot extend the effect
sizes reported here to the general population. Nevertheless this study reports novel targets that represent viable
research avenues for more large-scale population based
studies in the future. These will be important to determine the extent to which periconceptional folate exposure modify the disease risk in offspring.
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