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Aim: To perform an epigenome-wide association study (EWAS) of serum folate in maternal blood.
Methods: Cross-ancestry (Europeans = 302, South Asians = 161) and ancestry-specific EWAS in the
EPIPREG cohort were performed, followed by methyl quantitative trait loci analysis and association
with cardiometabolic phenotypes. Replication was attempted using maternal folate intake and blood
methylation data from the MoBa study and verified if the findings were significant in a previous EWAS
of maternal serum folate in cord blood. Results & conclusion: cg19888088 (cross-ancestry) in EBF3,
cg01952260 (Europeans) and cg07077240 (South Asians) in HERC3 were associated with serum folate.
cg19888088 and cg01952260 were associated with diastolic blood pressure. cg07077240 was associated
with variants in CASC15. The findings were not replicated and were not significant in cord blood.

Tweetable abstract: This research article identified CpG sites associated with serum folate levels
in maternal peripheral blood leukocytes. The findings provide new insights about the epigenomic
component of serum folate levels.
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Folate (vitamin B9) is a coenzyme in the one-carbon metabolism, a pathway that provides one-carbon units for
nucleotide biosynthesis and methylation reactions [1,2]. The methyl groups derived from folate are necessary to
form S-adenosyl methionine, which is a universal carbon donor for DNA methylation [3]. DNA methylation is
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an epigenetic mechanism that regulates gene expression and genome stability, as it represses repetitive elements [4].
Adequate folate intake helps to maintain normal DNA methylation levels and minimize DNA damage [5].

It is well recognized that folate is important for tissue growth and fetal development during pregnancy [6].
However, previous studies have suggested that folic acid supplementation is also associated with decreased fasting
glucose, fasting insulin and insulin resistance [7], as well as reduced risk for stroke and cardiovascular disease [8]. It
has been proposed that DNA methylation could be an important mechanism underlying the observed associations
between folate and cardiometabolic traits [9,10]. In line with this hypothesis, a study suggested that low folate levels
were associated with hypomethylation in several CpG sites in liver cells of patients with Type 2 diabetes [11].

To date, there is only one epigenome-wide association study (EWAS) of serum folate, which examined the asso-
ciation between maternal serum folate levels and differential DNA methylation in cord blood of their offspring [12].
Another study performed in cord blood evaluated the association between folic acid supplementation and DNA
methylation during pregnancy [13]. However, there is no EWAS of serum folate performed in peripheral blood
leukocytes.

The epigenetic background of serum folate levels could give valuable insights into folate regulation. Hence, the
aims of this study were to perform an EWAS of serum folate in maternal peripheral blood leukocytes, evaluate if the
methylation of CpG sites associated with folate were related to cardiometabolic phenotypes, elucidate if methylation
of the CpG sites were genetically regulated and evaluate if our findings are replicated in maternal peripheral blood
leukocytes with maternal estimated folate intake data assessed with a food-frequency questionnaire (FFQ) as well
as in cord blood with maternal serum folate data.

Materials & methods
Study population
The STORK Groruddalen (STORK G) study is a population-based cohort that included 823 healthy pregnant
women in the multiethnic area of Groruddalen in Oslo, Norway, from 2008 to 2010. STORK G has been described
in detail in previous work [14]. The inclusion criteria were that the woman lived in the study district, planned to
give birth at one of the two study hospitals, was less than 20 weeks pregnant, could communicate in Norwegian
or any of the eight translated languages and was able to give informed consent. Women were enrolled during
early pregnancy, and women with pre-gestational diabetes or in need of intensive hospital follow-up during their
pregnancy were excluded. Self-reported ethnic origin was defined by either the individual’s country of birth or their
mother’s country of birth if the latter was born outside Europe.

The Epigenetics in Pregnancy (EPIPREG) sample included all women of European (n = 312) or South Asian
(n = 168) ancestries participating in STORK G with available DNA [15]. These were the two largest ethnic groups
that participated in STORK-G and reflects the ethnic composition of the Groruddalen area of Oslo [15].

STORK G, including the genetic and epigenetic substudies (EPIPREG), was approved by the Norwegian
Regional Committee for Medical Health Research Ethics South East (ref. no. 2015/1035). Written informed
consent was given by all participants.

Folate measurement & folic acid supplementation
Folate was measured in biobanked serum collected at gestational week 28 with electrochemiluminescence (Roche
Diagnostics International, Risch-Rotkreuz, Switzerland) at Medical Biochemistry, Oslo University Hospital. The
assay measures the total folate present in serum, and has good affinity for 5-methyltetrahydrofolate (the most
common form found in serum), folic acid and other forms of folate [16]. Folate deficiency was determined at
<7 nmol/l [17].

Between gestational weeks 17 and 19 the women were asked whether they used folic acid supplements before
pregnancy [18]. Women with missing values were imputed as nonsupplement users. Women were also asked if they
used folic acid supplements within 14 days of their appointment at gestational week 28.

Cardiometabolic phenotypes
The data of the cardiometabolic phenotypes used in this study were collected and measured in gestational week
28. Venous blood was drawn into EDTA tubes. The samples were then either biobanked or subject to further
preparation and analyses. All women underwent a 75-g oral glucose tolerance test. Gestational diabetes mellitus
was diagnosed with the WHO 1999 criteria (fasting glucose ≥7.0 mmol/l and/or 2-h glucose ≥7.8 mmol/l).
Fasting insulin was measured with noncompeting immunofluorometric assays (DELFIA, PerkinElmer Life Sciences,
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Wallac Oy, Turku, Finland). Insulin resistance was estimated by the homeostasis model of insulin resistance, using
the HOMA2 calculator version 2.2.2 (www.dtu.ox.ac.uk/homacalculator) based on fasting glucose (HemoCue,
Angelholm, Sweden) and C-peptide (DELFIA, PerkinElmer Life Sciences, Wallac Oy) [19]. Fasting plasma total
cholesterol, high-density lipoprotein (HDL) cholesterol and triglycerides levels were measured with a colorimetric
method (Vitros 5.1 fs, Ortho Clinical Diagnostics, Neckargemünd, Germany) at Akershus University Hospital,
Lørenskog, Norway. Low-density lipoprotein cholesterol was calculated with the Friedewald formula [20,21].

Anthropometric data in the present study were also measured at gestational week 28. Systolic and diastolic
blood pressure were measured with M6 Comfort HEM-7000-E (Omron, Kyoto, Japan). BMI was calculated from
measured height using a fixed stadiometer and body weight (Tanita-BC 418 MA, Tanita Corporation, Tokyo,
Japan).

Smoking assessment
Smoking status was evaluated with an interviewer-administered questionnaire and collapsed into two categories for
statistical analyses: smokers (current and smokers during the last 3 months before pregnancy) versus nonsmokers
(former smokers and never smokers).

DNA methylation profiling & genotyping
DNA was extracted consecutively throughout the data collection, at the Hormone Laboratory, Oslo University
Hospital, using a salting out procedure [22]. The genome-wide DNA methylation measurement and genotyping were
performed at the Department of Clinical Sciences, Clinical Research Centre, Lund University, Malmö, Sweden,
and have been described in detail elsewhere [15].

DNA methylation was quantified in peripheral blood leukocytes using the Infinium MethylationEPIC BeadChip
(Illumina, CA, USA). The Meffil R package [23] was used for quality control (QC). 472 individuals from the 480
available and 864,560 probes passed the QC. Blood cell composition (CD8T, CD4T, NK, monocytes, B cells
and neutrophils) were calculated with Meffil using the Houseman reference panel [24] during the QC procedure.
Lastly, Y and X chromosome probes that harbor SNPs and cross-reactive probes per Pidsley et al.’s list [25] were not
considered for statistical analyses. Thus, the EWAS analyses performed are based on 792,530 probes in total.

Technical validation showed a good agreement between the Infinium MethylationEPIC BeadChip and pyrose-
quencing on four CpG sites preliminary associated with fasting glucose, 2-h glucose and BMI (n = 30). Details of
the technical validation procedure are available in a previous publication [15].

The Illumina CoreExome chip was used for genotyping and PLINK 1.9 software [26] for QC and variant
filtering. Variants with deviations of Hardy–Weinberg equilibrium (p = 1.0 × 10-6), low call rate (<95%) and low
minor allele frequencies (MAF), were removed. After variant filtering, genetic ancestry origin was assessed through
principal component analysis by using the variance-standardized relationship matrix using PLINK 1.9. There was
a clear separation between Europe and South Asia, which corresponded to reported ancestry [15]. Approximately
300,000 variants were left for imputation, and 438 women (300 European and 138 South Asian) passed the QC.

Imputation for Europeans and South Asians was done by mapping the genome-wide association study scaffold to
NBI build 37 of the human genome. For each ancestry, their correspondent 1000 genomes project panel was used
(Phase 3, www.well.ox.ac.uk/∼wrayner/tools/) [27], using IMPUTE2 (version 2.3.2) [28]. PLINK 1.9 was used for a
postimputation QC. Non-SNP variants and low-quality postimputation SNPs (info <0.9), SNPs with MAF <5%
and variants that deviated from Hardy–Weinberg equilibrium (p < 1.0 × 10-6) were removed.

Study flow
For the EWAS studies, 463 women (302 European and 161 South Asians) were included who passed the EWAS
QC procedure and had serum folate available (Figure 1). From these, 295 samples from Europeans and 134 South
Asians also passed the genome-wide association study QC and could be included in the methyl quantitative trait
loci (mQTL) analysis (Figure 1).

Statistics
Beta-values were transformed to M-values [29]. For the cross-ancestry EWAS of serum folate levels, linear mixed
models using the R packages lme4 and lmerTest [30] were used, calculating the p-values with the Satterthwaite
method. The M-values were the outcome, and serum folate the exposure. Age, smoking and blood cell composition
were included in the model as fixed effects and ancestry as random intercept to account for potential ancestry-related
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Excluded: 8 samples after QC 
(EUR = 5, SA = 3)

Excluded: 9 samples without
serum folate data (EUR = 5, 

SA = 4)

34 women did not pass the 
genotyping QC

EPIPREG
(n = 480)

EUR = 312 SA = 168

Samples that passed the EWAS QC
(n = 472)

EUR = 307 SA = 165

Women with serum folate data
(n = 463)

EUR = 302, SA = 161

Women included in the mQTL analysis
(n = 429)

EUR = 295 SA = 134

Figure 1. Study flow diagram that shows the samples selected for the epigenome-wide association study analyses.
EUR: Europeans; EWAS: Epigenome-wide association study; QC: Quality control; SA: South Asians.

differences in DNA methylation and folate levels. Ancestry-specific EWAS were performed separately in Europeans
and South Asians using standard multivariate linear models using the limma R package [31], adjusting for age,
smoking and blood cell composition. For EWAS, a false discovery rate (FDR) threshold of 5% was used.

The residuals of CpG sites that passed the FDR threshold were inspected. If a CpG site had extreme methylation
outliers, methylation values below the 2nd and above 98th percentiles were replaced with less extreme values with
the winsorization method implemented in the R package ‘broman.’

For the Gene Ontology (GO) analysis, an over-representation test was performed using the nominal significant
CpG sites (p-value < 1.0 × 10-4) with the web software WebGestalt [32]. This was done for each EWAS analysis.
‘Biological process non-redundant’ was used as the database of reference, and only GO terms that were composed
of at least five genes were included. The 20 most significant GO terms (uncorrected p-value < 0.05) are reported,
and those that passed a 5% FDR are noted.

For CpG hits from the cross-ancestry EWAS, their associations with cardiometabolic traits were assessed using
linear mixed models and the same covariates as in the discovery analysis. For CpG hits from the ancestry-specific
EWAS, associations with cardiometabolic traits were tested using standard linear regression models restricted to
the same ancestry, including the same covariates from the corresponding EWAS. A p-value <0.05 was accepted for
these analyses.

The GEM R package [33] was used for mQTL analysis. For the cross-ancestry CpG sites, the analysis was performed
separately in Europeans and South Asians, adjusting for age, smoking and blood cell composition, followed by a
fixed effect meta-analysis. For ancestry-specific CpG sites, the corresponding ancestry was analyzed using standard
multivariate models adjusted for the aforementioned covariates. A standard genome-wide p-value threshold of
5 × 10-8 was used. The mQTLs were defined as cis-mQTLs if they were located ± <1 Mb from the methylation
site; otherwise, they were classified as trans-mQTLs. The web-tool LD-link (https://ldlink.nci.nih.gov/?tab=home)
was used to evaluate whether the mQTLs were in linkage disequilibrium (LD) defined as R2 > 0.8 [34]. Utah
residents from North and West Europe (CEU) were used as reference population for Europeans, and the Punjabi
from Lahore, Pakistan (PJL) and Sri Lankan Tamil from the UK (STU) for South Asians. If the mQTLs of a
CpG site were in high LD within each other, only the most significant variant was tested for association with
cardiometabolic phenotypes. If the mQTL correspond to a cross-ancestry CpG site, mixed linear models with
ancestry as random intercept for the SNP-phenotype analysis were used; otherwise, the analysis was done in the
corresponding ancestry where the CpG was found by using simple linear models.
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The R package mediation [35] for mediation analysis was used to assess whether serum folate mediated the rela-
tionship between an mQTL and DNA methylation. Cell composition, age and smoking were included as covariates,
and 20,000 simulations were used to calculate the confidence intervals using a quasi-Bayesian approximation. A
p-value <0.05 threshold was used for these analyses. The mediation analysis calculates the following models: the
average causal mediation effects (ACME), which calculate the effect sizes when taking into account the mediator;
and the average direct effect (ADE), which represents the effect size when adjusting for the mediator (i.e., removing
its effect); and the total effect, which consists of the sum of ACME and ADE effect sizes.

Validation in independent cohorts
Replication of our results was done by using cross-sectional data of estimated folate intake calculated from an FFQ
and DNA methylation of maternal peripheral blood leukocytes in two separate subsamples from the Norwegian
Mother, Father and Child Cohort Study (MoBa) [36,37]. The first subsample consisted of 1111 mothers and 870
women who underwent assisted reproductive technology (n = 1981). The second subsample included a total of
1022 mothers. Detailed methods and statistics used in MoBa are provided in the Supplementary Material.

Whether these findings had consistent effect sizes and p < 0.05 in an EWAS of maternal serum folate in cord
blood from a meta-analysis of a subsample of MoBa (N = 1275) and Generation R (n = 713) cohorts [12] was
also evaluated. Details about the data analysis can be found in the source publication [12], but briefly, robust linear
regression models were performed, adjusting for maternal age, maternal education, maternal sustained smoking
during pregnancy, parity, batch and blood cell composition calculated with the Houseman method. Maternal serum
folate data was gathered at gestational week ∼12 in Generation R and ∼18 in MoBa.

It was evaluated whether any of the 443 CpG (FDR < 0.05%) sites reported by Joubert et al. [12] had a consistent
direction of the effect compared with EPIPREG. Four hundred ten of the 443 CpG sites were available in both
EPIPREG and the cord blood study. A CpG site was considered consistent in both studies if the CpG site had the
same direction of the effect across both tissues and passed a Bonferroni p-value threshold (0.05/410). CpG sites
that reached a nominal p < 0.05 are reported.

Consultations in public databases
The EWAS catalogue (http://ewascatalog.org/) [38] was consulted to see whether the found CpG sites have been
previously associated with folate or any cardiometabolic trait in peripheral blood leukocytes. The catalogue reports
associations with a p < 1 × 10-4. mQTLdb (www.mqtldb.org/) [39] was used to identify whether the found CpG
sites had mQTLs in maternal peripheral blood leukocytes. The GoDMC database (www.godmc.org.uk/) [40], which
consists of a meta-analysis of several cohorts with methylation at peripheral blood leukocytes, was also used to look
for mQTLs. mQTLs that passed a standard p < 5 × 10-8 threshold are reported. PhenoScanner (www.phenosca
nner.medschl.cam.ac.uk/) [41] was used to identify whether the mQTLs identified in the current sample or public
databases were previously associated (p < 5 × 10-8) with folate or any cardiometabolic phenotype.

Results
Population characteristics
Clinical characteristics of the women included are shown in Table 1. The mean (standard deviation) age of the
participants was 29.9 (4.6) years, and the serum folate level was 14.5 (7.0) nmol/l. Whereas 22.9% reported folate
supplement use before pregnancy, only 9.5% reported folate supplements intake at the time of examination in
gestational week 28. There were weak correlations between serum folate levels and folate supplement usage before
conception (r = 0.10; p = 0.030), folic acid supplementation at week 28 (r = 0.38; p = 2.66 × 10-16) and folate
deficiency (r = -0.23; p = 2.21 × 10-7).

Discovery analysis in EPIPREG
In the cross-ancestry EWAS, increased methylation of cg19888088 (annotated to EBF3) and cg10871182 was
associated with lower levels of serum folate (Figure 2 & Table 2). There was no evidence of inflation (λ = 1.05).
Summary statistics of cross-ancestry CpG sites with p < 1.0 × 10-4 are presented in Supplementary Table 1.

In the ancestry-specific EWAS, cg01952260 in Europeans (Table 2 & Supplementary Figure 1A) and cg07077240
(annotated in HERC3) in South Asians (Table 2 & Supplementary Figure 1B) were associated with reduced
methylation at higher serum folate. No evidence of inflation in either the European (λ = 1.07) or South Asian
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Table 1. Clinical characteristics in gestational week 28 of the women included in the study.
Variable N All (n = 463) N European (n = 302) N South Asian (n = 161)

Age (years) 463 29.9 (4.6) 302 30.6 (4.6) 161 28.6 (4.4)

Gestational week 463 28.1 (1.2) 302 28.1 (1.2) 161 28.2 (1.2)

Nonsmokers† 463 364 (78.6) 302 206 (68.2) 161 158 (98.1)

Smokers at week 28 463 21 (4.5) 302 20 (6.6) 161 1 (0.6)

Smokers 3 months pre-pregnancy 463 78 (16.8) 302 76 (25.2) 161 2 (1.2)

Former smokers 463 96 (20.7) 302 86 (28.5) 161 10 (6.2)

Never smokers 463 268 (57.9) 302 120 (39.7) 161 148 (91.9)

S-folate (nmol/l) 463 14.5 (7.0) 302 14.9 (6.7) 161 13.9 (7.5)

Folic acid supplementation before conception (yes) 463 106 (22.9) 302 90 (29.8) 161 16 (9.9)

Folic acid supplementation at gestational week 28 (yes) 433 41 (9.5) 282 33 (11.7) 151 8 (5.3)

Folate deficiency (%) 463 18 (3.9) 302 9 (3.0) 161 9 (5.6)

BMI (kg/m2) 463 27.3 (4.4) 302 27.6 (4.6) 161 26.9 (4.1)

Fasting glucose (mmol/l) 463 4.8 (0.6) 302 4.7 (0.6) 161 5.0 (0.6)

2-h glucose (mmol/l) 460 6.1 (1.4) 301 6.0 (1.4) 159 6.4 (1.5)

GDM (yes) 461 58 (12.6) 302 35 (11.6) 159 23 (14.5)

C-peptide (pmol/l) 458 824.4 (352.3) 298 780.4 (341.4) 160 906.5 (358.5)

Insulin (pmol/l) 458 65.8 (43.7) 298 56.7 (36.3) 160 82.8 (50.9)

HOMA-IR 458 1.7 (0.8) 298 1.6 (0.8) 160 1.9 (0.8)

Triglycerides (mmol/l) 463 2.0 (0.7) 302 2.0 (0.7) 161 2.0 (0.6)

Total cholesterol (mmol/l) 463 6.3 (1.1) 302 6.4 (1.1) 161 6.0 (1.0)

HDL-cholesterol (mmol/l) 463 1.9 (0.4) 302 1.9 (0.4) 161 1.9 (0.4)

LDL-cholesterol (mmol/l) 458 3.5 (1.0) 298 3.7 (1.0) 160 3.3 (0.9)

Systolic blood pressure (mmHg) 457 104.9 (9.6) 299 106.8 (9.6) 158 101.3 (8.8)

Diastolic blood pressure (mmHg) 457 67.5 (7.2) 299 68.3 (7.1) 158 66.2 (7.1)

†Dichotomized smoking variable; nonsmokers if they never smokers or former smokers were considered as non-smokers or did not smoke within 3 months pre-pregnancy
(former).
Data are presented as mean (standard deviation) or n (%).
GDM: Gestational diabetes mellitus; HDL: High-density lipoprotein; HOMA-IR: Homeostatic model assessment for insulin resistance; LDL: Low-density lipoprotein; S-Folate:
Serum folate.
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Figure 2. Manhattan plot of the
cross-ancestry epigenome-wide
association study. Each dot represents a
CpG with its chromosome position on the
x-axis, and the significance level [depicted
as -log10(p)] on the y-axis. The dashed line
represents p = 1.0 × 10-4 and the solid line
a false discovery rate of 5%. The CpG sites
cg19888088 and cg10871182 passed the
false discovery rate threshold.

EWAS (λ = 1.06) was found. Summary statistics of CpG sites with p < 1 × 10-4 from the ancestry-specific EWAS
are presented in Supplementary Tables 2 & 3 for Europeans and South Asians, respectively.

Residual inspection of the models (Supplementary Figure 2) suggested that the association with cg10871182
was driven by outliers. After applying winsorization, the direction of the effect of the association persisted but the
p-value was attenuated (effect = -0.012, standard error [SE] = 0.0028, p-value = 1.88 × 10-5), thus it was not
followed for further analyses.
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Table 2. Summary statistics and genomic location of the CpG sites that passed the false discovery rate <0.05 in
each epigenome-wide association study.

Cross-ancestry EWAS

CpG Effect (SE) p-value FDR UCSC Gene
name

CHR:POS Relation to island Relation to
transcription

cg19888088 -0.006 (0.001) 5.94 × 10-8 0.031 EBF3 chr10:131686208 North Shore Body

cg10871182† -0.019 (0.004) 7.78 × 10-8 0.031 N/A chr13:41959831 Open Sea N/A

European only EWAS

cg01952260 -0.013 (0.002) 3.88 × 10-8 0.031 N/A chr9:138156618 North Shore N/A

South Asian only EWAS

cg07077240 -0.024 (0.004) 7.54 × 10-10 6.54 × 10-4 HERC3 chr4:89514179 Island 5UTR

†CpG site driven by methylation outliers.
CHR:POS: Chromosome:Position; EWAS: Epigenome-wide association study; FDR: False discovery rate; N/A: not applicable; SE: Standard error; UCSC: University of California–
Santa Cruz.
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Figure 3. Bar plot of the 20 most significant Gene Ontology terms from the enrichment analysis of the 121 CpG sites with p < 0.05 in
cross-ancestry epigenome-wide association study. Only ‘photoreceptor cell differentiation’ passed the false discovery rate threshold of
5%.

GO enrichment analysis
In the GO enrichment analysis of 121 CpG sites with p < 1 × 10-4 from the cross-ancestry EWAS, only the
GO-term ‘photoreceptor cell differentiation’ passed the FDR <0.05 threshold (Figure 3 & Supplementary Table
4). Using the CpG sites with p < 1 × 10-4 from the European EWAS (n = 77) (Supplementary Table 5), no
GO term above the FDR threshold was identified. Lastly, performing the same analysis in the South Asian EWAS
(n = 141), enrichment (FDR < 0.05) in ‘cell-cell adhesion via plasma-membrane adhesion molecules’ and ‘protein
localization to cell periphery’ were identified (Supplementary Table 6).

Associations with cardiometabolic traits
cg19888088 identified in the cross-ancestry EWAS (effect size = -0.002, SE = 0.001, p = 0.0356), and cg01952260
identified in the European EWAS (effect size = 0.005, SE = 0.002, p = 0.022) were associated with diastolic blood
pressure in EPIPREG (n = 457). Methylation levels of cg07077240 were not related to any of the other phenotypes
tested (Supplementary Table 7).
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Table 3. Methyl quantitative trait loci associated with methylation at the folate related CpG sites.
CpG mQTL Gene NE/E CIS/TRANS CHR:POS Effect (SE) p-value

cg07077240 rs12526070 CASC15 C/T TRANS 6:22272393 -0.466 (0.079) 3.67 × 10-8

rs113796915 CASC15 A/G TRANS 6:22272564 -0.466 (0.079) 3.67 × 10-8

cg19888088 N/A N/A N/A N/A N/A N/A N/A

cg01952260 N/A N/A N/A N/A N/A N/A N/A

CHR:POS: Chromosome:Position; E: Effect allele; mQTL: Methyl quantitative trait loci; N/A: Not applicable; NE: Noneffect allele.

Serum folate

rs12526070 cg07077240

6.24
(2.98, 9.49)*

-0.021
(-0.03, -0.013)**

Total effect: 6.24 (2.98, 9.49)***

ACME: -0.13 (-0.23, -0.06)*
ADE -0.35 (-0.506, -0.019)***

Proportion mediated: 24%

Figure 4. Mediation analysis to evaluate if serum folate was a mediator between rs12526070 and cg07077240. Data
are effect sizes (95% CI).
ACME: Average causal mediation effects; ADE: Average direct effects.
*p < 0.001; **p < 1 × 10-5; ***p < 1 × 10-10.

According to the EWAS catalogue, cg19888088, cg01952260 and cg07077240 have not previously been asso-
ciated with folate nor any cardiometabolic phenotype.

Genetic variants & DNA methylation
In EPIPREG, mQTL analysis identified gene variants only for cg07077240 (rs12526070 and rs113796915)
(Table 3). Because the variants were in strong LD with each other (R2 = 0.966) only rs12526070 was analyzed
further for the phenotype associations. In EPIPREG, the minor allele of rs12526070 (T) was associated with
increased serum levels of folate (p = 9.19 × 10-5), triglycerides (p = 0.006), total cholesterol (p = 0.041) and HDL
cholesterol (p = 0.023) (Supplementary Table 8). No associations between rs12526070 and serum folate levels nor
with any cardiometabolic phenotypes in PhenoScanner were found.

In mQTLdb, we found 4 trans-mQTL for cg07077240 (Supplementary Table 9) in LD within each other (R2

from 0.966 to 0.974). The most significant variant was rs4268751 locaed in HS3ST4. The variants rs112030070
and rs112571402 (R2 = 1) located in WDR76 were trans-mQTLs for cg01952260 (Supplementary Table 9).
GoDMC has not reported mQTLs for these CpG sites. PhenoScanner has not reported associations with folate
nor any cardiometabolic phenotype for rs4268751 and rs112030070.

Mediation analysis
Mediation analysis suggested that serum folate explained 24% of the relationship between rs12526070 and
cg07077240 (Figure 4). However, the effect size and p-value of the ADE (Average direct effects) model were
stronger in comparison to the average causal mediation effects (ACME) model (Figure 4).

Replication with folate intake data from MoBa
Evidence of replication in any of the three CpG tested was not found (Supplementary Table 10).

Shared signatures between cord blood & maternal blood DNA methylation
The three CpG sites identified in EPIPREG were not significant in cord blood (Supplementary Table 10). Further,
none of the CpG sites associated with serum folate in cord blood reached the Bonferroni threshold in EPIPREG,
but 22 CpG sites had the same direction of the effect across both tissues and a nominal p < 0.05 in the cross-
ancestry analysis (Supplementary Table 11). In the European and South Asian analyses, three and 16 CpG sites
were found that had consistent effects and a nominal p < 0.05, respectively (Supplementary Tables 12 & 13). As
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Figure 5. Quadrant plot of effect sizes of the 410 CpG sites tested for consistency across cord blood and peripheral
blood leukocytes (EPIPREG). Quadrant 1 (Q1) contains CpG sites with consistent positive effect sizes across both
studies (filled circles). Quadrant 2 (Q2) contain CpG sites with negative effect sizes in cord blood, but positive in
EPIPREG (filled triangles). Quadrant 3 (Q3) contain CpG sites with consistent negative effect sizes across both studies
(filled squares). Quadrant 4 (Q4) contain CpG sites with positive effect sizes in cord blood, but negative effect sizes in
EPIPREG (plus symbol).
PBL: Peripheral blood leukocytes.

shown in Figure 5, 60% of the 410 CpG sites evaluated had a consistent direction of the effect across peripheral
blood leukocytes and cord blood (59% negative and 1% positive effect sizes).

Discussion
Methylation in maternal peripheral blood leukocytes at cg19888088 (in EBF3), cg01952260 and cg07077240 (in
HERC3) were inversely associated with maternal serum folate levels. Methylation at cg19888088 and cg01952260
were associated with diastolic blood pressure. rs12526070, mQTL of cg07077240 annotated to CASC15 was
associated with serum folate, triglycerides, total cholesterol and HDL cholesterol. Mediation analysis suggested that
folate could mediate the relationship between rs12526070 and methylation levels of cg07077240 but suggested
that other unknown additional factors are likely to explain the relationship. Finally, none of the three CpG sites
were replicated.

As no cohort had both serum folate and DNA methylation in the same individuals, we attempted replication
in two samples with estimated folate intake from an FFQ and DNA methylation in the same women. We did
not replicate our findings using folate intake data from MoBa. However, serum folate and estimated folate intake
from FFQs are modestly correlated [42–44], as FFQs are hampered by inaccurate reporting and other method
limitations [45]. Therefore, the lack of replication could be due to underlying methodological differences across
folate measurement methods.

We further evaluated if the CpG sites identified in EPIPREG were also significant (p < 0.05) in an EWAS of
maternal serum folate in cord blood of their offspring. The CpG sites were not significant in cord blood DNA
methylation. The last could be because maternal folate levels do not entirely reflect offspring folate levels – that
is, DNA methylation and serum folate were not measured in the same individual. The transport of maternal
folate to cord blood depends on the activity of several transporters in the placenta [46]. During gestation, folate is
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accumulated in the placenta and cord blood to ensure enough folate to the fetus [46,47], thus folate levels in the fetus
can be higher than maternal folate levels. In this context, maternal folate levels are an indirect measurement of folate
in cord blood, which may hamper our efforts to find common associations across studies. In addition, the lack
association could also be due to differing leukocyte composition between peripheral blood and cord blood [48], and
underlying differences between the design of both studies, such as data collected at different time points (gestational
week 28 in EPIPREG, <20 week in the cord blood EWAS), and the selection of covariates for the discovery analysis.
Lastly, in the quadrant plot presented in Figure 5, we observed that 60% of the CpG sites identified in cord blood
had the same direction of effects in EPIPREG. A better powered study is necessary to verify whether some of these
potential shared loci could be formally replicated.

The cross-ancestry site cg19888088, located in the EBF3 gene, has not previously been associated with serum
folate levels. However, DNA methylation at two other CpG sites within EBF3 (cg26229752 and cg17726092) in
cord blood have been inversely associated with maternal serum folate levels [12]. Thus, we speculate that maternal
folate levels are associated with lower EBF3 methylation levels. EBF3 is a transcription factor that influences the
cerebral cortex’s laminal formation [49]. Loss of function mutations in EBF3 have been associated with developmental
defects such as altered neural development [50], and phenotypes such as intellectual disability, facial dysmorphism,
ataxia and autism [49,51]. Evidence further suggests that EBF3 may act as a tumor suppressor [52]. Both aberrant
DNA methylation patterns [52,53] and gene silencing in EBF3 [52] are associated with several types of cancers.

The site cg01952260 found in Europeans and cg07077240 found in South Asians have not previously been
associated with folate. Decreased DNA methylation at cg01952260 in naive CD4+ T cells has been associated with
systemic lupus erythematosus [54]. cg07077240 is located in the HERC3 gene, that negatively regulates the NF-Kb
pathway which is an important activator of inflammatory and immune reactions [55]. Folate is a vital nutrient for
regulation of the immune reaction and inflammatory response [56]. Therefore, methylation at these CpG sites could
potentially play a role in inflammatory related processes associated with folate.

Methylation levels of cg01952260 and cg07077240 were associated with diastolic blood pressure in EPIPREG.
Folate has previously been associated with blood pressure [57,58]. Furthermore, a meta-analysis found that intake
of folic acid in pregnancy lowered preeclampsia risk – specifically through multivitamins containing folic acid [59]

or other folic acid supplements [60]. Nevertheless, only Yadav et al. [61] has suggested that DNA methylation
could be an intermediate mechanism between folate metabolism and blood pressure. The study found that global
hypomethylation was associated with blood pressure in a North Indian population. The association was more
pronounced in nonmedicated hypertensive individuals carrying the T allele of the variant rs1801133 located in
MTHFR [61]. Interestingly, another study found that BMI was associated with DNA methylation in the MTHFS
gene, an enzyme relevant to folate metabolism [62]. Hence, folate regulation could be associated with DNA
methylation patterns that in turn were associated with other cardiometabolic related traits. However, in the EWAS
catalogue, we did not find previous associations between blood pressure and methylation at cg01952260 and
cg07077240. Hence, these finding should be corroborated in other studies.

rs12526070, mQTL of cg07077240, was associated with several lipid parameters, which have not been reported
previously. However, in pregnancy, the lipid profile fluctuates, with a decrease in the first trimester followed by a
subsequent increase as pregnancy progresses [63]. Therefore, it remains to be seen whether the associations between
rs12526070 and lipids are related to the lipid traits themselves or represent pregnancy-related lipid changes. The
mQTLs previously reported for cg07077240 and cg01952260 in mQTLdb were not replicated in our mQTL
analysis or in the GoDMC database. Further studies are needed to verify the mQTLs associated with cg07077240
and cg01952260.

The mediation analysis implied that the T allele of rs12526070 increases methylation levels at cg07077240 with
serum folate as a mediator. Nevertheless, the ADE model was stronger than the ACME model, implying that it is
highly likely that other unknown factors are likely to mediate this relationship aside of folate. Unfortunately, we
lack independent variants to perform a robust Mendelian randomization analysis to establish causal relationships.

A major strength of this study is the well characterized cohort, which allowed association analyses with other
cardiometabolic phenotypes. Further, genetic data allowed us to perform mQTL analysis to find potential gene
variants related to DNA methylation of the CpG sites. An important limitation of this work is the small sample
size, which only allowed detection of moderate to strong effect sizes. Finally, we lacked a proper replication cohort
with DNA methylation in peripheral blood leukocytes and serum folate data in the same individuals.
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Conclusion
We identified three novel CpG sites associated with serum folate levels in peripheral blood leukocytes. The cross-
ancestry CpG site cg19888088 was located in the EBF3 gene, a gene related to neural development. cg01952260,
found in Europeans, and cg07077240 (in HERC3) found in South Asians, are potentially associated with immune
processes related to inflammation. Methylation at cg19888088 and cg01952260 was associated with diastolic blood
pressure. Only cg07077240’s was associated with genetic variants, and its mQTL, rs12526070 (in CASC15), was
associated with serum folate and lipids. Overall, our findings provide insights about the epigenetic component of
serum folate levels.

Summary points

• Three CpG sites associated with serum folate in peripheral blood leukocytes were identified: cg19888088
(cross-ancestry), cg01952260 (in Europeans) and cg07077240 (in South Asians).

• cg19888088 is located in the EBF3 gene, which has been implicated in neural development, and methylation at
EBF3 has been previously associated with maternal serum folate levels in cord blood.

• cg01952260 and cg07077240 in HERC3 are potentially associated with immune processes related to inflammation.
• cg19888088 and cg01952260 were associated with diastolic blood pressure in EPIPREG.
• cg07077240’s mQTL, rs12526070 (annotated in CASC15), was associated with serum folate and lipids.
• A proper replication cohort with both serum folate and DNA methylation data in peripheral blood leukocytes is

needed to verify our findings.

Supplementary data

To view the supplementary data that accompany this paper please visit the journal website at: www.futuremedicine.com/doi/

suppl/10.2217/epi-2022-0427
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