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ABSTRACT
Background: Folate and vitamin B-12 are essential micronutrients
involved in the donation of methyl groups in cellular metabolism.
However, associations between intake of these nutrients and genome-
wide DNA methylation levels have not been studied comprehen-
sively in humans.
Objective: The aim of this study was to assess whether folate and/or
vitamin B-12 intake are asssociated with genome-wide changes in
DNA methylation in leukocytes.
Methods: A large-scale epigenome-wide association study of folate
and vitamin B-12 intake was performed on DNA from 5841
participants from 10 cohorts using Illumina 450k arrays. Folate
and vitamin B-12 intakes were calculated from food-frequency

questionnaires (FFQs). Continuous and categorical (low compared
with high intake) linear regression mixed models were applied per
cohort, controlling for confounders. A meta-analysis was performed
to identify significant differentially methylated positions (DMPs) and
regions (DMRs), and a pathway analysis was performed on the DMR
annotated genes.
Results: The categorical model resulted in 6 DMPs, which are
all negatively associated with folate intake, annotated to FAM64A,
WRAP73, FRMD8, CUX1, and LCN8 genes, which have a role in
cellular processes including centrosome localization, cell prolif-
eration, and tumorigenesis. Regional analysis showed 74 folate-
associated DMRs, of which 73 were negatively associated with folate
intake. The most significant folate-associated DMR was a 400-base
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pair (bp) spanning region annotated to the LGALS3BP gene. In
the categorical model, vitamin B-12 intake was associated with 29
DMRs annotated to 48 genes, of which the most significant was a
1100-bp spanning region annotated to the calcium-binding tyrosine
phosphorylation-regulated gene (CABYR). Vitamin B-12 intake was
not associated with DMPs.
Conclusions: We identified novel epigenetic loci that are associated
with folate and vitamin B-12 intake. Interestingly, we found a
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Introduction
Folate and vitamin B-12 are essential micronutrients of the

1-carbon pathways that are involved in the donation of methyl
groups to the DNA, RNA, and proteins (1). Folate is a methyl-
donor itself, where its active form, 5-methyltetrahydrofolate,
donates its methyl group to the remethylation of homocysteine
to methionine. Vitamin B-12 is a cofactor in this reaction.

Folate and vitamin B-12 status has been connected to diverse
diseases. Low concentrations of folate and vitamin B-12 during
pregnancy are independently associated with the risk of neural
tube defects in the child (2–4). In addition, low concentrations of
folate or vitamin B-12 are associated with risk of a wide range
of diseases, such as cardiovascular diseases and osteoporosis
(5–8). Severe vitamin B-12 and folate deficiencies result in
megaloblastic anemia, which, for vitamin B-12 deficiency, is
associated with severe neurological abnormalities (9). Diagnosis
of vitamin B-12 deficiency is hampered by the lack of diagnostic
accuracy of available biomarkers. DNA methylation is a pos-
sible mechanism underlying the previously identified relations
between folate or vitamin B-12 deficiency and disease risk, and
specific alterations in methylation patterns could serve as future
biomarkers for these nutrient-related disease risks. Therefore, it
is important to assess the association of these nutrients with DNA
methylation.

The relation between folate and/or vitamin B-12 intake
and DNA methylation has been investigated mostly in studies
examining individuals with a particular disease, which might
confound the observed associations (10–12). A limited number
of human studies were conducted in disease-free individuals (13–
17). Importantly, in all previous studies, global DNA methylation
levels were assessed as either total 5-methyl cytosine content,
or LINE-1 or Alu repeat methylation as a proxy for global
methylation status in blood leukocytes. The results from these
studies were inconsistent (13–17). The relation between maternal
folate intake and fetal DNA methylation was investigated in a few
studies showing that maternal intake was associated with changes
in DNA methylation (18–20). The previous studies related to
folate and vitamin B-12 and DNA methylation in adults have
been limited with respect to outcome (e.g., global methylation
levels only), sample size, and participants (e.g., maternal–fetal
exposures), and to date there are no large-scale epigenome-wide
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association studies (EWASs) in adults examining the relation
between B-vitamin intake and DNA methylation.

In this study, we undertook a large-scale EWAS of folate and
vitamin B-12 intake, analyzing the association with methylation
at up to 485,512 CpGs assessed in whole blood measured in up
to 5841 individuals across 10 cohorts from Europe and North
America. Because folate and vitamin B-12 are important in the
transfer of methyl groups to DNA, we hypothesize that low intake
of folate or vitamin B-12 is associated with genome-wide DNA
hypomethylation in the normal population.

Materials and Methods

Study populations

Data from 10 cohorts with a total of 5520 individuals of
European ancestry and 321 African-American individuals were
included in this meta-analysis. Written informed consent was
given by all participants for genetic research. Descriptions of each
cohort are provided in Supplemental Text 1. For all participating
studies, individuals with prevalent cancer were excluded from
analyses due to potential differences in dietary patterns in
response to their disease (21, 22) and different methylation
patterns (23, 24).

DNA methylation assessment

Genomic methylation profiling was performed on whole blood
in 10 cohorts using the Infinium Illumina HumanMethylation
450k BeadChip arrays (Illumina Inc.) according to the manufac-
turer’s protocol. The Genetics of Lipid Lowering Drugs and Diet
Network (GOLDN) study used CD4+ T cells from buffy coats.
The Illumina array measures the methylation status of 485,512
CpG sites in the gene and nongene regions of CpG islands,
shores, and shelves of the human genome (25). Poor-quality
samples and probes were excluded based on cohort-specific
criteria (Supplemental Table 1). Quantile (26), DASEN (27),
Subset-quantile Within Array Normalization (28), Beta MIxture
Quantile dilation (29), or Functional normalization (30) was used
to correct the raw beta values that represent the methylation
percentage per CpG for every sample. The normalized beta values
were used for the association analysis in each cohort.

Data collection and dietary assessment

Dietary intake data were derived in each cohort from structured
self-administered food-frequency questionnaires (FFQs) that
contained from 78 to 389 food items (Table 1). Exposure
variables for the nutrients folate and vitamin B-12 were
calculated in μg/d from dietary intake data using national food
composition tables (Table 2). This included foods with folic acid
fortification if this was the case, but did not include B-vitamin
supplement intake. Participants with missing dietary data, or
those who reported very low (<500) or very high (>5000) total
energy intake, were excluded.

In order to reduce the magnitude of the systematic measure-
ment error of the FFQ, each nutrient was adjusted for total energy
intake, using the residual method (31). Next, unstandardized
residuals from this regression of each nutrient and total energy
intake were used for association analyses. B-vitamin supplement



440 Mandaviya et al.

TABLE 1 Dietary assessment in participating cohorts

No. Cohorts Country
N1

(5841) Fortification2
No. of food

items

Year(s) of
dietary data
collection Reference table Time gap3, y

1 RS Netherlands 900 No 389 2006–2012 The Dutch Food Composition
Tables (NEVO table, 2006)

0 (46% samples
had ∼7-y gap)

2 LLS Netherlands 430 No 183 2006–2007 FQ13V20061221 (Wageningen
2006), calculations based on
Dutch Food Composition
Database (NEVO table, 2006)

0

3 CODAM Netherlands 154 No 178 2006–2009 NEVO Table, 2001 0
4 InCHIANTI Italy 484 No 236 1998–2000 Italian Tables of Food

Composition, 1998
0

5 YFS Finland 155 No 128 2007 Finnish Tables of Food
Composition, 2007

4

6 TwinsUK United
Kingdom

568 Yes 131 1994–2001,
2007

McCance and Widdowson’s The
Composition of Foods Edition 6,
2002

0

7 FHS United States 1657 Yes 126 2005–2008 Harvard FFQ Nutrient Database,
2009

5–6

8 GOLDN United States 983 Yes 124 2002–2004 The USDA’s 1994–1996
Continuing Survey of Food
Intakes by Individuals

0

9 ARIC United States 321 No 78 1993–1995 USDA. Composition of foods:
Agriculture Handbook No. 8
Series. Washington (DC):
USDA, 1975–1989

0

10 CHS United States 188 No 131 1989–1990 Harvard FFQ Nutrient Database,
1996

0

1Number of samples after exclusion of individuals with prevalent cancer and very low (<500) or very high (>5000) total energy intake.
2Cohorts that included foods with folic acid fortification.
3Time between dietary data collection and blood sampling for DNA-methylation analysis. Dietary data were collected before blood sampling for

DNA-methylation analysis. ARIC, Atherosclerosis Risk in Communities; CHS, Cardiovascular Health Study; CODAM, Cohort study on Diabetes and
Atherosclerosis Maastricht; FFQ, food-frequency questionnaire; FHS, Framingham Heart Study; GOLDN, Genetics of Lipid Lowering Drugs and Diet
Network; InCHIANTI, Invecchiare in Chianti; LLS, Leiden Longevity Study; RS, Rotterdam Study; YFS, Young Finns Study.

intake was available in all cohorts for use as a covariate.
Because these supplement data were recorded in different forms
(B-vitamins, multivitamins, or folic acid supplements) and
different units (frequency per day or per week) in each cohort, we
harmonized these data across all cohorts by grouping individuals
as supplement users and nonusers, regardless of specific vitamin
form.

Statistical analyses

Differentially methylated positions (DMPs): cohort-specific
association analyses.

Each participating cohort used linear mixed models to
investigate the associations between each nutrient and genome-
wide DNA methylation. This DNA-methylation analysis was
first performed in a site-specific (CpG) manner to find DMPs.
Models were adjusted for age, sex, BMI (in kg/m2), differential
white blood cell (WBC) counts, smoking status, physical activity,
B-vitamin supplement intake, and alcohol (g/d or drinks/wk) and
coffee (g/d or servings/d) consumption as fixed effects, except
for those studies for which some covariates were not present
(Table 2). Technical covariates such as array number and position
on array were also adjusted for and were treated as random
effects. Differential WBC counts were either represented as

a percentage of measured cell counts or imputed using the
Houseman method (32). We first used a continuous model
(Model 1), where the unstandardized residuals of each nutrient
were used as continuous variables to estimate their association
with genome-wide DNA methylation. To determine whether
large differences in nutrient intake affect DNA methylation,
we also performed a categorical analysis where the individuals
of each residual nutrient were divided into tertiles, and the
first and third tertiles were used to define low and high
nutrient intakes, respectively (Model 2). Food intake measured
by FFQ is prone to measurement error, but is adequate for
ranking individuals based on their intake (33). Thus, a model
based on categorical ranks rather than absolute intake is the
recommended analytical approach. In addition, because the
use of supplements may be a confounder to the analysis, we
performed a sensitivity analysis of both folate and vitamin B-12
intake in nonusers of B-vitamin, multivitamin, or folic acid
supplements (Model 3).

DMPs: meta-analyses.

Figure 1 shows the stepwise study design that was followed.
Using the software GWAMA (34), fixed effect meta-analyses
as weighted by inverse variance were performed from the
summary statistics of each participating cohort on the continuous
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(Model 1), categorical (Model 2) and supplement nonusers
sensitivity models (Model 2a) of folate and vitamin B-12
intake EWASs. An additional sensitivity meta-analysis was also
performed with limitation to studies that had FFQ data at the
same time point as DNA-methylation measurements (Model 2b).
Heterogeneity (I2) was used to evaluate differences between
cohorts in the fixed effect meta-analysis. The probes with SNPs
at single base extension and probes with improper binding (35)
were excluded to avoid spurious signals and cohybridization
with alternate homologous sequences. All participating cohorts
had different probe exclusions for quality control, and therefore
as part of the meta-analysis stage, we removed probes if
they were not present in at least 5 cohorts. The significance
was defined by the Benjamini–Hochberg method (36) of the
false discovery rate (FDR) < 0.05. The gene annotations for
the DMPs we identified were performed using the Genomic
Regions Enrichment of Annotations Tool (GREAT) (37) with the
University of California, Santa Cruz (UCSC) (38) where they
assigned a regulatory domain consisting of a basal domain to each
gene, that extends up to 5 kb upstream and 1 kb downstream
from its transcription start site. The DMP is annotated with a
gene if it overlaps with its basal domain. In addition, DMP
is annotated to a gene if an extension is reached up to the
basal regulatory domain of the nearest upstream and downstream
genes within 1 Mb. The genomic inflation factors (39) were
computed to estimate the rate of false positives due to population
structure. Although such a measure has been successfully applied
in genome-wide association studies, its application to EWAS may
not confer the same benefit due to the inherent nature of the
correlation structure in CpG sites of interdependent pathways and
environment exposure (40).

Differentially methylated regions (DMRs).

Because adjacent CpG sites across the genome are often
spatially correlated and known to regulate in longer genomic
regions (41), we extended our analysis to find DMRs, which
in general are genomic regions of 500–1000 base pairs (bp)
with different methylation status. We identified DMRs for each
nutrient using the software comb-p (42), through analysis of the
nominal P values of DMPs generated from the meta-analysis
(Figure 1, Model 3). Nominal P values of DMPs were adjusted
according to their weighted correlation with adjacent P values
using the Stouffer–Liptak–Kechris method, in a sliding window
of 500 bp with varying lags of 50 bp (42). Regions were identified
by the peak finding algorithm on the adjusted P values that
qualified according to the Benjamini–Hochberg FDR threshold
< 0.05. The identified regions were then given new P values and
corrected for multiple testing using the Sidak correction (42).
The significance for DMRs was defined as Sidak < 0.05 for
each nutrient. The gene annotations for the identified DMRs were
performed using the GREAT tool (37) with the same extensions
as applied for the DMP gene annotations.

Pathway analysis was performed for genes annotated to the
DMRs related to each nutrient, using the WEB-based GEne SeT
AnaLysis Toolkit (43). Overrepresentation enrichment analysis
was performed for the GREAT annotated genes of the folate
and vitamin B-12-associated DMRs, respectively, and compared
against the reference genome, in the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways. The multiple testing
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FIGURE 1 Analysis flow scheme. 1) Meta-analysis of continuous model EWAS of folate and vitamin B-12 intake as well as 2) meta-analysis of categorical
model EWAS were performed. Significant (FDR < 0.05) associations of the folate-intake categorical meta-analysis were looked up in the folate intake (as a
continuous variable) meta-analysis and vitamin B-12 intake (as a categorical variable) meta-analysis. Meta-analyses of categorical EWAS were followed by
2a) sensitivity meta-analyses of B-vitamin supplement nonusers that included lookup of the folate-intake-associated CpGs of the main model, 2b) sensitivity
meta-analysis of studies with FFQ collection at the same time point as the DNA-methylation measurements, 3) DMR analyses to find regions of association, and
lastly, 4) comparison to previously identified DMPs associated with maternal folate intake. 5) Lookup of the folate-intake-associated DMPs on the previously
published methylation–expression associations in the BIOS QTL browser. BIOS, Biobank-Based Integrative Omics Studies; BPROOF, B-Vitamins for the
PRevention Of Osteoporotic Fractures; DMP, differentially methylated position; DMR, differentially methylated region; DNAm, DNA methylation; EWAS,
Epigenome-wide Association Study; FDR, false discovery rate; FFQ, food-frequency questionnaire; Vit B12, vitamin B-12.

was set to FDR < 0.05, and the minimum number of genes in
a functional gene set category was set to 2.

Previously published DMPs using Illumina 450k arrays.

We also investigated whether previously published DMPs
related to maternal folate (19, 20) and DMPs related to folate
and vitamin B-12 intervention (44) were associated with folate
and vitamin B-12 intake in our population-based meta-analysis
in adults. Gonseth et al. observed 4 DMPs (cg22664307,
cg21039708, cg15219145, and cg13499966) in neonatal blood
that were associated with maternal folate intake (n = 167)
(19). In a second study examining cord blood methylation with
maternal plasma folate (n = 1988), 443 DMPs in cord blood
were identified (20). In a 2-y folic acid and vitamin B-12
intervention study, 1 DMP (cg19380919) had the greatest change
in methylation in the treatment group compared to the controls
with marginal significance (44). We compared the nominal P
values and beta coefficients to examine the direction of effects. In
addition, we also checked for the enrichment of these previously
found DMPs in our meta-analysis by comparing these CpGs to
the same number of randomly selected CpGs from the array
using 100 permutations. From both the CpG sets, the number of
CpGs that had nominal P < 0.05 were determined and compared.
Using Fisher’s exact test, the significant enrichment was then
determined.

Effect of DMPs and DMRs on gene expression.

Finally, in the Biobank-Based Integrative Omics Studies
(BIOS) QTL browser (35), we assessed whether the folate

and vitamin B-12 intake-associated DMPs were associated with
expression levels of the nearby genes.

Results

Cohort characteristics

Among the European cohorts, the median intakes of dietary
folate ranged from 193 μg/d in the Leiden Longevity Study (LLS)
to 415 μg/d in the Rotterdam Study (RS). For the LLS and
Cohort study on Diabetes and Atherosclerosis Maastricht (200
μg/d) cohorts, this is slightly lower than the European estimated
average requirement (EAR) of 250 μg/d (45). The RS had the
highest median folate intake at 415 μg/d. Among the American
cohorts, the median intake of dietary folate was 234 μg/d in
the GOLDN study, which is lower than the American EAR of
320 μg/d (46, 47). The Cardiovascular Health Study, Fram-
ingham Heart Study (FHS) and Atherosclerosis Risk in
Communities (ARIC) fulfilled the American EAR for their
median dietary folate intakes at 360, 406, and 448 μg/d,
respectively.

Among the European cohorts, the median intake of dietary
vitamin B-12 ranged from 4.0 μg/d in the LLS to 7.4
μg/d in the Young Finns Study (YFS). For the American
cohorts, the median intake of dietary vitamin B-12 ranged
from 4.5 μg/d in the GOLDN study to 6.3 μg/d in the ARIC
study. Characteristics of each participating study are given in
Table 1.

Study participants were adults (44–100% women) with the
mean age ranging from 40 to 77 y. There were 7–25% current
smokers and 3–58% B-vitamin, multivitamin, or folic acid
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supplement users. Further characteristics such as BMI, WBC
counts, physical activity, and alcohol and coffee intake of each
cohort are provided in Table 2.

Association analysis between B-vitamin intake and
methylation

Model 1: Continuous (DMPs).

A meta-analysis of the 5815 individuals from the EWAS
analysis of the folate-intake continuous model showed no
significant DMP associations (FDR < 0.05). A meta-analysis
of the 5302 individuals of the EWAS analysis of the vitamin
B-12-intake continuous model also showed no significant DMP
associations (FDR < 0.05) (Supplemental Figure 1).

Model 2: Categorical (DMPs).

Meta-analyses of 3894 individuals evaluated categorically
from the EWASs of folate intake showed 6 significant DMP
associations (FDR < 0.05) (Table 3, Figure 2A–G, and
Supplemental Figure 2). These 6 DMPs showed consistent
association with nominal significance (P < 0.05) in the
continuous model (Table 3). The most significant DMP was at
cg23465990 (P = 3.87 × 10−8, FDR = 0.018) on chromosome
17, annotated to the nearest gene FAM64A (605 bp upstream),
and showed a 0.12% decrease in methylation per microgram
per day increase in residual folate intake. Other significant
DMPs at cg11832534, cg03249011, cg14398883, cg00826902,
and cg14145338 were annotated to the nearest genes WRAP73
(2648 bp downstream), FRMD8 (41,931 bp downstream), CUX1
(62,673 bp upstream), WRAP73 (2692 bp downstream), and
LCN8 (3667 bp downstream), respectively, of chromosomes 1,
11, 7, and 9. All identified DMPs were negative associations
between folate intake and methylation levels with a 0.12–0.79%
decrease in methylation per microgram per day increase in
residual folate intake.

EWAS results of the vitamin B-12-intake categorical model
did not show any significant DMPs in the meta-analysis of
3566 individuals (Figure 3 and Supplemental Figure 2). Of the
6 significant DMPs from the folate-intake analysis, 2 folate-
intake-associated DMPs (cg23465990 and cg14398883) showed
borderline nominal significance in the same direction as folate
intake in the categorical model of vitamin B-12 intake (P = 0.02
and 0.04, respectively) (Supplemental Table 2).

Model 2a: Sensitivity model in supplement nonusers.

A sensitivity analysis was further performed to reduce
heterogeneity in the models caused by the use of B-vitamin
supplements. This may potentially help with finding new
true positive DMPs. We therefore restricted the analysis to
supplement nonusers, but no significant DMPs were found in
the meta-analysis of 2183 individuals for the categorical model
of folate intake (Supplemental Figure 3). The 6 significant
DMPs identified in the full categorical model were nominally
associated (P < 0.05) in the same direction with folate intake
in the nonusers (Table 3). The effect sizes were similar to the
full categorical model with a 0.12–0.74% decrease in methylation
per micrograms per day increase in folate intake. Furthermore, T

A
B

L
E

3
D

if
fe

re
nt

ia
lly

m
et

hy
la

te
d

po
si

tio
ns

si
gn

ifi
ca

nt
ly

as
so

ci
at

ed
w

ith
fo

la
te

in
ta

ke
at

th
e

ep
ig

en
om

e-
w

id
e

le
ve

li
n

th
e

m
et

a-
an

al
ys

is

C
at

eg
or

ic
al

m
od

el
:a

ll
in

di
vi

du
al

s
(M

od
el

2)

C
at

eg
or

ic
al

m
od

el
:s

en
si

tiv
ity

an
al

ys
is

of
su

pp
le

m
en

t
no

nu
se

rs
L

O
O

K
U

P
(M

od
el

2a
)

C
at

eg
or

ic
al

m
od

el
:s

en
si

tiv
ity

an
al

ys
is

of
sa

m
e

tim
e

po
in

tF
FQ

an
d

D
N

A
m

L
O

O
K

U
P

(M
od

el
2b

)

C
on

tin
uo

us
m

od
el

:
al

li
nd

iv
id

ua
ls

L
O

O
K

U
P

(M
od

el
1)

C
pG

N
ea

re
st

ge
ne

C
hr

om
os

om
e

bp
N

E
ff

ec
t

SE
P

FD
R

I2
N

E
ff

ec
t

SE
P

N
E

ff
ec

t
SE

P
N

E
ff

ec
t

SE
P

1
cg

23
46

59
90

FA
M

64
A

(−
60

5)
17

6,
34

7,
15

3
37

91
−0

.0
01

2
2.

2
×

10
4

3.
9

×
10

8
0.

01
8

0.
02

21
20

−0
.0

01
2

2.
6

×
10

4
5.

3
×

10
6

2,
09

0
−0

.0
01

0
2.

9
×

10
4

9.
2

×
10

4
5,

66
1

−0
.0

00
00

4
1.

0
×

10
6

2.
4

×
10

5

2
cg

11
83

25
34

W
R

A
P

73
(+

2,
64

8)
,

T
P

R
G

1L
(+

22
,4

67
)

1
3,

56
3,

99
8

38
94

−0
.0

04
1

7.
7

×
10

4
9.

0
×

10
8

0.
02

1
0

21
83

−0
.0

03
2

9.
6

×
10

4
7.

9
×

10
4

2,
19

3
−0

.0
04

1
9.

7
×

10
4

2.
2

×
10

5
5,

81
5

−0
.0

00
01

5
3.

0
×

10
6

8.
9

×
10

6

3
cg

03
24

90
11

1
SC

Y
L

1
(−

96
,5

76
),

F
R

M
D

8
(+

41
,9

31
)

11
65

,1
95

,9
95

38
94

−0
.0

07
5

1.
4

×
10

3
1.

8
×

10
7

0.
02

9
0

21
83

−0
.0

07
4

1.
8

×
10

3
4.

2
×

10
5

2,
19

3
−0

.0
07

7
1.

9
×

10
3

3.
0

×
10

5
5,

81
5

−0
.0

00
01

6
6.

0
×

10
6

7.
5

×
10

3

4
cg

14
39

88
83

M
Y

L
10

(−
12

5,
63

3)
,

C
U

X
1

(−
62

,6
73

)
7

10
1,

39
8,

18
4

38
94

−0
.0

07
9

1.
6

×
10

3
5.

1
×

10
7

0.
04

9
0

21
83

−0
.0

04
8

1.
4

×
10

3
5.

2
×

10
4

2,
19

3
−0

.0
06

6
2.

2
×

10
3

2.
9

×
10

3
5,

81
5

−0
.0

00
02

8
6.

0
×

10
6

1.
0

×
10

6

5
cg

00
82

69
02

W
R

A
P

73
(+

2,
69

2)
,

T
P

R
G

1L
(+

22
,4

23
)

1
3,

56
3,

95
4

38
94

−0
.0

04
9

9.
8

×
10

4
5.

9
×

10
7

0.
04

9
0.

49
21

83
−0

.0
05

3
1.

2
×

10
3

1.
5

×
10

5
2,

19
3

−0
.0

02
6

1.
2

×
10

3
3.

4
×

10
2

5,
81

5
−0

.0
00

01
9

4.
0

×
10

6
3.

2
×

10
6

6
cg

14
14

53
38

L
C

N
6

(−
6,

08
4)

,
L

C
N

8
(+

3,
66

7)
9

13
9,

64
9,

03
9

38
94

−0
.0

06
1

1.
2

×
10

3
6.

2
×

10
7

0.
04

9
0.

05
21

83
−0

.0
06

1
1.

4
×

10
3

2.
1

×
10

5
2,

19
3

−0
.0

04
2

1.
5

×
10

3
6.

2
×

10
3

5,
81

5
−0

.0
00

02
2

5.
0

×
10

6
2.

0
×

10
5

1
L

oc
at

io
n

=
E

nh
an

ce
r,

ba
se

d
on

Il
lu

m
in

a
an

no
ta

tio
n,

de
ri

ve
d

fr
om

th
e

U
ni

ve
rs

ity
of

C
al

if
or

ni
a,

Sa
nt

a
C

ru
z

(U
C

SC
).

FD
R

th
re

sh
ol

d
=

0.
05

;s
ta

tis
tic

al
te

st
:l

in
ea

r
m

ix
ed

m
od

el
s,

ad
ju

st
ed

fo
r

B
M

I,
w

hi
te

bl
oo

d
ce

ll
co

un
ts

,s
m

ok
in

g
st

at
us

,p
hy

si
ca

la
ct

iv
ity

,B
-v

ita
m

in
su

pp
le

m
en

ti
nt

ak
e,

al
co

ho
la

nd
co

ff
ee

co
ns

um
pt

io
n,

an
d

ba
tc

h
ef

fe
ct

s.
bp

,b
as

e
pa

ir
lo

ca
tio

n
ba

se
d

on
Il

lu
m

in
a

an
no

ta
tio

n;
E

ff
ec

t,
be

ta
co

ef
fic

ie
nt

s
ba

se
d

on
un

st
an

da
rd

iz
ed

re
si

du
al

s
of

fo
la

te
in

ta
ke

(1
μ

g/
d)

,a
dj

us
te

d
fo

r
to

ta
le

ne
rg

y
in

ta
ke

;F
D

R
,f

al
se

di
sc

ov
er

y
ra

te
;F

FQ
,

fo
od

-f
re

qu
en

cy
qu

es
tio

nn
ai

re
;I

2
,h

et
er

og
en

ei
ty

I∧
2

pa
ra

m
et

er
.



444 Mandaviya et al.

FIGURE 2 (A) Manhattan plot of the folate categorical model, adjusted for BMI, WBC counts, smoking status, physical activity, B-vitamin supplement
intake, alcohol and coffee consumption, and batch effects, showing the association between folate intake and genome-wide DNA methylation (Model 2), with
6 significant DMPs at FDR < 0.05 (red line), in 3894 individuals. Nearest genes for these 6 DMPs are reported. (B) Forest plot of the categorical folate-intake
model 2, showing the association between folate intake and the most significant DMP cg23465990 (FAM64A) across all studies and in a meta-analysis of 3791
individuals. (C) Forest plot of the categorical folate-intake model 2, showing the association between folate intake and the DMP cg11832534 (WRAP73) across
all studies and in a meta-analysis of 3894 individuals. (D) Forest plot of the categorical folate-intake model 2, showing the association between folate intake and
the DMP cg03249011 (FRMD8) across all studies and in a meta-analysis of 3894 individuals. (E) Forest plot of the categorical folate-intake model 2, showing
the association between folate intake and the DMP cg14398883 (CUX1) across all studies and in a meta-analysis of 3894 individuals. (F) Forest plot of the
categorical folate-intake model 2, showing the association between folate intake and the DMP cg00826902 (WRAP73) across all studies and in a meta-analysis
of 3894 individuals. (G) Forest plot of the categorical folate-intake model 2, showing the association between folate intake and the DMP cg14145338 (LCN8)
across all studies and in a meta-analysis of 3894 individuals. ARIC, Atherosclerosis Risk in Communities; CHS, Cardiovascular Health Study; CODAM,
Cohort study on Diabetes and Atherosclerosis Maastricht; DMP, differentially methylated position; FDR, false discovery rate; FHS, Framingham Heart Study;
GOLDN, Genetics of Lipid Lowering Drugs and Diet Network; InCHIANTI, Invecchiare in Chianti; LLS, Leiden Longevity Study; RS, Rotterdam Study;
WBC; white blood cell; YFS, Young Finns Study.

no significant DMPs were identified either in the individual
cohort results or in the meta-analysis of 1855 individuals for the
categorical model of vitamin B-12 intake in supplement nonusers
(Supplemental Figure 3).

Model 2b: Sensitivity model time of measurements.

To determine whether there is a confounding effect by
studies with a time lag between DNA methylation and folate

or vitamin B-12 intake assessment, a second sensitivity meta-
analysis was performed including only studies where DNA-
methylation measurements and FFQ collection were assessed at
the same time. The FHS, YFS, and a subset of the RS cohort had
an FFQ collection 4–7 y away from DNA collection, and so these
3 cohorts were omitted (Model 2b, Figure 1). A meta-analysis of
the 2183 individuals for the categorical model of folate intake
did not result in any significant DMPs (Supplemental Figure
4). The 6 significant DMPs associated with folate intake in the
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FIGURE 2 continued

full categorical model had consistent associations with nominal
significance (Table 3). Furthermore, sensitivity meta-analysis of
the 1865 individuals for the categorical model of the vitamin B-12
intake also did not identify any significant DMPs (Supplemental
Figure 4).

Model 3: Categorical (DMRs).

Folate intake. We additionally performed DMR analysis using
P values of the folate and vitamin B-12-intake meta-analyses of
the categorical model (Model 2). By investigation of significant
regions (Sidak P < 0.05) using the software comb-p, we
observed 74 significant DMRs associated with folate intake
(Supplemental Table 3, Figure 4). At most DMRs (73/74),
methylation was negatively associated with folate intake. The
most significant DMR associated with folate intake was the
chr17:76,975,944–76,976,358 (P = 1.47 × 1014) containing a
414-bp region of 8 DMPs, which annotates to the LGALS3BP
gene. Overrepresentation enrichment analysis for the 117 genes

of the folate-associated 74 DMRs showed 1 significant path-
way: signaling pathways regulating pluripotency of stem cells
(P = 1.61 × 104).

Vitamin B-12 intake. A regional analysis using comb-p found
29 significant DMRs with Sidak P < 0.05 associated with
vitamin B-12 intake (Supplemental Table 4, Figure 5), of
which 15 showed a negative direction of effects. The most
significant DMR associated with vitamin B-12 intake was the
chr18:21,718,458–21,719,569 (P = 1.09 × 1013) containing a
1111-bp region of 18 DMPs, which annotates to the promoter re-
gion of the calcium-binding tyrosine phosphorylation-regulated
gene (CABYR). The vitamin B-12-associated DMRs did not
overlap with the folate intake-associated DMRs. An enrichment
analysis for the 48 genes of the vitamin B-12-associated 29
DMRs did not reveal any significant pathways.
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FIGURE 3 Manhattan plot of the vitamin B-12 categorical model, adjusted for BMI, WBC counts, smoking status, physical activity, B-vitamin supplement
intake, alcohol and coffee consumption, and batch effects, showing the association between vitamin B-12 intake and genome-wide DNA methylation
(Model 2), with no significant DMPs at FDR < 0.05 (red line), in 3566 individuals. DMP, differentially methylated position; FDR, false discovery rate;
WBC, white blood cell.

Previously published DMPs using Illumina 450k arrays.

Maternal folate exposure and cord blood DMPs. We analyzed
previously identified DMPs that have previously been reported
to be associated in neonates with maternal folate intake. In
the current folate-intake meta-analysis (Categorical Model 2),
1 (cg15219145) of the 4 previously identified DMPs from
the Gonseth et al. study (19) showed a nominal significance
(P < 0.05) with a similar direction. None of these 4 CpGs were
significant with vitamin B-12 intake (Supplemental Table 5).
Next, 28 and 27 of the 443 previously identified DMPs in
newborns from the Joubert et al. study (20) were associated with
folate and vitamin B-12 intake, respectively, in the same direction
with nominal significance (P < 0.05) in our study (Supplemental
Table 6). However, no enrichment of significant P values was
found in these 443 DMPs in either folate (P = 0.60) or
vitamin B-12 (P = 0.22) intake models in our study.

Folic acid and vitamin B-12 intervention study. The previ-
ously identified DMP (cg19380919) of a 2-y folic acid and
vitamin B-12 intervention study (44) was not associated with
either folate intake (P = 0.78) or vitamin B-12 intake (P = 0.43)
in the current study (Supplemental Table 7).

Effect of DMPs on gene expression.

Of the 6 folate-intake-associated DMPs, cg00826902 showed
a positive association with expression of the MEGF6 gene (mean
effect = 0.07, P = 8.52 × 105, FDR = 0.02) (35).

Discussion
We conducted the first large-scale EWAS of the association

between dietary folate and vitamin B-12 intake and genome-wide
DNA methylation in humans. We identified 6 novel DMPs and 74
DMRs significantly associated with folate intake, and 29 DMRs
significantly associated with vitamin B-12 intake. These novel
epigenetic loci might be mechanistic indicators of low folate and
vitamin B-12 intake.

The most significant DMP at cg23465990 is annotated to the
gene family with sequence similarity 64 member A (FAM64A)
on chromosome 17, which is identified as a marker for cell
proliferation control (48, 49). The DMPs at cg11832534 and
cg00826902 on chromosome 1 are annotated to the WD
repeat containing protein coding gene (WRAP73), which ensures
spindle morphology (50) and functions in ciliogenesis (51).
The DMP at cg14398883 on chromosome 7 is annotated to
cut like homeobox 1 (CUX1), which is a tumor suppressor
(52). The DMP at cg03249011 is annotated to the FERM
domain containing 8 (FRMD8) on chromosome 11. FRMD8 is
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FIGURE 4 Manhattan plot of the folate-intake categorical model 3, showing the association between folate intake and genome-wide DNA methylation,
with 74 significant DMRs adjusted for multiple comparisons using Sidak < 0.05 in 3894 samples. The red line represents the threshold of FDR < 0.05 of the
correlation-adjusted P values of the CpGs. Green circles denote CpGs that are present within the DMRs, whereas black/gray circles denote the single CpGs
that do not represent DMRs. The nearest genes for the top 5 DMRs are reported. DMR, differentially methylated region; FDR, false discovery rate.

associated with survival rate in lung adenocarcinoma patients
(53). Lastly, the DMP at cg14145338 is annotated to lipocalin
8 (LCN8) on chromosome 9. LCN8 expresses in epididymis and
is suggested to be involved in male fertility (54). Further studies
are needed to understand how these CpGs with seemingly no
obvious link with B-vitamin homeostasis are linked to folate
intake.

In contrast to the relatively small number of DMPs for folate
intake, we observed 74 significant DMRs in association with
folate intake, with several of potential relevance to immune
function and stem cell function. The most significant DMR
was the chromosome 17 locus spanning a 414-bp region
including 8 CpGs annotating to the galectin 3 binding protein
(LGALS3BP) gene, which is implicated in immune response.
Signaling pathways regulating pluripotency of stem cells are
overrepresented among the genes annotated near the folate-
associated DMR CpGs, comprising AKT serine/threonine kinase
3, inhibitor of DNA binding 2, HLH protein, Wnt family member
6 (WNT6), WNT9B, and WNT10A genes.

In contrast to the null findings for vitamin B-12 and DMP,
a regional analysis showed 29 significant DMRs associated
with vitamin B-12 intake. The most significant DMR was the
chromosome 18 locus spanning 1111 bp containing 18 CpGs
and a promoter of CABYR. Surprisingly, there was no overlap
of DMRs between the folate and vitamin B-12 intake despite

the correlation between folate and vitamin B-12 intake, thus
suggesting that their roles may be specific to different genes and
pathways.

We examined previously identified folate-associated DMRs
in mother–offspring pairs (19, 20, 44), but were not able to
replicate the findings. This suggests that the folate-related DMPs
in newborns and adults are not similar and might differ across
the life course. We also tried to replicate previously identified
CpGs in the B-Vitamins for the PRevention Of Osteoporotic Frac-
tures (BPROOF) intervention study, where folate/vitamin B-12
supplementation was performed in elderly individuals. Again,
we were unable to replicate those findings. A possible ex-
planation for this latter finding is that the BPROOF study
is an intervention study in which the effects of folate and
vitamin B-12 on DNA methylation were studied over a
period of 2 y. In addition, only individuals with elevated
homocysteine (>15 μmol/L) were included in the BPROOF
study (44). In the studies reported in this paper, we included
generally healthy individuals with no limitation on homocysteine
concentrations.

We hypothesized that low levels of folate give rise to DNA
hypomethylation (13, 16, 17). However, all 6 folate-associated
DMPs and most (73 of 74) DMRs were negatively associated with
folate intake. The occurrence of general hypomethylation with
higher folate intake is contrary to our hypothesis, where a higher
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FIGURE 5 Manhattan plot of the vitamin B-12-intake categorical model 3, showing the association between vitamin B-12 intake and genome-wide DNA
methylation, with 29 significant DMRs adjusted for multiple comparisons using Sidak < 0.05 in 3565 samples. The red line represents the threshold of
FDR < 0.05 of the correlation-adjusted P values of the CpGs. Green circles denote the CpGs that are present within the DMRs, whereas black/gray circles
denote the single CpGs that do not represent DMRs. The nearest genes for the top 5 DMRs are reported. DMR, differentially methylated region; FDR, false
discovery rate.

folate intake would donate methyl groups and result in relative
genome-wide hypermethylation. However, our results are in line
with the study from Ono et al., who showed that a higher folate
intake was associated with lower global methylation (15). Our
results are also in line with the studies with maternal folate intake
that showed a majority of identified DMPs in newborns to be
negatively associated with folate intake (19, 20). Furthermore, an
intervention study of folic acid supplementation in mice demon-
strated that folic acid inhibited methylenetetrahydrofolate reduc-
tase (MTHFR) activity and reduced S-adenosylmethionine and
the S-adenosylmethionine:S-adenosylhomocysteine ratio (55).
The inhibition of MTHFR due to higher folic acid intake may
explain the relatively lower DNA methylation observed in our
study.

The strengths of our study are that this was conducted in a
large sample size of 5,841 individuals from 10 well-characterized
cohorts, using the Illumina 450k methylation data. The nutrient
data were harmonized across studies, and all studies ran similar
models with the same covariates. Although our study has yielded
a number of interesting findings, among the most important
insights is that folate or vitamin B-12 intake, a major determinant
of B-vitamin status, is not related to large-scale differences in
genome-wide methylation DMPs. The weaknesses of our study
are that we were not able to replicate our findings, as we included
all possible cohorts in the discovery. In addition, our study

results show DMPs that approach borderline significance and
have modest effect sizes. In such cases, the comb-p package for
DMR analysis may return false-positive DMRs (56). Therefore,
replication of our findings would be necessary before definite
conclusions can be drawn. However, despite few identified
methylation loci, 1 of the 6 folate-intake-associated DMPs,
cg00826902, showed a positive association with expression
of the MEGF6 gene. This means that high folate intake is
associated with hypomethylation of cg00826902 in chromosome
1, which is in turn associated with lower expression of the
MEGF6 gene (35). For the CpGs that were not associated with
expression levels, their biological role needs to be validated
further. Furthermore, dietary data are semiquantitative and prone
to measurement errors, which can lead to misclassification and
can compromise our ability to detect statistically significant
associations. However, we addressed these limitations by using
categorical models. Although this analysis reduces statistical
power due to the one-third reduction in sample size, greater
effects were observed because the comparison is made between
extreme tertile groups of the nutrient intakes. Moreover, none
of the cohorts had a median intake of vitamin B-12 that was
lower than the European or American EAR of 4 μg/d (57) or
2 μg/d (47), respectively. This could mean that the vitamin B-12
intake was consistently high enough, and our population was
relatively healthy enough to prevent any measurable effects on
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methylation. Furthermore, the human genome contains more
than 28 million CpGs (58), of which 1.7% is represented
in Illumina 450k arrays. Therefore, other regions that could
be associated with folate or vitamin B-12 intake might be
missed. In addition, we used whole blood leukocytes for our
study and acknowledge the possibility that these cells may
not be the ideal tissue for evaluating the association between
B-vitamin intake and methylation, and that larger tissue-specific
effects may be present but remain undetected in our study. Lastly,
to validate the results, measurement of blood levels of folate and
vitamin B-12 would be of interest for the future.

In conclusion, we observed 6 DMPs associated with dietary
folate intake. Regional associations showed 74 DMRs for dietary
folate intake and 29 DMRs for dietary vitamin B-12 intake. Our
meta-analysis identified several novel differentially methylated
loci that could serve as mechanistic indicators of low folate and
vitamin B-12 intake. Further studies are necessary to replicate
findings.
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