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Abstract

Background The human ZFP57 gene is a major regulator of imprinted genes, maintaining DNA methylation marks
that distinguish parent-of-origin-specific alleles. DNA methylation of the gene itself has shown sensitivity to environ-
mental stimuli, particularly folate status. However, the role of DNA methylation in ZFP57's own regulation has not been
fully investigated.

Methods We used samples and data from our previously described randomised controlled trial (RCT) in pregnancy
called Folic Acid Supplementation in the Second and Third Trimester (FASSTT), including follow-up of the children
atage 11. Biometric and blood biochemistry results were examined for mothers and children. Methylation of ZFP57
was analysed by EPIC arrays, pyrosequencing and clonal analysis, and transcription assessed by PCR-based methods.
Functional consequences of altered methylation were examined in cultured cells with mutations or by inhibition

of the main DNA methyltransferases. DNA variants were examined using pyrosequencing and Sanger sequencing,
with results compared to published studies using bioinformatic approaches. Cognitive outcomes were assessed using
the Wechsler Intelligence Scale for Children 4th UK Edition (WISC-IV), with neural activity during language tasks quan-
tified using magnetoencephalography (MEG).

Results Here we show that methylation at an alternative upstream promoter of ZFP57 is controlled in part by a quan-
titative trait locus (QTL). By altering DNA methylation levels, we demonstrate that this in turn controls the expression
of the ZFP57 isoforms. Methylation at this region is also sensitive to folate levels, as we have previously shown in this
cohort. Fully methylated alleles were associated with poorer performance in the Symbol Search and Cancellation
subtests of WISC-IV in the children at age 11 years. There were also differences in neural activity during language tasks,
as measured by MEG. Analysis of published genome-wide studies indicated other SNPs in linkage disequilibrium

with the mQTL were also associated with neurodevelopmental outcomes.

Conclusions While numbers in the current RCT were small and require further validation in larger cohorts, the results
nevertheless suggest a molecular mechanism by which maternal folic acid supplementation during pregnancy may
help to counteract the effects of folate depletion and positively influence cognitive development in the offspring.
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Background

DNA methylation is a key regulator of gene expression
and acts as a powerful transcriptional control mechanism
in early life and in disease states. Environmental stimuli
such as exercise, smoking and nutrition can alter the dis-
tribution of DNA methylation throughout the genome,
modifying gene transcription and expression [1-3]. This
epigenetic mark plays an important role in mammalian
development, which is especially apparent at early epi-
genetic reprogramming phases where the epigenome
is erased and reset. During this time, embryonic repro-
gramming creates an unbiased epigenome, and few genes
escape this process.

Imprinted genes are a case of parent-of-origin expres-
sion escaping epigenetic reprogramming through main-
tenance of DNA methylation on one or more imprinting
control regions (ICR) [4]. DNA methylation marks are
‘remembered’ and re-established at these genes to allow
for normal function and development [5]. These genes
have many functions, some of which include regula-
tion of normal embryonal development [6, 7], placental
growth [8, 9] and some essential brain functions [10]. The
disruption of imprinted gene expression is associated
with severe developmental disorders such as Angelman
syndrome or Prader—Willi syndrome [11-15]. Specific
cellular machinery protects the epigenetically marked
ICRs from reprogramming. Most ICRs contain a con-
served hexanucleotide sequence TGCmeCGC, associ-
ated with the differential methylation. This sequence is
recognised by the zinc finger binding protein 57 (ZFP57)
[16, 17]. The ZFP57 protein and its cofactor KAP1 recruit
the H3K9 methyltransferase SETDB1 and DNA methyl-
transferase (DNMT) enzymes to maintain histone and
DNA methylation marks at ICRs [17, 18].

The structure of the ZFP57 protein in mice is well
characterised and consists of a 5 Kriippel-associated
box (KRAB) domain accompanied by 7 C,H, zinc fin-
gers (ZF) at the 3’ end [16, 17]. The gene has a maternal—
zygotic effect in mice and loss of function in embryonic
stem cells (ESCs) results in embryonic lethality [16, 19].
This KRAB zinc finger (KRAB-ZF) protein is part of a
large, fast-evolving family that predominantly has a role
in retrotransposon repression. However, a subset of
proteins has evolved to play an important role in regu-
lating imprinting [20-23], potentially due to similari-
ties between ICRs and retrotransposons [23]. Although
a homologue for Zfp57 exists in humans, the genes
and proteins differ significantly in structure and target-
ing [16, 24]. Mouse Zfp57 has shown high expression in
ESCs and oocytes, but minimal expression is observed
in somatic tissues [16]. The human form also demon-
strates high ESC expression but in addition is detect-
able in some somatic tissues [24, 25]. Notably, ZFP57
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expression is only evident at and beyond the blastocyst
stage in human tissue [21, 25]. In mice, Zfp57 is located
on chromosome 17 in the major histocompatibility com-
plex (MHC) cluster [26, 27]. In humans, this gene is also
located in the MHC class I region on chromosome 6 and
has been linked to transient neonatal diabetes mellitus
(TNDM) [24, 28]. TNDM patients have shown a pattern
of mutations within ZFP57 that results in a shift in the
reading frame or a loss of ion-binding affinity, along with
hypomethylation across particular imprinted genes such
as PLAGLI, GRBIO and PEG3 [28-30]. Additional iso-
forms have been identified for the human ZFP57 that are
longer than the canonical form and start approximately 3
kilobases (kb) upstream from the transcription start site
(TSS) of the original transcript. One of the transcripts
contains 4 exons while the other consists of 5 exons [24,
25]. The significance of these extra transcripts is currently
unknown, but they start near an extended cytosine—
phosphate—guanine (CpG)-rich region which coincides
with the differentially methylated regions (DMR) identi-
fied by us in an earlier study [31].

We have previously reported that this CpG-rich region
at ZFP57 was one of the top DMR in cord blood from
newborns whose mothers had participated in a ran-
domised controlled trial (RCT) of Folic Acid Supplemen-
tation during the Second and Third Trimester (FASSTT)
of pregnancy [31]. The FASSTT Offspring Trial was con-
ducted to investigate the effects of maternal folic acid
(FA) administration on the cognitive development of chil-
dren, and these were followed up at 3 years, 7 years and
11 years of age [32, 33]. A number of clinically validated
cognitive and psychosocial tests, as appropriate for the
age of the children at the time, were conducted by trained
researchers. For the 3-year-olds, Bayley’s Scale of Infant
and Toddler Development, third edition (BSITD-III) was
used, which assesses neurocognitive development and
exposes possible developmental delays in children less
than 42 months old. The Wechsler Preschool and Pri-
mary Scale of Intelligence, third edition (WPPSI-III) was
used for the 7-year-olds [34] and provides a score for Full
Scale IQ as well as for specified cognitive domains (i.e.
Performance 1Q, Verbal IQ, and Processing speed) [35].
Lastly and of most relevance here, the Wechsler Intelli-
gence Scale for Children fourth edition (WISC-IV) was
used for 11-year-olds [36, 37]. It is the most widely used
test for evaluating intelligence in older children and is a
comprehensive tool providing composite scores for spec-
ified cognitive domains -Verbal Comprehension, Percep-
tual Reasoning, Working Memory and Processing Speed
comprising 15 subtests in total -which are combined to
give Full Scale IQ [38]. Our previous results showed sig-
nificantly higher scores in Verbal Comprehension (girls
only), and in two Processing Speed tests in the children
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of mothers assigned to FA supplementation, compared
to placebo, during pregnancy [33]. As a second, inde-
pendent measure of differences in cognitive develop-
ment, magnetoencephalographic (MEG) brain imaging
was also used in a subgroup of the children, assessed at
11 years of age. This is a non-invasive technique analys-
ing the magnetic fields that accompany specific neuronal
currents produced by brain activity and provides a quan-
titative physical measurement of difference in neuronal
activity [39]. The results showed increased power in the
beta (13-30 Hz) and high gamma (49-70 Hz) bands in
neuronal responses to language tasks in the children of
the FA-supplemented mothers, indicating more efficient
semantic processing of language compared to placebo
[32, 33].

In light of the important role of ZFP57 in regulating
imprinted genes, which often have neurodevelopmental
effects, as well as the colocalization of methylation dif-
ferences with the upstream promoter, we have further
investigated this region in our maternal—offspring cohort
to look for associations between the methylation status
and cognitive outcomes. We have identified additional
isoforms in multiple cell lines that originate within this
DMR. We discovered a single-nucleotide polymorphism
(SNP) within the ZFP57 promoter/DMR that dictates
methylation of the surrounding region. This SNP plays a
role in regulating transcription from the upstream TSS. A
CCCTC-binding factor (CTCF) binding site also overlaps
this region and may influence expression. Lastly, we iden-
tified a relationship between the methylation quantitative
trait locus (mQTL) and cognitive development in early
life (for a graphical abstract see Additional File 1: Fig. S1).

Methods

Study design

Umbilical cord blood samples were acquired from the
FASSTT trial cohort (ISRCTN19917787), fully described
elsewhere [40, 41]. Briefly, women with singleton preg-
nancies who had taken FA at 400 pg per day during the
first trimester (as recommended in the UK and world-
wide for prevention of neural tube defects, NTD) were
recruited to this double-blinded RCT at the 14th ges-
tational week from antenatal clinics at the Causeway
Hospital, Coleraine, Northern Ireland. Individuals were
excluded if they were taking medication known to inter-
fere with FA or other B vitamin metabolism or if they had
any vascular, renal or gastrointestinal disease, epilepsy or
had a previous NTD-affected pregnancy. Eligible partici-
pants were randomised at the end of their first trimester
to receive either 400 pg/day of FA (n=96) or placebo
(n=94) until the end of pregnancy. Umbilical cord blood
samples were collected at delivery. The trial was com-
pleted in full by a total of 119 women. Of these, DNA was
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available for extraction from 93 cord blood samples (52
placebo and 41 FA-supplemented). Notable biometric
measures included birth weight, length, head circumfer-
ence, mode of delivery and Apgar score. Additionally,
blood samples were analysed for serum folate, red blood
cell (RBC) folate, serum B12 and plasma homocysteine in
maternal and cord blood.

At 11 years of age, a total of 68 children were fol-
lowed up for assessment of cognitive performance along
with general health characteristics [32]. For the current
report, those with matching cord blood samples collected
at birth were used in the current epigenetic analysis
(n=67). A subsample of these children (n=23) was also
willing to provide a blood sample (13 from placebo and
10 from FA-supplemented mothers). The samples were
analysed for red blood cell folate, serum B12 and plasma
homocysteine concentrations.

Cognitive assessment

Cognitive assessments were administered at ages 3, 7
and 11 years as described in detail elsewhere [32, 33].
Of most relevance here, the Wechsler Intelligence Scale
for Children 4th UK Edition (WISC-IV) test was used at
age 11 to assess cognitive function using Q-interactive""
software (Pearson Education Ltd., UK), with the tests
conducted on iPads [42]. The WISC-IV, which is appro-
priate for children ages 6 years to 16 years and 11 months,
encompasses a range of tests including Verbal Compre-
hension, Perceptual Reasoning, Working Memory and
Processing Speed (which included subtests for symbol
search and cancellation), along with providing a com-
bined full-scale IQ score representing general intelligence
of the child. This was conducted on 68 children at age 11
from the FASSTT study [32]. All tests were conducted in
a single session lasting between 90 and 120 min per child.
The assessment room was bright, well-ventilated and free
from distractions or interruptions to ensure the ideal
testing environment. The same trained researcher per-
formed each assessment on all children and was blinded
prior to assessment of the child’s FASSTT study interven-
tion group (placebo or FA-supplemented).

Brain imaging analysis

In addition to the clinical psychological assessment, a
subgroup of the children also completed a MEG brain
imaging (n=33) assessment at the Northern Ireland
Functional Brain Mapping (NIFBM) facility in the Intelli-
gent Systems Research Centre, Ulster University. Prior to
conducting the MEG assessment, the children watched a
child-friendly introductory video to explain MEG, pro-
duced by Aston University [43]. Children were provided
with earphones and instructed to remain as still as pos-
sible in the MEG machine. Bipolar electrodes tracked eye
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movements and heartbeat rhythms, and head movement
was recorded through a head-position indicator with
coils placed on the child’s scalp. Head shape and head—
position indicator coil position were defined using a 3D
digitiser (Fastrak, USA). The head-position indicator
digitisation points were realigned to the individual head
shape for each participant and then registered to the
recorded MEG data to allow for anatomically informed
MEG analysis. Taking into consideration the previous
analysis at 7 years that showed FA-supplemented partici-
pants from the FASSTT study scored higher in verbal IQ
[33] and observational data correlating maternal folate
deficiency in pregnancy with lower language abilities in
the children [44], a language task was designed to assess
the underlying neurophysiological basis of language pro-
cessing for the age 11 years assessment using MEG. A
high-level semantic language task [45] was adapted for
this task to compare differences in neural responses to
two sentences. These were described as either congruent
or incongruent. For example, ‘The baby was thirsty and
wanted a drink of milk/fire, where ‘fire’ or ‘milk’ renders
the sentence semantically incongruent or congruent,
respectively. The Elekta Neuromag 306-channel MEG
system was used to record MEG responses. In response
to the language paradigm, band power scores were
recorded for 116 brain regions and averaged to six stand-
ard spectral bands. These included big band (1-48 Hz),
theta (4-8 Hz), mu (8-12 Hz), beta (13-30 Hz), low
gamma (30-48 Hz) and high gamma (49-70 Hz).

DNA extraction and bisulfite conversion

The umbilical cord blood samples were collected and
stored in — 80 °C until required. DNA was extracted from
blood samples by using QIAMP DNA Blood Mini kit
(Qiagen), according to the manufacturer’s instructions.
DNA was assessed for quality control by agarose gel elec-
trophoresis and using the Nanodrop spectrophotometer
to assess purity and yield (Labtech International, Ring-
mer, UK); 500 ng of genomic DNA from cell pellets was
bisulfite converted in house using the EZ DNA Methyla-
tion Kit (Zymo Research, California, USA) when used for
pyrosequencing.

Polymerase chain reactions and DNA methylation analysis

DNA and/or bisulfite-converted DNA was used for PCR
reactions to amplify regions for multiple purposes. The
list of primers used in this study is indicated in Addi-
tional File 1: Table S1. For pyrosequencing reactions, one
primer was labelled with 5’ biotin tag (Metabion, Munich,
Germany) and used to amplify the untreated DNA (used
for SNP/AQ assay) or bisulfite-converted DNA (used for
pyrosequencing). A standard PCR reaction (used for both
assays) was run with conditions: initial denaturation at
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95 °C for 15 min, followed by 45 cycles of 95 °C for 30 s,
56 °C for 30 s and 72 °C for 30 s, with final elongation at
72 °C for 10 min. The PCR products were verified on an
1.5% agarose gel. To amplify regions of interest to assess
DNA methylation and for the SNP genotyping, primers
covering regions of interest were designed using Pyro-
Mark Assay Design Software 2.0 (Qiagen).

A pyroassay was designed using the PyroMark Q48
Autoprep software (Qiagen) to analyse the DNA meth-
ylation percentage for each CpG site covered by the
primers and an in-assay bisulfite conversion technical
control was incorporated according to the manufactur-
er’s recommendations to ensure efficient conversion of all
CpG sites. For the SNP pyroassay, a separate assay was
designed using the same software. This assay quantified
the nucleotide base present at each SNP investigated.

Cell culture

The human colorectal cancer cell line, HCT116, as well as
the DNMT1 and DNMT3B double knockout (DKO) cells
[46] were cultured in 1 g/L glucose Dulbecco’s modifica-
tion of Eagle’s medium (DMEM) supplemented with 10%
foetal bovine serum (FBS) and 1XNEAA (all Thermo
Fisher Scientific, Loughborough, UK). The human neuro-
blastoma cell line (SH-SY5Y) was seeded onto a 90-mm
plate and cultured in DMEM/F12 medium supplemented
with 10% FBS (Thermo Fisher Scientific, Loughborough,
UK). The following day SH-SY5Y cells were treated with
medium containing 5 aza-2-deoxycytidine (5-aza-dC)
(Sigma-Aldrich, Dorset, UK) at a final concentration
of 1 uM. Treatment was renewed at 24-h intervals up
to 72 h. Cells were then harvested for DNA and RNA
extraction. All cells were incubated at 37 °C and in 5%
CO,.

RNA extraction and cDNA synthesis

RNA was extracted from cell pellets using the RNe-
asy Mini Kit (Qiagen, Crawley, UK) according to the
manufacturer’s instructions. The quantity and quality of
RNA was verified by gel electrophoresis and with Nan-
odrop 2000 spectrophotometer (Labtech International,
Ringmer, UK) ultraviolet (UV) absorbance readings at
260/280 and 260/230 nm; 500 ng of RNA was used for
complementary DNA (cDNA) synthesis with 250 ng
random primers, 1X U buffer RT and 200 U RevertAid
reverse transcriptase (RT) (all Thermo Fisher Scientific,
Loughborough, UK). The cDNA synthesis reaction was
carried out under the following conditions: 25 °C for
10 min, 42.5 °C for 50 min and 70 °C for 10 min.

RNA-Seq analysis
A human placental dataset, GSE56781 [47], was used
to assess transcript variants of the ZFP57 gene using
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GEOquery (2.46.15). The processing of the RNA sequenc-
ing (RNA-Seq) data was performed on the usegalaxy plat-
form (usegalaxy.com). The reads were mapped with the
TopHat?2 package and visualised via Integrative genomics
viewer [48], which was used for Shashimi plot visualisa-
tion for splice variants. The data were normalised using
Deseq2 and the HTSeq/DESeq?2 pipelines, available on
usegalaxy.com.

Bioinformatic analysis

Initial genome-wide screening for methylation differ-
ences in the FASSTT cord blood samples using EPIC
arrays has been previously described [31, 49]. In brief,
GenomeStudio (Illumina v3.2) was used for initial data
processing and imported into the RnBeads package (ver-
sion 1.6.1) [50] in the freely available RStudio platform
(version 3.1.3). Samples were quality controlled and nor-
malised and a limma-based linear model was used. Meth-
ylation was represented as /5 values (0 was unmethylated,
1 was fully methylated) and plotted against genomic loci
based on Human Genome Build 19 (4gl9) using Can-
diMeth workflow on GALAXY software [51] for visualisa-
tion on the University of California at Santa Cruz genome
browser (https://genome.ucsc.edu/) [52].

Linkage disequilibrium analysis

Online software using the published database from the
National Institutes of Health was used to calculate link-
age disequilibrium (LD) values between each SNP and
mQTL discussed [53]. LDtrait is an online tool used to
identify LD associations to published phenotypes in the
form of R* or D’ values ranging from 0 (non-LD) to 1
(complete LD) [54]. The heatmap was generated using
LDmatrix, which is an online tool designed to create
an interactive heatmap matrix of pairwise LD statistics
(LDmatrix (nih.gov)). The Functional OR Genomic Ele-
ment Database (FORGEdb) was included in the LDma-
trix software and calculates a score out of 10 for how
likely a genetic variant is to be a regulatory variant.

Statistical analysis

Statistical analysis was performed using the Statistical
Package for the Social Sciences (SPSS) software (ver-
sion 29.0.1.0; SPSS UK Ltd., Chertsey, UK). The results
are expressed as meantSD, except where otherwise
stated. Differences between treatment groups for par-
ticipant characteristics were assessed using an inde-
pendent ¢-test for continuous variables or chi-square for
categorical variables. A Student t-test was conducted
for measuring differences in mean DNA methylation
between different cell lines (HCT116, DKO, SH-SY5Y,
Aza-treated). Pyrosequencing data were analysed using
a paired samples ¢-test to identify statistical differences
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between pre-intervention and post-intervention groups.
Regression and non-parametric Spearman’s rank corre-
lation analyses were conducted in SPSS for methylation
comparisons between cord blood and blood at 11 years
of age. Genotype and methylation comparisons for
mQTLs (rs365052 and rs2747429) were conducted using
ANOVA. Analysis of scaled processing speed differ-
ences between rs365052 genotype and FASSTT interven-
tion groups were conducted using 2-way ANOVA while
2-way ANCOVA controlling for sex was also conducted
for MEG comparisons. A p value<0.05 was considered
significant in all tests.

Results

Overview of the FASSTT cohort and their offspring

at 11 years

The current analysis investigates a subgroup of previ-
ously assessed samples from the FASSTT study for which
cord blood was available, as outlined in Fig. 1. A sum-
mary of the characteristics and biochemical measures
for these children are detailed in Table 1. There were no
significant differences between the placebo and the FA-
supplemented groups for any neonatal characteristics
including gestational age, sex, birth weight, length, head
circumference, Apgar scores at 5 min or birth by caesar-
ean section. Corresponding B vitamin biomarkers were
assessed in both cord blood (n=93) and at 11 years of age
(n=23). Not all the children at age 11 that returned for
body measurements consented to blood draws and those
used in this analysis had to have a matching cord blood
sample. B vitamin biomarkers in the cord blood indicated
significantly higher concentrations in the FA group com-
pared with placebo for serum folate (p<0.001) and red
blood cell folate (p=0.003), whereas plasma homocyst-
eine and vitamin B12 concentrations in cord blood did
not differ between the groups. At age 11 years, there were
no differences in B vitamin biomarker concentrations
between the treatment groups for RBC folate, serum B12
or plasma homocysteine (p =0.449).

Methylation of the ZFP57 promoter is influenced

by both folic acid and haplotype

Our epigenome-wide analysis using the EPIC array pre-
viously highlighted a DMR approximately 3 kb upstream
of the canonical start site of the imprint regulator ZFP57
as the top-scoring region on RnBeads [31]. This score
is calculated through a combination of change in mean
methylation, the quotient of the mean methylation and
the combined p-value. The resultant score ranked regions
based on the changes in DNA methylation altered by
FA supplementation in cord blood samples from the
FASSTT cohort. A schematic overview of the ZFP57
locus is shown in Fig. 2, highlighting the position of the
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FASSTT trial at 14GW (n=226)

[ Women eligible to participate in ]

Withdrawal before W

randomisation (n=36) J

intervention

Randomised to [ Placebo (n=94) ]

Participant withdrawal (n=11)
Participant complications (n=13)
Prescribed Folic Acid (n=6)

Fetal death (n=4)

Noncompliance (n=3)

Transfer to another hospital (n=0)

FASSTT Trial

Completed
intervention

[ Placebo (n=60) J

Cord blood
available

[ Placebo (n=52) )—

[Folic Acid (n=96)]

Gestation
Week 14

Participant withdrawal (n=14)
Participant complications (n=8)
Prescribed Folic Acid (n=5)

Fetal death (n=2)

Noncompliance (n=3)

Transfer to another hospital (n=2)

Gestation
Week 36

—( Folic Acid (n=41) ]

[Folic Acid (n=59)]

Available for sampling at 11 years
Not interested (n=22)

Not available (n=14)
Uncontactable (n=9)

Emigrated abroad (n=6)

|

Mother-child
pairs at 11 years

11 year follow-up

[ Placebo (n=31) ] [FolicAcid (n=36)J

Fig. 1 Outline of the FASSTT randomised controlled trial and 11-year follow-up study. Eligible women during the first trimester of pregnancy
(n=226) were offered a place on the trial. Some withdrew (n=36) while the remaining were randomised into two groups: placebo (n=94) and folic
acid (n=96). Withdrawal after randomisation (n=25) or reasons for exclusion from the intervention are indicated. A total of 119 women completed
the trial (placebo, n=60; folic acid, n=>59). Blood samples were taken at gestational weeks (GW) 14 (pre-intervention) and 36 (post-intervention).

A total of 93 cord blood samples (placebo, n=52; folic acid, n=41) were available for DNA analysis. A follow-up study carried out cognitive
assessments on the same children at age 11 years: 67 had both cognitive assessments and DNA samples available from cord blood (placebo, n=31;

folic acid, n=36)

DMR as well as the canonical transcript. The DMR covers
15 probes on the EPIC array (Additional File 1: Table S2)
and showed an average gain in methylation of 6.23% in
the FA-supplemented samples, p=0.012 (Table 2). We
confirmed a similar, though non-significant, mean differ-
ence in methylation (5.14%, p=0.169) at 6 CpG overlap-
ping the DMR using a CpG pyroassay (Table 2), which
is a more gene-specific and scalable assay. We then used
the same CpG pyroassay to examine methylation at this
region in the children from the FASSTT offspring cohort
at 11 years. This showed that while there was still a
gain in methylation in the FA-supplemented group, the

difference was much smaller (2.04%, p=0.601), confirm-
ing that the effect of FA supplementation was greatest at
the end of pregnancy.

Previous reports have indicated that SNPs at ZFP57
may also drive DNA methylation. Using data from the
1000 Genomes Project, we identified two common SNPs
within the upstream region: rs365052 (G/C 66:33%) and
rs2747429 (C/T 27:73%). We first designed a SNP pyroas-
say to assess polymorphism frequency at rs365052 in our
cohort (Fig. 2, SNP Seql). This confirmed that FASSTT
participants showed variation in allele types at this SNP,
with evidence for all three genotypes being present, C/C
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Table 1 General characteristics for the FASSTT participants in this study
Characteristics Placebo Folic acid Pvalue
N Mean SD N Mean SD
Neonatal characteristics n=52 n=41
Gestational age (weeks) 40.13 1.19 39.98 1.11 0.511
Sex, male n (%) 26 (50) - 22 (53.7) - 0.726
Birth weight (g) 3555.75 486.33 3557.07 464.62 0.989
Birth length (cm) 51.28 2.60 51.12 217 0.763
Head circumference (cm) 3567 1.26 34.82 137 0.563
Apgar score at 5 min 8.94 0.37 9.02 0.27 0.234
Caesarean n (%) 12 (23.1) - 10 (24.4) - 0.882
B vitamin biomarkers (cord blood)
Serum folate (nmol/L) 66.80 2439 91.66 36.71 <0.007*
RBC folate (nmol/L) 1437.76 584.06 1877.33 700.93 0.003*
Serum B12 (pmol/L) 277.29 154.66 25139 107.07 0.369
Plasma homocysteine (umol/L) 11.19 6.85 11.11 487 0.952
Characteristics at 11 years of age n=31 n=36
Age (years) 10.78 0.12 10.82 043 0.586
Sex, male n (%) 15 (48.3) - 15 (41.6) - 0317
Weight (kg) 3931 9.62 37.68 715 0430
Height (cm) 147.06 6.18 147.63 8.15 0.810
BMI (kg/m?2) 18.03 3.66 1748 2.80 0.487
Head circumference (cm) 55.18 2.79 5469 215 0427
B vitamin biomarkers (11 years of age) n=13 n=10
RBC folate (nmol/L) 581.98 144.24 616.94 29148 0.709
Serum B12 (pmol/L) 511.76 186.18 522.40 134.80 0.880
Plasma Homocysteine (umol/L) 7.02 1.39 7.60 218 0449

Statistical comparisons by independent t-test (continuous variables) or chi-squared test (categorical variables) BMI body mass index, RBC red blood cell, SD standard

deviation, N number of samples
“p<0.05
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Table 2 Epigenetic characteristics in cord blood and blood from children at age 11

Placebo Folic acid p value
Characteristics No. CpG N Mean sD N Mean SD Changein

methylation (%)

ZFP57 DMR methylation (Cord blood) 6 52 61.22 18.51 41 66.36 16.78 5.14 0.169
ZFP57 DMR methylation (11-year blood) 6 13 5453 948 10 56.57 8.64 2.04 0.601
ZFP57 DMR methylation (EPIC 850 k array) 15 45 64.38 14.63 41 70.61 12.22 6.23 0.012

Statistical comparisons by independent t-test (cord blood and 11-year blood) and using Limma to generate comb-p value for EPIC array. DMR methylation performed

by pyrosequencing of 6 CpG sites (cord blood and 11-year blood) and by EPIC array

SD standard deviation, N number of samples
"p<0.05

being least frequent. Analysis by Fisher’s exact test indi-
cated no overall difference in allele frequency between
the FA-supplemented and placebo groups (p=0.524,
Additional File 2: Table S3). We also typed a subset of
samples for rs2747429, which has been described previ-
ously [55], using a SNP pyroassay (SNP Seq2) and found
similar results (p=0.819, Fisher’s exact test, Additional
File 2: Table S4). Results from chi-squared tests were also
non-significant.

To assess if genotype at the rs365052 variant is linked
to DNA methylation within the region we analysed 6
CpG sites around the SNP (Fig. 3A). DNA methylation
across all CpG sites were varied in our samples, rang-
ing from 4.33% to 100% with an average methylation of
63.25% (SD=26.24). Figure 3A shows methylation levels
at all 6 Cp@ sites assayed (n=93), colour-coded by geno-
type (homozygous C/C yellow; heterozygous C/G green
and homozygous G/G blue). While methylation varies
by site, with CpG4 showing highest levels overall, and
CpG5 lowest, it can be seen that the C/C homozygotes
tend to have methylation at the lower end of the range,
while G/G are at the high end (Fig. 3A). This can be more
clearly seen when methylation is averaged by genotype
(Fig. 3B and Table 3). The C/C genotype had low levels of
methylation (mean=24.21, SD=7.97), the heterozygous
C/G an intermediate level of methylation (mean=>55.79,
SD=10.91) and the homozygous G/G showed the highest
methylation levels (mean=75.97, SD="7.41). Standard
deviations were tightly clustered and the methylation dif-
ferences between each genotype were statistically signifi-
cant by ANOVA analysis (p <0.001, Table 3). These data
strongly suggest that this SNP acts as a mQTL in this
cohort.

We also confirmed these findings using the previously
reported SNP rs2747429, which is 21 base pairs down-
stream of rs365052. A similar allele quantification pyrose-
quencing technique (SNP Seq2, Fig. 2) was performed
on non-bisulfite-treated DNA to determine the SNP
genotypes present. Since this has been examined before,

we only looked at a subset of 22 cord blood samples for
this additional SNP (rs2747429) and cross compared to
the local DNA methylation analysis already performed
for the first SNP analysed (rs365052). Both mQTLs are
very close together and are inherited together and 18/22
of these samples confirmed this through SNP pyrose-
quencing in our cohort. A clear relationship between
methylation and genotype was also evident for rs2747429
(Additional File 2: Table S5 and Fig. S2). The C/C geno-
type (n=3) corresponded with a low mean methylation
(18.99%) like rs365052. The C/T heterozygous genotype
(n=4) showed an intermediate level of mean methylation
(48.28%), and the homozygous T/T genotype (n=15)
displayed a high level of mean methylation (72.24%).
The standard deviations were low and tightly clustered
between groups, C/C (SD=6.88), C/T (SD=4.08) and
T/T (SD=8.60) (Additional File 2: Table S5). Significant
differences in methylation could be seen between the
three genotypes for rs2747429, measured via ANOVA
(p<0.001). This demonstrated a clear mQTL pattern in
rs2747429, similar to rs365052. Pyrosequencing assays
which covered both SNPs suggest that the C allele at
rs365052 is in phase with the C at rs2747429, with the
G allele at the former in phase with T allele at the latter
(Fig. 3C).

While these data strongly suggested that the SNPs
were acting as mQTLs, average methylation levels in
homozygotes in cord blood did not reach 100% or 0%
and neither pyrosequencing nor the array can abso-
lutely determine allele phasing. It was therefore unclear
whether methylation would vary stochastically on each
haplotype, and we could not fully rule out other effects
such as parental imprinting. To surmount this difficulty,
we designed primers to allow cloning and sequencing of
the bisulfite-converted DNA. The region cloned included
the rs365052 SNP allowing simultaneous determination
of haplotype and methylation across the region analysed
(Fig. 3D). Figure 3E shows the results from the mother
and child pair from Fig. 3C. The clonal analysis results
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Fig. 3 Methylation quantitative trait loci in the differentially methylated region of ZFP57. A Detailed CpG methylation analysis of the ZFP57
alternative promoter analysed by pyrosequencing in the cord blood. DNA methylation of individual CpG sites is shown for CpG sites 1-6, using
primers in Additional File 1: Table S1 (CpG pyroassay). Yellow dots represent samples with C/C genotype within the rs365052 SNP, green represent
samples with C/G and blue with a G/G SNP genotype. B Boxplot with jitter data of ZFP57 methylation by the rs365052 SNP demonstrating
significant methylation differences between different genotype groups in blood. Genotype analysis performed by allele quantification (AQ).
Statistically significant values are marked as: *** indicates p <0.001, conducted by ANOVA. C Identification of heterozygous gDNA sample (child)
for the rs365052 (C/G) region assessed by the AQ assay (SNP pyroassay 1). Allele frequency of 2 SNP variants rs2747429 (C/T) and rs365052 (C/G)
indicated by the common SNPs analysis. Percentage of the allele frequency is highlighted in boxes with colour identification based on the quality
of the run (blue—very good, yellow—satisfactory, red—poor quality). AQ assay of matching homozygous maternal gDNA within the SNP

variant rs365052 (G/G) extracted form blood. D Sanger sequencing analysis identifying mQTL within the rs365052 SNP that in methylated

and unmethylated clones, SNP shown at asterisk. E Bisulfite sequencing clonal analysis of the region from Fig. 2 for child (C/G) and mother (G/G),
showing methylation distribution in individual clones. Polymorphic base located between the fifth and sixth CpG site (asterisk) corresponds

with the rs365052. Full circle represents methylated and empty unmethylated CpG sites
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Table 3 Average methylation levels relevant to the SNP variant rs365052

rs365052 variants Av. Meth SD Min Max N p value

CcC 24.21 797 14.69 3854 8 CG=5.10E-9
GG=5.10E-9

CG 55.79 10.91 33.67 83.37 37

GG 7597 741 57.29 84.96 48 CC=5.10E-9
CG=5.10E-9

Av. Meth. average methylation between 6 CpG sites measured by pyrosequencing, SD standard deviation, min minimum, max maximum, N number of samples,

significance indicated by p <0.05 and is measured by ANOVA between the genotypes

shown in Fig. 3E represent the methylation distribution
of the CpG sites around rs365052. Each row represents
a separate clone, while each circle indicates an individual
CpG site. An empty circle represents an unmethylated
CpG site and a filled circle represents a methylated CpG
site. The mQTL is location between CpG's five and six as
shown by the asterisk. In the child who was identified as
heterozygous (C/G) for rs365052 in Fig. 3C, a clear pat-
tern of allele specific methylation is shown. Almost all
of the clones that contained a C allele at rs365052 show
either no methylation or very little methylation within
this region. The opposite can be seen for the clones dis-
playing a G at the mQTL. These clones collectively are
almost fully methylated. The total percentage meth-
ylation across all clones is 63%, which is in a reasonable
range for this heterozygous mQTL genotype. In contrast,
the mother of this pair contained a different genotype.
A G/G homozygous genotype is present here and shows
very high levels of in cis methylation in every clone. A
total methylation percentage equates to 87% in this sam-
ple combining all clones, a strong indicator that the G
allele is the driver of methylation for this mQTL. These
results show that the SNP at rs365052 (and by extension
rs2747429) act as mQTLs at this locus, with the presence
of a G at rs365052 and a T at rs2747429 being indicative
of a fully methylated allele, while Cs at both SNPs are a
hallmark of an unmethylated allele, with heterozygotes
having intermediate levels of methylation, typical of
mQTL loci.

Having established that both SNPs act as mQTLs,
we examined samples from the children at 11 years to
determine if the levels of methylation associated with

each haplotype were similar. Whole blood DNA was
available from 23 participants at this timepoint and was
extracted and assayed using both the rs365052 SNP and
CpG pyroassays. Table 4 summarizes the results of these
analyses. Although there was only one C/C homozy-
gote present, the C/G and G/G genotypes were closer in
number. While there were still significant differences in
average methylation between each genotype (p=0.012)
at this timepoint, the difference was smaller than in the
cord blood at birth (p<0.001). This was largely due to
lower average methylation in the G/G homozygotes (55%
at 11 years of age compared to 75% at birth) rather than
changes in the heterozygotes (50% at 11 years of age com-
pared to 55%, respectively). Correlation analysis high-
lighted that a moderate positive correlation (correlation
coefficient, 0.423; p=0.044) can be seen between the two
age timepoints for blood methylation (Additional File 2:
Table S6 and Fig. S3). This indicates that the methylation
at the rs365052 mQTL at birth and 11 years later are still
comparable, following the same trend, but with reduced
mQTL effects at 11 years of age.

DNA methylation of the ZFP57 promoter controls
expression of the alternative ZFP57 isoforms

We next investigated the ZFP57 isoforms to determine
if DNA methylation at the DMR had any control over
their expression. The primers and sequences examined
are shown in Fig. 4A. Cell line pairs with opposite meth-
ylation patterns were used. The first pair was the human
colorectal cancer cell line (HCT116) and its double
knock out (DKO) daughter cell line. The DKO contained
mutations at DNMT3B and DNMT1I resulting in very

Table 4 Average methylation levels relevant to the rs365052 SNP at 11 years old

rs365052 Av. Meth SD Min Max N p value
CcC 3517 - 3517 35.17 1 0.012
CG 52.63 773 40.83 62.33 9

GG 58.90 740 4517 72.83 13

Av. Meth. average methylation within 6 CpG sites measured by pyrosequencing, SD standard deviation, min minimum, max maximum, N number of blood samples;

significance indicated by p <0.05 and measured by ANOVA
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Fig. 4 Alternative promoter variant of the imprinted gene regulator ZFP57 is regulated by DNA methylation. A University of California, Santa Cruz
(UCSQ) browser screenshot of different ZFP57 isoforms (blue) and of the isoform sequenced in this study in SH-SY5Y demethylated cells (black).
Transcription primers and primers used for methylation analysis pyrosequencing are showed. B Methylation response of the DMR/promoter region
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of ZFP57 gene with individual exons marked in different colours

low methylation presence. The second pair was the neu-
roblastoma cell line (SH-SY5Y) and its 5-deoxy-aza-cyt-
idine (Aza)-treated counterpart. Aza treatment resulted
in significant demethylation of the genome including the
DMR region of interest. Similar to prior experiments,
pyrosequencing determined the methylation presence
surrounding the mQTL across these cell lines (Fig. 4B).
The DNMT knockouts in the HCT116 cells resulted in
nearly complete demethylation of the region. A reduc-
tion from 90% to less than 10% (blue bars, p=0.00017).
The neuroblastoma cell line represented a tissue that
expresses ZFP57 at higher quantities, providing more

biologically relevant results. In untreated cells, the aver-
age methylation was 60% which decreased to below 40%
after Aza treatment (red bars, p=0.014). Blood DNA
methylation was used as a control comparison (grey bar).
It was evident that DNA methylation at the DMR could
be reduced significantly in multiple cell lines using these
experiments.

RT-PCR primers were designed to determine the effect
reducing DNA methylation had on the upstream pro-
moter’s abilities. Exons 1 and 2 were amplified in the first
set to detect the alternative isoforms in the HCT116 wild
type, DKO, SH-SH5Y and Aza-treated cell lines (Fig. 4A,
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Set2FW and 2PRV, expected product size 235 bp).
Another set spanned exons 4 and 5 for detection of all
isoform transcripts (Fig. 4A, FW and RV, expected prod-
uct size 160 bp). It should be noted that it was not pos-
sible to detect all transcripts due to the small exon sizes
and low transcription levels. In the highly methylated
HCT116 cells and the untreated SH-SY5Y cells, RT-PCR
indicated the silencing of all ZFP57 isoforms (Fig. 4C, D).
Reduced DNA methylation in the DKO- and Aza-treated
cell lines allow amplification of exons 4 and 5 includ-
ing the canonical RefSeq transcript. Transcripts con-
taining exons 1 and 2 were also detectable in these cell
lines, indicating the presence of the alternative isoforms
(Fig. 4C, D). It is clear from this analysis and our previous
work [31] that DNA methylation within the DMR of the
alternative upstream promoter controls the transcription
of all known ZFP57 isoforms.

Differences have been reported in the presence or
absence of exon 2 on the alternative splice isoforms (com-
pare NM_001109809.4 and NM_ 001366333.2, Fig. 4A).
We decided to examine possible spliced variants of
ZFP57 using RNA-Seq in human placenta from publicly
available data. Confirmation that some transcripts began
at exon 2 in that tissue was obtained from a Shashimi
plot (Fig. 4E): these correspond with the original RefSeq
transcript extending from exons 2-5. Additionally, vari-
ants that originated at the upstream exon 1 and skipped
exon 2 were seen, corresponding to NM_001109809.4,
which would produce a protein with fewer residues at the
amino terminus. Using the primers Set2F-RV (indicated
in Fig. 4A), we cloned and sequenced a PCR product
spanning exons 1-5 from the Aza-treated neuroblastoma
cell line. Sequencing of this transcript, which started at
the novel promoter in the DMR, showed the presence of
exon 2 and all the downstream exons, corresponding to
NM_ 001366333.2, confirming that the 5" exon can splice
into exon 2 to produce a full-length open reading frame
(Fig. 4E).

Analysis of cognitive testing in children at 11 years shows

a protective effect of folic acid

During the 11-year period following the FASSTT RCT
the developing children were monitored. We exam-
ined possible links between cognitive improvements at
11 years and mQTL genotypes for ZFP57. Several cog-
nitive results were compared for correlations with the
mQTL genotypes and their methylation patterns. We
first focussed on data from the WISC-IV clinical assess-
ment tool, where previously collected data including
scores for Full Scale 1Q), as well as Verbal Comprehension
and Processing Speed, where the latter includes the sub-
tests symbol search and cancellation [32].
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Here we examined whether continued FA supplemen-
tation during pregnancy may have protective effects on
symbol search and cancellation abilities for those chil-
dren who carry a specific genotype. Due to a lack of C/C
genotype samples who also participated in the 11-year
cognitive tests, the C/C and C/G groups were combined
for this analysis. When comparing intervention groups
for these genotypes against symbol search and cancel-
lation scores there were significant differences through
ANOVA analysis. In the symbol search category, the CC/
CG genotype scored significantly higher than the G/G
genotype (p=0.031) in the placebo group (Fig. 5A). The
FA group showed no significant difference (p=0.650)
between the genotypes. We next compared each geno-
type separately between the intervention groups. There
is no significant difference between the placebo group
symbol search score and the FA symbol search scores
for the CC/CG genotype (p=0.807). The G/G genotype
however, showed significant differences between the FA
and placebo groups (p=0.011). These results indicate
that G/G individuals performed more poorly than CC/
CG individuals in the placebo group, but this effect was
not seen in the supplemented group.

For cancellation (Fig. 5B), no significant difference can
be seen between the intervention groups for the CC/CG
genotype (p=0.252), the placebo group between geno-
types (p=0.172) or the FA group between genotypes
(p=0.510). However, the G/G group did show significant
differences when split by intervention groups (»p=0.035),
with the placebo group here scoring lower than the FA
group, similar to the same investigation in symbol search.
The placebo G/G group symbol search and cancellation
scores diverge away from the other groups. However, the
FA G/G group remained closer to that of the CC/CG in
both intervention groups. Furthermore, as a control, we
assessed the rs365052 genotypes for both symbol search
and cancellation without splitting the data into interven-
tion groups, no significant differences were identified
(Additional File 3: Fig. S4). Additional statistical tests
were also performed for Full Scale IQ and verbal com-
prehension as previous analysis has reported differences
between placebo and intervention groups [32], but no
significant results were discovered.

Brain imaging analysis supports interactions

We next sought to validate using a second method the
differences in cognitive development shown by the
WISC-IV test. A subset of the children was successfully
recruited for imaging of neuronal activity using a mag-
netoencephalogram (MEG) while carrying out a language
task. This task was chosen as it was considered most
analogous to the cognitive processes showing differences
in the WISC-IV. Figure 5C shows brain scan data (beta
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test, cancellation. Significant p value: p < 0.05 tested via ANOVA. C MEG data for the beta band subgroup (13-30 Hz) showing results for participants

between the different rs365052 genotypes, split by intervention group. Significant p value: p < 0.05 tested via ANCOVA, confounding for sex

band, 13-30 Hz) from this analysis. The pattern that
emerged from the processing speed tests again is evident
here. Similar to the analysis conducted for the cognitive
assessments, the data produced from MEG brain imaging
was split by rs365052 genotypes and intervention groups
(Fig. 5C, placebo in green, FA in purple). When com-
paring the G/G genotype only between the intervention
groups, the placebo G/G genotype displayed significantly
lower power in the beta band for the language paradigm
than the G/G FA group (p=0.024). However, there were
no statistically significant differences when the CC/CG
group was compared between the genotypes or when the
CC/CG genotype was compared to the G/G genotype.
Overall, the children who have a G/G genotype at the
rs365052 mQTL and whose mothers were part of the

FA-supplemented group of the FASSTT study showed a
protective cognitive effect from FA. This group of chil-
dren had maintained scores in two processing speed tests
(symbol search and cancellation) and in MEG analysis
(beta band) that was in line with the children who have
a CC/CG genotype at this mQTL. The children that have
a G/G genotype but were from the mothers who were
in the placebo group, did not maintain these scores and
show a decreased cognitive ability in these categories.

Haplotype also predicts methylation and neurocognitive
outcomes in the wider population

We have shown above that rs365052 and rs2747429
both show a clear mQTL pattern in our cohort. The
analysis showed that in both mQTLs the C/C genotypes
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are inherited together meaning a blood sample with a
rs365052 genotype of C/C will have low levels of methyl-
ation in cis. In addition, the samples rs2747429 genotype
will be C/C as it too tracks with low levels of local meth-
ylation. Those that were confirmed as heterozygous for
rs365052 (C/G) also had a heterozygous rs2747429 gen-
otype (C/T). Lastly, rs365052 genotypes with the highly
methylated homozygous G/G also had a highly methyl-
ated homozygous genotype for rs2747429 (T/T).

To further investigate these findings in the general pop-
ulation, data from the 1000 Genomes Project was used
and LD scores calculated (Fig. 6). A heatmap was gener-
ated comparing the two mQTLs discussed, along with
three additional SNPs in close proximity. The heatmap
is used to visualise LD between the four SNPs. The bot-
tom left indicates the R squared (R?) value via different
intensities of red. R squared is a measure of correlation of
alleles and ranges from O to 1 (0 represents independent
SNPs, 1 represents that one SNP allele perfectly predicts
another SNP allele). The top right (blue) indicates the D
prime (D’) values for each SNP but were less informa-
tive compared to the R? values. D prime is an indicator
of allelic segregation of SNPs and ranges from 0 to 1 (0
indicates no linkage between SNP alleles, 1 represents a
tight linkage of SNP alleles). A key is displayed with the
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heatmap and provides a value to the corresponding col-
our intensity. A table was generated with the exact R* val-
ues for each SNP comparing to the other four (Table 5).
The primary SNP in this investigation (rs365052) showed
a perfect LD R? score of 1.0 with a SNP in close prox-
imity (rs2747431). Moreover, a moderate association
can be seen between the two mQTLs rs365052 and
rs2747429 (R?=0.598). The mQTL rs365052 also had
a slightly weaker but still moderate association with
another SNP, rs3095267 (R*=0.444). However, there
was only a weak association with the last SNP investi-
gated (rs17369215). This SNP was the second furthest
away from rs365052 at a distance of 638 bp downstream,
compared to 21 bp downstream (rs2747429) and 166 bp
upstream (rs2747431). However, the SNP furthest away
was rs3095267, that is located 41,352 bp downstream
of rs365052 and is not within the boundaries of the
ZFP57 gene. The secondary mQTL investigated here
(rs2747429) had moderate associations with rs365052
and rs2747431 (R*>=0.598). Although this too had a very
weak correlation with rs17369215 (R>=0.082), it had a
strong correlation with rs3095267 (R*>=0.751).

In addition to R* scores, each SNP was rated from 1 to
10 using the Functional OR Genomic Element Database
(FORGEdD) ranking system. These scores help predict

rs3095267 rs17369215 rs2747429 rs365052 rs2747431
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Fig. 6 Linkage disequilibrium heatmap. Heatmap of data from the 1000 Genomes Project for SNPs in the ZFP57 promoter region. The bottom left
squares represent the R.2 values (red) and the top right represents the D' (blue) values. The intensity of the colour indicates how close the values
are to 1 as seen on the right. A score of 1 is classified as complete linkage disequilibrium while 0 is equilibrium. The diagonal line of squares

in the middle is the Functional OR Genomic Element Database (FORGEdDb) scores which are out of 10 and is used to predict if genetic variants

are likely to be regulatory elements. The closer to 10, the more likely this is. The bottom section shows where each SNP is situated on the gene

with chromosome coordinates [53]
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Table 5 R squared (R?) values for each SNP showing correlations between them

RS_number rs17369215 rs2747429 rs365052 rs2747431 rs3095267 Association

r1s17369215 1.0 0.082 0.137 0.137 0.066 Cognitive performance (MTAG), transient neonatal diabetes mellitus

152747429 0.082 1.0 0.598 0.598 0.751 Transient neonatal diabetes mellitus

rs365052 0.137 0.598 1.0 1.0 0444 Transient neonatal diabetes mellitus

1s2747431 0.137 0.598 1.0 1.0 0.444 Severe COVID-19 or systemic lupus erythematosus (MTAG), tran-
sient neonatal diabetes mellitus

rs3095267 0.066 0.751 0.444 0.444 1.0 Migraine without aura

MTAG multi-trait analysis of genome-wide association studies (GWAS)

how likely a genetic variant is to be a regulatory vari-
ant. The purple boxes on the heatmap (Fig. 6) display the
score given to each SNP; the closer the score is to 10, the
more likely it is to be a regulatory variant. Both of the
mQTLs investigated here (rs365052 and rs2747429) were
given scores of 8/10. The other two SNPs from the data-
base were given scores of 10/10. In relation to the pri-
mary mQTLs, an 8/10 would indicate that they are both
highly likely to be regulatory variants and therefore both
have a high probability of affecting gene expression. Fur-
thermore, rs3095267 had a low score of 3/10. This would
indicate it is not likely to be a regulatory variant and con-
sidering that it is far away from the other SNPs and its
closest gene is~6000 bp downstream this score seems
reasonable.

Discussion

We have shown here that a primary regulator of the
ZFP57 gene in humans is DNA methylation. We identi-
fied a mQTL variant important in allele-specific DNA
methylation and ultimately gene transcription. This
mQTL resides within a DMR of the first intron on an
alternative ZFP57 transcript. We have shown that the
alternative 5 promoter of ZFP57 can be found in neural
tissues such as neuroblastoma cells. In addition, suppres-
sion of this region can be controlled by changes in DNA
methylation at the DMR. We highlighted that this region
contains a CTCF site, but further investigation is needed
to fully elucidate its complete function. We have demon-
strated that there are multiple SNPs in LD, some of which
are mQTLs affecting methylation of the region. Using a
RCT as a robust design, we have highlighted an associa-
tion between FA supplementation and a potential cogni-
tive protective mechanism. This is primarily for carriers
of a particular genotype at the rs365052 mQTL.

Several studies including our own have already shown
that methylation at the ZFP57 gene is responsive to envi-
ronmental changes. In particular, we and others have
shown that differences can be seen in response to folate
status [31, 56]. Work from the Tycko lab has also previ-
ously shown that allele-specific methylation of this region
of ZFP57 is haplotype-dependent, suggesting that genetic

variants here play an important role in determining
methylation, particularly in brain tissue [55]. Allele-spe-
cific methylation was also reported in human embryonic
stem cells (hESC) for this region [25]. However, neither
of these studies looked at a human cohort and much of
the mapping was done in cell lines or limited tissue sam-
ples. Here we used blood samples from our FASSTT
RCT to confirm polymorphism at two mQTLs in this
cohort. Our data support the existence of mQTLs at this
locus and through examination of mother—child pairs
could also exclude an imprinting effect at this locus, since
G/G homozygotic mothers showed near 100% meth-
ylation rather than the 50% expected if the region was
imprinted. By analysing the results in our longitudinal
cohort, we also show a clear interaction with nutrition in
determining methylation, and by extension transcription,
at the ZFP57 locus, with nutrition having a smaller effect
(approx. 5% differences in our cohort) while the mQTLs
have a larger, additive effect (close to 50% for a C allele).
The mQTL rs2747429 resides 21 base pairs down-
stream from our mQTL (rs365052) and has already been
recognised as a mQTL in brain and T-cells [55]. We
included some analysis of this mQTL as a control for our
own. The close proximity of the two mQTLs discussed
here would indicate a high probability of linked inherit-
ance; however, our cohort is not large enough on its own
to confirm this. We used existing data from the 1000
Genomes Project to calculate the R* correlation value to
determine LD strength. A British population was selected
to best compare to our FASSTT participants from North-
ern Ireland. This highlighted a moderate level of LD pre-
sent between the two mQTLs rs365052 and rs2747429,
supporting our most recent data of mQTL genotype
inheritance. Three other SNPs we examined within the
region that had been previously associated with the
mQTL rs365052 [53, 54, 57, 58]. A perfect LD score
was shown between the mQTL rs365052 and rs2747431
that also resides in the DMR of ZFP57. This SNP has
been previously associated with TNDM, severe COVID-
19 and systemic lupus erythematosus [58]. The SNP
rs3095267 showed a moderate LD score with our mQTL
rs365052 and a strong score with mQTL rs2747429 and
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has been previously associated with migraines [59]. The
mQTL rs365052 also showed evidence of linkage to the
SNP rs17369215, which is associated with cognitive per-
formance as well as TNDM [57]. Although the score was
not high, it has been suggested that any score over 0.1
be classified as in LD [53]. This SNP rs17369215 resides
outside of the CTCF insulator region marked by Chrom-
HMM in ESCs but lies within the larger CTCF binding
site illustrated by ENCODES3 transcription factor binding
ChIP-Seq data on 130 cell types on UCSC. Therefore, as
well as linking this region to TNDM and the associated
multi-locus imprinting disorder (MLID), in which ZFP57
has been implicated, these linkage relationships indicate
a causative role for this region in certain neurophysiolog-
ical phenotypes including cognition [28, 30, 60].

In terms of evolutionary conservation, it is reason-
ably well-established that ZFP57 plays an important role
in the regulation of imprinted genes in both mouse and
human tissue [17, 25, 29, 61-63]. The translated KRAB-
ZF protein has recently been shown to have a more
diverse binding ability than previously thought, reaching
beyond just imprinted genes to include factors such as
transposable elements [63]. Due to its wide binding abil-
ity and involvement in different genetic and epigenetic
mechanisms alongside its location within the MHC, reg-
ulation of this unique gene is of great importance [24, 64].
Moreover, there is growing evidence of alternative ZFP57
isoforms in multiple tissues [25]. Two of these newer
isoforms start approximately 3 kb upstream from the
canonical TSS with the first exon overlapping that of our
DMR. The presence or absence of the second exon in the
transcript is what sets the two newer isoforms apart from
each other. This second exon represents the start of the
previously characterized RefSeq transcript [25]. We have
confirmed here the presence of the alternative transcript
upstream of the original RefSeq ZFP57 transcript using
a neuroblastoma cell line. With the aim to uncover the
regulatory abilities of this mQTL-associated alternative
promoter on the ZFP57 isoforms, we decided to inves-
tigate if methylation of this influential DMR could alter
the expression of the newer ZFP57 isoforms. We deemed
it most appropriate to use cell line pairs that had only
one factor different between them, namely the presence
of absence of DNA methylation. We used a commer-
cially derived cell line (HCT116) and its DKO counter-
part alongside the neuroblastoma cell line (SH-SY5Y)
and its Aza-treated counterpart. Our previous analysis of
these two systems highlighted altered gene expression of
ZFP57 without isolation of the alternative isoforms [31].
Our most recent data demonstrates how altering DNA
methylation alone can facilitate an upregulation of all
ZFP57 isoforms. This reinforces the obvious role DNA
methylation plays within the ZFP57 alternative promoter
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and its relationship with all transcripts. Furthermore, the
significant role that the mQTL (rs365052) plays in driv-
ing cis methylation can lead to altered expression of the
ZFP57 gene.

It is well established that CTCF can regulate gene
expression and is known for its insulator properties,
blocking enhancer—promoter interactions for tar-
geted genes [65]. This protein is a ZF transcription fac-
tor highly associated with eukaryotes [66, 67]. Publicly
available ChIP-seq data from the ENCODE project by
multiple labs have localised a CTCF binding site to the
insulator region we are investigating in which the mQTLs
(rs365052 and rs2747429) reside [68]. However, CTCF
has also been shown to interact with other proteins,
such as cohesin to modify chromatin through formation
of loops to enable interaction between groups of genes
in trans [69]. It has been shown that CTCF cannot bind
methylated sequences and therefore can be disrupted by
our informative mQTLs and folate [70]. This disruption
can occur directly from a common SNP variant present
within the binding site, preventing CTCF’s binding abil-
ity [71, 72]. It may also arise through alterations in DNA
methylation as a result of the mQTLs within the ZFP57
alternative promoter. Moreover, multiple CTCF binding
sites as well as enhancer regions are shown around the
wider ZFP57 region. It would be of value to identify if
these CTCEF sites have insulator effects or form loops for
regulation of genes in different loci.

The role of ZFP57 post fertilisation and implantation
is yet to be fully portrayed. Further investigations are
needed to determine if this gene contributes to regula-
tory processes in somatic tissues. It can be seen however
that ZFP57 shows significant expression in several adult
tissues including the heart, thymus, kidney and brain
[24]. Moreover, expanding upon the association between
ZFP57 and transposable elements in human cells could
be a worthwhile project for the future [63]. A further area
of exploration could be into the evolutionary timeline of
these ZFP57 isoforms. Determining if the longer tran-
scripts developed after the shorter canonical transcript
may give valuable insight to their functions. In addition
to this, effects beyond imprinted genes to transposable
elements or specific non-imprinted regions [63], particu-
larly in the brain should be examined [73]. An impor-
tant question is whether the results we show here can be
extended to brain tissue. In this context, it is important
to note that the DMR we show to be responsive to FA
and haplotype in cord blood and blood from 11-year-
olds also showed allele-specific methylation driven by
haplotype in brain tissues in a previous study [55]. This
strongly supports a role for the mQTL we examined
here in determining methylation levels and hence ZFP57
transcriptional activity in brain tissues. It is therefore



Hilman et al. BMC Medicine (2024) 22:579

not unreasonable to suppose that FA will also influence
methylation and transcription in the brain tissues.

A final discussion involves the action of FA on this
region and its association with cognitive development in
early life. There is abundant evidence linking FA intake
and protection in the first trimester of pregnancy against
NTDs such as spina bifida and anencephaly [74]. The
FASSTT Offspring Trial showed that continued FA sup-
plementation in the second and third trimesters of preg-
nancy prevented the reduction of serum folate often seen
in pregnancy while increasing maternal and cord blood
RBC folate concentrations [41]. This has led to many
interesting insights into FA’s role in epigenetic, cognitive
and psychosocial development [31-33, 40, 75, 76]. Here
we have further explored all three of these areas and have
discovered for the first time, a possible protective bio-
logical mechanism associated with cognitive processing
speed tests and the ZFP57 mQTL (rs365052). As shown
previously, FA is linked to improved cognitive abilities up
to 11 years of age [32]. We have highlighted here that an
inverse effect which does not directly increase the cog-
nitive abilities of individuals with a particular mQTL
variant but instead it may help in maintaining normal
development. Participants of the RCT with a G/G geno-
type in the placebo group showed significantly poorer
performance in the Processing Speed tests symbol search
and cancellation. However, participants that had the
G/G genotype and were in the FA-supplemented group
maintained a higher score that aligned with the other
genotypes in the study. This same pattern is shown in a
subgroup of MEG analysis (beta band) where the pla-
cebo G/G group showed significantly lower power than
the FA-supplemented G/G group. Interestingly, beta
band power has been associated with sensorimotor pro-
cessing. Increases in beta band power can be seen when
physical movement is successfully cancelled, while plan-
ning movements or executing movements decreases beta
power in the brain [77]. This suggests these children may
have better action control and are possibly more focused
on the intellectual task in front of them instead of get-
ting distracted. Moreover, a study conducted on children
with ADHD used neurofeedback training for theta and
beta bands to investigate learning curves and behav-
ioural changes. During this study, the theta band power
remained the same while the beta band power increased
linearly [78]. Theta band power has been negatively asso-
ciated to alertness, while beta has been positively associ-
ated to attention [79]. We can link all of these complex
mechanisms together but deciphering at which stage
FA is involved would require further analysis. It is pos-
sible that FA acts as a modifier to aid in adjusting the
extreme DNA methylation differences attributed to the
mQTL genotypes. This may help to regulate the DNA
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methylation effects as FA is a limiting factor in the one
carbon metabolism cycle that is responsible for DNA
methylation and synthesis [80].

One of the strengths of the study is the randomised
control design, which enables demonstration of a causa-
tive link. There is also the use of independent methods to
assess cognitive development (WISC-IV, MEG), together
with external validation of the association of the mQTL
rs365052 at this locus with neurocognitive phenotypes
in larger human GWAS cohorts. The consistency in both
methylation and cognitive differences between placebo
and folic acid groups in different studies and over time
for this cohort is also noteworthy [31-33, 40, 49]. One of
the main limitations for this study is the relatively small
sample size in the RCT cohort, which limits its power to
detect differences in some components of the WISC-IV
test. There is no comparable RCT cohort looking at cog-
nitive outcomes in children following folic acid supple-
mentation in later pregnancy to which it can be properly
compared, although there is some support for improve-
ments in language development and cognitive outcomes
from observational cohorts [81-84]. It is also interest-
ing in this context that additional studies have shown
effects at the locus in patients suffering from neurocogni-
tive disabilities, including post-traumatic stress disorder
[85] and schizophrenia spectrum disorder [64]. It would
be valuable to investigate on a larger scale the potential
interactions between folate status, haplotype and neuro-
cognitive outcomes in adult cohorts as well as a multi-
omics approach to investigate potential effects that occur
after gene transcription.

Conclusions

Despite the limitations discussed, we have shown here
that the promoter region of the ZFP57 gene is controlled
by the newly identified mQTL that regulates allele-spe-
cific methylation patterns. We showed here that DNA
methylation of the promoter silences the alternative iso-
forms of ZFP57. We have also highlighted the presence
of additional SNPs/mQTLs in LD possibly collaborating
to influence the methylation and expression of ZFP57.
We have suggested that ZFPS57’s expression may also
be regulated by the transcription factor CTCF located
within the DMR overlapping the mQTLs. In addition, we
show for the first time a potential interaction between
these mQTLs and continued FA supplementation dur-
ing pregnancy and that this tracks with positive cognitive
outcomes in early life. Together, this study sheds light on
the regulation of this interesting and epigenetically sensi-
tive gene, as well as providing insights into the potential
biological mechanism explaining the beneficial effect of
maternal FA during pregnancy on the epigenome and
neurodevelopment in the child.
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Abbreviations

5-aza-dC 5’ Aza-2-deoxycytidine

AQ Allelic quantification

BMI Body mass index

cDNA Complementary DNA

CpG Cytosine phosphate guanine

CTCF CCCTC-binding factor

DKO Double knockout

DMEM Dulbecco’s modification of Eagle’s medium

DMR Differentially methylated region

DNAmM DNA methylation

DNMT DNA methyltransferase

EPIC 850 k Array  Infinium methylation EPIC beadchip array

ESCs Embryonic stem cells

FPC Failed primer combinations

FA Folic acid

FASSTT Folic Acid Supplementation during the Second and Third
Trimester

FBS Foetal bovine serum

FORGEdb Functional OR Genomic Element Database

GW Gestational week

GWAS Genome-wide association studies

hEsC Human embryonic stem cell

ICR Imprint control region

Kb Kilobase

KRAB Krtppel-associated box

KRAB-ZF KRAB zinc finger

LD Linkage disequilibrium

MEG Magnetoencephalography

MHC Major histocompatibility complex

MLID Multi-locus imprinting disorder

mQTL Methylation quantitative trait locus

NIFBM Northern Ireland Functional Brain Mapping
NTD Neural tube defects

RBC Red blood cell

RCT Randomised controlled trial

RNA-seq RNA sequencing

RT Reverse transcriptase

SNP Single-nucleotide polymorphism

TNDM Transient neonatal diabetes mellitus

TSS Transcriptional start site

ucsc University of California, Santa Cruz

uv Ultraviolet

WISC-IV Wechsler Intelligence Scale for Children fourth edition
WT Wild type

ZFP57 Zinc finger protein 57

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512916-024-03804-2.

Additional file 1: Additional materials. Supplementary details in relation
to investigation overview, primers used and EPIC array probes. Figure S1.
Overview showing the analysis of samples from the FASSTT Offspring trial
in relation to regulation of ZFP57. Table S1. Primer sequences used in this
study. Table S2. ZFP57 EPIC array CpG sites for UCSC human genome 19.

Additional file 2: Methylation and genotypes. Supplementary details in
relation to changes in methylation between different tissue timepoints
and genotypes of investigated SNPs. Table S3. 15365052 genotypes in

the FASSTT participants. Table S4.rs2747429 mQTL genotypes for the
FASSTT participants. Table S5. Average methylation levels relevant to the
rs2747429 SNP. Figure S2. Boxplot of the rs2747429 SNP methylation in the
ZFP57 alternative promoter region. Table S6. DNA methylation correla-
tions between cord blood and blood at age 11 for the 23 overlapping
participants. Figure S3. Tissue methylation comparison of cord blood and
blood at 11 years

Additional file 3: Additional cognitive analysis. Supplementary details in
relation to cognitive assessments for the rs365052 genotype. Figure S4.

Page 18 of 20

Cognitive scores for symbol search and cancellation at each rs365052
genotype

Additional file 4: Original, uncropped gel images. Raw gel images for
Figure 4 in the main text. Figure S5. Raw gel images corresponding to
Figure 4C and 4D

Acknowledgements

The authors are grateful to the other members of the Centre for Genomic
Medicine and the Nutrition Innovation Centre for Food and Health (NICHE)
who provided feedback on the work, as well as to Prof. Ben Tycko for invalu-
able advice. Thank you to Dr Sara-Jayne Thursby for initial bioinformatic
analysis of the EPIC array data used in previous publications from our lab.

Authors’ contributions

CPW, KP, HM and RI designed and planned the work. LH and MO carried out
the lab work. LH and MO performed the bioinformatic and statistical analysis.
AC, MC, and MW helped with FASSTT samples and advised on statistical
approaches. CC assisted with sample locations, experimental setup and
planning. LH and CPW wrote the paper. All authors read, commented on and
approved the final manuscript.

Funding

Open access funding provided by Linkoéping University. Work was supported
by the EpiFASSTT grant jointly funded by the Economic and Social Research
Council (ESRC) and Biotechnology and Biological Sciences Research Council
(BBSRQ), grant ref: ES/N000323/1 (CPW/HM) as well as by the EpiBrain grant
funded by the EU Joint Programming Initiative-a Healthy Diet for a Healthy
Lifestyle (JPI-HDHL) through the Biological and Biotechnology Research Coun-
cil (BBSRC), Grant Ref: BB/S020330/1 (HM/MW/KP/CPW).

Data availability
Data available upon request.

Declarations

Ethics approval and consent to participate

The Office for Research Ethics Committee for Northern Ireland (ORECNI) has
granted ethical approval for the original randomised controlled FASSTT trial
(ref:05/Q2008/21) and for the follow-up FASSTT Offspring Trial (12/NI1/0077).
Ulster University Research Ethics Committee also approved the FASSTT Off
spring Trial (WUREC: 12/0121). Written informed consent from the mother
and assent from the child were obtained. The trials were registered at ISRCTN
Registry (ISRCTN19917787).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

School of Biomedical Sciences, Biomedical Sciences Research Institute, Ulster
University, Coleraine, Northern Ireland BT52 1SA, UK. 2Nutrition Innovation
Centre for Food and Health (NICHE), School of Biomedical Sciences, Ulster
University, Coleraine, Northern Ireland BT52 1SA, UK. *Department for Cell

and Neurobiology, Biomedical and Clinical Sciences Division, Faculty of Medi-
cine, Linkdping University, 581 83 Linkoping, Sweden. “Department of Medical
Genetics, Life Sciences Institute, University of British Columbia, Vancouver, BC
V6T 174, Canada.

Received: 21 June 2024 Accepted: 29 November 2024
Published online: 16 December 2024

References
1. Tiffon C. The impact of nutrition and environmental epigenetics on
human health and disease. Int J Mol Sci. 2018;19(11):3425.


https://doi.org/10.1186/s12916-024-03804-2
https://doi.org/10.1186/s12916-024-03804-2

Hilman et al. BMC Medicine

20.

21.

22.

23.

24.

25.

26.

(2024) 22:579

Swiatowy WJ, Drzewiecka H, Kliber M, Sasiadek M, Karpiriski P, Plawski

A, et al. Physical activity and DNA methylation in humans. Int J Mol Sci.
2021;22(23):12989.

Fragou D, Pakkidi E, Aschner M, Samanidou V, Kovatsi L. Smoking and
DNA methylation: correlation of methylation with smoking behavior
and association with diseases and fetus development following prenatal
exposure. Food Chem Toxicol. 2019;129:312-27.

Ferguson-Smith AC, Bourchis D. The discovery and importance of
genomic imprinting. Elife. 2018,22:7.

Xu R, Li G, Liu X, Gao S. Insights into epigenetic patterns in mammalian
early embryos. Protein Cell. 2021;12(1):7-28.

Barton SC, Surani MAH, Norris ML. Role of paternal and maternal
genomes in mouse development. Nature. 1984;311(5984):374-6.
McGrath J, Solter D. Completion of mouse embryogenesis requires both
the maternal and paternal genomes. Cell. 1984;37(1):179-83.
Constancia M, Hemberger M, Hughes J, Dean W, Ferguson-Smith A,
Fundele R, et al. Placental-specific IGF-Il is a major modulator of placental
and fetal growth. Nature. 2002;417(6892):945-8.

Lefebvre L, Viville S, Barton SC, Ishino F, Keverne EB, Surani MA. Abnormal
maternal behaviour and growth retardation associated with loss of the
imprinted gene Mest. Nat Genet. 1998;20(2):163-9.

Keverne EB. Genomic imprinting in the brain. Curr Opin Neurobiol.
1997,7(4):463-8.

. Angulo MA, Butler MG, Cataletto ME. Prader-Willi syndrome: a review

of clinical, genetic, and endocrine findings. J Endocrinol Invest.
2015;38(12):1249-63.

Cheron G, Servais L, Wagstaff J, Dan B. Fast cerebellar oscillation associ-
ated with ataxia in a mouse model of angelman syndrome. Neurosci-
ence. 2005;130(3):631-7.

Moulton T, Crenshaw T, Hao Y, Moosikasuwan J, Lin N, Dembitzer F, et al.
Epigenetic lesions at the H19 locus in Wilms'tumour patients. Nat Genet.
1994;7(3):440-7.

Angelman H.'Puppet’children a report on three cases. Dev Med Child
Neurol. 1965;7(6):681-8.

Butler MG, Miller JL, Forster JL. Prader-Willi syndrome - clinical genet-

ics, diagnosis and treatment approaches: an update. Curr Pediatr Rev.
2019;15(4):207-44.

Li X, Ito M, Zhou F, Youngson N, Zuo X, Leder P, et al. A maternal-zygotic
effect gene, Zfp57, maintains both maternal and paternal imprints. Dev
Cell. 2008;15(4):547-57.

Quenneville S, Verde G, Corsinotti A, Kapopoulou A, Jakobsson J, Offner
S, etal. In embryonic stem cells, ZFP57/KAP1 recognize a methylated
hexanucleotide to affect chromatin and DNA methylation of imprinting
control regions. Mol Cell. 2011;44(3):361-72.

Bartolomei MS, Ferguson-Smith AC. Mammalian genomic imprinting.
Cold Spring Harb Perspect Biol. 2011;3(7):a002592-a002592.

Zuo X, Sheng J, Lau HT, McDonald CM, Andrade M, Cullen DE, et al.

Zinc finger protein ZFP57 requires its co-factor to recruit DNA meth-
yltransferases and maintains DNA methylation imprint in embryonic
stem cells via its transcriptional repression domain. J Biol Chem.
2012;287(3):2107-18.

Nishitsuji H, Sawada L, Sugiyama R, Takaku H. ZNF10 inhibits HIV-1 LTR
activity through interaction with NF-kB and Sp1 binding motifs. FEBS
Lett. 2015;589(15):2019-25.

Takahashi N, Coluccio A, Thorball CW, Planet E, Shi H, Offner S, et al.
ZNF445 is a primary regulator of genomic imprinting. Genes Dev.
2019;33(1-2):49-54.

Wolf G, Yang P, Flichtbauer AC, Flichtbauer EM, Silva AM, Park C, et al. The
KRAB zinc finger protein ZFP809 is required to initiate epigenetic silenc-
ing of endogenous retroviruses. Genes Dev. 2015;29(5):538-54.
Ondicovéa M, Oakey RJ, Walsh CP. Is imprinting the result of “friendly fire"
by the host defense system? PLoS Genet. 2020;16(4):e1008599.

Plant K, Fairfax BP, Makino S, Vandiedonck C, Radhakrishnan J, Knight JC.
Fine mapping genetic determinants of the highly variably expressed
MHC gene ZFP57. Eur J Hum Genet. 2014;22(4):568-71.
Monteagudo-Sanchez A, Hernandez Mora JR, Simon C, Burton A, Tenorio
J, Lapunzina P, et al. The role of ZFP57 and additional KRAB-zinc finger
proteins in the maintenance of human imprinted methylation and multi-
locus imprinting disturbances. Nucleic Acids Res. 2020;48(20):11394-407.
Amadou C, Younger RM, Sims S, Matthews LH, Rogers J, Kuménovics

A, et al. Co-duplication of olfactory receptor and MHC class | genes

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 19 of 20

in the mouse major histocompatibility complex. Hum Mol Genet.
2003;12(22):3025-40.

Younger RM. Characterization of clustered MHC-linked olfactory receptor
genes in human and mouse. Genome Res. 2001;11(4):519-30.

Mackay DJG, Callaway JLA, Marks SM, White HE, Acerini CL, Boonen SE,
et al. Hypomethylation of multiple imprinted loci in individuals with
transient neonatal diabetes is associated with mutations in ZFP57. Nat
Genet. 2008;40(8):949-51.

LiuY, Toh H, Sasaki H, Zhang X, Cheng X. An atomic model of Zfp57
recognition of CpG methylation within a specific DNA sequence. Genes
Dev. 2012;26(21):2374-9.

Touati A, Errea-Dorronsoro J, Nouri S, Halleb Y, Pereda A, Mahdhaoui N,
et al. Transient neonatal diabetes mellitus and hypomethylation at addi-
tional imprinted loci: novel ZFP57 mutation and review on the literature.
Acta Diabetol. 2019;56(3):301-7.

Irwin RE, Thursby SJ, Ondi¢ova M, Pentieva K, McNulty H, Richmond RC,
et al. A randomized controlled trial of folic acid intervention in pregnancy
highlights a putative methylation-regulated control element at ZFP57.
Clin Epigenetics. 2019;11(1):31.

Caffrey A, McNulty H, Rollins M, Prasad G, Gaur P, Talcott JB, et al. Effects
of maternal folic acid supplementation during the second and third
trimesters of pregnancy on neurocognitive development in the child:

an 11-year follow-up from a randomised controlled trial. BMC Med.
2021;19(1):73.

McNulty H, Rollins M, Cassidy T, Caffrey A, Marshall B, Dornan J, et al.
Effect of continued folic acid supplementation beyond the first trimester
of pregnancy on cognitive performance in the child: a follow-up study
from a randomized controlled trial (FASSTT Offspring Trial). BMC Med.
2019;17(1):196.

Pizer J, EIBassiouny A. Wechsler Preschool and Primary Scale of Intel-
ligence (WPPSI). In: The Wiley Encyclopedia of Personality and Individual
Differences. Wiley; 2020. p. 473-5.

Warschausky S. Wechsler Preschool and Primary Scale of Intelligence. In:
Encyclopedia of Clinical Neuropsychology. New York, NY: Springer New
York; 2011. p. 2690-3.

Olivier TW, Mahone EM, Jacobson LA. Wechsler Intelligence Scale for
Children. In: Encyclopedia of Clinical Neuropsychology. Cham: Springer
International Publishing; 2018. p. 3684-92.

Feis YF. Wechsler Intelligence Scale for Children-IV (WISC-IV). In: Ency-
clopedia of Cross-Cultural School Psychology. Boston, MA: Springer US;
2010. p. 1030-2.

Grizzle R. Wechsler Intelligence Scale for Children, Fourth Edition. In:
Encyclopedia of Child Behavior and Development. Boston, MA: Springer
Us; 2011. p. 1553-5.

Hill RM, Boto E, Holmes N, Hartley C, Seedat ZA, Leggett J, et al. A tool

for functional brain imaging with lifespan compliance. Nat Commun.
2019;10(1):4785.

Caffrey A, Irwin RE, McNulty H, Strain JJ, Lees-Murdock DJ, McNulty BA,
et al. Gene-specific DNA methylation in newborns in response to folic
acid supplementation during the second and third trimesters of preg-
nancy: epigenetic analysis from a randomized controlled trial. Am J Clin
Nutr. 2018;107(4):566-75.

McNulty B, McNulty H, Marshall B, Ward M, Molloy AM, Scott JM, et al.
Impact of continuing folic acid after the first trimester of pregnancy: find-
ings of a randomized trial of Folic Acid Supplementation in the Second
and Third Trimesters. Am J Clin Nutr. 2013;98(1):92-8.

David Wechsler. Pearson Clinical. 2004 [cited 2024 Apr 17]. Wechsler
Intelligence Scale for Children - Fourth UK Edition. Available from: https://
www.pearsonclinical.co.uk/store/ukassessments/en/Store/Profession
al-Assessments/Cognition-%_26-Neuro/Wechsler-Intelligence-Scale-for-
Children-%C2%AE---Fourth-UK-Edition/p/P100009243.html?tab=overv
iew

Aston Brain Centre. YouTube. 2014. Who or what is MEG? Available from:
www.youtube.com/watch?v=_KoLjkud_Ws.

Ars CL, Nijs IM, Marroun HE, Muetzel R, Schmidt M, Steenweg-de Graaff J,
et al. Prenatal folate, homocysteine and vitamin B12 levels and child brain
volumes, cognitive development and psychological functioning: the
Generation R Study. Br J Nutr. 2019;122(s1):51-9.

Kutas M, Hillyard SA. Reading senseless sentences: brain potentials reflect
semantic incongruity. Science (1979). 1980 Jan 11;207(4427):203-5.


https://www.pearsonclinical.co.uk/store/ukassessments/en/Store/Professional-Assessments/Cognition-%26-Neuro/Wechsler-Intelligence-Scale-for-Children-%C2%AE---Fourth-UK-Edition/p/P100009243.html?tab=overview
https://www.pearsonclinical.co.uk/store/ukassessments/en/Store/Professional-Assessments/Cognition-%26-Neuro/Wechsler-Intelligence-Scale-for-Children-%C2%AE---Fourth-UK-Edition/p/P100009243.html?tab=overview
https://www.pearsonclinical.co.uk/store/ukassessments/en/Store/Professional-Assessments/Cognition-%26-Neuro/Wechsler-Intelligence-Scale-for-Children-%C2%AE---Fourth-UK-Edition/p/P100009243.html?tab=overview
https://www.pearsonclinical.co.uk/store/ukassessments/en/Store/Professional-Assessments/Cognition-%26-Neuro/Wechsler-Intelligence-Scale-for-Children-%C2%AE---Fourth-UK-Edition/p/P100009243.html?tab=overview
https://www.pearsonclinical.co.uk/store/ukassessments/en/Store/Professional-Assessments/Cognition-%26-Neuro/Wechsler-Intelligence-Scale-for-Children-%C2%AE---Fourth-UK-Edition/p/P100009243.html?tab=overview
http://www.youtube.com/watch?v=_KoLjkud_Ws

Hilman et al. BMC Medicine

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

(2024) 22:579

Rhee I, Bachman KE, Park BH, Jair KW, Yen RWC, Schuebel KE, et al. DNMT1
and DNMT3b cooperate to silence genes in human cancer cells. Nature.
2002;416(6880):552-6.

Metsalu T, Viltrop T, Tiirats A, Rajashekar B, Reimann E, Koks S, et al. Using
RNA sequencing for identifying gene imprinting and random monoallelic
expression in human placenta. Epigenetics. 2014,9(10):1397-409.
Robinson JT, Thorvaldsdéttir H, Winckler W, Guttman M, Lander ES, Getz
G, et al. Integrative genomics viewer. Nat Biotechnol. 2011;29(1):24-6.
Ondicova M, Irwin RE, Thursby SJ, Hilman L, Caffrey A, Cassidy T, et al. Folic
acid intervention during pregnancy alters DNA methylation, affecting
neural target genes through two distinct mechanisms. Clin Epigenetics.
2022;14(1):63.

Assenov Y, Muller F, Lutsik P, Walter J, Lengauer T, Bock C. Comprehen-
sive analysis of DNA methylation data with RnBeads. Nat Methods.
2014;11(11):1138-40.

Thursby SJ, Lobo DK, Pentieva K, Zhang SD, Irwin RE, Walsh CP. CandiMeth:
powerful yet simple visualization and quantification of DNA methylation at
candidate genes. Gigascience. 2020 Jun 1,9(6).

Makambi K. Weighted inverse chi-square method for correlated significance
tests. J Appl Stat. 2003;30(2):225-34.

Machiela MJ, Chanock SJ. LDlink: a web-based application for exploring
population-specific haplotype structure and linking correlated alleles of
possible functional variants. Bioinformatics. 2015;31(21):3555-7.

Lin SH, Brown DW, Machiela MJ. LDtrait: an online tool for identifying
published phenotype associations in linkage disequilibrium. Cancer Res.
2020;80(16):3443-6.

Do C, Lang CF, Lin J, Darbary H, Krupska I, Gaba A, et al. Mechanisms and
disease associations of haplotype-dependent allele-specific DNA methyla-
tion. Am J Human Genet. 2016,98(5):934-55.

Amarasekera M, Martino D, Ashley S, Harb H, Kesper D, Strickland D, et al.
Genome-wide DNA methylation profiling identifies a folate-sensitive region
of differential methylation upstream of ZFP57 -imprinting regulator in
humans. FASEB J. 2014,28(9):4068-76.

Lee JJ, Wedow R, Okbay A, Kong E, Maghzian O, Zacher M, et al. Gene
discovery and polygenic prediction from a genome-wide association

study of educational attainment in 1.1 million individuals. Nat Genet.
2018;50(8):1112-21.

Yao M, Huang X, Guo'Y, Zhao JV, Liu Z. Disentangling the common genetic
architecture and causality of rheumatoid arthritis and systemic lupus
erythematosus with COVID-19 outcomes: Genome-wide cross trait analysis
and bidirectional Mendelian randomization study. J Med Virol. 2023 Feb
16,95(2).

AnttilaV, Winsvold BS, Gormley P, Kurth T, Bettella F, McMahon G, et al.
Genome-wide meta-analysis identifies new susceptibility loci for migraine.
Nat Genet. 2013;45(8):912-7.

Boonen SE, Mackay DJG, Hahnemann JMD, Docherty L, Granskov K,
Lehmann A, et al. Transient neonatal diabetes, ZFP57, and hypomethylation
of multiple imprinted loci. Diabetes Care. 2013;36(3):505-12.

Jiang W, Shi J, Zhao J, Wang Q, Cong D, Chen F, et al. ZFP57 dictates allelic
expression switch of target imprinted genes. Proceedings of the National
Academy of Sciences. 2021 Feb 2;118(5).

Strogantsev R, Krueger F, Yamazawa K, Shi H, Gould P, Goldman-Roberts

M, et al. Allele-specific binding of ZFP57 in the epigenetic regulation

of imprinted and non-imprinted monoallelic expression. Genome Biol.
2015;16(1):112.

ShiH, Strogantsev R, Takahashi N, Kazachenka A, Lorincz MC, Hemberger

M, et al. ZFP57 regulation of transposable elements and gene expres-

sion within and beyond imprinted domains. Epigenetics Chromatin.
2019;12(1):49.

Carmel M, Michaelovsky E, Weinberger R, Frisch A, Mekori-Domachevsky E,
Gothelf D, et al. Differential methylation of imprinting genes and MHC locus
in 22q11.2 deletion syndrome-related schizophrenia spectrum disorders.
The World Journal of Biological Psychiatry. 2021 Jan 2,22(1):46-57.

Gaszner M, Felsenfeld G. Insulators: exploiting transcriptional and epigenetic
mechanisms. Nat Rev Genet. 2006;7(9):703-13.

Filippova GN, Fagerlie S, Klenova EM, Myers C, Dehner Y, Goodwin G, et al.
An exceptionally conserved transcriptional repressor, CTCF, employs differ-
ent combinations of zinc fingers to bind diverged promoter sequences of
avian and mammalian c-myc oncogenes. Mol Cell Biol. 1996;16(6):2802-13.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Page 20 of 20

Vostrov AA, Taheny MJ, Quitschke WW. A region to the N-terminal side of
the CTCF zinc finger domain is essential for activating transcription from the
amyloid precursor protein promoter. J Biol Chem. 2002,277(2):1619-27.
Zhang J, Lee D, Dhiman'V, Jiang P, Xu J, McGillivray P, et al. An integrative
ENCODE resource for cancer genomics. Nat Commun. 2020;11(1):3696.
Szabd PE, Tang SHE, Silva FJ, Tsark WMK, Mann JR. Role of CTCF bind-

ing sites in the Igf2/H19 imprinting control region. Mol Cell Biol.
2004;24(11):4791-800.

Hark AT, Schoenherr CJ, Katz DJ, Ingram RS, Levorse JM, Tilghman SM. CTCF
mediates methylation-sensitive enhancer-blocking activity at the H19/1gf2
locus. Nature. 2000;405(6785):486-9.

Allen EK, Randolph AG, Bhangale T, Dogra P, Ohlson M, Oshansky CM, et al.
SNP-mediated disruption of CTCF binding at the IFITM3 promoter is associ-
ated with risk of severe influenza in humans. Nat Med. 2017;23(8):975-83.
HuoY, Li'S, Liu J, Li X, Luo XJ. Functional genomics reveal gene regulatory
mechanisms underlying schizophrenia risk. Nat Commun. 2019;10(1):670.
Yang P, Wang Y, Macfarlan TS. The role of KRAB-ZFPs in transposable element
repression and mammalian evolution. Trends Genet. 2017;33(11):871-81.
Crider KS, Qi YR, Yeung LF, Mai CT, Head Zauche L, Wang A, et al. folic acid
and the prevention of birth defects: 30 years of opportunity and controver-
sies. Annu Rev Nutr. 2022;42(1):423-52.

Henry L, Cassidy T, McLaughlin M, Pentieva K, McNulty H, Walsh CP, et al.
Folic Acid Supplementation throughout pregnancy: psychological develop-
mental benefits for children. Acta Paediatr. 2018;107(8):1370-8.

Irwin RE, Pentieva K, Cassidy T, Lees-Murdock DJ, McLaughlin M, Prasad G,
et al. The interplay between DNA methylation, folate and neurocognitive
development. Epigenomics. 2016;8(6):863-79.

Beste C, Mlinchau A, Frings C. Towards a systematization of brain oscillatory
activity in actions. Commun Biol. 2023;6(1):137.

Janssen TWP Bink M, Weeda WD, Geladé K, van Mourik R, Maras A, et al.
Learning curves of theta/beta neurofeedback in children with ADHD. Eur
Child Adolesc Psychiatry. 2017,26(5):573-82.

Oken BS, Salinsky MC, Elsas SM. Vigilance, alertness, or sustained

attention: physiological basis and measurement. Clin Neurophysiol.
2006;117(9):1885-901.

McNulty H, Ward M, Caffrey A, Pentieva K. Contribution of folic acid to
human health and challenges of translating the science into effective
policy: a call to action for the implementation of food fortification in Ireland.
Proceedings of the Nutrition Society. 2023;82(2):91-103.

Huang X, Ye Y, LiY, Zhang Y, Zhang Y, Jiang Y, et al. Maternal folate levels dur-
ing pregnancy and children’s neuropsychological development at 2 years of
age. Eur J Clin Nutr. 2020;74(11):1585-93.

Veena SR, Krishnaveni GV, Srinivasan K, Wills AK, Muthayya S, Kurpad AV, et al.
Higher maternal plasma folate but not vitamin B-12 concentrations during
pregnancy are associated with better cognitive function scores in 9-to 10-
year-old children in South India. J Nutr. 2010;140(5):1014-22.

Compar Gabucio LM, Garcia de la Hera M, Torres Collado L, Ferndndez-
Somoano A, Tardon A, Guxens M, et al. The use of lower or higher than rec-
ommended doses of folic acid supplements during pregnancy is associated
with child attentional dysfunction at 4-5 years of age in the INMA project.
Nutrients. 2021 Jan 23;13(2):327.

Compan-Gabucio LM, Torres-Collado L, Garcia-de la Hera M, Ferndndez-
Somoano A, Tardén A, Julvez J, et al. Association between the use of folic
acid supplements during pregnancy and children’s cognitive function at
7-9 years of age in the INMA cohort study. Int J Environ Res Public Health.
2022 Sep 25;19(19):12123.

Vinkers CH, Geuze E, van Rooij SJH, Kennis M, Schiir RR, Nispeling DM, et al.
Successful treatment of post-traumatic stress disorder reverses DNA meth-
ylation marks. Mol Psychiatry. 2021;26(4):1264-71.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.



	Cognitive benefits of folic acid supplementation during pregnancy track with epigenetic changes at an imprint regulator
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study design
	Cognitive assessment
	Brain imaging analysis
	DNA extraction and bisulfite conversion
	Polymerase chain reactions and DNA methylation analysis
	Cell culture
	RNA extraction and cDNA synthesis
	RNA-Seq analysis
	Bioinformatic analysis
	Linkage disequilibrium analysis
	Statistical analysis


	Results
	Overview of the FASSTT cohort and their offspring at 11 years
	Methylation of the ZFP57 promoter is influenced by both folic acid and haplotype
	DNA methylation of the ZFP57 promoter controls expression of the alternative ZFP57 isoforms
	Analysis of cognitive testing in children at 11 years shows a protective effect of folic acid
	Brain imaging analysis supports interactions
	Haplotype also predicts methylation and neurocognitive outcomes in the wider population

	Discussion
	Conclusions
	Acknowledgements
	References


