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ABSTRACT

BACKGROUND: How epigenetic modifications of DNA are associated with gestational age at birth is not fully understood. We investigated
potential effects of differential paternal DNA methylation (DNAm) on offspring gestational age at birth by conducting an epigenome-wide
search for cytosine-phosphate-guanine (CpG) sites.

METHODS: Study participants in this study consist of male cohort members or partners of the F1-generation of the Isle of Wight Birth Cohort
(loWBC). DNAm levels in peripheral blood from F1-fathers (n=92) collected around pregnancy of their spouses were analyzed using the lllu-
mina 450K array. A 5-step statistical analysis was performed. First, a training-testing screening approach was applied to select CpG sites
that are potentially associated with gestational age at birth. Second, functional enrichment analysis was employed to identify biological pro-
cesses. Third, by centralizing on biologically informative genes, Cox proportional hazards models were used to assess the hazard ratios of
individual paternal CpGs on gestational age adjusting for confounders. Fourth, to assess the validity of our results, we compared our CpG-
gestational age correlations within a Born into Life Study in Sweden (n=15). Finally, we investigated the correlation between the detected
CpGs and differential gene expression in F2 cord blood in the loWBC.

RESULTS: Analysis of DNAm of fathers collected around their partner’s pregnancy identified 216 CpG sites significantly associated with
gestational age at birth. Functional enrichment pathways analyses of the annotated genes revealed 2 biological pathways significantly
related to cell-cell membrane adhesion molecules. Differential methylation of 9 cell membrane adhesion pathway-related CpGs were signifi-
cantly associated with gestational age at birth after adjustment for confounders. The replication sample showed correlation coefficients of 2
pathway-related CpGs with gestational age at birth within 95% confidence intervals of correlation coefficients in loWBC. Finally, CpG sites
of protocadherin (PCDH) gene clusters were associated with gene expression of PCDH in F2 cord blood.

CONCLUSIONS: Our findings suggest that differential paternal DNAm may affect gestational age at birth through cell-cell membrane adhe-
sion molecules. The results are novel but require future replication in a larger cohort.
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Background

Several studies have reported that preterm birth (<37 weeks of
gestational age) is a leading cause of infant mortality and
morbidity.! In the United States, the proportion of preterm
children in 2016 was 9.85%.6 Identified risk factors related to

gestational age at preterm birth only explain part of its variabil-
ity. Attempts to explain the nongenetic factors that contribute
to gestational age at birth have focused on prenatal maternal
exposures to environmental risk factors, such as maternal
smoking,” intrauterine infection,® neighborhood poverty,?1
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ambient air pollution exposure,™ maternal education,'? availa-
bility of healthy food to the mother, perceived maternal stress
14 maternal age,’> maternal obesity,'®!7 maternal diabetes,!®
maternal hypertension,!” maternal asthma,?® and pre-eclamp-
sia.?! Paternal factors are less well investigated.??

Despite insight into genetic and epigenetic factors that may
contribute to gestational age at birth,?3?* the spotlight is on the
contribution from maternal DNA methylation (DNAm)? and
infants’ DNAm.?¢ Findings of paternal genetics and epigenetics
explaining gestational age at birth are rare and controversial 228
A study on twins’ offspring in the Netherlands suggested that
there is a correlation between the gestational age of the first-
born offspring whose mothers were monozygotic female twins
and non-twin sisters. No correlation was found in gestational
age at birth among offspring whose parents were monozygotic
male twins, non-twin brothers, or brother-sister. This study also
reported that maternal genetic factors contributed only 34% of
heritability of gestational age at birth. No paternal heritability
was found for gestational age at birth.?” However, novel find-
ings provided some clues that differential paternal epigenetics
may contribute to preterm deliveries?»?? by affecting placental
gene expression. Wang et al?® in a horse-donkey model with
hybrid oftspring found that paternally expressed genes predom-
inate in the development of placenta. The reciprocal hybrid off-
spring of horse and donkey, the mule has a donkey as father and
horse as mother, and the hinny which has a donkey as mother
and horse as father, showed physiological variations in placentas
that might be attributable to imprinted genes. Imprinted genes
expressed in a parent-of-origin-specific pattern were regulated
by epigenetic modification which completely or partly silenced
either the paternal or maternal origin allele.3° They identified
multiple nucleotide sites that were only different between horse
and donkey, but not polymorphic in both species. Horse-origin
allele expression levels were quantified among previously identi-
fied nucleotide sites in placental tissue among mule and hinny
which carried same genotype. The results showed that more
genes with paternal origin than genes with maternal origin were
expressed in the placenta. Besides, variation in parental allele-
specific methylation status was corresponding to the allelic
expression bias. These paternally-origin bias expressed genes
were considered as candidate imprinting genes. Generally, a
placental-specific expression bias of maternal imprinted (pater-
nally expressed) genes was critical for the normal development
of placenta.’!

To investigate whether differential paternal DNAm plays a
role in gestational age at birth, we examined epigenome-wide
DNAm in peripheral paternal blood collected around the time
of the pregnancy of their female partners. We used data from
the Isle of Wight Birth Cohort (IoWBC)?* that includes the
grand-parental (F0), the parental (F1), and a grandchild gen-
eration (F2). In the F1 generation, we have paternal DNAm
data and information on gestational age at birth when
F1-mothers were pregnant with F2. We tested DNAm in the
Swedish “Born into Life” study for agreements with our results.

Methods

Discovery cohort

The IoWBC was established in 1989 in the United Kingdom to
observe natural history and to examine risk factors of asthma
and other allergic conditions.?? Pregnant FO women were
enrolled at the time of delivery in 1989/1990. Newborns (F1)
were followed to date (samples analyzed until 2018). Between
2011 and 2018, part of their F'1 daughters and spouses or female
partners of F1 sons became pregnant. Peripheral blood samples
of the F1-mother and their partners were collected during preg-
nancy. Questionnaires were completed during pregnancy to
gather information about behavior and medical conditions.

Ethics approval was achieved by the Isle of Wight Local
Research Ethics Committee before recruiting participants
between January 1989 and February 1990. The investigation of
the third generation was approved by the Isle of Wight,
Portsmouth, and SE Hampshire Local Research Ethics
Committee (Research Ethics Committee reference number:
09/H0504/129; December 4, 2009). The internal review board
of the University of Memphis approved the project
(FWAO00006815, December 7, 2012). Permission was also
granted for the collection of samples for genetic studies.
Written informed consent forms were obtained from all par-
ticipants before they were enrolled in the study.

Replication cohort: Born into Life study

The Swedish Born into Life study focuses on maternal factors
and early biomarkers during pregnancy on child’s growth and
health outcomes later in life. In this cohort, 92 pregnant women
were recruited and have been followed up in 2010-2012. This
study was described in a previous publication.?® DNAm data
were available for 15 fathers to replicate our results. Ethical
approval was obtained from the Regional Ethical Review
Board in Stockholm, Sweden, and written informed consents
were obtained from fathers in the Born into Life study.

Variables

In the Isle of Wight study, gestational age estimates were based
on the last menstrual period and/or by ultrasound measurement.
Data on smoking during pregnancy were obtained from ques-
tionnaires administered at 12, 20, and 28 gestational weeks.
Maternal smoking during pregnancy was assessed in each trimes-
ter and information on treatment for premature labor was ascer-
tained during pregnancy. Maternal and paternal age at conception,
race of father, education level of father, paternal smoking, mater-
nal chronic disease during pregnancy, mode of delivery, gravida,
parity, and number of unsuccessful pregnancy were collected and
considered as confounding variables. In the Born into Life study,
information of gestational age at birth, treatment for preterm
labor, and form of delivery were obtained from Medical Birth
Register. Maternal smoking during pregnancy, maternal smoking
before pregnancy, fathers’ education levels, maternal chronic
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disease history, parity, and history of unsuccessful pregnancies
were assessed in the first trimester from maternal reports to the
midwife at the first antenatal visit. Maternal age at delivery and
paternal age when the child was born were estimated by birth
data of the child and birth data of the parents.

Biological sample collection and DNA extraction

In the Isle of Wight study, paternal peripheral blood samples
were collected in EDTA tubes during their spouse’s pregnancy.
After the delivery of the infant and cutting of the umbilical
cord, blood from umbilical cord was collected into PAXgene
Bone Marrow RNA tubes (Qiagen, Valencia, CA, USA). For
DNAm, blood samples were centrifuged at 3,000 r/min to sep-
arate blood cells from plasma and stored at -80°C. Later, DNA
was extracted by using standard salting out procedure.3*

In the Born into Life study, paternal peripheral blood sam-
ples were ascertained before or during their partners’ pregnan-
cies. DNAm was measured by the MethylationEPIC BeadChip,
using the manufacturer’s standard protocol (Illumina, Inc., San
Diego, CA, USA) at the Mutation Analysis Facility, Karolinska
Institutet (http://www.maf.ki.se/).

DNAm analysis

One microgram of DNA from each subject was converted
with sodium bisulfite by means of the EZ-96 DNAm kit
(Zymo Research, Irvine, CA, USA). Genome-wide DNAm
was measured using the Illumina Infinjum Human
Methylation450 beadchip (Illumina, Inc.). Methylation data
were extracted from image data files using the methylation
module of Genome Studio software. The methylation f-
values (percent methylation) represent the proportion of
methylated (M) over the sum of methylated and unmethylated
(U) allele intensities (B=M/[M+ U+ c]), where ¢ indicates a
constant to prevent dividing by zero.?®

Methylation data pre-processing

The Bioconductor IMA (Illumina methylation analyzer) pack-
age3® and the ComBat package’” were applied to preprocess
raw DNAm data, including removing background noise,
adjusting for inter-array variation, performing peak correction,
and removing batch effects.?” During data preprocessing (1)
cytosine-phosphate-guanine (CpGs) (cross-reactive probes)
that were related to probes containing SNPs (single nucleotide
polymorphisms) were removed from the list of all CpG sites if
the minor allele frequency (MAF) of the probe SNPs based on
European white population was larger than 5% (N=89,678).
This step was conducted, since probes containing SNPs that
are at or near the targeted CpG sites may interfere with the
measurement of DNAm. (2) CpGs located on the sex chromo-
somes were excluded. (3) CpGs with signals that were not dis-
tinguishable against background noise were taken out while

keeping probes with detection P value of <le-16. (4) Finally,
CpGs with more than 5% missing probes were removed (sam-
ple call rate>95%). Due to these procedures, the number of
eligible CpG sites was reduced to 274,710 CpGs.

The estimateCellCounts() function from the Minfi package3?
was employed with an adult reference panel,® to generate cell
proportions of the respective blood sample. Using cell-specific
CpGs, we assessed 7 cell-types CD4T, CDS8T, natural killer
cells, B cells, monocytes, granulocytes, and eosinophils apply-
ing the estimatecellcounts() function in minfi with the default
settings using the adult reference panel and the method by
Houseman et al*’ and Jaffe and Irizarry.#!

In the Born into Life study, GenomeStudio Software was
used to process the raw methylation intensities, and the detec-
tion P value for each CpG was used as a quality control meas-
ure of probe performance. The Bioconductor Illumina Minfi
package’® and the ComBat package’” were used to remove
background noise, adjust for inter-array variation, perform
peak correction, and remove batch effects.

Gene expression—level measurement

In F2-offspring, total RNA was extracted from umbilical cord
blood according to the manufacturer’s instructions. Total RNA
yield and the absence of DNA contamination was measured by
Qubit 2.0 fluorometer (Life Technologies, Grand Island, NY,
USA). RNA quality was evaluated by a Bioanalyzer 2100 via
RNA 6000 Nano Chips (Agilent Technologies, Santa Clara,
CA, USA). RNA was reverse transcribed into cDNA by
Agilent’s Single-Color Microarray-Based Gene Expression
Analysis protocol version 6.0. Then ¢cDNA was amplified,
labeled, and hybridized on SurePrint G3 Human GE v2 8x60K
Agilent Microarray slides (Agilent Technologies). Slides were
scanned with an Agilent’s G2565AA Microarray Scanner
System. Expression data were reported using Agilent’s Feature
Extraction Software version 9.5. A subset of probes corre-
sponding to the annotated genes was measured to examine the
expression level.

Statistical analysis

Statistical and biological assessments followed the 5 steps
(Figure 1). First, in the discovery cohort, the statistical analy-
ses started with screening for significant CpG sites poten-
tially associated with gestational age at birth by using
training-testing screening (ttScreening) (v1.5) package.®
The ttScreening approach has the ability to detect more true
positives CpGs than traditional methods that controlled for
multiple testing by false discovery rates (FDR), and
Bonferroni-based methods. During simulation, sensitivity
based on ttScreening is comparable with that from the FDR-
based method, but ttScreening provides a higher specificity.
Compared with Bonferroni-based method, the ttScreening
method showed better sensitivity and comparable specificity.
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Figure 1. Study flowchart of statistical and biological assessment in the course of the study.

ttScreening uses 100 randomly selected training and testing
sub-samples to estimate and test the effects of the primary
variable.*? The selection probabilities indicate how often
CpGs gained statistical significance both in the 100 training
and testing sub-samples. To account for skewed distributions
of gestational age at birth with P values, the B values were
logit-transformed. In the screening process, the purpose of
which is the detection of associations, CpGs were the depend-
ent and gestational age at birth was the independent variable.
Potential confounding from the leukocyte cell composition
was controlled in the process of ttScreening. The CpG sites
which met the 50% cut-off in selection proportion were con-
sidered to be important.*?

Second, following the screening, the study concentrated on
biological pathways to explain the function of the identified
CpGs. Function enrichment analysis was conducted for the
genes of the discovered CpGs obtained from the methylation
label file (Infinjum MethylationEPIC v1.0 B4 Manifest File).
CpGs for which the gene was not documented in the manifest,
the nearest gene names were identified using SNIPPER
(https://csg.sph.umich.edu/boehnke/snipper/)*  and  the
University of California Santa Cruz (UCSC) Genome Browser
(https://genome.ucsc.edu/).** The chromosome number and
map info of the CpGs were queried (using Human GRCh37/
hg19) and the nearest gene to the site of the CpG was selected.
Once all genes were identified, the list of genes was entered
into ToppFUN (https://toppgene.cchmc.org/)¥ to identify
biological pathways related to these genes. Significant path-
ways (adjusting for multiple testing P value of <.05) were
selected for the next steps.

Third, to test whether the biological pathway-related
CpGs were associated with gestational age at birth adjusting
for confounders, Cox proportional hazards models were

applied. Hazard ratios (HRs) were estimated. In this step, to
estimate the risk of CpGs for the duration of gestational age,
the CpGs were used as independent variables and weeks of
gestational age at birth as the dependent variable. We
adjusted for the proportion of leukocyte cell-composition,
maternal smoking during pregnancy, maternal age at concep-
tion, paternal age at conception, and paternal smoking. To
minimize false-positive findings, the P values were adjusted
for FDR.4¢ To graphically demonstrate associations, we
chose one CpG site with largest HR and plotted the Kaplan-
Meier curve of the gestational age at birth versus DNAm.
For the figure, DNAm was dichotomized into 2 groups based
on their median.

Fourth, to replicate our results, Spearman’s correlation anal-
yses were performed between DNAm levels of the pathway-
related CpG sites and gestational age at birth from our cohort
and from the replication dataset from Born into Life Study
(n=15). The 95% confidence intervals (CI) of the IoWBC
Spearman’s correlation coefficients were obtained and investi-
gated whether the correlation coefficients of the replication
cohort were within the respective 95% CI. To better demon-
strate the correlation between gestational age at birth and
methylation level of pathway-related CpG sites in both
IoWBC and Born into Life Study, graphs were plotted by
using log-transformed gestational age at birth.

Finally, fifth, to explore the biological implications from
pathway-related CpGs, correlations between methylation lev-
els of specific CpGs from offspring and gene expression in off-
spring’s umbilical cord blood of corresponding genes were
estimated in IoWBC. In addition, the correlations were also
tested in a subgroup of participants who had available paternal
DNAm data, transcript data, and DNAm data for offspring’s
umbilical cord blood.
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For all analyses, a Pvalue of <.05 was considered as statisti-
cally significant. Statistical analyses were performed by R 3.4.4.
and SAS 9.4 (SAS Institute, Cary NC).

Results
Participants characteristics in loWBC

A total of 96 Fl-fathers were enrolled in the IToWBC until
2018, either as male F1-offspring or as partners of F1 female
participants. Of these 96 fathers, DNAm was measured in 92
fathers around the period when their partners were pregnant.
Fathers were predominantly white (98.90%) and between 17
and 37years of age (Table 1). The gestational age at birth of
their partners’ pregnancy ranged from 35 to 42 weeks; the mean
gestational age at birth was 39.6weeks. Only 3 (3.26%)
F2-offspring were born preterm (<37 weeks).

Replication cohort

A total number of 15 fathers with available DNAm and child’s
gestational age information were included to test the discovery
results in an external sample (Table 2).

EWAS search for differential paternal DNAm
associated with gestational age at birth in oWBC

By using ttScreening, 216 CpG sites were identified to be
potentially associated with gestational age at birth in 50%
of the different samples (Additional file 1: Table S1). A
total number of 297 annotated genes were identified cor-
responding to these 216 CpG sites by choosing 1 to 3 clos-
est genes.

Biological functions enrichment analysis

Applying ToppFUN, two statistically significant biological
pathways were identified: homophilic cell adhesion (13 genes,
GO:0007156, Table 3) and cell-cell adhesion (14 genes,
G0:0098742, Table 3). Except for one gene ILIRN in
GO:0098742, the remaining 13 genes enriched in these two
biological pathways were the same; 12 belonged to the proto-
cadherin superfamily, and one belonged to the cadherin family
(Additional file 1: Table S2). This step led us to focus on 9
pathway-related CpGs corresponding to these 14 genes in sub-
sequent analyses.

Survival analysis

DNAm levels of all 9 CpGs corresponding to 14 genes in the
two biological pathways were significantly associated with
gestational age at birth after adjustment of confounders
(Table 4). The hazard ratio (HR) expresses the relative risk
increase per percent change of DNAm. All CpG sites with
the exception of cg18608017 and cg11408933 were less

Table 1. Characteristics of the factors may be related to

gestational age at birth in loWBC.
VARIABLE FATHER AND MOTHER

OF F2-OFFSPRING

IN ISLE OF WIGHT
THIRD GENERATION
STUDY (N=92)=

Gestational age at birth, weeks® 39.56+1.34
Paternal age at conception, yearsP 25.28 +4.27
Maternal age at conception, yearsP 22 60+ 2.61
Race of fathere

White 90 (98.9)

Other 1(1.1)
Education of fathere

Completed education at 16y or earlier 33 (36.7)

Completed education at 18y 18 (20.0)

Completed a college course 30 (33.3)

Completed a university degree 3(3.3)

Other 6 (6.7)
Maternal smoking level during pregnancy®

0 cigarette per day 60 (65.2)

1-10 cigarettes per day 17 (18.5)

>10 cigarettes per day 15 (16.3)
Paternal smoking®

Yes 37 (40.7)

Maternal chronic disease during pregnancy®
Yes 58 (64.4)

Form of deliverye

Normal, vertex 66 (75.5)
Forceps assisted 6 (6.6)
Vacuum extraction 3(3.3)
Cesarean section, planned 5(5.5)
Cesarean section, emergency 11 (12.1)
Gravida®
1 52 (59.1)
2 23 (26.1)
~3 13 (14.8)
Paritye
0 67 (73.6)
1 16 (17.6)

(Continued)
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Table 1. (Continued)

VARIABLE FATHER AND MOTHER
OF F2-OFFSPRING

IN ISLE OF WIGHT

THIRD GENERATION
STUDY (N=92)a

>2 8(8.8)

No. of prior unsuccessful pregnancye

0 71 (79.8)
1 14 (15.7)
2 3(3.4)

3 1(1.1)
Treatment for preterm laboure
No 75 (100.0)

White blood cellP

CD4+ T cells 13.8% + 4.57%
CD8+ T cells 6.5% = 3.84%
Nature Kill cells 3.7%*+414%
B cells 4.4% *+2.85%
Monocytes 8.0% *1.94%
Neutrophils 63.5% +9.31%
Eosinophils 0.0% = 0.01%

aln the case of yes versus no question, only the proportion of positive
answers is tabulated.

bValues represent mean =+ SD.

cValues represent n (%).

methylated when the gestational age at birth was longer.
Accordingly, the Kaplan-Meier curve of ¢cg11408933 showed
that the higher the DNAm level, the longer the gestational
age at birth (Figure 2). All 9 CpG sites remained significant
after correction for multiple testing.

Replication

The data of 8 out of the 9 pathway-related CpG sites were
available in the Swedish Born into Life study. Of note, the ges-
tational age at birth in the replication cohort did not vary much
(Table 2). The Spearman’s coefficient of correlation between
DNAm and gestational age at birth in the Born into Life Study
of two (cg00118365; cg18608017) out of 8 pathway-related
CpG were within 95% CI of Spearman’s coefficients of the
TIoWBC (Table 5, Figure 3; Supplemental Figure S1), suggest-
ing replicable results. A third CpG (cg21752383) was just out-
side the lower confidence limit (Table 5), but showed a similar
direction in the plot of its B-values with log-transformed ges-
tational age.

Table 2. Characteristics of the replication cohort (Born into
Life study, n=15).

VARIABLE FATHER-MOTHER-

OFFSPRING2

Gestational age of child, weeks® 394+13
Age of father when child was born, years 34.2+4.0
Maternal age at delivery, years 321+3.9
Education

High school 1(7.7)

University 12 (92.3)
Maternal smoking before pregnancy (yes) 0/15
Maternal smoking during pregnancy (yes) 015
Maternal chronic disease history

Yes 2 (13.3)
Parity

Primipara 10 (66.7)

Second child 5(33.3)
History of unsuccessful pregnancies

Yes 3(20.0)
Form of delivery

Vaginal 9 (60.0)

Instrumental 3(20.0)

C-section 3(20.0)
Treatment for premature labor (yes) 0/15

aln the case of yes versus no question, only the proportion of positive
answers is tabulated.
®From Medical Birth Register.

Correlation with DNAm and gene expression in
offspring’s umbilical cord blood

Considering complex overlapping genes in PCDH gamma
cluster and PCDH alpha cluster (Figure 3), gene expres-
sion levels of 22 genes in PCDH gamma cluster and 15
genes in PCDH alpha cluster were included. Note, the
association of DNAm and gene expression was tested in
cord blood to determine whether the methylation may be
associated with genes expression. Of the 9 candidate CpGes,
correlations between 2 CpG-gene expression pairs,
cg21752383-PCDHGB4  (r,=0.2079, P=.0092) and
cg25024993-PCDHA4 (r,=-0.1620, P=.0434), were sta-
tistically significant (Table 6, Additional file 1: Table S3).
However, the correlation between these 2 correlations did
not remain statistically significant in the subgroup of 47
participants who also have paternal DNAm data

(Additional file 1: Table S4).
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Table 3. Biological pathways identified which linked to gestational age at birth.

GO ID SOURCE
G0:0007156 Homophilic cell adhesion via plasma
membrane adhesion molecules
G0:0098742 Cell-cell adhesion via plasma-membrane
adhesion molecules

P VALUE BONFERRONI GENES FROM INPUT
2.6E-07 0.000857 13
2.9E-06 0.009715 14

Table 4. Hazard ratios of 9 biological pathway-related CpG sites after adjustment for confounders.

ANNOTATED GENES CPG LOCATION RELATION TO HR HR 95% CI RAW P VALUE FDR-ADJUSTED
RELATIVE TO CPG ISLAND P VALUE
GENE
cg00118365 PCDHGA4; PCDHGB5;  Body; 1stExon; Island 0.86 0.80-0.93 .0002 .0007
PCDHGA6 Body
cg02539518 IL1RN Island 0.72 0.56-0.93 .0112 .0126
cg07754138 CELSR1 Island 0.49 0.29-0.80 .0046 .0060
cg11408933 PCDH1 1.54 1.23-1.93 .0002 .0007
cg18608017 CDH23 5'UTR S_Shore 1.23 1.10-1.38 .0002 .0007
cg19547547 PCDHA1 1stExon Island 0.84 0.76-0.94 .0017 .0030
€g21752383 PCDHGA4; PCDHGA2; Body; Body; N_Shore 0.92 0.88-0.97 .0014 .0030
PCDHGB2 1stExon
€g24918705 PCDHB4 TSS1500 N_Shore 0.81 0.70-0.93 .0036 .0054
€g25024993 PCDHA7; PCDHAG; Body; Body; N_Shore 0.93 0.87-0.99 .0165 .0165
PCDHA11 1stExon

Abbreviations: Cl, confidence interval; CpG, cytosine-phosphate-guanine; HR, hazard ratio; FDR, false discovery rate.

1.0

0.8+

0.6+

044

Survival Probability

0.24

0.0

0 20 30
Gestational Age(weeks)
[cg11408933 1 ——— 2]

Figure 2. Kaplan-Meier curve showing gestational age at birth with DNA
methylation levels of cg11408933 (PCDH1, protocadherin 1) dichotomized
at the median. Group 1 of the CpG cg11408933 includes subjects with
lower DNAm levels and group 2 subjects with higher DNAm levels.

Discussion

In samples of 92 fathers from the F1-generation of the IoWBC,
paternal CpGs of genes in pathways related to cell-cell adhesion
molecules were significantly associated with gestational age at

birth. Comparing rank correlations, the results of 2 CpGs out of
9 were replicated in the Swedish Born into Life Study; a third
CpG graphically showed a similar association. Expression levels
of 2 pathway-related genes were found statistically correlated
with DNAm of corresponding CpGs in umbilical cord blood of
TIoWBC. This study provided novel insights into that paternal
DNAm may contribute to the variance among gestational age at
birth of their partners’ pregnancy.

We employed a 2-step screening approach to identify CpG
sites which are both statistically significant and biologically rea-
sonable. ttScreening was employed as a selection approach to per-
form epigenome-wide association analysis.#? A 50% cut-off of
selection probability was sensitive to identify CpG sites, which
were significantly associated with gestational age at birth.
Moreover, the main purpose of our study was to identify CpG
sites that are both statistically and biologically meaningful.
Therefore, functional enrichment analysis was carried out as a sec-
ond filter to select CpG sites before subsequent survival analysis.

How might the paternal epigenetic alteration contribute to
gestational age at birth? One explanation is that paternal
genome regulates normal placental development through
imprinted genes.*”-* Wang?® previously reported that a unique
epigenetic signature of imprinted genes in the placenta con-
tributes to variation in the intrauterine environment. Imprinted
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Table 5. Correlation coefficients for DNAm and gestational age at birth in loWBC and Born into Life Study.

ANNOTATED GENE SPEARMAN'S 95% Cl OF SPEARMAN'S SPEARMAN'S
COEFFICIENT COEFFICIENT (IOWBC) COEFFICIENT (BORN
(IOWBC) (N=92) INTO LIFE) (N=15)
cg00118365 PCDHGA4; PCDHGB5; PCDHGA6 0.3859 0.19t0 0.55 0.2182
cg02539518 IL1RN 0.3293 0.1310 0.50 -0.1776
cg07754138 CELSR1 0.2604 0.06 to 0.44 -0.381
cg11408933 PCDH1 —0.3407 -0.5110-0.14 0.1461
cg18608017 CDH23 -0.3704 -0.5310 -0.18 -0.2460
cg19547547 PCDHAT1 0.2894 0.09 to 0.47 -
cg21752383 PCDHGA4; PCDHGA2; PCDHGB2 0.4076 0.22t0 0.56 0.2053
€g24918705 PCDHB4 0.3710 0.18t0 0.53 -0.0074
€g25024993 PCDHA7; PCDHA6; PCDHAT1 0.3086 0.1110 0.48 -0.1221

Abbreviations: Cl, confidence interval; CpG, cytosine-phosphate-guanine; DNAm, DNA methylation; loWBC, Isle of Wight Birth Cohort.
Bolded mark represents CpG sites which were got replicated in Born into Life study.
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Figure 3. Correlation between gestational age at birth and DNAm of CpG sites of the genes that were related to the cell-cell membrane adhesion
pathway. (A) cg00118365, (B) cg18608017, and (C) cg21752383.
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Table 6. Significant correlation between DNA methylation levels of pathway-related CpGs and expression levels of annotated

genes in offspring umbilical cord blood (IoWBC, n=157).

CPGS ANNOTATED GENE PROBE NAME SPEARMAN’S COEFFICIENT P VALUE
€g21752383 PCDHGB4 A_23_P359588 0.2079 .0092
€g25024993 PCDHA4 A_33_P3318002 -0.1620 .0434

genes are those expressed in a parent-of-origin specific pattern
that may cause one of the alleles of paternal or maternal origin
to be epigenetically silenced.3® Imprinted genes are function-
ally haploid, which increases susceptibility to mutations and
epimutation.®! In the placenta, more maternal-origin genes
were inactivated by epigenetic modification than paternal-ori-
gin genes.?® Variability in methylation status in paternal-origin
genes might contribute more to gestational age at birth through
affecting placenta development and nutrient transfer. Therefore,
the pathway-related genes identified in this work can be treated
as candidate imprinted genes which especially require further
investigation in human placenta. However, previous studies
rarely focused on paternal factors and the placenta. Our study
provides a suggestion for future investigations to explain the
epigenetic paternal role of gestational age at birth.

Our results are further supported by the exciting findings
that the 2 identified biological pathways were both linked to
cell-cell adhesion. As part of the 2 identified biological
pathways, the annotated genes in the protocadherin (PCDH)
gene played a crucial role in fetal development, especially in
neural circuit formation,’® and were reported to be associ-
ated with gestational age at birth.”! Higher methylation lev-
els of CpGs in PCDH clusters were linked with decreasing
risks of having shorter gestational age at birth (Table 4).
The DNAm sites ¢g21752383 and ¢g25024993, both close
or within PCDH clusters, were positively associated with
PCDHGB#4 expression level and negatively associated with
PCDHA4 expression level, respectively (Table 6). And
cg21752383 seems to have a similar effect on gestational age
in both cohort: the ToWBC and the Born into Life Study
(Figure 3).

Pretreatment of Interleukin 1 receptor antagonist (IL1RN),
one of the major anti-inflammatory cytokines, has been
shown to prevent interleukin-1-induced preterm labor in ani-
mal models.> A significantly reduced expressed level of
ILIRN in cervicovaginal fluid was considered as a biomarker
for spontaneous preterm labor.>3 Besides, a previous study
showed that fetuses who carried ILIRN risk alleles to be at
increased risk for preterm premature rupture of membranes,
subsequent preterm delivery,> and differrential gestational
age at birth.”> Meanwhile, maternal carriage of risk alleles of
IL1RN did not show any impact on the risk of preterm deliv-
eries,> suggesting that the fetal effect of ILIRN risk alleles
comes from paternal side. Accordingly, we found that higher
methylation of IL7RN from paternal side was associated with
shortening gestational age at birth (Table 4). One locus in

IL1RN was found to be associated with gestational age at
birth in infants.

Several limitations in this study should be amended in future
investigations. The sample size of the paternal sample, the varia-
tion of gestational age at birth, and the number of preterm births
(n=5 of 92) were limited in this investigation. As few studies
have ever focused on the father’s effect on gestational age at
birth, the sample size of the replication cohort also is small with
a sample size of n=15 and showed little variation in gestational
age at birth. Furthermore, gene expression levels from placental
samples were not available to assess the potential effect of pater-
nal DNAm on gestational age at birth by affecting placental
gene expression. However, DNAm level and gene expression
levels were available in umbilical cord blood. By testing the cor-
relation between DNAm and gene expression levels in umbilical
cord blood, additional support for our biological implications
was provided. Furthermore, information on methylation linked
to genetic polymorphism could not be tested. Hence, we cannot
be sure that a differential gestational age at birth was determined
by paternal methylation or due to inheritance of genetic poly-
morphisms to the offspring. Finally, the study population did not
include other races than white Europeans. Hence, future studies
with larger sample sizes, wider ranges of gestational ages at birth,
more racially diverse populations, and multiple tissue samples are
warranted to test the proposed association between paternal

DNAm and gestational age at birth.

Conclusions

Our results suggest that paternal epigenetics may be associated
with gestational age at birth of their partners’ pregnancy, which
may offer clues for novel preventive strategies for short gesta-
tional age at birth. Paternal DNAm seems to associate gesta-
tional age at birth through 2 biological pathways; both focus on
cell-cell adhesion molecules. Additional studies are needed to
investigate the potential generational impacts of paternal
DNAm on offspring.

Acknowledgements

The authors gratefully acknowledge study participants and
appreciate the hard work of the Isle of Wight research team
and Born into Life Study team.

Author Contributions

RL conducted the statistical analyses, interpreted the data, and
drafted the manuscript. WJJK, NM, SC, and Y] contributed to
conceptualization and methodology. HA was responsible for



10

Epigenetics Insights

data collection. JWH conducted DNAm measurements. AH,
OG, EA, GP, and CA contributed to the replication using the
“Born into Life Study.” All authors contributed to manuscript

drafting and final proofreading.

Abbreviations

CI: confidence intervals; CpG: cytosine-phosphate-guanine;
DNAm: DNA methylation; FDR: Adjusted p value with
Benjamini-Hochberg method; HR: hazard ratios; IMA:
Illumina methylation analyzer; IoWBC: Isle of Wight Birth
Cohort; MAF: Minor Allele Frequency; SD: standard devia-
tion; SNPs: single nucleotide polymorphisms; ttScreening:

training-testing screening; UCSC: University of California
Santa Cruz; UTR: Untranslated region.

ORCIDiD

Olena Gruzieva

https://orcid.org/0000-0003-4147-5654

Supplemental Material
Supplemental material for this article is available online.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

De Jong F, Monuteaux MC, van Elburg RM, Gillman MW, Belfort MB. Sys-
tematic review and meta-analysis of preterm birth and later systolic blood pres-
sure. Hypertension. 2012;59:226-234.

Duncan AF, Heyne R], Morgan JS, Ahmad N, Rosenfeld CR. Elevated systolic
blood pressure in preterm very-low-birth-weight infants </=3 years of life. Pedi-
atr Nephrol. 2011;26:1115-1121.

Keijzer-Veen MG, Dulger A, Dekker FW, Nauta ], van der Heijden BJ. Very
preterm birth is a risk factor for increased systolic blood pressure at a young adult
age. Pediatr Nephrol. 2010;25:509-516.

James-Todd T, Wise L, Boggs D, Rich-Edwards J, Rosenberg L, Palmer J. Pre-
term birth and subsequent risk of type 2 diabetes in black women. Epidemiology.
2014;25:805-810.

LiS, Zhang M, Tian H, Liu Z, Yin X, Xi B. Preterm birth and risk of type 1 and
type 2 diabetes: systematic review and meta-analysis. Obes Rev. 2014;15:
804-811.

Martin JA, Hamilton BE, Osterman MJK, Driscoll AK, Drake P. Births: final
data for 2016. Nat/ Vital Stat Rep. 2018;67:1-55.

Kyrklund-Blomberg NB, Cnattingius S. Preterm birth and maternal smoking:
risks related to gestational age and onset of delivery. Am | Obstet Gynecol.
1998;179:1051-1055.

Goldenberg RL, Hauth JC, Andrews WW. Intrauterine infection and preterm
delivery. N Eng J Med. 2000;342:1500-1507.

Margerison-Zilko C, Cubbin C, Jun J, Marchi K, Fingar K, Braveman P. Beyond
the cross-sectional: neighborhood poverty histories and preterm birth. 4m J Pub-
lic Health. 2015;105:1174-1180.

Phillips GS, Wise LA, Rich-Edwards JW, Stampfer MJ, Rosenberg L. Neigh-
borhood socioeconomic status in relation to preterm birth in a U.S. J Urban
Health. 2013;90:197-211.

Klepac P, Locatelli I, Korosec S, Kunzli N, Kukec A. Ambient air pollution and
pregnancy outcomes: a comprehensive review and identification of environmen-
tal public health challenges. Environ Res. 2018;167:144-159.

Luo ZC, Wilkins R, Kramer MS; Fetal, Infant Health Study Group of the
Canadian Perinatal Surveillance System. Effect of neighbourhood income and
maternal education on birth outcomes: a population-based study. CMAJ. 2006;
174:1415-1420.

Sealy-Jefferson S, Giurgescu C, Helmkamp L, Misra DP, Osypuk TL. Perceived
physical and social residential environment and preterm delivery in African-
American Women. Am ] Epidemiol. 2015;182:485-493.

Hoffman MC, Mazzoni SE, Wagner BD, Laudenslager ML, Ross RG. Mea-
sures of maternal stress and mood in relation to preterm birth. Obster Gynecol.
2016;127:545-552.

Fraser AM, Brockert JE, Ward RH. Association of young maternal age with
adverse reproductive outcomes. N Engl ] Med. 1995;332:1113-1117.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Sebire NJ, Jolly M, Harris JP, et al. Maternal obesity and pregnancy outcome: a
study of 287,213 pregnancies in London. Int J Obes Relat Metab Disord.
2001;25:1175-1182.

Cedergren MI. Maternal morbid obesity and the risk of adverse pregnancy out-
come. Obstet Gynecol. 2004;103:219-224.

Rosenberg TJ, Garbers S, Lipkind H, Chiasson MA. Maternal obesity and dia-
betes as risk factors for adverse pregnancy outcomes: differences among 4 racial/
ethnic groups. Am J Public Health. 2005;95:1545-1551.

Madan J, Chen M, Goodman E, Davis J, Allan W, Dammann O. Maternal obe-
sity, gestational hypertension, and preterm delivery. ] Matern Fetal Neonatal Med.
2010;23:82-88.

Rejno G, Lundholm C, Larsson K, et al. Adverse pregnancy outcomes in asth-
matic women: a population-based family design study. J Allergy Clin Immunol
Pract. 2018;6:916-922.

Sibai BM. Preeclampsia as a cause of preterm and late preterm (near-term)
births. Semin Perinatol. 2006;30:16-19.

Soubry A. POHaD: why we should study future fathers. Environ Epigenet.
2018;4:dvy007.

Menon R, Conneely KN, Smith AK. DNA methylation: an epigenetic risk factor
in preterm birth. Reprod Sci. 2012;19:6-13.

Gibson CS, MacLennan AH, Dekker GA, et al. Genetic polymorphisms and
spontaneous preterm birth. Obster Gynecol. 2007;109:384-391.

Hong X, Sherwood B, Ladd-Acosta C, et al. Genome-wide DNA methylation
associations with spontaneous preterm birth in US blacks: findings in maternal
and cord blood samples. Epigenetics. 2018;13:163-172.

Parets SE, Conneely KN, Kilaru V, et al. Fetal DNA methylation associates with
early spontaneous preterm birth and gestational age. PLoS ONE. 2013;8:¢67489.
Kistka ZA, DeFranco EA, Ligthart L, et al. Heritability of parturition timing:
an extended twin design analysis. Am J Obstet Gynecol. 2008;199:43.¢1-43.€5.
Wang X, Miller DC, Harman R, Antczak DF, Clark AG. Paternally expressed
genes predominate in the placenta. Proc Nat! Acad Sci U S A. 2013;110:10705-10710.
Curley JP, Mashoodh R, Champagne FA. Epigenetics and the origins of paternal
effects. Horm Behav. 2011;59:306-314.

Reik W, Walter J. Genomic imprinting: parental influence on the genome. Naz
Rev Genet. 2001;2:21-32.

Frost JM, Moore GE. The importance of imprinting in the human placenta. Plos
Genet. 2010;6:¢1001015.

Arshad SH, Holloway JW, Karmaus W, et al. Cohort profile: the Isle of Wight
whole population birth cohort IOWBC). Int ] Epidemiol. 2018;47:1043-1044.
Smew AI, Hedman AM, Chiesa F, et al. Limited association between markers of
stress during pregnancy and fetal growth in “Born into Life,” a new prospective
birth cohort. Acta Paediatr. 2018;107:1003-1010.

Miller SA, Dykes DD, Polesky HF. A simple salting out procedure for extracting
DNA from human nucleated cells. Nucleic Acids Res. 1988;16:1215.

Kuan PF, Wang S, Zhou X, Chu H. A statistical framework for Illumina DNA
methylation arrays. Bioinformatics. 2010;26:2849-2855.

Wang D, Yan L, Hu Q_, et al. IMA: an R package for high-throughput analysis
of Illumina’s 450K Infinium methylation data. Bioinformatics. 2012;28:729-730.
Johnson WE, Li C, Rabinovic A. Adjusting batch effects in microarray expres-
sion data using empirical Bayes methods. Bioszatistics. 2007;8:118-127.

Aryee M], Jaffe AE, Corrada-Bravo H, et al. Minfi: a flexible and comprehensive
Bioconductor package for the analysis of Infinium DNA methylation microar-
rays. Bioinformatics. 2014;30:1363-1369.

Reinius LE, Acevedo N, Joerink M, et al. Differential DNA methylation in
purified human blood cells: implications for cell lineage and studies on disease
susceptibility. PLoS ONE. 2012;7:¢41361.

Houseman EA, Accomando WP, Koestler DC, et al. DNA methylation arrays
as surrogate measures of cell mixture distribution. BMC Bioinformatics.
2012;13:86.

Jaffe AE, Irizarry RA. Accounting for cellular heterogeneity is critical in epig-
enome-wide association studies. Genome Biol. 2014;15:R31.

Ray MA, Tong X, Lockett GA, Zhang H, Karmaus W]. An efficient approach
to screening epigenome-wide data. Biomed Res Int. 2016;2016:2615348.

Welch RP, Willer CJJ, Boehnke M. Suipper: A Research Tool for Extracting and
Searching Biological Annotations on Genes Near SNPs. Ann Arbor, MI: University
of Michigan; 2013.

Karolchik D, Baertsch R, Diekhans M, et al. The UCSC genome browser data-
base. Nucleic Acids Res. 2003;31:51-54.

Chen J, Bardes EE, Aronow BJ, Jegga AG. ToppGene Suite for gene list enrich-
ment analysis and candidate gene prioritization. Nucleic Acids Res.
2009;37:W305-W311.

Benjamini Y, Hochberg Y. Controlling the false discovery rate—a practical and
powerful approach to multiple testing. J R Stat Soc B. 1995;57:289-300.

Fowden AL, Coan PM, Angiolini E, Burton GJ, Constancia M. Imprinted
genes and the epigenetic regulation of placental phenotype. Prog Biophys Mol
Biol. 2011;106:281-288.


https://orcid.org/0000-0003-4147-5654

Luo et al

11

48.

49.

50.

51.

Barton SC, Surani MA, Norris ML. Role of paternal and maternal genomes in
mouse development. Nazure. 1984;311:374-376.

Surani MA, Barton SC, Norris ML. Development of reconstituted mouse eggs
suggests imprinting of the genome during gametogenesis. Nature.
1984;308:548-550.

El Hajj N, Dittrich M, Haaf T. Epigenetic dysregulation of protocadherins in
human disease. Semin Cell Dev Biol. 2017,69:172-182.

Schneider E, Dittrich M, Bock J, et al. CpG sites with continuously increasing
or decreasing methylation from early to late human fetal brain development.
Gene. 2016;592:110-118.

52.

53.

54.

Romero R, Tartakovsky B. The natural interleukin-1 receptor antagonist pre-
vents interleukin-1-induced preterm delivery in mice. Am J Obstet Gynecol.
1992;167:1041-1045.

Liong S, Di Quinzio MK, Fleming G, Permezel M, Rice GE, Georgiou HM.
Prediction of spontaneous preterm labour in at-risk pregnant women. Reproduc-
tion. 2013;146:335-345.

Genc MR, Gerber S, Nesin M, Witkin SS. Polymorphism in the interleukin-1 gene
complex and spontaneous preterm delivery. Am J Obstet Gynecol. 2002;187:157-163.
Liu X, Helenius D, Skotte L, et al. Variants in the fetal genome near pro-inflammatory
cytokine genes on 2q13 associate with gestational duration. Naz Commun. 2019;10:3927.





