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Abstract

Effects of stresses associated with extremely preterm birth may be biologically “recorded” in the genomes of individuals born preterm via
changes in DNA methylation (DNAm) patterns. Genome-wide DNAm profiles were examined in buccal epithelial cells from 45 adults born
at extremely low birth weight (ELBW; ≤1000 g) in the oldest known cohort of prospectively followed ELBW survivors (Mage = 32.35 years,
17 male), and 47 normal birth weight (NBW; ≥2500 g) control adults (Mage = 32.43 years, 20 male). Sex differences in DNAm profiles were
found in both birth weight groups, but they were greatly enhanced in the ELBW group (77,895 loci) versus the NBW group (3,424 loci),
suggesting synergistic effects of extreme prenatal adversity and sex on adult DNAm profiles. In men, DNAm profiles differed by birth weight
group at 1,354 loci on 694 unique genes. Only two loci on two genes distinguished between ELBW and NBW women. Gene ontology (GO)
and network analyses indicated that loci differentiating between ELBW and NBW men were abundant in genes within biological pathways
related to neuronal development, synaptic transportation, metabolic regulation, and cellular regulation. Findings suggest increased sensitiv-
ity of males to long-term epigenetic effects of extremely preterm birth. Group differences are discussed in relation to particular gene
functions.
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Introduction

Nearly one in ten infants in the US is born prematurely (Matthews,
MacDorman, & Thoma, 2015; Purisch & Gyamfi-Bannerman,
2017), a rate that has not improved since the early 1990s.
Neonates born at extremely low birth weight (ELBW; ≤1000 g)
are the smallest and most at risk. For infants born preterm, early
postnatal life entails profound duress in the form of ongoing sepa-
ration from the mother, the loss of protection from physical injury
and pathogens, and the administration of life-saving but stressful
medical procedures. During childhood, individuals born at
ELBW are significantly more likely than their peers born at normal
birth weight (NBW;≥ 2500 g) to exhibit physical disabilities
(Behrman & Butler, 2007; Frey & Klebanoff, 2016), motor coordi-
nation problems (e.g., Saigal et al., 2007), attention deficits (e.g.,
Anderson et al., 2011), low cognitive scores (e.g., Twilhaar, de
Kieviet, Aarnoudse-Moens, van Elburg, & Oosterlaan, 2018), and
socio-communicative and emotional difficulties (e.g., Hack et al.,

2009; Johnson et al., 2010). In adulthood, ELBW survivors remain
at higher risk than term-born adults for attention problems
(Halmøy, Klungsøyr, Skjærven, & Haavik, 2012), cognitive limita-
tions (Lefebvre, Mazurier, & Tessier, 2005), some forms of psycho-
pathology (e.g., anxiety/depression; Boyle et al., 2011; Johnson &
Marlow, 2014; Mathewson et al., 2017; Van Lieshout, Boyle,
Saigal, Morrison, & Schmidt, 2015), and early development of
chronic health conditions (e.g., Luu, Katz, Leeson, Thébaud, &
Nuyt, 2016; Saigal et al., 2016). While small size at birth may not
cause these problems, birth size reflects the interaction of the
fetal genome with the fetal environment and is considered a
rough proxy for the quality of intrauterine conditions (Gluckman
& Hanson, 2004a, 2004b; Lester, Marsit, Conradt, Bromer, &
Padbury, 2012).

Developmental programming: Effects of early adversity

Fetal programming theories, such as the developmental origins of
health and disease hypothesis (DOHaD; Gluckman & Hanson,
2004a, 2004b), have been proposed to account for associations
between environmental conditions in very early life and later
life health outcomes. Specifically, environmental factors present
during the periconceptual and perinatal periods are thought to
influence an individual’s long-term developmental trajectory
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(Gluckman & Hanson, 2004a, 2004b; Gluckman, Hanson, &
Buklijas, 2010). The conceptual basis for such adaptation is devel-
opmental plasticity, defined as the ability of an organism to
develop in different ways, depending on environmental condi-
tions (Gluckman, Hanson, Cooper, & Thornburg, 2008).
Adaptations create a biological “record” of the quality of the peri-
natal environment, in the form of stable changes in physiology
and gene expression (Shonkoff, Boyce, & McEwen, 2009; Szyf &
Bick, 2013; Thompson & Einstein, 2010). Fetal adaptations to
poorer intrauterine conditions affect morphology (e.g., reduced
numbers of nephrons in the fetal kidney; Black et al., 2013),
endocrine (e.g., Moisiadis & Matthews, 2014) and autonomic
(e.g., Zeskind & Gingras, 2006) regulatory systems, and fetal
(e.g., Murgatroyd & Spengler, 2011) and placental (e.g., Jansson
& Powell, 2007) epigenetic gene regulatory mechanisms. While
these changes may ensure the immediate survival of the fetus,
they may simultaneously increase its long-term physiological
and psychological vulnerability (Liyanage et al., 2014; Petronis,
2010; Shonkoff et al., 2009).

Evidence from human and nonhuman animal studies suggests
that epigenetic modifications of the genome (DNA methylation
(DNAm), chromatin remodeling, and histone modification) con-
stitute a primary mechanism by which environmental and sto-
chastic factors may influence genetically defined developmental
processes (Massart et al., 2016; Meaney & Szyf, 2005; McGowan
et al., 2009; Szyf & Bick, 2013; Thompson & Einstein, 2010;
Tobi et al., 2018). DNAm—the addition of a methyl group at
the 5-carbon position of cytosine in millions of cytosine–phos-
phate–guanine (CpG) dinucleotides distributed throughout the
mammalian genome—is the most widely studied epigenetic mod-
ification (Petronis, 2010). If the biological record of adaptation to
adverse intrauterine conditions and maternal risk factors is suffi-
ciently stable, alterations in DNAm profiles may be detectable in
adult survivors of extremely preterm birth (Hertzman, 2012;
Meaney & Szyf, 2005).

Sex differences in vulnerability to early adversity

According to recent studies, exposure to prenatal adversity dispro-
portionately disadvantages males. Male infants are more likely than
females to experience obstetric complications (Ingemarsson, 2003),
preterm birth (Brettell, Yeh, & Impey, 2008; Challis, Newnham,
Petraglia, Yeganegi, & Bocking, 2013), perinatal morbidities, and
mortality (Bale, 2011; Di Renzo, Rosati, Sarti, Cruciani, & Cutuli,
2007; Vatten & Skjærven, 2004). When they survive, males born
preterm are at greater risk than females for poor neurological
outcomes (Hintz, Kendrick, Vohr, Poole, & Higgins, 2006;
Kent, Wright, & Abdel-Latif, 2012; Peacock, Marston, Marlow,
Calvert, & Greenough, 2012), and long-term physical (Wilson-
Costello, Friedman, Minich, Fanaroff, & Hack, 2005) and cognitive
(Hack et al., 2002) disability.

It has been proposed that fetal responses to adverse intrauter-
ine conditions are sexually dimorphic, and that females may be
able to withstand the detrimental effects of poor environments
to a greater degree than males (Clifton, 2010; Sandman, Glynn,
& Davis, 2013). In chronically poor conditions, female fetuses
appear to adapt by reducing their overall growth, whereas male
fetuses tend to grow to their expected size—potentially at a cost
to their viability or later health (Clifton, 2010; Murphy et al.,
2003; Sandman et al., 2013). Both sex and early nutrition have
been identified as significant predictors of DNAm profiles in neo-
nates (Sparrow et al., 2016) and mature adults (Tobi et al., 2018).

Sex differences in DNAm have been found across the gestational
period in human fetal brain samples (Spiers et al., 2015), and
some of these differences are present at many of the same CpG
sites in adults (cf. Xu et al., 2014). Changes in DNAm are also
common in adults exposed prenatally to war-time famine,
depending on the gestational timing of the exposure and the indi-
vidual’s sex (Tobi et al., 2018). Together, these studies suggest that
sex-specific adaptation to severe early adversity may be detectable
in the adult methylome.

The present study

The primary aim of this study was to compare DNAm profiles in
adults who were exposed to extremely preterm birth and adults
who were not exposed. If epigenetic modifications reflect stable
adaptations to adverse intrauterine and perinatal conditions,
then genomic DNAm profiles may be altered in adult ELBW sur-
vivors relative to NBW control adults. Additionally, if males are
differentially vulnerable to perinatal adversity, then genomic
DNAm profiles may also diverge between male and female
ELBW survivors. To test these hypotheses, we examined DNAm
profiles in buccal epithelial cells from adult ELBW survivors
and NBW control adults when both groups were in their early
thirties. Derived from the same ectodermal germ layer as the cen-
tral nervous system, buccal epithelial samples may be particularly
informative in epigenome-wide association studies of nonblood-
based phenotypes (Lowe et al., 2013; see also Smith et al., 2015).

A second aim was to understand the nature of any putative
long-term effects of fetal exposure to extreme early adversity, by
identifying biological themes or pathways in adult DNAm profiles
that may have been influenced by extremely preterm birth. These
pathways are defined by genes that are enriched for CpG loci with
differential levels of methylation in ELBW adults relative to NBW
adults. Gene ontology (GO) analyses of functionally annotated
genes (Huang, Sherman, & Lempicki, 2009b) were planned in
order to examine sample-wide differences in DNAm profiles by
birth weight, by sex, and in four pairs of subgroups: ELBW
men relative to ELBW women, NBW men relative to NBW
women, ELBW men versus NBW men, ELBW women versus
NBW women.

Materials and Methods

Ethics statement

The study was approved by the Hamilton Integrated Research
Ethics Board, and informed consent was obtained from all
participants.

Participants

ELBW group
Out of 397 infants born at ELBW between 1977 and 1982 to par-
ents living in south western Ontario, Canada (Saigal, Rosenbaum,
Hattersley, & Milner, 1989) 179 survived to hospital discharge
(45%). At birth, these infants had completed 23–36 weeks’ gesta-
tion (median = 27 weeks) and weighed 500–1000 g (M = 837 g).
Some children died subsequently, leaving 166 who survived to
young adulthood. Of these survivors, 142 participated in an
assessment at age 22–26 years old. One hundred and two
ELBW survivors were located and participated in the most recent
assessment at age 29–36 years old (61% of 166). Of these, 30
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ELBW survivors with birth weight <10th percentile for gestational
age were classified as small for gestational age at birth (SGA;
Kramer et al., 2001). The remaining 72 were born at an appropri-
ate weight for gestational age at birth (AGA). Twenty-seven
ELBW participants had neurosensory impairments (NSI), defined
as cerebral palsy, blindness, deafness, and/or mental retardation.
All but five of the 102 ELBW participants were of Caucasian
ethnicity.

NBW group
A group of 145 participants born at NBW (M = 3,373 g) was
added to the cohort when children in both birth weight groups
were 8 years old (Saigal, Szatmari, Rosenbaum, Campbell, &
King, 1991). These children were randomly selected from local
school boards and group-matched with the surviving ELBW chil-
dren on age, sex, ethnicity, and familial socioeconomic status
(SES) (Hollingshead, 1969). From these, 133 participated in the
assessment at age 22–26 years old. Ninety-four NBW adults
were located and participated in the most recent assessment at
age 29–36 years old (65% of 145). None of them were born
SGA, and only one had NSI.

At the last assessment (age 29–36 years), samples of buccal
epithelial cells were collected from 92 ELBW participants and
89 NBW participants. These samples were initially genotyped
for candidate genes in relation to mental health (Lahat et al.,
2016). After genotyping, sufficient usable buccal material
remained to permit DNAm analyses for 45 ELBW and 49
NBW participants. Among the 45 ELBW participants, 17 (38%;
three male) were SGA at birth, and eight (18%; five male) had
NSI. All but one of these 45 ELBW participants were
Caucasian; one male was south Asian. Quality control led to
the exclusion of two NBW samples, leaving data from 47 NBW
participants, all of whom were Caucasian, AGA at birth, and
free of NSI.

Demographic data for the 45 ELBW and 47 NBW participants
and 134 and 98 nonparticipants, respectively, are presented in
Table 1. ELBW participants did not differ from ELBW nonpartic-
ipants in mean birth weight, current age, sex distribution, ethnic-
ity, childhood SES, prevalence of NSI, educational attainment,
current yearly income, or self-reported chronic conditions (all
ps > .06). However, the mean gestation period of ELBW partici-
pants (M = 27.8 (2.4) weeks) was a week longer than that of non-
participants (M = 26.7 (2.2) weeks), t(43) = 2.74, p < .01, and
ELBW participants were less likely than nonparticipants to
have been born SGA, χ2(45) = 6.23, p < .02, OR = 2.52, (95%
CI 1.20–5.28).

The 47 NBW participants did not differ from NBW nonpartic-
ipants in birth weight, current age, sex distribution, childhood SES,
educational attainment, or current yearly income (all ps > .15).
NBW participants (M = 2.3 (2.0)) reported more chronic health
conditions than did nonparticipants (M = 1.3 (1.5)), t(45) = 2.56,
p < .02.

In group-wise comparisons, ELBW and NBW participants did
not differ in current age, t(90) = 2.56, p > .75, sex distribution,
χ2(92) = 0.22, p > .60, OR = 1.22, (95% CI 0.53–2.81), or the
number of self-reported chronic conditions, p > .20. As expected,
SGA status, χ2(92) = 21.78, p < .001, OR = 2.68, (95% CI 2.00–3.59),
and NSI, χ2(92) = 9.15, p < .01, OR = 2.27, (95% CI 1.78–2.89), were
more prevalent among ELBW survivors than NBW controls.
Current yearly income (in Canadian dollars) was significantly
lower in the ELBW group, (M = $26,688 ($20,729)) as compared
to the NBW group (M = $43,264 ($28,942)), p < .01, although

familial (childhood) SES and educational attainment did not dif-
fer between groups, ps > .25.

Sample preparation, methylation analyses and measures

Genomic DNA extraction and purification
Buccal epithelial cells were collected using sterile OmniSwabs
(G.E. Whatman Microbiology Products, www.sigmaaldrich.
com), and stored at −80°C prior to DNA extraction. The
Omega EZNA Tissue DNA kit (Omega Bio-Tek, cat. no.
D3396) was used to obtain purified genomic DNA. DNA was
eluted in a Tris-EDTA buffer (10 mM Tris-CL, pH 8.5, 1 mM
EDTA). Its concentration and purity were quantified using a
NanoDrop 2000c Spectrophotometer (Thermo Scientific,
Waltham, MA, USA). Elutions were further purified using the
Qiagen MinElute Reaction Cleanup Kit (Qiagen Canada, cat.
no. 28204) when DNA purity did not meet standard absorbance
criteria; that is, A260/A280 = 1.8–2.0, and A260/A230 > 2.0. The
purified DNA was diluted to a final concentration of approxi-
mately100 ng/μl.

DNA methylome arrays
The Illumina Infinium Human Methylation EPIC 850 BeadChip
microarray was used to obtain genomic DNA methylome profiles
(processed at Genome Québec, Montréal, QC, Canada).
Approximately 1.5 μg of purified genomic DNA from each indi-
vidual was bisulfite converted using the EZ DNAm Kit (Zymo
Research) and hybridized following standard Illumina protocols
for the 850 K platform. The EPIC array interrogates methylation
levels at more than 850,000 CpG loci, covering 94% of the CpG
sites represented in the previous Illumina platform (Illumina
HumanMethylation 450), plus an additional 413,743 CpG sites
(Pidsley et al., 2016). The loci assessed by the EPIC array repre-
sent the vast majority of promoters, untranslated regions
(UTRs), 1st exons, gene bodies, and CpG islands in the human
genome (Heiss et al., 2019). The raw data will be deposited in
Gene Expression Omnibus (GEO) at NCBI (www.ncbi.nlm.nih.
gov/geo/).

DNA methylome data normalization and cellular deconvolution
Data from each 850 K microarray were annotated according to
Human Genome Build 37, available at the UCSC Genome
Browser (http://genome.ucsc.edu/). DNA methylome analyses
were performed in R, using the Minfi package (Aryee et al.,
2014). Raw probe fluorescence intensities were normalized by
Subsetquantile Within Array Normalization (SWAN;
Maksimovic, Gordon, & Oshlack, 2012). Methylation values for
each of the probes on the 850 K microarray were produced as
beta values for each probe. Beta value estimates of methylation
levels for each CpG site were defined as the ratio of methylated
probe fluorescence intensity over total intensity (methylated
plus unmethylated probe intensities). Ranging from 0 (completely
unmethylated) to 1 (fully methylated), beta values are roughly
equivalent to the percentage of methylation of the CpG site
(Bibikova et al., 2011; Sandoval et al., 2011).

Because DNAm levels are tissue-specific (Liu et al., 2013), it is
possible for variation in cell types to account for observed group
differences in DNAm. To examine this possibility, proportions of
epithelial, fibroblast, and immune cells in the buccal samples were
estimated using the Epigenetic Dissection of Intra-Sample
Heterogeneity algorithm (EpiDISH; Zheng et al., 2018). Across
the cohort, median proportions were 90.6%, < 0.001%, and
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9.4%, for epithelial, fibroblast, and total immune cells, respec-
tively. Cell-type proportions (i.e., epithelial, fibroblast, and total
immune cells) also did not differ between ELBW (88.3%, 0.0%,
and 11.7%) and NBW (92.2%, 0.0%, and 7.8%) participants,
ps > .05, nor between men (90.1%, 0.0%, and 9.9%) and
women (91.1%, 0.0% and 8.9%), all ps > .22, in non-parametric
tests (Supplementary Figure 1).

DNA methylome analysis
To avoid confounds due to genetic polymorphisms and to
increase analytic power (Chen et al., 2013; Herrera, de Vega,
Ashbrook, Vernon, & McGowan, 2018; Lam et al., 2012),
30,507 low-quality probes (detection p value ≥ 0.01) were
removed prior to analysis, including those overlapping single-
nucleotide polymorphisms (SNPs) either at or within 10 bp of
the targeted CpG site (according to dbSNP versions 132, 135,
and 137), and any invariable probes with a mean beta value≥ 0.95
or≤ 0.05 across case and control samples. Obtained beta values
were corrected for microarray run, while counterbalancing the
batches by birth weight group (Johnson, Li, & Rabinovic, 2007).
Differentially methylated sites (mean beta difference of≥ 0.05)
were identified using the Wilcoxon-rank sum test. The
Benjamini–Hochberg procedure/false discovery rate (FDR) was
applied to correct for multiple testing (Benjamini & Hochberg,
1995), following methods used in previous epigenomic studies
(e.g., de la Rica et al., 2013; de Vega, Herrera, Vernon, &
McGowan, 2017; Herrera et al., 2018; FDR p value < .05). Lists
of differentially methylated probes, regions, and their annotations
were generated using the dmpFinder function. Annotations in
relation to genic regions were based on nomenclature available
from the UCSC Genome Browser (http://genome.ucsc.edu/).

Three approaches were used to statistically compare DNAm
profiles among subgroups. First, average differences in DNAm
levels were compared among the four subgroups via a Kruskal–
Wallis test with pairwise follow-up tests. Second, mean methyla-
tion levels at each probe for each individual within a subgroup
were classified as low (β < 0.3), moderate (0.3 < β < 0.8) or
high (> 0.8). Differences in the relative proportions of low, mod-
erate, and high levels of methylation were tested for each pair of
subgroups with Pearson chi square tests (Davies et al., 2012;
Smith et al., 2015). Third, DNAm levels were compared by com-
puting Euclidian distances between subgroups. For each pair of
subgroups, we squared the beta difference in DNAm levels for
each CpG site that was identified as significant and took the
square root of the sum of the squared differences. The square
root (Euclidian distance) reflects the overall similarity between
two subgroups, where smaller distances indicate greater similarity.

Gene annotation and gene ontology (GO) analysis

Gene lists and their associated biological terms may be analyzed for
over-represented terms by functional annotation algorithms that
condense the many terms associated with a list of genes into orga-
nized classes or biological modules. To interpret the functional sig-
nificance of genes that were differentially methylated in a given
subgroup, we used the functional annotation tool from DAVID
(Database for Annotation, Visualization, and Integrated
Discovery, v 6.8), an integrated bioinformatics knowledgebase
that identifies common biological processes and pathways, molec-
ular functions, and cellular components that are defined by GO cri-
teria (http://david.abcc.ncifcrf.gov/). For comparisons, GO analysis
was also performed using g:Profiler (https://biit.cs.ut.ee/gprofiler/

gost), and the Kyoto Encyclopedia of Genes and Genomes
(KEGG, https://www.genome.jp/kegg/), using default parameters.
Statistical associations between GO terms and genes in the pro-
vided gene list were analyzed in DAVID to determine the enrich-
ment of GO terms related to biological processes relative to the
background gene set. The default medium stringency level was
used. The differentially methylated gene list was visualized in
EnrichmentMap to generate a network map of clustered GO
terms (Merico, Isserlin, Stueker, Emili, & Bader, 2010). In the net-
work map, GO terms are represented as nodes, where node size
reflects the number of genes that co-occur in each GO term.
Links between nodes represent genes in common, where link thick-
ness is proportional to the degree of overlap between gene sets.
Overlap between GO terms is calculated by the overlap coefficient,
which handles hierarchically organized gene set collections (Merico
et al., 2010). For network maps, DAVID GO results were clustered
using default settings of the EnrichmentMap plugin (Merico et al.,
2010) in Cytoscape 2.8.2, namely, p value cutoff = 0.005, FDR q
value cutoff = 0.1, overlap coefficient cutoff = 0.5, and combined
constant = 0.5. Clusters of related gene-sets within the network
define major biological or molecular themes in the GO results.
Clusters were arranged using the yFiles Organic algorithm and
named using the WordCloud plugin (http://baderlab.org/
Software/WordCloudPlugin).

Results

Identification of differentially methylated CpG sites in ELBW
versus NBW adults

After microarray normalization of the raw DNAm data, 836,329
probes remained for analysis. Surprisingly, applying the probe
selection criteria yielded only three CpG sites that distinguished
between ELBW survivors and NBW control participants
(cg05900538, cg15087178, cg17419818), associated with the mas-
ter-mind like transcriptional coactivator 2 (MAML2), ankyrin 3
(ANK3), and neurocalan delta (NCALD) genes, respectively.
However, the contrast between men and women (across birth
weight groups) yielded 9,182 differentially methylated CpG sites,
with significant sex differences on 3,642 unique coding and non-
coding genes, excluding the sex chromosomes (Supplementary
Table 1). DNAm levels were then compared between sexes for
each birth weight group, and between birth weight groups sepa-
rately for each sex. Lists of differentially methylated positions
(DMPs at CpG sites) for these subgroup comparisons may be
found in Supplementary Tables 2 to 5.

Sex differences:
ELBW men versus ELBW women

A total of 77,895 CpG sites were differentially methylated in ELBW
men relative to ELBW women. A region-level analysis identified
49,990 DMPs within or proximal to 14,024 unique coding and
noncoding genes, excluding the sex chromosomes. When classified
by their genic locations, 8,464 of DMPs (16.9%) were located
within 1500 bp and 200 bp of transcription start sites
(TSS; gene promoters), 31,876 (63.8%) in gene bodies, and 8,264
(16.5%) in 3’ and 5’ UTRs (Supplementary Figure 2). The majority
of these differentially methylated regions were hypermethylated in
ELBWmen (71.3% of DMPs) relative to ELBW women. Only 2.8%
of significant DNAm differences were observed within 1st exons or
exon boundaries (1,386 sites). A total of 18,219 differentially
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methylated CpG sites were mapped by their location relative to
CpG islands: 10,632 (58.4%) were located within island
shores (≤2 kb upstream and downstream of CpG islands), 5,162
(28.3%) in shelves (≤2 kb upstream and downstream of island
shores), and 2,425 (13.3%) in CpG islands themselves
(Supplementary Figure 3). The 25 probes showing the most signifi-
cant sex differences in DNAm in ELBW survivors are presented
with their genic locations in Table 2, with the complete list of differ-
entially methylated CpG sites in Supplementary Table 6. In contrast
to the overall pattern of hypermethylation in ELBW men relative to
ELBW women, most of these highly differentiated DMPs (22/25)
showed hypomethylation in ELBW men.

NBW men versus NBW women

A total of 3,424 CpG sites were differentially methylated in NBW
men versus NBW women. A region-level analysis identified 2,184
DMPs annotated to 1,523 unique coding and noncoding genes,
excluding the sex chromosomes. When classified by genic location,
419 DMPs (19.2%) were located near promoters, 1,333 (61.0%)
were in gene bodies, and 358 sites (16.4%) were in 3’ and 5’
UTRs (Supplementary Figure 2). In contrast to ELBW men,
NBW men showed significant hypomethylation (80.4% of DMPs)
relative to NBW women. Only 3.4% of significant DNAm differ-
ences were observed within 1st exons or exon boundaries (74
sites). A total of 1,018 differentially methylated CpG sites were
mapped by their location relative to CpG islands: 522 sites

(51.3%) were located within island shores, 204 (20.0%) in shelves,
and 292 (28.7%) in CpG islands (Supplementary Figure 3).

The 25 probes that showed the greatest sex differences in NBW
controls are presented with their genic locations in Table 2, with
the complete list of differentially methylated CpG sites between
NBW men and women in Supplementary Table 7. Notably, 23
of the top 25 probes were the same probes that showed significant
sex differences in ELBW survivors. The majority of these highly
differentiated DMPs showed hypomethylation in men relative to
women, in both birth weight groups (ELBW, 22; NBW, 23).

Birth weight group differences:
ELBW men versus NBW men

A total of 1,354 CpG sites were differentially methylated in ELBW
men relative to NBW control men. These DMPs are presented in
a clustered heatmap in Figure 1. A region-level analysis identified
811 DMPs annotated to 694 unique coding and noncoding genes.
When these DMPs were classified according to their genic loca-
tions, 161 (19.9%) were located near promoters, 499 (61.5%) in
gene bodies, and 119 (14.7%) in 3’ and 5’ UTRs. Overall,
ELBW men showed relative hypermethylation (57.7% of DMPs)
with respect to NBW men (Supplementary Figure 2). Only
3.9% of significant DNAm differences were observed within 1st
exons or exon boundaries (32 sites). A total of 284 DMPs were
mapped by their location relative to CpG islands: 154 (54.2%)
were located within island shores, 83 (29.2%) in island shelves ,

Figure 1. Clustering heatmap for significant differences in DNA methylation (DNAm) at 1354 cytosine–phosphate–guanine (CpG) sites in extremely low birth weight
(ELBW) men (purple bar) and normal birth weight (NBW) men (green bar). Color available online.
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and 47 (16.5%) in CpG islands (Supplementary Figure 3). The 25
probes showing the most significant differences in DNAm
between ELBW and NBW men are presented with their genic
locations in Table 3, with the complete list of differentially meth-
ylated CpG sites in Supplementary Table 8.

ELBW women versus NBW women

Only two CpG sites differentiated between ELBW survivors and
NBW control women (cg18025793 and cg17660417) on the C3-
and PZP-like A2M domain-containing protein 8 (CPAMD8)
and tumor necrosis factor alpha induced protein 3 (TNFAIP3)
genes, respectively. These two probes were hypomethylated in
ELBW women and are presented with their genic locations in
Table 4 and Supplementary Table 9.

Role of NSI in ELBW men

Eight of the 45 ELBW adults had significant neurosensory impair-
ment, whereas all 47 NBW controls were free of NSI (difference,

p < .01). Although ELBW men (n = 5) were not more likely than
ELBW women (n = 3) to have NSI, p > .11, and overall health
at the time of the assessment was comparable in both birth weight
groups (self-reported chronic conditions, p > .20), it was possible
that the presence of NSI in five of the 17 ELBW men (29%) may
have contributed to the significant birth weight group differences
in DNAm in men. An additional analysis was carried out to test
this hypothesis. Only four CpG sites (cg05951296, cg20450577,
cg08505647, and cg14481604) showed significant differences
at > 5% among the three subgroups, ELBW men with NSI (n = 5),
ELBW men without NSI (n = 12), and NBW men (n = 20). These
data are presented in Table 5 and Supplementary Table 10.

Overlap in pair-wise comparisons

Significant DMPs were localized to 694 unique genes in ELBW
men versus NBW men, 1,523 unique genes in NBW men versus
NBW women, and 14,024 unique genes in ELBW men versus
ELBW women. The overlap among probes is presented in a
Venn diagram in Figure 2. As indicated in Figure 2, 631

Table 3. Top 25 differentially methylated positions (DMPs) between extremely low birth weight (ELBW) men and normal birth weight (NBW) men, showing probe
names, methylation levels, intergroup methylation differences, adjusted p values, and probe annotations.

Probe β ELBW β NBW β difference FDR p value Chromosome Genic location Gene symbol

cg20450577 0.678170184 0.737214056 −0.059043872 0.00898 chr10 Body LINC00710

cg03007462 0.77682524 0.703487879 0.073337361 0.00898 chrX 5’UTR; Body TMEM164

cg08505647 0.717724343 0.795757417 −0.078033074 0.01483 chr11 TSS200 PLAC1L

cg16233212 0.599931814 0.68970593 −0.089774117 0.01483 chrX

cg09674223 0.526609031 0.605966012 −0.079356982 0.01483 chr16

cg03801287 0.734627671 0.643874997 0.090752674 0.01483 chr15 5’UTR SEMA6D

cg02428030 0.621190379 0.704559624 −0.083369245 0.01483 chrX

cg20705287 0.778210823 0.84040492 −0.062194097 0.01483 chr8 Body EXT1

cg12609563 0.213330194 0.265606812 −0.052276618 0.01483 chr4

cg18495102 0.56074827 0.667024026 −0.106275756 0.01483 chr4

cg16237310 0.260184111 0.358639465 −0.098455354 0.01483 chr2

cg04918696 0.67899018 0.563915502 0.115074678 0.01858 chr8

cg20105804 0.575750997 0.646261631 −0.070510634 0.01858 chr14

cg13198885 0.833451504 0.764285767 0.069165737 0.01975 chr18

cg16708895 0.611624943 0.720980855 −0.109355912 0.01975 chrX TSS1500 SLITRK2

cg11625060 0.706489555 0.762709092 −0.056219537 0.01975 chr19 TSS1500 ZNF99

cg12008151 0.72215093 0.647414735 0.074736195 0.01975 chr6

cg01979105 0.66743528 0.738552649 −0.071117369 0.01975 chr5

cg26276395 0.636167565 0.563029077 0.073138488 0.01975 chr1

cg01823718 0.617640419 0.689061062 −0.071420643 0.01975 chr11

cg03212924 0.741612612 0.792850345 −0.051237734 0.01976 chr2 TSS1500 LOC645949

cg00114478 0.431100516 0.527403749 −0.096303233 0.02026 chr8 Body KCNB2

cg17716034 0.656934444 0.745187981 −0.088253538 0.021 chr3 Body MBNL1

cg05471169 0.2063509 0.318424937 −0.112074037 0.02132 chr17

cg18878381 0.754842756 0.671364347 0.083478409 0.0226 chr1 Body AGO4

Note: Most of the top 25 DMPs show hypomethylation in ELBW men relative to NBW men.
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(91%) of the genes showing birth weight group differences in men
(694) also showed sex differences in ELBW survivors. Only 136
(9%) of the genes showing sex differences in NBW controls (1,523)
also showed birth weight group differences in men. Only 1,379
(10%) of the genes showing sex differences in ELBW survivors
(14,024) also showed sex differences in NBW controls. . These
findings suggest interactive effects of extremely preterm birth
and sex in ELBW survivors.

Statistical comparisons of DNAm distributions by subgroup

Given that effects of sex and birth weight status on DNAm pro-
files appeared to vary among the four subgroups, we tested for
overall differences in the numbers of significantly differing CpG
sites for each pair of subgroups using a Kruskal–Wallis test
(Kruskal–Wallis H(3) = 3352.36, p < .001). Follow-up pairwise
contrasts of subgroups by Mann–Whitney U tests indicated that

Table 5. Four cytosine–phosphate–guanine (CpG) sites differentiated among extremely low birth weight (ELBW) men with neurosensory impairment (NSI), ELBW
men without NSI, and normal birth weight (NBW) control men. Differentially methylated positions (DMPs) are presented with probe names, methylation levels,
intergroup methylation differences, adjusted p values, and probe annotations.

Probe
β ELBW

(with NSI)
β ELBW

(without NSI) β NBW FDR p value Chromosome Genic location Gene symbol

cg05951296 0.773064415 0.783312251 0.817861795 0.00035 chr10

cg20450577 0.666986561 0.682830027 0.737214056 0.03744 chr10 TSS1500 LINC00710

cg08505647 0.743448022 0.707006144 0.795757417 0.03865 chr11 TSS1500 PLAC1L

cg14481604 0.81940295 0.856837054 0.871742484 0.04659 chr15 TSS1500 SNORD116-22

FDR= false discovery rate

Table 4. Two differentially methylated positions (DMPs) between extremely low birth weight (ELBW) women and normal birth weight (NBW) women, showing probe
names, methylation levels, intergroup methylation differences, adjusted p values, and probe annotations.

Probe β ELBW β NBW β difference FDR p value Chromosome Genic location Gene symbol

cg18025793 0.817180014 0.874206736 −0.05703 0.00957 chr19 Body CPAMD8

cg17660417 0.700937341 0.75407335 −0.05314 0.00957 chr6 Body TNFAIP3

Figure 2. Venn diagram of overlap among probes that demonstrated significant subgroup differences between normal birth weight (NBW) men and NBW women,
extremely low birth weight (ELBW) men and NBW men, and ELBW men and ELBW women. The number of genes that distinguish between two subgroups appear
below each comparison named. The number of genes in common between two comparisons are indicated in the intersections of circles. No genes overlap in the
comparisons of ELBW women versus NBW women and ELBW men versus NBW men. Color available online.
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sex differences in DNAm in the NBW (Z =−24.41, p < .001) and
ELBW (Z =−8.07, p < .001) groups ranked significantly higher
than birth weight group differences in DNAm between ELBW
and NBW men. In addition, sex differences in DNAm in the
ELBW group ranked much higher than sex differences in the
NBW group (Z = −57.52, p < .001).

Secondly, to test for significant differences in the distributions of
DNAm levels by subgroup, separate chi square analyses were per-
formed on the proportions of low, moderate, and high DNAm lev-
els at significant DMPs (β < 0.3, 0.3 < β < 0.8, β > 0.8, respectively)
by subgroup pairs. Proportions of low, moderate, and high levels of
methylation differed significantly between ELBW men and ELBW
women, χ2 (155,790) = 10,623.34, p < .001, between NBW men and
NBW women, χ2 (6,848) = 167.56, p < .001, and between ELBW
men and NBW men, χ2 (2,708) = 8.86, p < .02.

To further explore effects of birth weight status and sex on the
distributions of DMPs, we compared two sets of subgroup differ-
ences in DMPs with respect to their “direction,” (hypermethyla-
tion or hypomethylation) and genic locations. Proportions of
low, moderate, and high DNAm levels in ELBW men and
ELBW women (Contrast 1), were compared with the proportions
for ELBW men and NBW men (Contrast 2), in separate χ2 anal-
yses by genic location, namely, at (a) transcription start sites, TSS,
(b) regulatory elements, (c) gene bodies, and (d) all three of these
genic locations (Table 6).

The DMPs reflecting significant sex differences in ELBW survi-
vors differed from those reflecting significant birth weight group
differences in men at all genic locations—TSS, χ2 (8,626) = 19.63,
p < .001, OR = 2.00, 95% CI (1.46, 2.73); regulatory elements,
χ2(15,596) = 39.20, p < .001, OR = 2.10, 95% CI (1.66, 2.66), gene
bodies, χ2(33,788) = 33.50 p < .001, OR = 1.70, 95% CI (1.42, 2.04)
—and total genic locations, χ2(49,384) = 72.60, p < .001, OR = 1.85,
95% CI (1.60, 2.13). Sex differences in the ELBW survivor group
were characterized by greater proportions of low-hypermethylated
DMPs in ELBW men (relative to ELBW women), whereas birth
weight group differences in men were characterized by greater pro-
portions of highly-hypomethylated DMPs in ELBW men (relative
to NBW men) (Figure 3).

Thirdly, to compare the magnitude and “direction” of signifi-
cant differences in DNAm among pairs of subgroups, mean
Euclidian distances were calculated for each subgroup pair.
Euclidian distance reflects the summed differences in DNAm levels
between two groups, and also the total number of sites contributing
to net hypermethylation or hypomethylation in one group versus
another. The number of CpG sites showing sex differences in
DNAm was greatly enhanced among ELBW survivors (Euclidian
distance: 23.04) as compared to the number showing sex differ-
ences in NBW controls (Euclidian distance: 5.71). Overall

DNAm levels differed by birth weight group in men (ELBW
men vs. NBW men, Euclidian distance: 3.13), but not women
(ELBW women vs. NBW women, Euclidian distance: 0.08)
(Figure 4). In sum, statistical tests showed that DNAm profiles
were most different between ELBW men and women, then NBW
men and women, and then ELBW and NBW men (all signifi-
cantly), but differed little between NBW and ELBW women.

Gene pathway enrichment by differential DNAm

To interpret potential biological functions and interactions between
genes, GO analysis was performed (where possible) on genes iden-
tified by differentially methylated CpG sites using the DAVID algo-
rithm tool for each pair of subgroups (Huang et al., 2009b). After
grouping functionally related GO terms for the 16,792 tagged back-
ground genes known to be associated with these GO terms (Huang,
Sherman, & Lempicki, 2009a) and applying statistical cut-offs, four
important pathways and 212 GO terms differentiated between
ELBW men and NBW men. These pathways were related to neu-
ronal development (66 terms; 31%), synaptic transportation (59
terms; 28%), metabolic regulation (53 terms; 25%), and cellular reg-
ulation (34 terms; 16%). A network map of enriched GO terms in
ELBW men compared to NBW control men is presented in
Figure 5. The 35 most significant GO terms are presented by
their biological pathways in Table 7. Full lists of GO terms are
found in Supplementary Tables 11a–c; cf. g:Profiler, 228 GO
terms; KEGG, 2 GO terms, FDR < 0.05.

Using a similar approach for differences between NBWmen and
women, gene ontology analysis of the 18,224 tagged background
genes identified 403 GO terms that differed significantly between
NBW men and women. These terms could not be assigned to spe-
cific pathways, but the most significant terms related to cellular
development (Supplementary Tables 12a–c; cf. g:Profiler, 286 GO
terms; KEGG, 16 GO terms, FDR < 0.05).

The GO algorithm in DAVID is optimized for use with lists of
100–1000 genes (Essex et al., 2013). Given the large number of
DMPs associated with unique genes (14,024) in ELBW men ver-
sus ELBW women, and the paucity of DMPs (two) that distin-
guished between ELBW and NBW women, GO analyses were
not performed for these comparisons.

Discussion

In this study, we present three main epigenetic findings that are rel-
evant to adults born extremely preterm. First, significant sex differ-
ences in the DNAm profiles of adults born at ELBW and at NBW
were apparent in the fourth decade of life. Second, sex differences
were markedly more numerous in ELBW survivors than in NBW

Table 6. Distributions of hyper- and hypomethylated cytosine–phosphate–guanine (CpG) sites in extremely low birth weight (ELBW) versus normal birth weight
(NBW) men, ELBW men versus ELBW women, and NBW men versus NBW women.

Proportions of hypermethylation, % (sites) Proportions of hypomethylation, % (sites)

Contrast TSS Regulatory Elements Gene body TSS Regulatory elements Gene body

ELBW men vs. NBW men 9.9 (80) 17.8 (144) 37.5 (304) 10.0 (81) 16.8 (136) 24.0 (195)

ELBW men vs. ELBW women 11.1 (5,542) 22.9 (11,455) 46.5 (23,243) 5.8 (2,922) 10.5 (5,273) 17.3 (8,633)

NBW men vs. NBW women 3.1 (67) 6.8 (148) 12.3 (269) 16.1 (352) 28.8 (629) 48.7 (1,064)

Notes: Overall, CpG sites at genic locations in ELBW men were hypermethylated with respect to NBW men and to ELBW women. In contrast, CpG sites in NBW men were hypomethylated with
respect to NBW women. Percentages were calculated by dividing the number of differentially methylated positions (DMPs) at each genic location by the total number of DMPs identified for
that comparison. (Regulatory Elements include TSS).
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control adults. Third, DMPs clearly distinguished between men
born at ELBW versus at NBW. There was scant evidence that the
methylomes of women were affected by ELBW status. To our
knowledge, this is the first genome-wide study to report sex differ-
ences in the methylation profiles of adults who were born at ELBW.
It is also the first known study to show that sex differences in DNA
methylation levels may interact with ELBW status to generate dif-
fering DNAm profiles in ELBW and NBW men.

Sex differences in DNAm

In the present study, sex differences in DNAm appeared to be
broadly distributed across autosomal sites (Liu, Morgan,
Hutchison, & Calhoun, 2010), regardless of birth weight status.
In both birth weight groups, DNAm levels differed significantly
between men and women at loci on genes known to be involved
in transcriptional regulation of cell proliferation and apoptosis
(transcription factor Dp-1;TFDP1), structural organization of
dendritic spines and synaptic junctions (SH3 and multiple
ankyrin repeat domains protein 2; SHANK2)), induction of apo-
ptosis following DNA damage (dual-specificity tyrosine-phos-
phorylation-regulated kinase 2; DYRK2), targeting of abnormal
cells for degradation (ubiquitin-conjugating enzyme E2Q family
pseudogene 1; UBE2Q2P1), telomere dynamics (family with
sequence similarity 35 member A; FAM35A), and gamete produc-
tion (deleted in AZoospermia1; DAZL1)—cellular and molecular
processes that are fundamental to human organismic develop-
ment (Table 2).

Figure 3. Relative distributions of hypo- and hypermethylated cytosine-phosphate-guanine (CpG) sites in extremely low birth weight (ELBW) men versus ELBW
women (Contrast 1), and ELBW men versus normal birth weight (NBW) men (Contrast 2), by genic location and proportion of low, moderate, or high levels of
hypo- and hypermethylation. Distributions related to birth weight group (in men) differed significantly from those related to sex (within the ELBW group) in sep-
arate χ2 tests for each location. *** = p < .001.

Figure 4. Subgroup differences in overall methylation levels, based on Euclidian dis-
tances. Arrow directions indicate DNA hypermethylation in the darker shaded group
relative to the lighter shaded group. Smaller Euclidian distance reflects greater sim-
ilarity between DNA methylation profiles.

Development and Psychopathology 29

https://doi.org/10.1017/S0954579420000899 Published online by Cambridge University Press

https://doi.org/10.1017/S0954579420000899


Twenty-one of the top 25 CpG sites showing sex differences in
both birth weight groups were hypomethylated in men, including
RFTN1, TLE1, and PPP1R12B (Table 2). The raftlin lipid-raft
linker 1 (RFTN1) gene is known to have a critical role in the for-
mation of cholesterol-rich lipid rafts in the plasma membrane,
and has been reported previously to be hypomethylated in men
(Inoshita et al., 2015; Xu et al., 2014). The transducin-like
enhancer protein 1 (TLE1) gene is a transcriptional repressor
that is critical for neuronal differentiation and hematopoiesis (for-
mation of blood cell components), and also is reported to be
hypomethylated in men (Inoshita et al., 2015; Liu et al., 2010).
The protein phosphatase1 regulatory subunit 12B (PPP1R12B)
gene is highly expressed in skeletal muscle, heart, kidney, and
brain, and is known to participate in muscle contraction kinetics.
The PPP1R12B gene is strongly associated with male sex, as it lies
in a region that has a homologous sequence on the Y chromo-
some, causing SNPs near PPP1R12B to be biased by sex
(Galichon, Mesnard, Hertig, Stengel, & Rondeau, 2012). It is
noteworthy that sex may influence methylation levels at so
many autosomal sites (Liu et al., 2010).

Birth weight group differences in DNAm

Interest in the epigenetic correlates of early experience has
expanded greatly in recent years. Several studies have now
reported differential DNAm profiles in infants born preterm ver-
sus at full term (e.g., Cruickshank et al., 2013; de Goede, Lavoie, &
Robinson, 2017; Fernando et al., 2015; Montirosso et al., 2016).
Furthermore, preterm differences in methylation appear to vary
with the length of gestation in a dose-like manner, suggesting a
functional relation between gestational age and DNAm (e.g.,
Lee et al., 2012; Parets et al., 2013). Differences in DNAm may
have important consequences for brain structure and behavioral
regulation in individuals born preterm (Provenzi, Guida, &
Montirosso, 2018). For example, variance in methylation levels
derived from saliva (e.g., Chau et al., 2014; Sparrow et al., 2016)
and cord blood samples (e.g., Montirosso et al., 2016) has been
associated with variation in fetal development of cerebral white
matter (Sparrow et al., 2016), socioemotional stress regulation
capacity in infants (Montirosso et al., 2016), and the severity of
behavioral problems in children of preschool age (Chau et al.,

Figure 5. Enriched biological pathways from gene ontology (GO) analysis of differentially methylated sites in extremely low birth weight (ELBW) men versus normal
birth weight (NBW) men (boxes). Node size corresponds to the number of genes represented by a given GO term; edge thickness is proportional to the number of
genes in common between GO term. Color available online.
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Table 7. Top 35 of 212 GO terms associated with four clusters of genes enriched for differentially methylated cytosine-phosphate-guanine (CpG) sites in extremely
low birth weight (ELBW) men versus normal birth weight (NBW) men.

GO Term No. of differentially methylated genes p value Adjusted p value

Cluster 1, Neuronal Development

GO:0048468∼cell development 115 3.29E-09 4.75E-06

GO:0048812∼neuron projection morphogenesis 47 9.22E-09 6.65E-06

GO:0007399∼nervous system development 122 9.11E-09 7.51E-06

GO:0006928∼movement of cell or subcellular component 105 1.87E-08 1.08E-05

GO:0031175∼neuron projection development 60 2.66E-08 1.40E-05

GO:0007399∼nervous system development 122 9.11E-09 7.51E-06

GO:0048667∼cell morphogenesis in neuron differentiation 42 1.19E-07 3.62E-05

GO:0009653∼anatomical structure morphogenesis 137 9.54E-08 3.67E-05

GO:0000902∼cell morphogenesis 78 1.19E-07 3.82E-05

GO:0048666∼neuron development 65 1.56E-07 4.09E-05

GO:0000904∼cell morphogenesis involved in differentiation 54 3.20E-07 6.84E-05

GO:0030182∼neuron differentiation 76 3.15E-07 6.99E-05

GO:0032989∼cellular component morphogenesis 80 3.66E-07 7.05E-05

GO:0048858∼cell projection morphogenesis 56 3.58E-07 7.12E-05

GO:0032990∼cell part morphogenesis 57 3.47E-07 7.15E-05

GO:0030030∼cell projection organization 79 4.04E-07 7.52E-05

Cluster 2, Synaptic Transportation

GO:0007268∼chemical synaptic transmission 48 8.60E-08 3.54E-05

GO:0098916∼anterograde trans-synaptic signaling 48 8.60E-08 3.54E-05

GO:0099536∼synaptic signalling 48 8.60E-08 3.54E-05

GO:0099537∼trans-synaptic signalling 48 8.60E-08 3.54E-05

Cluster 3, Metabolic Regulation

GO:0023051∼regulation of signalling 151 5.56E-07 1.00E-04

Cluster 4, Cellular Regulation

GO:0007154∼cell communication 281 1.61E-09 3.10E-06

GO:0044700∼single organism signalling 279 1.31E-09 3.77E-06

GO:0048731∼system development 206 7.24E-09 6.97E-06

GO:0023052∼signaling 281 1.22E-09 7.03E-06

GO:0044763∼single-organism cellular process 471 6.82E-09 7.87E-06

GO:0007275∼multicellular organism development 226 1.82E-08 1.17E-05

GO:0044767∼single-organism developmental process 245 6.94E-08 3.08E-05

GO:0048856∼anatomical structure development 245 6.70E-08 3.22E-05

GO:0044707∼single-multicellular organism process 261 9.66E-08 3.48E-05

GO:0048583∼regulation of response to stimulus 176 1.11E-07 3.75E-05

GO:0007165∼signal transduction 254 1.56E-07 3.91E-05

GO:0044699∼single-organism process 498 1.52E-07 4.18E-05

GO:0032502∼developmental process 249 1.49E-07 4.30E-05

GO:0051239∼regulation of multicellular organismal process 137 1.81E-07 4.36E-05

GO:0050793∼regulation of developmental process 115 2.43E-07 5.60E-05

Notes: p values were adjusted for false discovery rate (FDR) using the Benjamini–Hochberg procedure.
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2014). Finally, some methylation differences observed in preterm
neonates remain detectable at 18 years (e.g., Cruickshank et al.,
2013), and as late as retirement age (Tan et al., 2018), suggesting
that modifications to DNAm profiles may persist for decades. The
importance of the present study resides in the fact that differential
DNAm profiles were evident in adult men so long after their
exposure to extreme early adversity, consistent with the notion
that adverse early experience may be biologically embedded in
the DNAm profiles of adults born extremely preterm (Meaney
& Szyf, 2005; Szyf & Bick, 2013).

Sex differences in DNAm and their interaction with
birth weight status

Fetal sex is a relatively understudied, potential moderating vari-
able in studies of prenatal stress (Conradt et al., 2018). The
site-specific sex differences in DNAm levels reported here are
congruent with previous studies of methylation differences in
both preterm neonates (e.g., Cruickshank et al., 2013; Fernando
et al., 2015; Spiers et al., 2015), and typically developing adult
populations (e.g., Inoshita et al., 2015; Liu et al., 2010; Xu et al.,
2014). We extend these findings to adults born extremely preterm.
Although DNAm profiles distinguished between ELBW and
NBW adults poorly on the whole, they clearly distinguished
between men by birth weight status. Notably, the number of sex
differences in DNAm levels reported for the entire sample (affect-
ing 9,182 CpG sites associated with 3,642 autosomal genes) was
an order of magnitude greater than the differences associated
with birth weight group status (affecting three CpG sites).
Similarly, the number of differentially-methylated CpG sites in
ELBW men relative to ELBW women (77,895 sites; 14,024 auto-
somal genes) was 22 times that of NBW men relative to NBW
women (3,424 sites; 1,523 autosomal genes). The augmentation
of sex differences in DNAm in the context of extreme early adver-
sity suggests a potentially synergistic relation between effects of
sex and birth weight status on adult DNAm profiles. In addition
to differences in DNAm levels, the usual direction of the net dif-
ference in DNAm (hypermethylation in females: Inoshita et al.,
2015; Xu et al., 2014; our NBW participants) was reversed in
the ELBW group (hypermethylation in males). These findings
highlight the need to examine and account for sex differences
in studies that relate DNAm to functional psychological or phys-
iological measures (Liu et al., 2010).

Eight of 45 ELBW adults (five men) had significant NSI,
whereas none of the 47 NBW controls had NSI (difference,
p < .01). An additional analysis was performed to test whether
NSI in the ELBW group could have accounted for the DNAm dif-
ferences between ELBW and NBW men. If birth weight group dif-
ferences in men were confounded by NSI, one would expect to see
large numbers of sites that distinguished ELBW men with NSI
from the other two subgroups (NSI-free ELBW men, and NBW
men). However, only four CpG sites differentiated among
ELBW men with NSI, ELBW men who were NSI-free, and
NBW control men, suggesting that NSI was not likely responsible
for the birth weight group differences in men’s DNAm profiles.
Nonetheless, because of these four significant sites, it would be
prudent to account for NSI in future studies.

Biological pathways associated with methylation differences

GO analyses of the differential DNAm patterns in ELBWand NBW
men identified 212 significant GO terms that clustered in fourmajor

biological pathways: neuronal development, synaptic transportation,
metabolic regulation, and cellular regulation (Figure 5). Repeated
themes within the clusters included regulation of developmental
and organ growth; cell morphogenesis (affecting axons, dendrites,
and membrane assembly); cell differentiation and migration; synap-
tic localization, signaling, and transport; and regulation of cellular
metabolic processes—fundamental processes in cellular biology
that underpin physiological and psychological functioning.

Of the 80 CpG sites that were hypermethylated at TSS
(gene promoters) in ELBW men relative to NBW men, absolute
DNAm levels differed most at a CpG site in the promoter region
of the leucine-rich repeat and Ig domain-containing protein
1 (LINGO1) gene (cg08128636, chromosome 15, beta difference =
0.14, p = 5.33E-05). The same CpG site was hypermethylated in
ELBW men relative to ELBW women (beta difference = 0.12, p =
7.62E-05). An additional site in the LINGO1 promoter
(cg11853771,beta difference = 0.09, p = 9.92E-04), and five other
LINGO1 sitesin 5’UTR locations (cg03060253, cg07535447,
cg11339488, cg11563498, cg15814399, all on chromosome 15,
beta differences < 0.10) were also hypermethylated in ELBW men
relative to ELBW women. One LINGO1 site (cg05043354) was hypo-
methylated at 5’UTR (chromosome 15, beta difference =−0.07, p <
.012) in ELBWmen versus ELBW women. In contrast, no CpG sites
were identified as differentially methylated on any LINGO genes in
NBW men versus NBW women.

The protein coded by LINGO1 is a functional component of
the Nogo receptor signaling complex (RTN4R/NGFR), and an
important regulator of multiple aspects of oligodendrocyte differ-
entiation and axonal myelination during cortical development.
Expressed exclusively in the central nervous system, it is especially
abundant in the amygdala, hippocampus, thalamus, and cerebral
cortex, regions intrinsically involved in psychosocial regulation,
psychopathology, and cognition. Active myelination of neuronal
axons in the brain by oligodendrocytes begins in the third trimes-
ter of pregnancy (weeks 28–30; Back et al., 2001), and extends into
the second decade of adulthood. In infants born extremely pre-
term, oligodendrocyte maturation is impaired, contributing to
myelination failure and white matter injury (Back et al., 2001;
Nosarti et al., 2014; van Tilborg et al., 2016). Consistent with
these findings, male preterm infants are reported to be more vul-
nerable than female preterm infants to both white matter abnor-
malities (Constable et al., 2008; Reiss et al., 2004; Skiöld et al.,
2014), and related cognitive difficulties (e.g., Constable et al.,
2008). Intriguingly, most of the ELBW men (12/17) tested here
were born at 27 weeks’ gestational age or less (median = 27),
before late pre-oligodendrocyte progenitors typically mature and
become myelin-producing, while more than half of the women
(15/28) were born at 28 weeks’ gestation or more (median =
28)—putatively, after myelination had begun. Although the con-
trast in gestational age did not reach statistical significance in
our sample ( p = .19), it is noteworthy that most ELBW men
were born before, and most ELBW women, after, the typical
onset of this crucial developmental process. Our findings suggest
that differential DNAm of CpG sites on LINGO1 genes with
potential effects on myelination may be long-term legacies of
the early developmental history of men born extremely preterm.

Strengths and limitations

One of the strengths of this study is the uniqueness of the cohort.
ELBW neonates are potentially the most vulnerable of preterm
survivors, and this cohort of ELBW and NBW control

K. J. Mathewson et al.32

https://doi.org/10.1017/S0954579420000899 Published online by Cambridge University Press

https://doi.org/10.1017/S0954579420000899


participants, born in the early days of neonatal intensive care, has
been prospectively followed into the fourth decade of life. Another
is the relative homogeneity of cell types in the tissue samples. Like
other accessible human tissues (e.g., whole blood, saliva), buccal
swabs may contain immune cells as well as epithelial cells.
Here, 90% of the cells in the buccal swabs from adults were epi-
thelial, with no significant differences by sex or birth weight group
(cf. Theda et al., 2018, for similar findings). The observed group
differences were unlikely to be a consequence of differential cell
composition. Additionally, birth weight and sex differences
among subgroup DNAm profiles were probed statistically three
different ways, yielding similar results. Finally, we investigated
the nature of differences in adult DNAm profiles by identifying
biological pathways potentially affected by extremely preterm
birth using DAVID and two additional platforms (g:Profiler,
and KEGG; Supplementary Tables 11, 12) to facilitate compari-
sons with other studies.

This study also has several limitations that warrant discussion.
First, the sample size was restricted by the size of the original cohort,
relatively high neonatal mortality within the cohort, and three
decades of attrition. Attrition is common in longitudinal studies,
particularly ones that span four decades. Despite this limitation,
our sample was comparable to or larger than that of other
recent studies of DNAm following preterm birth (e.g., de Goede
et al., 2017; Fernando et al., 2015; Parets et al., 2013), including
reports of sex differences in DNAm in infants (Sparrow et al.,
2016) and adults followed to age 18 years (Cruickshank et al.,
2013). It was also sufficiently large to reveal interactive effects of
sex and birth weight status on DNAm patterning.

Second, because extremely small size at birth may reflect one
or both of two biological events, namely, truncated gestation (pre-
maturity), and/or intrauterine growth restriction (IUGR) during
gestational development, it is conceivable that SGA status, rather
than birth weight status, could have accounted for a substantial
proportion of the DNAm differences between ELBW and NBW
men. An analysis by birth weight subgroups (ELBW-SGA,
ELBW-AGA, and NBW) would be useful for testing this hypoth-
esis. Here, because only three (17.6%) of the 17 adults with SGA
status were male, and the other 14 were female, any significant
results from such an analysis would be inconclusive. In addition,
although 50% of the ELBW women were born SGA (n = 14),
ELBW and NBW women differed at only two CpG sites, whereas
ELBW and NBW men showed multiple differences in DNAm
(1,354 sites), suggesting that effects of prematurity and IUGR
should be carefully disentangled. In future studies, researchers
would do well to analyze these subgroups separately.

Finally, the time span between the exposure of interest
(extreme perinatal adversity) and the measurement of DNAm
in adulthood was extensive, necessitating careful examination
and caution in interpretation of the findings. Although cross-
sectional data cannot speak to the timing of the appearance of
DNA modifications, persistent changes in DNAm have now
been demonstrated in multiple studies of adults who experienced
various forms of early adversity (e.g., Heijmans et al., 2008;
Loucks et al., 2016; McGowan et al., 2009; Suderman et al.,
2014; Tobi et al., 2018; Wehkalampi et al., 2013), consistent
with hypothesized developmental programming.

Conclusions

Extremely small size at birth is thought to reflect the influence of
intrauterine stresses that increase allostatic load in the developing

fetus and may have implications for health in later life. Our results
suggest that sex was associated with robust differences in genomic
DNAm profiles in both birth weight groups, but that this effect
was greatly magnified in males born extremely small. Within
the ELBW group, putative effects of early adaptation to stresses
associated with ELBW status were seen primarily in adult
DNAm profiles of men, providing conditional support for devel-
opmental programming and the DOHaD hypothesis. While adult
DNAm profiles suggest that vulnerability to environmental fac-
tors is generally enhanced in males, males with a history of
extremely preterm birth and ELBW may be particularly sensitive
to these factors—more sensitive than either females with similar
birth histories, or other males.

It has been proposed that changes in DNAm may actively
mediate the effects of adversity on downstream developmental
outcomes (McGowan et al., 2009; Meaney & Szyf, 2005; Tobi
et al., 2018), even if they were adaptive in the short
term (Matthews & McGowan, 2019; Gluckman & Hanson,
2004b; Gluckman et al., 2010). Whether the methylation differ-
ences reported here reflect dysregulation in the long term will
require additional study and discussion. In addition, practical
questions of how differential DNAm patterns develop over time
in adults born at ELBW, and whether they are linked to psycho-
logical well-being, healthspan, or lifespan, should be followed up
in larger samples of this vulnerable population.

Supplementary Material. The supplementary material for this article can
be found at https://doi.org/10.1017/S0954579420000899

Acknowledgements. This research was supported by grants from the
Canadian Institutes of Health Research (CIHR) awarded to Louis
A. Schmidt (CIHR Team Grant: TMH-103145; CIHR Operating Grant:
IHDCYH-383548). Wilfred de Vega was supported by an Early Researcher
Award from the Ontario Ministry of Innovation awarded to Patrick
McGowan. We wish to express our thanks to Aya Sasaki for her assistance
with cell deconvolution, to Sue McKee, Jordana Waxman, and Shirien
Yunus for their help with data collection, and to the study participants and
their families for their continuing participation in this work.

References

Anderson, P. J., De Luca, C. R., Hutchinson, E., Spencer-Smith, M. M., Roberts,
G., Doyle, L. W., & Victorian Infant Collaborative Study Group. (2011).
Attention problems in a representative sample of extremely preterm/
extremely low birth weight children. Developmental Neuropsychology, 36,
57–73. http://dx.doi.org/10.1080/87565641.2011.540538

Aryee, M. J., Jaffe, A. E., Corrada-Bravo, H., Ladd-Acosta, C., Feinberg, A. P.,
Hansen, K. D., & Irizarry, R. A. (2014). Minfi: A flexible and comprehensive
Bioconductor package for the analysis of Infinium DNAm microarrays.
Bioinformatics, 30, 1363–1369. doi:10.1093/bioinformatics/btu049

Back, S. A., Luo, N. L., Borenstein, N. S., Levine, J. M., Volpe, J. J., & Kinney,
H. C. (2001). Late oligodendrocyte progenitors coincide with the develop-
mental window of vulnerability for human perinatal white matter injury.
Journal of Neuroscience, 21, 1302–1312. https://doi.org/10.1523/
JNEUROSCI.21-04-01302.2001

Bale, T. L. (2011). Sex differences in prenatal epigenetic programing of stress
pathways. Stress, 14, 348–356. doi:10.3109/10253890.2011.586447

Behrman, R. E., & Butler, A. S. (2007). Preterm birth: Causes, Consequences,
and Prevention. Committee on Understanding Premature Birth and
Assuring Healthy Outcomes Board on Health Sciences Policy. Washington:
Institute of Medicine of the National Academies, pp. 1–490. http://www.
nap.edu/catalog/11622.html

Benjamini, Y., & Hochberg, Y. (1995). Controlling the false discovery rate: a
practical and powerful approach to multiple testing. Journal of the Royal

Development and Psychopathology 33

https://doi.org/10.1017/S0954579420000899 Published online by Cambridge University Press

https://doi.org/10.1017/S0954579420000899
https://doi.org/10.1017/S0954579420000899
http://www.nap.edu/catalog/11622.html
http://www.nap.edu/catalog/11622.html
http://www.nap.edu/catalog/11622.html
https://doi.org/10.1017/S0954579420000899


Statistical Society. Series B (Methodological), 57, 289–300. https://www.jstor.
org/stable/2346101

Bibikova, M., Barnes, B., Tsan, C., Ho, V., Klotzle, B., Le, J. M., … Fan, J. B.
(2011). High density DNAm array with single CpG site resolution.
Genomics, 98, 288–295. https://doi.org/10.1016/j.ygeno.2011.07.007

Black, M. J., Sutherland, M. R., Gubhaju, L., Kent, A. L., Dahlstrom, J. E., &
Moore, L. (2013). When birth comes early: Effects on nephrogenesis.
Nephrology, 18, 180–182. doi:10.1111/nep.12028

Boyle, M. H., Miskovic, V., Van Lieshout, R., Duncan, L., Schmidt, L. A.,
Hoult, L., … Saigal, S. (2011). Psychopathology in young adults born at
extremely low birth weight. Psychological Medicine, 41, 1763–1774. http://
dx.doi.org/10.1017/S0033291710002357

Brettell, R., Yeh, P. S., & Impey, L. W. (2008). Examination of the association
between male gender and preterm delivery. European Journal of Obstetrics
& Gynecology and Reproductive Biology, 141, 123–126. doi:10.1016/
j.ejogrb.2008.07.030

Challis, J., Newnham, J., Petraglia, F., Yeganegi, M., & Bocking, A. (2013). Fetal
sex and preterm birth. Placenta, 34, 95–99. http://dx.doi.org/10.1016/
j.placenta.2012.11.007

Chau, C. M. Y., Ranger, M., Sulistyoningrum, D., Devlin, A. M., Oberlander, T.
F., & Grunau, R. E. (2014). Neonatal pain and COMT Val158Met genotype
in relation to serotonin transporter (SLC6A4) promoter methylation in very
preterm children at school age. Frontiers in Behavioral Neuroscience, 8, 1–
12. https://doi.org/10.3389/fnbeh.2014.00409

Chen, Y. A., Lemire, M., Choufani, S., Butcher, D. T., Grafodatskaya, D.,
Zanke, B. W., … Weksberg, R. (2013). Discovery of cross-reactive
probes and polymorphic CpGs in the Illumina Infinium HumanMethyla
tion450 microarray. Epigenetics, 8, 203–209. https://doi.org/10.4161/
epi.23470

Clifton, V. L. (2010). Sex and the human placenta: mediating differential strat-
egies of fetal growth and survival. Placenta, 31, S33–S39. doi:10.1016/
j.placenta.2009.11.010

Conradt, E., Adkins, D. E., Crowell, S. E., Raby, K. L., Diamond, L. M., & Ellis,
B. (2018). Incorporating epigenetic mechanisms to advance fetal program-
ming theories. Development and Psychopathology, 30, 807–824. doi:10.1017/
S0954579418000469

Constable, R. T., Ment, L. R., Vohr, B. R., Kesler, S. R., Fulbright, R. K.,
Lacadie, C., … Makuch, R. W. (2008). Prematurely born children demon-
strate white matter microstructural differences at 12 years of age, relative
to term control subjects: an investigation of group and gender effects.
Pediatrics, 121, 306–316. doi:10.1542/peds.2007-0414

Cruickshank, M. N., Oshlack, A., Theda, C., Davis, P. G., Martino, D.,
Sheehan, P., … Craig, J. M. (2013). Analysis of epigenetic changes in survi-
vors of preterm birth reveals the effect of gestational age and evidence for a
long term legacy. Genome Medicine, 5, 96. http://genomemedicine.com/con-
tent/5/10/96

Davies, M. N., Volta, M., Pidsley, R., Lunnon, K., Dixit, A., Lovestone, S., …
Al-Sarraj, S. (2012). Functional annotation of the human brain methylome
identifies tissue-specific epigenetic variation across brain and blood.
Genome Biology, 13, R43. http://genomebiology.com/2012/13/6/R43

de Goede, O. M., Lavoie, P. M., & Robinson, W. P. (2017). Cord blood hema-
topoietic cells from preterm infants display altered DNAm patterns. Clinical
Epigenetics, 9, 39. doi:10.1186/s13148-017-0339-1

de la Rica, L., Urquiza, J. M., Gómez-Cabrero, D., Islam, A. B., López-Bigas,
N., Tegnér, J., … Ballestar, E. (2013). Identification of novel markers in
rheumatoid arthritis through integrated analysis of DNAm and
microRNA expression. Journal of Autoimmunity, 41, 6–16. https://doi.org/
10.1016/j.jaut.2012.12.005

de Vega, W. C., Herrera, S., Vernon, S. D., & McGowan, P. O. (2017).
Epigenetic modifications and glucocorticoid sensitivity in myalgic enceph-
alomyelitis/chronic fatigue syndrome (ME/CFS). BMC Medical Genomics,
10, 11. doi:10.1186/s12920-017-0248-3

Di Renzo, G. C., Rosati, A., Sarti, R. D., Cruciani, L., & Cutuli, A. M. (2007).
Does fetal sex affect pregnancy outcome? Gender Medicine, 4, 19–30.
https://doi.org/10.1016/S1550-8579(07)80004-0

Essex, M. J., Boyce, W. T., Hertzman, C., Lam, L. L., Armstrong, J. M.,
Neumann, S. M., & Kobor, M. S. (2013). Epigenetic vestiges of early

developmental adversity: Childhood stress exposure and DNAm in adoles-
cence. Child Development, 84, 58–75. doi:10.1111/j.1467-8624.2011.01641.x

Fernando, F., Keijser, R., Henneman, P., van der Kevie, A. M. F., Mannens, M.
M., van der Post, J. A., … Ris-Stalpers, C. (2015). The idiopathic preterm
delivery methylation profile in umbilical cord blood DNA. BMC
Genomics, 16, 736. doi:10.1186/s12864-015-1915-4

Frey, H. A., & Klebanoff, M. A. (2016). The epidemiology, etiology, and costs
of preterm birth. In Seminars in Fetal and Neonatal Medicine. 21, 68–73.
http://dx.doi.org/10.1016/j.siny.2015.12.011

Galichon, P., Mesnard, L., Hertig, A., Stengel, B., & Rondeau, E. (2012).
Unrecognized sequence homologies may confound genome-wide associa-
tion studies. Nucleic Acids Research, 40, 4774–4782. https://doi.org/
10.1093/nar/gks169

Gluckman, P. D., & Hanson, M. A. (2004a). Developmental origins of disease
paradigm: A mechanistic and evolutionary perspective. Pediatric Research,
56, 311–317. doi:10.1203/01.PDR.0000135998.08025.FB.

Gluckman, P. D., & Hanson, M. A. (2004b). Living with the past: Evolution,
development, and patterns of disease. Science, 305, 1733–1736.
doi:10.1126/science.1095292

Gluckman, P. D., Hanson, M. A., & Buklijas, T. (2010). A conceptual frame-
work for the developmental origins of health and disease. Journal of
Developmental Origins of Health and Disease, 1, 6–18. doi:10.1017/
S2040174409990171

Gluckman, P. D., Hanson, M. A., Cooper, C., & Thornburg, K. L. (2008). Effect
of in utero and early-life conditions on adult health and disease. New
England Journal of Medicine, 359, 61–73. doi:10.1056/NEJMra0708473

Hack, M., Flannery, D. J., Schluchter, M., Cartar, L., Borawski, E., & Klein, N.
(2002). Outcomes in young adulthood for very-low-birth-weight infants.
New England Journal of Medicine, 346, 149–157. doi:10.1056/
NEJMoa010856

Hack, M., Taylor, H. G., Schluchter, M., Andreias, L., Drotar, D., & Klein, N.
(2009). Behavioral outcomes of extremely low birth weight children at age 8
years. Journal of Developmental and Behavioral Pediatrics: JDBP, 30, 122–
130. doi:10.1097/DBP.0b013e31819e6a16H

Halmøy, A., Klungsøyr, K., Skjærven, R., & Haavik, J. (2012). Pre-and perina-
tal risk factors in adults with attention-deficit/hyperactivity disorder.
Biological Psychiatry, 71, 474–481. doi:10.1016/j.biopsych.2011.11.013

Heijmans, B. T., Tobi, E. W., Stein, A. D., Putter, H., Blauw, G. J., Susser, E. S.,
… Lumey, L. H. (2008). Persistent epigenetic differences associated with
prenatal exposure to famine in humans. Proceedings of the National
Academy of Sciences of the United States of America, 105, 17046–17049.
doi:10.1073/pnas.0806560105

Heiss, J. A., Brennan, K. J., Baccarelli, A. A., Téllez-Rojo, M. M.,
Estrada-Gutiérrez, G., Wright, R. O., & Just, A. C. (2019). Battle of epige-
netic proportions: comparing Illumina’s EPIC methylation microarrays
and TruSeq targeted bisulfite sequencing. Epigenetics, 15(1–2), 174–182.
https://doi.org/10.1080/15592294.2019.1656159.

Herrera, S., de Vega, W. C., Ashbrook, D., Vernon, S. D., & McGowan, P. O.
(2018). Genome-epigenome interactions associated with Myalgic
Encephalomyelitis/Chronic Fatigue Syndrome. Epigenetics, 13, 1174–1190.
https://doi.org/10.1080/15592294.2018.154976

Hertzman, C. (2012). Putting the concept of biological embedding in historical
perspective. Proceedings of the National Academy of Sciences, 109, 17160–
17167. https://doi.org/10.1073/pnas.1202203109

Hintz, S. R., Kendrick, D. E., Vohr, B. R., Poole, W. K., Higgins, R. D., &
NICHD Neonatal Research Network. (2006). Gender differences in neuro-
developmental outcomes among extremely preterm, extremely-low-birth
weight infants. Acta Paediatrica, 95, 1239–1248. doi:10.1080/
08035250600599727

Hollingshead, A. B. (1969). Two-Factor Index of Social Position. New Haven,
CT: Yale University Press.

Huang, D. W., Sherman, B. T., & Lempicki, R. A. (2009a). Bioinformatics
enrichment tools: Paths toward the comprehensive functional analysis of
large gene lists. Nucleic Acids Research, 37, 1–13. doi:10.1093/nar/gkn923

Huang, D. W., Sherman, B. T., & Lempicki, R. A. (2009b). Systematic and inte-
grative analysis of large gene lists using DAVID bioinformatics resources.
Nature Protocols, 4, 44–57. doi:10.1038/nprot.2008.211

K. J. Mathewson et al.34

https://doi.org/10.1017/S0954579420000899 Published online by Cambridge University Press

https://www.jstor.org/stable/2346101
https://www.jstor.org/stable/2346101
https://www.jstor.org/stable/2346101
http://genomemedicine.com/content/5/10/96
http://genomemedicine.com/content/5/10/96
http://genomemedicine.com/content/5/10/96
http://genomebiology.com/2012/13/6/R43
http://genomebiology.com/2012/13/6/R43
https://doi.org/10.1017/S0954579420000899


Ingemarsson, I. (2003). Gender aspects of preterm birth. BJOG: An
International Journal of Obstetrics & Gynaecology, 110, 34–38.
doi:10.1016/S1470-0328(03)00022-3

Inoshita, M., Numata, S., Tajima, A., Kinoshita, M., Umehara, H., Yamamori,
H., … Ohmori, T. (2015). Sex differences of leukocytes DNAm adjusted for
estimated cellular proportions. Biology of Sex Differences, 6, 11. doi:10.1186/
s13293-015-0029-7

Jansson, T., & Powell, T. L. (2007). Role of the placenta in fetal programming:
underlying mechanisms and potential interventional approaches. Clinical
Science, 113, 1–13. doi:10.1042/CS20060339

Johnson, S., Hollis, C., Kochhar, P., Hennessy, E., Wolke, D., & Marlow, N.
(2010). Autism spectrum disorders in extremely preterm children. Journal
of Pediatrics, 156, 525–531. http://dx.doi.org/10.1016/j.jpeds.2009.10.041

Johnson, W. E., Li, C., & Rabinovic, A. (2007). Adjusting batch effects in
microarray expression data using empirical bayes methods. Biostatistics, 8,
118–27. https://doi.org/10.1093/biostatistics/kxj037

Johnson, S., & Marlow, N. (2014). Growing up after extremely preterm birth:
lifespan mental health outcomes. Seminars in Fetal and Neonatal Medicine,
19, 97–104. http://dx.doi.org/10.1016/j.siny.2013.11.004

Kent, A. L., Wright, I. M., & Abdel-Latif, M. E. (2012). Mortality and adverse
neurologic outcomes are greater in preterm male infants. Pediatrics, 129,
124–131. doi:10.1542/peds.2011-1578

Kramer, M. S., Platt, R. W., Wen, S. W., Joseph, K. S., Allen, A.,
Abrahamowicz, M. … Fetal/Infant Health Study Group of the Canadian
Perinatal Surveillance System. (2001). A new and improved population-
based Canadian reference for birth weight for gestational age. Pediatrics,
108, E35. doi:10.1542/peds.108.2.e35

Lahat, A., Van Lieshout, R. J., Mathewson, K. J., Mackillop, J., Saigal, S.,
Morrison, K. M., … Schmidt, L. A. (2016). Extremely low birth weight
babies grown up: Gene–environment interaction predicts internalizing
problems in the third and fourth decades of life. Development and
Psychopathology, 29, 837–843. doi:10.1017/S0954579416000511

Lam, L. L., Emberly, E., Fraser, H. B., Neumann, S. M., Chen, E., Miller, G. E.,
& Kobor, M. S. (2012). Factors underlying variable DNAm in a human
community cohort. Proceedings of the National Academy of Sciences, 109
(Supplement 2), 17253–17260. www.pnas.org/cgi/doi/10.1073/pnas.
1121249109.

Lee, H., Jaffe, A. E., Feinberg, J. I., Tryggvadottir, R., Brown, S., Montano, C.,
… Goldman, L. R. (2012). DNAm shows genome-wide association of NFIX,
RAPGEF2 and MSRB3 with gestational age at birth. International Journal of
Epidemiology, 41, 188–199. doi:10.1093/ije/dyr237

Lefebvre, F., Mazurier, É, & Tessier, R. (2005). Cognitive and educational out-
comes in early adulthood for infants weighing 1000 grams or less at birth.
Acta Paediatrica, 94, 733–740. doi:10.1080/08035250510025987

Lester, B. M., Marsit, C. J., Conradt, E., Bromer, C., & Padbury, J. F. (2012).
Behavioral epigenetics and the developmental origins of child mental health
disorders. Journal of Developmental Origins of Health and Disease, 3, 395–
408. doi:10.1017/S2040174412000426

Liu, Y., Aryee, M. J., Padyukov, L., Fallin, M. D., Hesselberg, E., Runarsson, A.,
… Shchetynsky, K. (2013). Epigenome-wide association data implicate
DNA methylation as an intermediary of genetic risk in rheumatoid arthritis.
Nature Biotechnology, 31, 142–147. doi:10.1038/nbt.2487

Liu, J., Morgan, M., Hutchison, K., & Calhoun, V. D. (2010). A study of the
influence of sex on genome wide methylation. PloS One, 5, e10028.
doi:10.1371/journal.pone.0010028

Liyanage, V., Jarmasz, J., Murugeshan, N., Del Bigio, M., Rastegar, M., &
Davie, J. (2014). DNA modifications: Function and applications in normal
and disease states. Biology, 3, 670–723. doi:10.3390/biology3040670

Loucks, E. B., Huang, Y. T., Agha, G., Chu, S., Eaton, C. B., Gilman, S. E., …
Kelsey, K. T. (2016). Epigenetic mediators between childhood socioeco-
nomic disadvantage and mid-life body mass index: The New England
Family Study. Psychosomatic Medicine, 78, 1053–1065. doi:10.1097/
PSY.0000000000000411

Lowe, R., Gemma, C., Beyan, H., Hawa, M. I., Bazeos, A., Leslie, R. D., …
Ramagopalan, S. V. (2013). Buccals are likely to be a more informative sur-
rogate tissue than blood for epigenome-wide association studies.
Epigenetics, 8, 445–454. doi:10.4161/epi.24362

Luu, T. M., Katz, S. L., Leeson, P., Thébaud, B., & Nuyt, A. M. (2016). Preterm
birth: Risk factor for early-onset chronic diseases. CMAJ, 188, 736–746.
doi:10.1503 /cmaj.150450

Maksimovic, J., Gordon, L., & Oshlack, A. (2012). SWAN: Subset-quantile
within array normalization for illumina infinium HumanMethylation450
BeadChips. Genome Biology, 13, R44. http://genomebiology.com/2012/13/
6/R44

Massart, R., Nemoda, Z., Suderman, M. J., Sutti, S., Ruggiero, A. M., Dettmer,
A. M., … Szyf, M. (2016). Early life adversity alters normal sex-dependent
developmental dynamics of DNAm. Development and Psychopathology, 28,
1259–1272. doi:10.1017/S0954579416000833

Mathewson, K. J., Chow, C. H., Dobson, K. G., Pope, E. I., Schmidt, L. A., &
Van Lieshout, R. J. (2017). Mental health of extremely low birth weight sur-
vivors: A systematic review and meta-analysis. Psychological Bulletin, 143,
347–383. http://dx.doi.org/10.1037/bul0000091

Matthews, T. J., MacDorman, M. F., & Thoma, M. E. (2015). Infant mortality
statistics from the 2013 period linked birth/infant death data set. National
Vital Statistics Reports, 64, 1–30. https://www.cdc.gov/nchs/products/nvsr.
htm

Matthews, S., & McGowan, P. (2019). Developmental programming of the
HPA axis and related behaviours: Epigenetic mechanisms. Journal of
Endocrinology, 242, T69–T79. doi: 10.1530/JOE-19-0057

McGowan, P. O., Sasaki, A., D’alessio, A. C., Dymov, S., Labonté, B., Szyf, M.,
… Meaney, M. J. (2009). Epigenetic regulation of the glucocorticoid recep-
tor in human brain associates with childhood abuse. Nature Neuroscience,
12, 342–348. doi:10.1038/nn.2270

Meaney, M. J., & Szyf, M. (2005). Environmental programming of stress
responses through DNAm: life at the interface between a dynamic environ-
ment and a fixed genome. Dialogues in Clinical Neuroscience, 7, 103–123.
doi:10.1038/npp.2015.180

Merico, D., Isserlin, R., Stueker, O., Emili, A., & Bader, G. D. (2010).
Enrichment map: A network-based method for gene-set enrichment visual-
ization and interpretation. PLoS One, 5, e13984. doi:10.1371/
journal.pone.0013984

Moisiadis, V. G., & Matthews, S. G. (2014). Glucocorticoids and fetal program-
ming part 2: mechanisms. Nature Reviews Endocrinology, 10, 403–11. http://
dx.doi.org/10.1038/nrendo.2014.74

Montirosso, R., Provenzi, L., Giorda, R., Fumagalli, M., Morandi, F.,
Sirgiovanni, I.,… Borgatti, R. (2016). SLC6A4 promoter region methylation
and socio-emotional stress response in very preterm and full-term infants.
Epigenomics, 8, 895–907. https://doi.org/10.2217/epi-2016-0010

Murgatroyd, C., & Spengler, D. (2011). Epigenetic programming of the HPA
axis: Early life decides. Stress, 14, 581–589. doi:10.3389/fpsyt.2011.00016

Murphy, V. E., Gibson, P. G., Giles, W. B., Zakar, T., Smith, R., Bisits, A. M.,…
Clifton, V. L. (2003). Maternal asthma is associated with reduced female
fetal growth. American Journal of Respiratory and Critical Care Medicine,
168, 1317–1323. https://doi.org/10.1164/rccm.200303-374OC

Nosarti, C., Nam, K. W., Walshe, M., Murray, R. M., Cuddy, M., Rifkin, L., &
Allin, M. P. (2014). Preterm birth and structural brain alterations in early
adulthood. NeuroImage: Clinical, 6, 180–191. https://doi.org/10.1016/
j.nicl.2014.08.005

Parets, S. E., Conneely, K. N., Kilaru, V., Fortunato, S. J., Syed, T. A., Saade, G.,
… Menon, R. (2013). Fetal DNAm associates with early spontaneous pre-
term birth and gestational age. PloS One, 8, e67489. doi:10.1371/
journal.pone.0067489

Peacock, J. L., Marston, L., Marlow, N., Calvert, S. A., & Greenough, A. (2012).
Neonatal and infant outcome in boys and girls born very prematurely.
Pediatric Research, 71, 305-310. doi:10.1038/pr.2011.50

Petronis, A. (2010). Epigenetics as a unifying principle in the aetiology of com-
plex traits and diseases. Nature, 465, 721-727. doi:10.1038/nature09230

Pidsley, R., Zotenko, E., Peters, T. J., Lawrence, M. G., Risbridger, G. P.,
Molloy, P., … Clark, S. J. (2016). Critical evaluation of the Illumina
MethylationEPIC BeadChip microarray for whole-genome DNA methyla-
tion profiling. Genome Biology, 17, 208. doi:10.1186/s13059-016-1066-1

Provenzi, L., Guida, E., & Montirosso, R. (2018). Preterm behavioral epigenet-
ics: A systematic review. Neuroscience & Biobehavioral Reviews, 84, 262–
271. https://doi.org/10.1016/j.neubiorev.2017.08.020

Development and Psychopathology 35

https://doi.org/10.1017/S0954579420000899 Published online by Cambridge University Press

http://www.pnas.org/cgi/doi/10.1073/pnas.1121249109
http://www.pnas.org/cgi/doi/10.1073/pnas.1121249109
http://genomebiology.com/2012/13/6/R44
http://genomebiology.com/2012/13/6/R44
http://genomebiology.com/2012/13/6/R44
https://www.cdc.gov/nchs/products/nvsr.htm
https://www.cdc.gov/nchs/products/nvsr.htm
https://www.cdc.gov/nchs/products/nvsr.htm
https://doi.org/10.1017/S0954579420000899


Purisch, S. E., & Gyamfi-Bannerman, C. (2017). Epidemiology of preterm
birth. In Seminars in Perinatology, 41, 387–391. http://dx.doi.org/10.1053/
j.semperi.2017.07.009

Reiss, A. L., Kesler, S. R., Vohr, B., Duncan, C. C., Katz, K. H., Pajot, S.,…Ment,
L. R. (2004). Sex differences in cerebral volumes of 8-year-olds born preterm.
Journal of Pediatrics, 145, 242–249. doi:10.1016/j.jpeds.2004.04.031

Saigal, S., Day, K. L., Van Lieshout, R. J., Schmidt, L. A., Morrison, K. M., &
Boyle, M. H. (2016). Health, wealth, social integration, and sexuality of
extremely low birth weight prematurely born adults in the fourth decade of
life. JAMA Pediatrics, 170, 678–686. doi:10.1001/jamapediatrics.2016.0289

Saigal, S., Rosenbaum, P., Hattersley, B., & Milner, R. (1989). Decreased dis-
ability rate among 3-year-old survivors weighing 501 to 1000 grams at
birth and born to residents of a geographically defined region from 1981
to 1984 compared with 1977 to 1980. Journal of Pediatrics, 114, 839–846.
https://doi.org/10.1016/S0022-3476(89)80150-7

Saigal, S., Stoskopf, B., Boyle, M., Paneth, N., Pinelli, J., Streiner, D., &
Goddeeris, J. (2007). Comparison of current health, functional limitations,
and health care use of young adults who were born with extremely low birth
weight and normal birth weight. Pediatrics, 119, e562–e573. doi:10.1542/
peds.2006-2328

Saigal, S., Szatmari, P., Rosenbaum, P., Campbell, D., & King, S. (1991).
Cognitive abilities and school performance of extremely low birth weight
children and matched term control children at age 8 years: a regional
study. Journal of Pediatrics, 118, 751–760. https://doi.org/10.1016/S0022-
3476(05)80043-5

Sandman, C. A., Glynn, L. M., & Davis, E. P. (2013). Is there a viability–
vulnerability tradeoff? Sex differences in fetal programming. Journal of
Psychosomatic Research, 75, 327–335. http://dx.doi.org/10.1016/j.jpsychores.
2013.07.009

Sandoval, J., Heyn, H., Moran, S., Serra-Musach, J., Pujana, M. A., Bibikova,
M., & Esteller, M. (2011). Validation of a DNAm microarray for 450,000
CpG sites in the human genome. Epigenetics, 6, 692–702. https://doi.org/
10.4161/epi.6.6.16196

Shonkoff, J. P., Boyce, W. T., & McEwen, B. S. (2009). Neuroscience, molecular
biology, and the childhood roots of health disparities: Building a new frame-
work for health promotion and disease prevention. JAMA, 301, 2252–2259.
doi:10.1001/jama.2009.754

Skiöld, B., Alexandrou, G., Padilla, N., Blennow, M., Vollmer, B., & Ådén, U.
(2014). Sex differences in outcome and associations with neonatal brain
morphology in extremely preterm children. Journal of Pediatrics, 164,
1012–1018. http://dx.doi.org/10.1016/j.jpeds.2013.12.051

Smith, A. K., Kilaru, V., Klengel, T., Mercer, K. B., Bradley, B., Conneely, K. N.,
… Binder, E. B. (2015). DNA extracted from saliva for methylation studies
of psychiatric traits: Evidence for tissue specificity and relatedness to brain.
American Journal of Medical Genetics Part B: Neuropsychiatric Genetics,
168, 36–44. doi: 10.1002/ajmg.b.32278

Sparrow, S., Manning, J. R., Cartier, J., Anblagan, D., Bastin, M. E., Piyasena,
C., … Evans, M. (2016). Epigenomic profiling of preterm infants reveals
DNAm differences at sites associated with neural function. Translational
Psychiatry, 6, e716. doi:10.1038/tp.2015.210

Spiers, H., Hannon, E., Schalkwyk, L. C., Smith, R., Wong, C. C., O’Donovan, M.
C.,… Mill, J. (2015). Methylomic trajectories across human fetal brain devel-
opment. Genome Research, 25, 338–352. doi:10.1101/gr.180273.114.

Suderman, M., Borghol, N., Pappas, J. J., Pereira, S. M. P., Pembrey, M.,
Hertzman, C.,… Szyf, M. (2014). Childhood abuse is associated with meth-
ylation of multiple loci in adult DNA. BMC Medical Genomics, 7, 13. http://
www.biomedcentral.com/1755-8794/7/1

Szyf, M., & Bick, J. (2013). DNAm: a mechanism for embedding early life
experiences in the genome. Child Development, 84, 49–57. doi:10.1111/
j.1467-8624.2012.01793.x

Tan, Q., Li, S., Frost, M., Nygaard, M., Soerensen, M., Larsen, M., …
Christiansen, L. (2018). Epigenetic signature of preterm birth in adult
twins. Clinical Epigenetics, 10, 87. https://doi.org/10.1186/s13148-018-0518-8

Theda, C., Hwang, S. H., Czajko, A., Loke, Y. J., Leong, P., & Craig, J. M.
(2018). Quantitation of the cellular content of saliva and buccal swab sam-
ples. Scientific Reports, 8, 6944. doi:10.1038/s41598-018-25311-0

Thompson, R. F., & Einstein, F. H. (2010). Epigenetic basis for fetal origins of
age-related disease. Journal of Women’s Health, 19, 581–587.
doi:10.1089=jwh.2009.1408

Tobi, E. W., Slieker, R. C., Luijk, R., Dekkers, K. F., Stein, A. D., Xu, K. M., …
Biobank-based Integrative Omics Studies Consortium. (2018). DNAm as a
mediator of the association between prenatal adversity and risk factors for
metabolic disease in adulthood. Science Advances, 4, eaao4364.
doi:10.1126/sciadv.aao4364

Twilhaar, E. S., de Kieviet, J. F., Aarnoudse-Moens, C. S. H., van Elburg, R. M., &
Oosterlaan, J. (2018). Academic performance of children born preterm: a meta-
analysis and meta-regression. Archives of Disease in Childhood-Fetal Neonatal
Edition, 103, F322–330. http://dx.doi.org/10.1136/archdischild-2017-312916

Van Lieshout, R. J., Boyle, M. H., Saigal, S., Morrison, K., & Schmidt, L. A.
(2015). Mental health of extremely low birth weight survivors in their
30s. Pediatrics, 135, 452–459. doi:10.1542/peds.2014-3143

van Tilborg, E., Heijnen, C. J., Benders, M. J., van Bel, F., Fleiss, B., Gressens,
P., & Nijboer, C. H. (2016). Impaired oligodendrocyte maturation in pre-
term infants: potential therapeutic targets. Progress in Neurobiology, 136,
28–49. https://doi.org/10.1016/j.pneurobio.2015.11.002

Vatten, L. J., & Skjærven, R. (2004). Offspring sex and pregnancy outcome by
length of gestation. Early Human Development, 76, 47–54. doi:10.1016/
j.earlhumdev.2003.10.006

Wehkalampi, K., Muurinen, M., Wirta, S. B., Hannula-Jouppi, K., Hovi, P.,
Järvenpää, A. L., … Kajantie, E. (2013). Altered methylation of IGF2
locus 20 years after preterm birth at very low birth weight. PLoS One, 8,
e67379. doi:10.1371/journal.pone.0067379

Wilson-Costello, D., Friedman, H., Minich, N., Fanaroff, A. A., & Hack, M.
(2005). Improved survival rates with increased neurodevelopmental disabil-
ity for extremely low birth weight infants in the 1990s. Pediatrics, 115, 997–
1003. doi:10.1542/peds.2004-0221

Xu, H., Wang, F., Liu, Y., Yu, Y., Gelernter, J., & Zhang, H. (2014). Sex-biased
methylome and transcriptome in human prefrontal cortex. Human
Molecular Genetics, 23, 1260–1270. doi:10.1093/hmg/ddt516

Zeskind, P. S., & Gingras, J. L. (2006). Maternal cigarette-smoking during
pregnancy disrupts rhythms in fetal heart rate. Journal of Pediatric
Psychology, 31, 5–14. doi:10.1093/jpepsy/jsj031

Zheng, S. C., Webster, A. P., Dong, D., Feber, A., Graham, D. G., Sullivan, R.,
… Teschendorff, A. E. (2018). A novel cell-type deconvolution algorithm
reveals substantial contamination by immune cells in saliva, buccal and cer-
vix. Epigenomics, 10, 925–940. doi:10.2217/epi-2018-0037

K. J. Mathewson et al.36

https://doi.org/10.1017/S0954579420000899 Published online by Cambridge University Press

http://www.biomedcentral.com/1755-8794/7/1
http://www.biomedcentral.com/1755-8794/7/1
http://www.biomedcentral.com/1755-8794/7/1
https://doi.org/10.1017/S0954579420000899



