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ABSTRACT

The placenta regulates the in utero environment and functionally impacts fetal development. Candidate
gene studies identified variation in placental DNA methylation is associated with newborn neurologic and
behavioral outcomes including movement quality, lethargic behavior, attention, and arousal. We sought
to identify novel regions of variable DNA methylation associated with newborn attention, lethargy, quality
of movement, and arousal by performing an epigenome-wide association study in 335 infants from a US
birth cohort. Methylation status was quantified using the lllumina HumanMethylation450 BeadChip array
and associations to newborn outcomes assessed by the NICU Network Neurobehavioral Scales (NNNS)
were identified while incorporating established bioinformatics algorithms to control for confounding by
cell type composition. Methylation of CpGs within FHIT (cg15970800) and ANKRD11 (cg16710656)
demonstrated genome-wide significance (P < 1.8 x 1077) in specific associations with infant attention.
CpGs whose differential methylation was associated with all 4 neurobehavioral outcomes were common
to 50 genes involved in biological processes relating to cellular adhesion and nervous system
development. Comprehensive methylation profiling identified relationships between methylation of FHIT
and ANKRD11, which have been previously linked to neurodevelopment and behavioral outcomes in
genetic association studies. Subtle changes in DNA methylation of these genes within the placenta may
impact normal variation of a newborn’s ability to alter and track visual and auditory stimuli. Gene ontology
analysis suggested that those genes with variable methylation related to these outcomes are over-
represented in biological pathways involved in brain development and placental physiology, supportive of
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our hypothesis for a key role of the placenta in neurobehavioral outcomes.

Introduction

As the incidence rates of pervasive developmental disorders
and mental illnesses rise, there is a great need to understand
the underlying biology, as well as to identify early biomarkers
of these disorders. Human studies and animal models have
revealed that the prenatal environment has long-term impacts
on health outcomes.' The placenta is the master regulator of
the environment of the developing fetus and is a key tissue to
understand the mechanistic basis of the fetal origins of adult
disease paradigm.>” The placenta expresses a number of neuro-
peptide and endocrine hormones,* and alterations to placental
physiology have been associated with a number of acute and
long-term outcomes in the developing infant.”°

Epigenetic regulation of the placental genome can influence
placental function and signaling, with long-term impacts on
fetal health. This study focuses on DNA methylation, a chemi-
cal modification that typically occurs in cytosines that are fol-
lowed by guanine (known as CpGs).” DNA methylation in key
regulatory regions, including the promoter, 5UTR, and gene

body has been shown to interfere with the transcription of
DNA into mRNA, as reviewed in Kulis and Esteller.” DNA
methylation can be environmentally modified during the in
utero period and epigenetic changes are thought to be an
important mechanism by which fetal programming can occur.®
A growing body of research is focused on examining the pla-
cental epigenome as a mediator of the in utero environment on
children’s health outcomes.”

Prior work by our group and others has examined variation
in DNA methylation of candidate genes involved in key meta-
bolic and endocrine processes and its relationship to newborn
neurobehavioral outcomes assessed using the NICU Network
Neurobehavioral scales (NNNS).> > The NNNS is designed to
evaluate neurobehavioral outcomes across multiple domains,
including cognitive and neurological outcomes, habituation,
and stress response, and can be utilized to evaluate central ner-
vous system integrity, behavior, and interactive responses in a
broadly applicable fashion.'® The NNNS has established valid-
ity in evaluating and predicting cognitive and behavioral
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outcomes in both healthy infants,"” preterm infants,"*** and

infants that have been exposed to some degree of in utero
adversity.”' *® Specific newborn characteristics that are quanti-
fied within the NNNS assessment, including newborn atten-
tion, quality of movement, lethargy, and arousal, have been
repeatedly linked to methylation of genes involved in the sero-
tonin response,” the development and regulation of the HPA
axis, 0121415 and leptin regulation.29

It is likely that additional genes and pathways, beyond those
candidate genes, can be implicated in the development of com-
plex neurobehavioral phenotypes. In this study, we sought to
examine the relationship between DNA methylation across the
placental epigenome using the Illumina Infinium HumanMe-
thylation450 BeadChip (450K) array and infant neurobehavior,
as quantified in the NNNS assessment, in 335 newborns from
the Rhode Island Child Health Study (RICHS). With this
approach, we aim to identify novel regions of variable DNA
methylation associated with characteristics of infant behavior
and neurologic function and explore underlying molecular
pathways associated with differential methylation in regards to
these neurobehavioral traits within a healthy population of
infants.

Results
Descriptive statistics of newborns

Demographic characteristics of the 335 infants in this study are
shown in Table 1. The distribution of birth weight groups
reflects the study sampling strategy, which oversampled for
large for gestational age (LGA, >90™ birth weight percentile,
28.1%) and small for gestational age infants (SGA, <10™ birth
weight percentile, 20%). Females and males are nearly evenly
distributed in this study (51.3% vs. 48.9%). The prevalence of
anxiety and depression in our population were 12.2 and 13.4%,
respectively, which is comparable to the reported prevalence in
other cohort studies.’”® The majority of women were white
(75.8%) and had achieved a high school degree or higher
(72.67%), and 48.4% had a BMI of 25 kg/m> or higher and,
thus, were categorized as overweight/obese. The infants in this
study exhibit NNNS outcomes that are normally distributed
across the possible range of the scores (Table 2). The range of
these 4 NNNS scores is comparable to norms exhibited within
similar, low risk populations.®'

Results of epigenome-wide association study (EWAS)

The distributions of coefficients and P values from reference-
free corrected based models examining the association between
DNA methylation and newborn arousal, attention, lethargy,
and quality of movement are depicted as volcano plots in
Fig. 1, with the results of the models unadjusted for differences
in cellular proportions shown in Supplemental Fig. 1. With a
significance cutoff of P < 0.005, differential methylation of
2,229 CpGs was associated with infant arousal, 1,930 CpGs
associated with attention, 2,169 CpGs associated with lethargy,
and 1,989 CpGs associated with quality of movement after
adjusting for cellular composition.

Table 1. Descriptive Statistics of Study Participants.

N (%)

Birth Weight Group

AGA 174 (51.9%)

LGA 94 (28.1%)

SGA 67 (20%)
Sex

Female 172 (51.3%)

Male 163 (48.7%)
Anxiety Pregnancy

No 287 (85.7%)

Yes 41 (12.2%)

NA 7 (2.1%)
Depression Pregnancy

No 283 (84.5%)

Yes 45 (13.4%)

NA 7 (2.1%)
Tobacco Pregnancy

No 318 (94.9%)

Yes 12 (3.6%)

NA 5 (1.5%)
Maternal Ethnicity

White 254(75.8%)

Other 81 (24.2%)
Maternal Education

High School Graduate or Less 76 (22.7%)

Greater then High School Education 257 (76.7%)

NA 2 (0.6%)
Maternal Age (years)

18-30 168 (50.1%)

30-40 167 (49.9%)
Infant Gestational Age (weeks)

37-39 69 (20.6%)

39 or Higher 266(79.4%)
Maternal BMI

Less than 25 kg/m? 171 (51%)

25 kg/m? or greater 162 (48.4%)
NA 2 (0.6%)

To examine which CpGs demonstrated the greatest change
in their coefficient by the reference-free correction, and are
those most likely influenced by cellular composition, we ranked
the CpG sites by their delta value, representing the difference in
coefficients between the adjusted and unadjusted models. As
expected, the majority of the CpGs highly associated with
NNNS outcomes were not those CpG sites most significantly
affected by cellular composition correction (Fig. 2). Of the
2,229 CpGs whose methylation was associated with arousal
(unadjusted P < 0.005), only 17 CpGs had significant changes
(unadjusted P < 0.005) in coefficient estimates. None of the
CpGs associated with other NNNS scores had significant
changes in coefficient estimates, using an unadjusted P value of
0.005.

Two CpGs reached genome-wide significance (P < 1.8 x 1077)
in their association with attention (depicted as red dots in Fig. 1).
These CpGs include cg15970800 (P = 2.42 x 10~ %), located in the
FHIT 5 UTR and cgl6710656 (P = 4.25 x10~), located in the
ANKRDI11 gene body. Fig. 3 depicts the relationship between meth-
ylation of these CpGs and normalized attention scores. There was
one potential outlier of cgl16710656, but removing this outlier
made no difference in the effect estimate of the model. Table 3
shows results of individual linear regression models of these CpG
sites and attention controlled for confounders. These models
revealed that a 1% increase in methylation of cg15970800 is associ-
ated with a 0.15 standard deviation increase in infant attention
(Estimate 0.15, P = 7.04 x 10™%). A 1% increase in methylation of



Table 2. Description of NNNS outcomes and summary of Study Participants.
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Pearson Correlation Coefficient'

with with with
Range Description N Min Median Max Arousal  Attention Lethargy
Arousal 1-9  Level of animation and motor activity during the exam, which 335 186 414 6.16
may be characterized by fussing and crying
Attention 1-9  Infants ability to focus awareness through tracking auditory and 302 1.57 4 771 —0.28"""
visual cues
Lethargy 1-15  Characterization of infants levels of motor, state and 335 1 6 14  —-026™" —0.72""
physiological reactivity while in a lower state
Quality of Movement  1-9  Characterization of motor quality encompassing smoothnessand 335 183 417 567 —0.28""" 0.18"** —0.02

control of movement as well as spontaneous movement such

as startles and tremors

tP value from Pearsons correlation, * P<0.05, **P<0.01, ***P<0.001

cg16710656 was associated with a 0.17 standard deviation decrease
in NNNS attention score (Estimate —0.17, P = 2.32 x 107>).

Relationship between methylation of genes and molecular
pathways

To examine broader patterns of epigenetic regulation of genes
and neurobehavioral outcomes, we examined over-representa-
tion of gene ontology terms of the genes represented by the
CpGs identified with differential methylation associated with
each of the NNNS scores at P < 0.005. The top 10 gene ontol-
ogy (GO) terms overrepresented by these genes for each NNNS
outcome are shown in Fig. 4, and are listed in Supplemental
Table 1. REVIGO was utilized to visualize and interpret GO
terms based on semantic similarity. None of the top 10 GO
terms overlapped between these NNNS scores, but these terms
exhibited several commonalities based on REVIGO semantic

networks. Specifically, differential methylation of genes
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involved in sterol and cholesterol transport was associated with
infant arousal. Based on semantic similarity, these GO terms
were related to neurotransmitter uptake and synaptic transmis-
sion, which were associated with attention (Fig. 4). Addition-
ally, infant attention was associated with differential
methylation of genes in 3 pathways involving receptor internal-
ization (Fig. 4). These GO terms can be traced back to the same
common ancestor, the biological process of transport, which is
broadly defined as the movement of substances within and
between cells. We observed associations between methylation
of genes involving cell projection organization and dendrite
development and infant attention, and methylation of genes
involving dendritic spine morphogenesis, cell organization pro-
jection, and cellular projection organization in relation to qual-
ity of movement. (Fig. 4) These GO terms can be traced back to
the common gene ontology ancestors of synaptic transmission
and ultimately neurotransmitter transport. These biological
processes are related to the development of the dendritic spine,
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Figure 1. Volcano plot displaying results of adjusted reference free models for arousal (A), Attention (B), Lethargy (C) and Quality of Movement (D), where each dot repre-
sents 1 CpG site. The red line represents a significance level of P < 0.05, and a blue line represents a significance level of P < 0.005. CpGs that are highly significant after
correction for multiple comparisons are shown by red asterisks.
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Figure 2. Volcano plot displaying the changes in 8 between adjusted and unadjusted model and associated P values for arousal (A), Attention (B), Lethargy (C) and Qual-
ity of Movement (D), where dot represents 1 CpG site. The red line represents a significance level of unadjusted P < 0.05 in association with delta value. CpG sites with
an unadjusted P value of <0 .005 in association with NNNS outcome, which are above the blue line in Fig. 1, are shaded gray. No CpGs were significant after correction

for multiple comparisons.

which influences neuron development, and influences the
development and function of the brain and nervous system.
The overlap of CpGs whose differential methylation was
associated with individual NNNS scores is displayed in Fig. 5A.
Opverall, the vast majority of the CpGs whose methylation was
associated with NNNS outcomes were unique to each outcome,
with the exception of attention and lethargy, which had 284
overlapping CpGs. There were no CpGs in common across all
4 NNNS scores. On the other hand, at the gene level, there was
greater overlap across the NNNS outcomes (Fig. 5B). There
were 51 genes whose methylation was associated with all 4
NNNS outcomes, and the full list of these genes can be found
in Supplemental Table 2. Gene ontology analysis of these 51

Attention Z score (standard Deviation)

87 90 93
FHIT Methylation

genes identified over-representation of genes in pathways
involving cellular adhesion and nervous system development
(Fig. 5C and Supplemental Table 3). Several of these biological
pathways were also specifically over-represented among genes
whose methylation was associated with infant quality of
movement.

Discussion

We identified a statistically significant relationship between meth-
ylation of a CpG located within FHIT and newborn attention,
and a negative relationship between methylation of ANKRDI11
and infant attention scores. Genetic polymorphisms of these genes

Attention Z score (standard Deviation)

9 84 88 92 9%

ANKRD11 Methylation

Figure 3. Scatter plots of unadjusted model between (A) methylation of cg15970800 (FHIT 5° UTR) and normalized infant attention scores, and (B) methylation of

cg16710656 (ANKRD11 gene body) and normalized infant attention scores.
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Table 3. Linear regression model of ANKRD11 and FHIT methylation with infant attention.

Unadjusted Adjusted
Estimate Std Er P Estimate Std Er P

FHIT Methylation™ 0.15 0.04 5.05 x10~* 0.15 0.04 7.04 x107*

Female Ref. Ref.

Male —0.23 0.14 0.11 —0.21 0.15 0.15

AGA Ref. Ref.

LGA —0.12 0.17 0.49 —0.11 0.17 0.52

SGA 0.002 0.19 0.99 —0.08 0.19 0.67

ANKRD11 Methylation* —0.15 0.04 241 x107° —0.17 0.04 232 x107°

Female Ref. Ref.

Male —0.23 0.14 0.1 —0.22 0.14 0.12

AGA Ref. Ref.

LGA —0.12 0.17 0.49 —0.14 0.17 0.41

SGA 0.002 0.19 0.99 —0.05 0.19 0.76
*Modeled as % (B x 100) of cg15970800 and cg16710656. Std Er=Standard Error
have been associated with attention related phenotypes,”>* and  reference free model among CpGs who exhibited methylation

this study suggests that epigenetic variability of these genes may
also contribute to an infant’s ability to track visual and auditory
stimuli. We observed increased DNA methylation in genes
involved in biological pathways related to neurobehavior and cel-
lular transport, which may be reflective of the influence of placen-
tal function on neurological outcomes.

Most tissues sampled for biomarker development, including
the placenta, exhibit cellular heterogeneity, which can confound
the association between the epigenetic biomarker and outcome.
This study is among the first to implement statistical tools that
adjust for cellular heterogeneity when performing comprehen-
sive profiling assessments of methylation.”> We observed that
there were negligible changes in coefficient estimates in the
model unadjusted for cellular heterogeneity and the final

A. Arousal related GO outcomes

cholesterol effiux
beta-alanine metabolism

celiular pigmentation

melanosome

organization
negative regulation of

sterol fransport

negative regulation of
cholesterol transport

positive regulation of cell
projection organization

positive regulation of

receptor-mediated dopamine Uptake

endocytosis

positive regulation of

receptor intemalization neurofransmitter uptake

rewiliEio . Uf receptor
intemalization ~ positive regulation of
dendrite development

negative regulation of
protein modification

C. Attention related GO outcomes

D.

associated with individual NNNS scores, suggesting that the
underlying cellular heterogeneity did not significantly affect the
relationship between methylation of the top CpGs and NNNS
outcomes. We still cannot conclusively state that we are observ-
ing specific variation of DNA methylation within any one-cell
type, but we can likely exclude cellular composition as a con-
founder at least in respect to our findings of CpGs associated
with attention, lethargy, and quality of movement. Intriguingly,
of the 4 NNNS scores we examined, only those CpGs that were
significantly associated with infant arousal had significant
changes in coefficient estimates after adjusting for cellular com-
position. This observation may suggest that differences in the
underlying cellular composition present in the placenta may be

related to infant arousal. It is unclear what types of changes
B. Lethargy related GO outcomes
response o
interferon-beta
positive regulation of
MHC class |
biosynthesis carbohydrate derivative
regulation of TP
prostaglandin
biosynthesis regulation of
unsaturated fatty acid
biosynthesis

queuosine biosynthesis

plasma membrane

dendritic spine fusion

organization
queuosine metabolism

Quality of movement related GO outcomes

Figure 4. Summary of the top 10 GO terms enriched among genes from the CpGs with highly significant correlations and NNNS scores, as visualized within cytoscape
using REVIGO. GO terms are scaled to the log, enrichment of that term. Terms in pink text represent those associated with attention, purple terms are associated with
arousal, blue terms are associated with lethargy, and green terms are associated with quality of movement.



608 A.G. PAQUETTE ET AL.

A. CpGs associated with NNNS outcomes

Me“"“’“

263,157 CpGs

B. Genes associated with NNNS outcomes

15,147 Genes

C. GO terms associated with genes whose methylation was associated with all

outcomes (N=51)
UDP-glucuronate metabolic process

cell adhesion

nervous system development

multicellular organismal development

biological adhesion

system development

UDP-N-acetylgalactosamine metabolic process developmental process
polysaccharide chain biosynthetic process heparin metabolic process
actin filament network formation  anatomical structure development

heparin biosynthetic process

Figure 5. (A) Venn diagrams of similarities between CpGs with highly significant correlations (P < 0.005) between multiple NNNS scores. (B) Similarities from genes from
the CpGs with highly significant correlations and NNNS scores. (C) Word cloud of top 15 GO terms enriched among genes from the CpGs with highly significant correla-
tions and NNNS scores across all 4 GO terms (51 genes). GO terms are scaled to the log, enrichment of that term.

would be represented by these specific genes, but future work
should address if there are specific cells present in the placenta
that exhibit differences in the methylation status of these genes.

Two CpGs within ANKRDI1 and FHIT were significantly
associated with attention. Low infant attention is characterized
by little spontaneous interest in following a visual or auditory
stimuli during the examination, and premature infants with
low attention are more likely to be in a group of infants charac-
terized by delays in motor concepts and language skills, lower
IQ, and behavioral problems at age 3 in long-term study of
high risk pregnancies.”® In the 5'UTR of FHIT (fragile histidine
triad region), cg15970800 exhibited a significant positive rela-
tionship between methylation and infant attention. This gene is
a tumor suppressor that is located in a fragile section of the
genome that is a frequent target of deletions and alterations.”®
Aberrant methylation of this gene has been linked to environ-
mental exposures such as cigarette smoke.”” Although the func-
tion of FHIT in fetal development remains unclear, it is
expressed in the embryo over the course of development.*®
Copy number variation in this gene has been linked to autism
spectrum disorder,” suggesting that alterations to this gene
may play a role in neurological function.

On the other hand, we observed a significant negative relation-
ship between methylation of a cg16710656 within the ANKRDI1
gene body and infant attention. This gene encodes the ankryn repeat
domain-containing protein, which acts as a nuclear co-regulator in

the developing brain.” Regulation of this gene is implicated in
neurodevelopment, as deletions of this gene have been associated
with the developmental disorder KBG syndrome,” which is a rare
developmental disease that results in physical abnormalities,
developmental delays, and lifelong intellectual deficits.*” Addition-
ally, haplotype insufficiency of this gene has been associated with
autistic features and cognitive impairment.** Further analysis is
needed to understand the influence of genetic variation, copy
number variation, and other mitigating factors along with DNA
methylation in ANKRDI11 and FHIT expression within the placenta.
Mechanistic work beyond the scope of our analysis is necessary to
understand the function of these genes within the placenta and how
their variation underlies certain aspects of neurodevelopment.

In line with the distinctiveness of the 4 NNNS scores exam-
ined here and their unique underlying physiologies, we identi-
fied limited overlap of specific CpGs and genes and no overlap
between the top 5 gene ontology terms across the 4 NNNS out-
comes. This likely suggests that prenatal programming is occur-
ring through unique genes and molecular pathways to regulate
different aspects of neurobehavioral development. This is con-
current with other findings using the NNNS assessment, where
different NNNS summary scores have been associated with
unique and specific epigenetic patterning'®'"'>*"** or factors
from the prenatal environment.***’

Quality of movement and infant attention were associated
with methylation of genes involving neurological development



and function, including neurotransmitter uptake, dopamine
uptake involved in synaptic transmission, and dendritic spine
organization. The placenta is an endocrine organ that expresses
similar neuropeptides to the human brain,** and previous stud-
ies have identified associations between methylation of genes
that are expressed within the human brain, such as the seroto-
nin receptor HTR2A."> Animal models have revealed the
importance of placental expression of genes regulating seroto-
nin response on fetal brain development, as the placenta acts as
a transient source of serotonin during development.** Several
other genes for which placental methylation has been associ-
ated with infant health are also expressed in the brain, such as
HTR2A,*” NR3C1,* FKBP5,"” and LEP.*® Epigenetic regulation
by the placenta may influence these important neuropeptides
that direct the development and function of the fetal brain.
Additionally, it is possible that the DNA methylation patterns
in the placenta are indicative of those within the fetal brain,
thus making the placenta a surrogate tissue. More work is
needed to understand the parallels between epigenetic pattern-
ing, gene expression, and function of these genes, and the
molecular pathways between the placenta and fetal brain.

The placenta is responsible for communicating between the
mother and fetus through transport of nutrients, neuropepti-
des, and endocrine hormones. These processes occur through
diffusion, transporter-mediated mechanisms, and endo/exocy-
tosis.*” NNNS outcomes were associated with methylation of
genes involving different components of cellular transport. It
remains unclear how alterations in placental transport influ-
ence the production, excretion, or transport of important neu-
ropeptides and hormones from mother or placenta to fetus and
the influence in their ultimate role in the developing fetal brain.

CpGs exhibiting differential methylation associated with
lethargy and attention showed some overlap, which may be
reflective of the shared influence of cognitive development
involved in situational awareness and reactivity to the examina-
tion. Although there was no overlap between methylation of
individual CpGs across all 4 NNNS outcomes, there was signifi-
cant overlap at the gene level, suggesting that epigenetic pat-
terning of these critical genes in different regions may influence
multiple NNNS outcomes in a coordinated fashion. These over-
lapping genes included AUTS2, which is involved in neuronal
development and linked to neurodevelopmental disorders,”
and PCDHA, which traditionally localizes to synaptic junctions
and is involved in neurogenesis, and is also implicated in neu-
rodevelopmental disorders such as autism.”" These genes were
involved with molecular pathways involving cellular adhesion
and nervous system development. The gene ontology (GO)
keywords most associated with these genes were different from
the gene ontology keywords that were most associated with
individual NNNS outcomes with the exception of infant quality
of movement, but the overall broad context involving cellular
physiology and neurological processes remained consistent,
reflecting the importance of these functions within the placenta
and their relationship with postnatal neurological functions.

This study represents the first large-scale, comprehensive
assessment of placental epigenetics and infant neurobehavior
to date. These results should be interpreted with acknowledg-
ment to the limitations of the current Illumina 450K methyla-
tion array. The probes on this array are not evenly spaced
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throughout the genome, and are enriched in specific regions.
These regions do not align with DNA methylation sites com-
monly studied, such as NR3CI, as discussed in Weder et al.”,
or any sites previously examined in these infants. As a result of
this, we were unable to validate previous associations identified
between specific hypothesis-driven regions quantified through
pyrosequencing and infant neurobehavior.'”'>**** These
regions are not represented completely by the Illumina array,
as the 2 different technologies operate within their own niche.

We did not quantify the relationship between expression
and methylation in these term placenta samples, as expression
may represent only a cross-section of the gestational period,
while we assume that methylation represents a more stable,
and potentially long-term marker. For our pathway analyses,
we elected to include varijable regions of methylation based on
a FDR correction in order to reduce our chances of making a
type 1 error. There is still a chance we are finding associations
solely due to chance because of the large number of compari-
sons being made. Further experimental analysis within placen-
tal tissue is required to understand how perturbation of these
biological pathways alters placental physiology and function.

The NNNS assessment is a validated measure of many aspects
of infant neurobehavior that can provide valuable information
about early neurobehavioral development. However, there is lim-
ited understanding of the underlying changes in fetal brain physiol-
ogy that produce differential NNNS scores, and more work is
necessary to link NNNS outcomes to complex later life phenotypes
such as anxiety and depression. Although the NNNS assessment is
performed in the hospital to remove confounding postnatal envi-
ronmental influences, there is also a possibility that the NNNS
summary scores could be biased based on medical or other factors
in the fetal environment immediately after birth. Our group has
recently examined how various medical and demographic factors
could influence performance on the NNNS within this healthy
newborn population.”

Although this study represents the largest, to date, to link new-
born neurobehavior to placental methylation in a comprehensive
fashion, the sample size is still limited, and does not afford opportu-
nities to examine stratified effects, especially by sex, where they may
be differential relationships of interest. We also recognize that gen-
eralizability of these findings may be effected by various underlying
biases within our study population, including the oversampling for
small and large for gestational infants, the somewhat limited repre-
sentation of minority populations, and the focus on a healthy new-
born population from mothers with limited prenatal exposures to
tobacco, alcohol, or other drugs of abuse. We suggest that our find-
ings should be examined among such populations in order to better
understand if these results are consistent, or if there may be inflec-
tion points where these environmental or demographic factors
might change the relationships we have observed.

The unique design of our study, the focus on the placenta, and
our statistical analysis techniques strengthens the findings of our
analysis in relation to similar epidemiological studies. As the pla-
centa is the master regulator of the fetal environment, placental
methylation may be a more relevant biomarker of the fetal environ-
ment than other tissues. Our results are also strengthened by our
use of the NNNS assessment, which integrates multiple domains of
neurobehavior, was designed to be comparable across multiple
populations, and applicable to a broader research setting.'® This
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assessment has established validity in identifying high-risk infants
and predicting later life health outcomes.'”** The cohort examined
in this study represents a relatively healthy population, and the
maternal environment experienced by these infants is likely similar
to the population at large. These results suggest that there is an
underlying level of variation in behavioral phenotypes as well as a
level of epigenetic variation in the placenta of otherwise healthy
infants, and that in some cases the variation in the placenta is
related to the variation observed in neurobehavioral outcomes.
Importantly, our analyses suggest that transport and functions sim-
ilar to those that occur within the developing central nervous sys-
tem, which provides support for our hypothesis of a central role of
the placenta in neurobehavioral development, and suggests that
further studies should characterize these potential similarities. Our
finding is also significant because many cases of developmental
deficiency and mental illness cannot be traced to high-risk preg-
nancies, there is no clear-cut environmental factor driving this risk,
and genetic variation alone has not explained the vast majority of
pervasive developmental disorders or more common mental ill-
nesses. Epigenetic variation as a mediator of these effects, or acting
on its own, may be an additional mechanism to understand the
biology underlying these conditions.

Materials and methods
Study population

The infants involved in this analysis (N = 335) represent a ran-
domly selected subset of infants enrolled in the Rhode Island
Child Health Study (RICHS) from September 2010 until Febru-
ary 2013 (N = 537) that completed the neurobehavioral assess-
ments (NNNS) at birth. RICHS recruited mother-infant pairs
from Women and Infants Hospital of Rhode Island. Newborns
considered LGA (large for gestational age) and SGA (small for
gestational age) were matched to AGA infants (adequate for
gestational age) on sex, gestational age (£3 days), and maternal
age (+£2 years). Further Information about the cohort has been
previously described.'” All patients provided written informed
consent for participation under protocols approved by the
institutional review boards at Women and Infants Hospital and
Dartmouth College. The subset examined for DNA methyla-
tion did not differ from the parent cohort in any key demo-
graphic factors including birth weight group, infant sex, or
maternal age. The NNNS assessment was conducted after the
first 24 hours of life but before hospital discharge. Placentas
were collected within 2 hours of birth, with 3 samples taken
from each of 4 quadrants, and placed immediately in RNA-
Later. After at least 72 hours, samples were removed from
RNALater, snap-frozen in liquid nitrogen, and homogenized to
ensure heterogeneous sampling from all areas of the placenta.

DNA methylation assessments and preprocessing

DNA was isolated from placental tissue using DNeasy® blood
and tissue kits (Qiagen, Valencia, CA) and bisulfite converted
using the EZ DNA Methylation kit (Zymo, Irvine, CA). Epige-
nome wide DNA methylation at single nucleotide resolution
using the Infinjum HumanMethylation450 BeadChip (Illu-
mina, San Diego, CA), which was processed at the Biomedical

Genomics Center at the University of Minnesota. DNA methyl-
ation was extracted from the raw methylation files using the
minfi package in R.>* Poor quality probes that fell below the
limit detection (P < 0.001) were removed from analysis
(26,517 probes) and the data was adjusted for type 1 and type 2
probe variation using functional normalization.”® Next, we
adjusted for batch effects using the R package ComBAT.>® This
array produces f values, which represents a ratio of fluorescent
signals of methylated versus unmethylated DNA at each CpG
site. At this stage, probes that linked to the X or Y chromosome
were removed (11,648 probes); polymorphic CpGs (95,012
probes), and cross hybridizing probes®” (18,564 probes) were
also removed from the data set. To improve the interpretability
and increase analytic power, we removed all probes with a
range of methylation across samples lower than 5% (65,503
probes), which was used as a cutoff in similar analyses.”® The
final data set consisted of 270,981 probes.

Statistical analysis

In order to model the relationship between methylation at each
CpG and infant arousal, attention, lethargy, and arousal, linear
regression was performed for each of the CpGs. Each model was
adjusted for gender (male vs. female) birth weight group (average
for gestational age vs. SGA and LGA) and cell type using the Ref
Free EWAS package (Version 1.3).° ° The estimated dimension
parameter for these analyses was 47. To determine the influence of
the cell type correction on highly significant CpGs, we determined
the difference between coefficient estimates in the unadjusted and
adjusted model (A). The R package LIMMA was used to determine
intersecting CpGs whose methylation was associated with individ-
ual NNNS outcomes at a threshold of P<<0.005 and their associated
genes.

To identify biological pathways between neurobehavioral out-
comes and CpGs, we performed gene ontology analysis on genes
represented by CpGs associated with NNNS outcomes at a thresh-
old of P < 0.005. Gene ontology analysis was performed using the
bioconductor package “GOseq”.** This package corrects for selec-
tion bias present in array data by calculating a probability weighing
function, which weighs the chance of selecting a gene when form-
ing a null distribution, which is generated through random sam-
pling using the Wallenius distribution.”” The GO category is tested
for over or under representation among a series of differentially
methylated genes and the null. The background used for creating
this null distribution included the 19,361 genes represented in the
initial array data used for the linear regression models (270,981
CpGs). We elected to use the term ontology biological pathways,
which describes a series of events accomplished by one or more
organized assemblies of molecular functions.’” The results of
GOSeq analysis were visualized and summarized using REVIGO,*
which performs a clustering procedure to identify semantic associ-
ations between terms using a force directed layout algorithm,
implemented within the cytoscape software environment.®*

We performed additional linear regression to examine the
relationship between CpGs whose methylation most reliably
was associated with neurobehavioral outcomes as defined as a
false discovery rate lower than 0.05 at the Bonferroni threshold,
which was more stringent than statistical cutoffs used in similar
analyses.”® NNNS assessments were normalized through z



scoring, and § values multiplied by 100 to represent the percent
of DNA methylated. We initially included maternal ethnicity
(white, other), maternal age group (18-30 vs. 30-40), maternal
anxiety and depression as reported through medical chart data
(no vs. yes), and maternal obesity (BMI < 25 vs. BMI > 25) as
covariates in the model, and used backward selection to remove
these covariates because they were not significantly associated
with NNNS scores and did not alter the estimates of effect of
methylation on NNNS scores by greater than 10%. Fetal sex
and birth weight groups were retained in the adjusted model.
All data was analyzed in R version 3.1.1.
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