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Abstract

Background: Maternal anxiety during pregnancy has been previously reported to be associated with atopic dermatitis
(AD) in offspring. The potential mechanism is not yet proven but epigenetic change may be suggested.

Objective: We examined whether maternal anxiety during pregnancy may alter placental DNA methylation, then
develop AD in the offspring.

Methods: We evaluated maternal anxiety at 36 weeks of gestation by self-reported questionnaires, the State-Trait
Anxiety Inventory-Trait subscale (STAI-T), in the Cohort for Childhood Origin of Asthma and Allergic Diseases
(COCOA) study. AD was diagnosed at 6 months of age by pediatric allergists. We stratified the subjects into four
groups according to the STAI score of mothers and diagnosis of AD in children. Placental genome-wide methylation
microarray was analyzed using Infinium 450K BeadChip and selected genes were validated by pyrosequencing.

Results: From microarray, several differential methylation sites were identified in AD and healthy subjects and in total
subjects, regarding to the STAI scores. Among differential methylation sites in microarray, six sites were selected for
pyrosequencing. And site of matrix metalloproteinases 27 (MMP27) among 6 sites showed decreased methylation
in AD infants with high STAI mothers compared to healthy infants with low STAI mothers.

Conclusion: Epigenetic change in placenta can be a suggesting mechanism for the development of AD in offspring
at 6 months of age associated with maternal anxiety during pregnancy and MMP27 may be a candidate gene.
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Introduction

Epidemiological studies of atopic dermatitis (AD) around
the world have revealed geographical differences in its
prevalence” and it is still having increasing tendency
of this disorder in Korean children® AD is a common
allergic skin disease in childhood and represents the first
step of an atopic march. Identifying the risk factors and
the mechanisms underlying its development is therefore
important for the prevention of AD itself and also for the
consequent development of respiratory allergic diseases.
Many recent studies have evaluated the risk factors
for allergic diseases during prenatal period, regarded
as a critical time point for immune modulation.**
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It has been reported that prenatal maternal psychological
distress could be a risk for the development of AD.”®
We have also previously reported that prenatal maternal
distress is associated with AD in offspring,’ but the
mechanisms of this had not yet been described. Oxidative
stress is one of the suggested underlying mechanisms™
and additionally, epigenetic change could be an important
mechanism. There were some epigenetic studies targeting
AD," but the associated environmental factors causing
epigenetic change is not revealed yet. We therefore examined
in our current study whether maternal anxiety during
pregnancy may alter placental DNA methylation, then
that subsequently contribute to the pathogenesis of AD in
offspring.

Methods
Study population

Subjects were selected from the Cohort for Childhood
Origin of Asthma and Allergic Diseases (COCOA),
a prospective birth cohort study designed to identify early
risk factors for allergic diseases in children.’” This study
was approved by the Institutional Review Boards of Asan
Medical Center (IRB no. 2008-0616), Samsung Medical
Center (IRB no. 2009-02-021), Severance Hospital (IRB no.
4-2008-0588), the CHA Medical Center (IRB no. 2010-010),
and the Seoul National University Hospital (IRB no. H-1401
-086-550). Written informed consent was obtained from
the parents of each infant. The COCOA study evaluated
prenatal maternal anxiety at 36 weeks of gestation using
the State-Trait Anxiety Inventory-Trait subscale (STAIL-T),
a 20-item self-reporting questionnaire. STAI-T is scored on
a 4-point Likert-type scale that reflects a general tendency
to be anxious. The score ranges from 20 to 80, with a higher
score indicating a more severe anxiety level. The Korean
version of STAI has been previously shown to exhibit
excellent psychometric properties.® Subjects with scores in
the highest 25™ percentile were defined as being anxious in
the present study.’ AD was diagnosed at 6 months of age in
offspring by pediatric allergists using a detailed history and
physical examination on the basis of the Hanifin and Rajka
criteria.’

Placental DNA methylation microarray

For placental genome-wide methylation microarray,
we stratified mother-baby dyads in accordance with the
maternal STAI-T scores and diagnosis of offsprings AD
at 6 months of age, then selected 17 dyads which could
represent each group; ie. four from low STAI mothers with
no offspring’s AD group, six from low STAI mothers with
offspring’s AD group, four from high STAI mothers with no
offspring’s AD group and 3 from high STAI mothers with
offspring’s AD group (Table 1). Genomic DNA was isolated
from the placental tissue using the Gentra Puregene Blood
Kit (QIAGEN, Redwood City, CA, USA) in accordance
with the manufacturer’s protocol. Bisulfite conversion of
the extracted DNA was conducted using the EZ DNA
Methylation-Lightning kit (Zymo Research, Irvine, CA,
USA). The converted samples were then assayed using
Infinium Human Methylation 450 BeadChip kits (Illumina,
San Diego, CA, USA). Image and data analysis of these
chips were performed using an Illumina iScan scanner.
Each methylation data point was represented by fluorescent
signals from the M (methylated) and U (unmethylated)
alleles. The background intensity was computed from a set
of negative controls and was subtracted from each analytical
data point. The fluorescent signal ratio for the two alleles
was then computed as 8 = (max(M, 0))/(JU| + |M| + 100).
The B-value reflects the methylation level of each CpG site.
A f3-value range of 0-1 represented 0 to 100% methylation,
respectively, for each CpG site. Array data export processing
and analysis was performed using Illumina GenomeStudio
v2011.1 (Methylation Module v1.9.0) and R 3.0.2. CpG sites
with a P-value < 0.05 and a mean methylation change > 0.2
were considered to be differentially methylated.

Pyrosequencing

Pyrosequencing of 100 additional placental tissue samples
was performed to validate the microarray results. This sample
population comprised the following: forty-one from low
STAI mothers with no offspring’s AD group, eleven from low
STAI mothers with offspring’s AD group, forty-three from
high STAI mothers with no offspring’s AD group and 5 from
high STAI mothers with offsprings AD group (Table 2).

Table 1. Clinical characteristics of the subjects selected for genome-wide methylation microarray

STAI (low) & AD (-) | STAI (low) & AD (+) | STAI (high) & AD (-) | STAI (high) & AD (+) | p-value

Number of subjects 4 6 4 3

Maternal age (years)* 33.5+3.0 31.8+3.1 33.5+4.8 34.7+3.8 0.763
GA at birth (weeks)* 38.6 £ 0.4 39.9+1.0 38.1+£0.8 389+14 0.116
Birth weight (g)* 3096.3 + 487.0 3299.2 +377.2 3132.5+401.7 3465.0 + 388.7 0.613
Child’s sex (male:female) 4:0 6:0 4:0 3:0 NA
Pre-pregnancy body mass index (kg/m?)* 19.7+1.4 20315 22416 223+24 0.031
Parental history of allergic diseases (%) 100.0 83.3 75.0 33.3 0.678
STAI score at GA 36 weeks* 335+5.0 31.5+7.3 54.3+10.6 50.0 £12.2 0.008

*Values are shown as a mean + standard deviation; STAI, State-Trait Anxiety Inventory-Trait subscale; GA, Gestational age;

P-values were determined using the Kruskal-Wallis Test and “chi-square test

AD, atopic dermatitis
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Table 2. Clinical characteristics of the subjects analyzed by pyrosequencing

STAI (low) & AD (-) STAI (low) & AD (+) STAI (high) & AD (-) STAI (high) & AD (+)

Number 41 11 43 5

Maternal age (years)* 32.8+43 33.5+22 32.6+4.1 334+3.6 0.769
GA at birth (weeks)* 393+1.3 39.4+0.7 39.5+0.9 394+1.7 0.953
Birth weight (g)* 3197.3 + 364.5 3387.7 £ 255.6 3256.0 + 311.2 3213.0 £195.2 0.333
Child's sex (male:female) 21:20 8:3 21:22 2:3 0.500
Pre-pregnancy body mass index (kg/m?)* 20.5+2.8 193+ 1.4 21.1+22 21.3+25 0.081
Parental history of allergic diseases (%) 48.8 63.6 42.9 100.0 0.082
STAI score at GA 36 weeks* 29.0 £4.4 33.1+5.38 50.2+6.8 53.4+9.1 <0.001

*Values are shown as a mean + standard deviation; STAI, State-Trait Anxiety Inventory-Trait subscale; GA, Gestational age; AD, atopic dermatitis

P-values were determined using the Kruskal-Wallis Test and “chi-square test

Briefly, genomic DNA was isolated from the placental tissue
of these subjects as described above and bisulfite-converted.
Aliquots of 200 ng of these converted samples were then
amplified using a PCR premix (Enzynomics, Seoul, Korea)
in accordance with the manufacturer’s protocol. The cycling
conditions were as follows: 1 cycle at 95°C for 10 minutes
for the initial denaturation step followed by 45 cycles of
denaturation at 95°C for 30 seconds, various annealing
temperatures (58-68°C) for 30 seconds, and an extension
at 72°C for 30 seconds. The reaction was terminated after
a final cycle at 72°C for 5 minutes. Pyrosequencing was
then performed using the PyroGold reagent kit (QIAGEN)
and PyroMark ID machine (QIAGEN) in accordance with
the manufacturer’s instructions. The forward and reverse PCR
primers and sequencing primers for specific CpGs are listed
in Table S1.

Network analysis

Network analysis, using QIAGEN’s Ingenuity Pathway
Analysis system (IPA°, QIAGEN, Redwood City, CA, USA,
www.qiagen.com/ingenuity), was performed to gain further
insight into the potential mechanisms underlying the effects
of prenatal maternal stress on AD development in offspring.
The highest-scoring network revealed a significant link
with Cardiovascular Disease, Cell-To-Cell Signaling and
Interaction and Cellular Growth and Proliferation.

Statistical analysis

Independent t-tests were used to examine differences in
the DNA methylation levels between groups. All statistical
analyses were performed with SPSS software (version 22:
Chicago, IL, USA) and a p < 0.05 was considered to indicate
statistical significance.

Results
Characteristics of the subjects

Subjects in COCOA study were subgrouped depending
on maternal STAI scores and presence of AD in offspring
and seventeen subjects were selected for placental DNA
methylation microarray. Maternal age, gestational age at birth,
birth weight, sex of the offspring, and parental history of
allergic disease were not statistically different among 4 groups
(Table 1). Pre-pregnancy body mass index (BMI) was higher
in high STAI group compared to low STAI group (p = 0.031).

In addition, one hundred subjects from 4 subgroups were
selected for pyrosequencing and maternal age, gestational
age at birth, birth weight, children’s sex, parental history of
allergic disease, and pre-pregnancy BMI were not statistically
different among them (Table 2).

Placental DNA methylation microarray

Hierarchical cluster analysis of differentially methylated
CpG sites between low and high STAI groups was
performed in total, healthy and AD subjects (Figure S1).
In total subjects, 29 CpG sites were hypermethylated and 44
CpG sites were hypomethylated differentially between low
and high STAI groups. In healthy subjects without AD, there
were 91 hypermethylated and 84 hypomethylated CpG sites
differentially between low and high STAI groups, whereas in
subjects with AD, there were 147 hypermethylated and 191
hypomethylated CpG sites differentially between low and high
STAI groups.

When intersecting placental DNA methylation change
among groups, ADAMTS2 and RWDD2B were found to be
differentially methylated between low and high STAI groups
and CI8orfl was revealed differently between healthy and AD
groups. Further, we analyzed for additional placental DNA
methylation change which were differentially methylated
between low and high STAI groups, and MADILI, MMP27,
Cl8orfl, RWDD2B, MICAL3, and TSPAN7 genes have been
found to be differentially methylated between low and high
STAIL
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Figure 1. Pyrosequencing validation of six CpG sites selected from a genome-wide DNA methylation microarray.
(A) MADILI. (B) MMP27. (C) C180rfl. (D) RWDD2B. (E) MICAL3. (F) TSPAN?.
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Figure 2. Molecular pathway analysis via the Ingenuity Pathways Analysis (IPA) system. Hypermethylated genes are
indicated in red and hypomethylated genes in green. Nodes are denoted by various shapes that represent the functional
classes of the proteins. Solid and dotted lines indicate direct and indirect interactions, respectively.
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Table 3. Genes selected for pyrosequencing validation

. Methylation status
(High STAI group Compared to low STAI group)
7

MADILI CG16178271 Hyper

11 MMP27 CG10306192 Hypo

18 Cl8orfl CG06825661 Hyper

21 RWDD2B CG09928474 Hyper

22 MICAL3 CG19021236 Hyper

X TSPAN7 CG14071112 Hypo
Pyrosequencing phenotypic plasticity in their various environments.”” Hence,

From the placental DNA methylation microarray, six
genes were selected for the pyrosequencing (Table 3). DNA
methylation of MMP27 was decreased in order as follows;
from low STAI group without AD to low STAI group with
AD, high STAI group without AD, and high STAI group
with AD (Linear p = 0.036) (Figure 1). Placental TSPAN7
methylation was higher in low STAI group without AD
compared to high STAI group without AD (p = 0.025).
Placental DNA methylation of MADILI, CI18orfl, RWDD2B,
and MICAL3 genes was not statistically different among 4
groups.

Network analysis

We additionally performed network analysis to gain
a further insight into the potential mechanisms of the effects
of prenatal maternal anxiety on offsprings AD. MMP27
showed a connection with TNF-a in this analysis (Figure 2).

Discussion

In this study, we investigated the epigenetic mechanism of
the association between maternal anxiety during pregnancy
and AD development in offspring at 6 months. Previously
we reported that prenatal maternal distress is a risk factor
for AD development in offspring and suggested that this
is mediated by steroid imbalance and oxidative stress.
We, herein, performed genome-wide DNA methylation
microarray and pyrosequencing to prove epigenetic change
in placenta for the association between maternal anxiety
during pregnancy and AD development in the offspring. This
response may be associated with DNA methylation of the
MMP27 gene.

The MMPs are a group of zinc-dependent endopeptidases
that degrade protein structures in the extracellular matrices
of tissues.”* They play a key role in tissue remodeling
and tissue infiltration by inflammatory cells. MMP27 is
expressed and localized in the cycling human endometrium
and reaches peak levels during the menstrual phase
compared with the proliferative or secretory phases.
The induction of MMP27 at the onset of menstruation
has been shown to be responsible for tissue breakdown.
MMP27 was also determined to be expressed by CD163+/
CD206+ macrophages in the human endometrium and in
superficial endometrial lesions that exhibit considerable

pro- and anti-inflammatory states may depend on the
environmental factors exposed to the placenta. We found
that MMP27 CpG sites were hypomethylated in our study
group with high maternal anxiety during pregnancy and
showing AD onset in offspring compared to other groups.
MMP27 expression in the placenta may therefore play a role
in the development of AD in children as a result of a high
maternal anxiety level during pregnancy.

According to the microarray result, we performed several
network analyses, and MMP27 and MICAL3 showed the
significant result. Furthermore MMP27 was the gene that
showed the significant methylation difference among the
subgroups in the pyrosequencing. Therefore we suggested
that MMP27 may play a role in the mechanism for
the association between maternal anxiety and AD in the
offspring, then focused on the MMP27. From the network
analysis, MMP27 was suggested to be connected with TNF-a
(Figure 2). Notably, TNF-a has previously been shown to
have a crucial role in anxiety-like behavior and depression'
and to enhance MMP9 expression to promote shallow
trophoblast invasion of the placenta.”” Taken together, the
reports to date including our data suggest that an elevated
TNF-a level in pregnant women with anxiety may induce
higher MMP27 expression in the placenta, thereby promote
inflammation and tissue remodeling leading to AD in
offspring.

Our present study is the first report to link epigenetic
changes to the association between prenatal maternal anxiety
and AD development in young children. Previous reports
in this area have mainly been epidemiological studies
presenting an association between the maternal mental status
and AD in children but with no mechanistic explanation.”’
We now propose that differential placental DNA
methylation of the MMP27 caused by prenatal maternal
anxiety plays a role in this phenomenon. We also note
that the aforementioned COCOA study was conducted
by both allergy specialists and child psychologists from
the beginning. Hence, validated psychological measures of
maternal anxiety during pregnancy were used and AD in
the children was properly diagnosed by the examination
of pediatric allergy specialists to perform well-defined
evaluation.
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There were some limitations in this study. We subgrouped
our study subjects derived from the COCOA by prenatal
maternal anxiety level and the presence of AD in children and
then selected small numbers of these subjects for the analysis.
This could have led to a selection bias. We tried however to
ensure that we selected subjects who could be representative
of each group. Further studies with larger numbers of subjects
are needed.

In conclusion, the microenvironment that fetus had
been exposed during pregnancy can be associated with AD
development in offspring. Maternal anxiety during pregnancy
may be an environmental risk factor for the development of
AD and placental DNA methylation changes to the MMP27
may be a principal mechanism underlying this. Future studies
are needed to elucidate the precise molecular mechanisms
leading to the onset of allergic disease to develop preventative
strategies.
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