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ABSTRACT
Fetal growth restriction (FGR) is the failure of the fetus toachieve its genetically determined growth
potential, which increasesrisks for a variety of genetic diseases, such as type 2 diabetes mellitus,
coronary artery disease, and stroke, during the lifetime. The dysregulation of DNA methylationis
known to interact with environmental fluctuations, affect gene expressions comprehensively,
and be fatal to fetus development in specific cases. Therefore, we set out to find out epigenetic
and transcriptomic alterations associated with FGR development. We found a set of
differentially expressed genes associated with differentially methylated regions in placentae and
cord blood samples. Using dimensional reduction analysis, the expression and methylation
variables of the epigenetically altered genes classified the FGR samples from the controls. These
genes were also enriched in the biological pathways such as metabolism and developmental
processes related to FGR. Furthermore, three genes of INS, MEG3, and ZFP36L2 are implicated in
epigenetic imprinting, which has been associated with FGR. These results strongly suggest that
DNA methylation is highly dysregulated during FGR development, and abnormal DNA
methylation patterns are likely to alter gene expression.
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Introduction

Fetal growth restriction (FGR) is the failure of the
fetus to achieve its genetically determined growth
potential and is defined as estimated fetal weight
less than the 10th percentile (Minior and Divon
1998; American College of Obstetricians 2013).
Small-for-gestational-age (SGA) fetuses are not all
the result of pathology and can develop as a result
of normal biologic conditions; however, various
factors, such as maternal disorders, infectious
disease, teratogen exposure, multiple gestation,
genetic disorders, and placental conditions, may con-
tribute to the development of FGR (Gaccioli and Lager
2016).Growth-restricted fetuses haveincreased risks
ofstillbirth, neonatal mortality, and morbidity(Jaddoe
et al. 2014; Burton et al. 2016).Furthermore, growth-
restricted fetuses are more likely to suffer from dis-
eases, such as obesity, type 2 diabetes mellitus, cor-
onary artery disease, and stroke, during adulthood
under the long-term influence of restricted growth
and altered metabolism in the fetal, neonatal, and
adult periods(Barker 2006; Sailasree et al.

2017).Meanwhile, epigenetic regulation is critical for
appropriate gene expression for normal functionsdur-
ing fetusdevelopment(Gicquel et al. 2008). A variety of
epigenetic factors are known to interact with environ-
mental fluctuations and regulate gene expression
comprehensively(Perez and Lehner 2019). The
problem with epigenetic regulation is fatal to fetus
development, and it seriously affects quality of life
throughout a person’s lifetime (Waterland 2009). In
this study, we tried to discoverepigenetic and tran-
scriptomic alterationsassociated with FGR develop-
ment by analyzing paired DNA methylome and the
transcriptome of placentae and cord bloodfrom FGR
samples and normal controls.

Results

Differentially methylated regions were
identified in placentae and cord blood of FGR
samples

To unravel the epigenetic alterations underlying the FGR
samples, we profiled DMRs for 23,049 gene
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promotersbetween the FGR and control samples (see
Materials and Methods). We analyzed placentae and
cord bloodfrom which 3,255 (14.12% of all genes) and
430 (1.87% of all genes) genes were identified as signifi-
cantly hyper- or hypo-methylated, respectively (Figure
1A). The methylation status of these DMRs were tested
to determine whether it had potential for classifying
FGR samples from normal controls. Principle component
analysis (PCA) revealed that the methylation signals of
significantly methylated promoters marginally clustered
FGR samples, although the methylation signals of all
promoters could not classify the two groups in both pla-
centae and cord blood (Figure 1B). Interestingly, we also
discovered significantly methylated DMRs of gene bod-
iesand performed PCA, but the results were not
grouped better than thosebased on the promoters (Sup-
plementary Figure 1).

A set of DNA methylation alterations
wasassociated withdifferentially expressed genes
in FGR samples

DNA methylation in promotersis principally known to
have a negative correlation with gene expression. There-
fore, we discovered overexpressed and underexpressed
genes in FGR samples accordinglyusing the hypermethy-
lated and hypomethylated promoters, respectively. In
the placentae and cord blood, respectively, 250 and 14
differentially expressed genes (DEGs) were identified
with DMRs, which had 126 (50.40%) and 8 (57.14%)
DEGs that could be explained by DMRs on the relevant
promoters that showed a negative correlation with
each other (Supplementary Table 1). In contrast to the
promoter, DNA methylation on gene bodies remains to
be elucidated for its regulatory functionality in transcrip-
tional regulation(Jjingo et al. 2012). We analyzed DEGs
with the status of gene body methylationsin FGR
samples and found that fewerDEGs were negatively
associated with methylation alteration than those of
promoter methylations in placentae, although there
were only negative correlations in cord bloodfor asmall
number of cases (Figure 2A).PCA was also performed
for the expression of all genes, and they were not clus-
tered between FGR samples and normal controls
(Figure 2B).However, the expression of DEGs with
DMRs on their promoters specifically grouped FGR
samples in the PCA result when the alteration of methy-
lations was negatively correlated with the direction of
DEGs (Figure 2C).On the contrary, the PCA result for
the expression of DEGs having positively correlated
DMRs showed worse grouping in cord bloodbut success-
ful grouping in placentae (Figure 2D). We profiled eigen
values for the genes in PCA by eigen decomposition

analysis to calculate how much each gene contributed
to the grouping of FGR samples. The genes with an
eigen value over 0 were considered as contributing to
the grouping in PCA. Then, we performed the biological
pathway enrichment test for the two cases that were
positively and negatively epigenetically regulated gen-
es.This analysis could not be performed for the
samples from cord blood because they had too few
genes that could be profiled. As a result, we found
that only cases having a negative correlation between
DMRs and DEGs showed significant enrichment in the
pathways related to metabolism and developmentthat
were known to be associated with FGR occurrence (Sup-
plementary Figure 2). These results imply that DMRs
ongene promoters would have biological relevance in
FGR occurrence by perturbing gene expressions
negatively.

Transcriptionally altered genes by DNA
methylation were enriched in specific pathways
relevant to FGR

We analyzed how the genes that we discovered were
involved in biological pathways relevant to FGR occur-
rence (see Materials and Methods).Genes repressed by
DNA hypermethylation in placentae were enriched in
the pathways that were implicated with FGR, which
werethe ERK1 and ERK2 cascade(Ozmen et al. 2011),
the negative regulation of BMP signaling pathway(Reid
et al. 2012), and the regulation of angiogenesis(Ahmed
and Perkins 2000)(Figure 3A). We also discovered that-
genes overexpressed by DNA hypomethylation in pla-
centae were enriched in the pathways related to a set
of metabolism pathways, such as the ChREBPactivation
of metabolic gene expression and thePI3K-Akt signaling
pathway(Figure 3B). These metabolic pathways are
known to have functional implications with FGR occur-
rence(Zinkhan et al. 2018; Xing et al. 2019). In the case
of genes underexpressed by DNA hypermethylation in
cord blood, pathways related to lipid metabolism, such
as the glycerolipid biosynthetic process, glyceropho-
spholipid metabolic process, phospholipid biosynthetic
process, and the regulation of the lipid metabolic
process, were found to be affected. There were no sig-
nificantly enriched pathways that were related to the
genes overexpressed by DNA hypomethylation in cord
blood.We also could not discover concordant pathways
of differentially epigenetically regulated genes between
placentae and cord blood.Although there was a discre-
pancy in the pathway enrichment between placentae
and cord blood, our results indicate that the differen-
tially epigenetically regulated genes in FGR samples
are associated with a set of metabolism pathways,
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including the known pathways related to FGR
occurrence.

Discussion

The fetus in a placenta interacts with a variety of
environments via cord blood. Several environmental
signals could cause epigenetic variations that might be
critical to the development and growth of fetus. In this
study, we discovered a set of DMRs on the gene promo-
ters of placentae and cord blood in FGR samples.
Additionally, relevant expression perturbations were
identified by changes in DNA methylation. We found
out that FGR and normal control samples were classified

in the PCA profiles when their gene expressions were
measured for the DEGs having DMRs on their promoters.
The gene expressions of all genes of the FGR samples
were not classified from control samples, indicating
that the genes regulated by DNA methylation are
involved in FGR development. However, only a subset
of genes wassignificantly differentially expressed
among those having DMRs, implying that the regulation
of promoter methylation is greatlycomplicated. We also
discovered the pathways for differentially epigenetically
regulated genes in FGR samples. A setof metabolism
pathways and specific signaling pathways were ident-
ified as enriched for FGR occurrence, although they
were not completely coincident between placentae

Figure 1. Epigenetic alteration in placentae and cord blood of FGR samples. (A) The number (left) and frequency (right) of hyper-
methylated and hypomethylated genes that had differentially methylated regions on the relevant promoters. (B) Principle component
analysis (PCA) with DNA methylation variables were performed for all gene promotersfound in placentae (top left) and cord blood (top
right). PCA was also performed for genes with differentially methylated region (DMRs) on their promoters found in placentae (bottom
left) and cord blood (bottom left).
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and cord blood.These pathway enrichment results imply
that the perturbation of DNA methylation could cause
FGR development through thealteration of gene
expressions.

Meanwhile, genetic imprinting is an epigenetic
process including DNA methylation that causes a gene
to be expressed in a specific allele (Wood and Oakey
2006). A set of imprinted genes are known to be

important for normal development and placenta
growth (Isles and Holland 2005; Plasschaert and Bartolo-
mei 2014). Therefore, the inappropriate imprinting of
developmental genes that perturb their expressions
would be associated with FGR occurrence (Diplas et al.
2009). In this rationale, we profiled whether thegenes
perturbed by DNA methylation in FGR samples were
matched to known imprinting genes. The curated lists

Figure 2. Transcriptional perturbations associated with epigenetic dysregulation in placentae and cord blood of FGR samples. (A) The
ratio of differentially expressed genes (DEGs) from genes with differentially methylated region (DMRs) on their relevant promoters and
gene bodies. The ratio was calculated based on negative and positive correlations between DEGs and DMRs. (B) Principle component
analysis (PCA) with expression variables were performed for all genes found in placentae (left) and cord blood (right).PCA was also
performed forDEGswith DMRs that correlated negatively (C) or positively (D) with each other.
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of the human imprintome(Skaar et al. 2012)are com-
posed of 213 genes, including 107 gold-standard
genes and 106 candidate genes. After matching the

imprinting genes with the differentially epigenetically
regulated genes in our FGR samples, three genes were
identified from the placentae, which were INS, MEG3,

Figure 3. Systematic interaction of epigenetically dysregulated genes in FGR samples. The underexpressed genes with hypermethyla-
tion (A) and the overexpressed with hypomethylation in placentae from FGR samples were analyzed for pathway enrichment using
the enrichR tool. Detailed interacting landscapes of thesignaling pathway enriched by the identified genes were described by the
Cytoscape tool with the Genemania plugin. Physical interactions, shared protein domains, cell-signaling pathways, and genetic inter-
actions were colored by red, yellow, green, and blue, respectively. The size of each gene node was decided accordingly by their
number of interactions between other genes in the relevant pathway. The black node indicates the identified genes in FGR samples.

132 S. LEE ET AL.



and ZFP36L2. INS, a gene coding insulin, is crucial in
glucose metabolism and is known to be involved in
the regulation of fetus development (McMinn et al.
2006). MEG3 was found to be repressed by DNA hyper-
methylation on its promoter in our FGR placenta
samples, which is consistent with the results of a pre-
vious study that described theunderexpression of
MEG3 in FGR placentae(McMinn et al. 2006). ZFP36L2
is a member of the ZFP36 family and is a transcription
factor regulating the response for the growth factor. It
was reported that ZFP36L2 is associated with the regu-
lation of the early developmental stage in a mouse
model(Hacker et al. 2010). In our study, ZFP36L2 was
down regulated by DNA hypermethylation in FGR pla-
centa samples. These three genes are proposed as can-
didates for the perturbed imprinting genes related to
FGR development. However, we did not have sequen-
cing data to unravel allele-specific expression, so we
could not explain which exact allele from the parents
is involved in imprinting regulation.

Materials and Methods

IRB

This study was approved by the Institutional Review
Board of Inje University Busan Paik Hospital (approval
number: 18-0069)

Samplecollection

This was case-control studythat included 8 patients with
FGR and 8 normal controls delivered between 24 and 42
weeks of gestation. The FGR group included women
who delivered low-birth-weight infants below the 10th
percentile. The control group was comprised of single-
ton pregnancies without FGR.All clinical samples were
collected at the Department of Obstetrics and Gynecol-
ogy, Inje University, Korea. Blood samples were collected
from studied women before delivery. We evaluated
maternal clinical characteristics, such as age, gestational
age at delivery, parity, pre-pregnancy body mass index
(BMI; kg/m2), mode of delivery, frequency of preterm
delivery, gestational diabetes mellitus, preeclampsia,
and fetal birth weight. Preterm delivery was defined as
delivery that occurred between 24 + 0 and 36 + 7
weeks of gestation. Preeclampsia was defined as the
presence of hypertension with proteinuria (urine
protein content >300 mg/24 h or protein/creatinine
ratio≥ 0.3) or a systemic symptom. We also evaluated
the neonatal outcomes, including birth weight, neonatal
death, neonatal intensive care unit (NICU) admission,
Apgar score at 5 minutesafter birth, mechanical

ventilation, respiratory distress syndrome (RDS), intra-
ventricular hemorrhage (IVH), and necrotizing enteroco-
litis (NEC), of the FGR and control groups. Neonatal
death was defined as the death of a live-born neonate
within 28 days of delivery. RDS was diagnosed by com-
patible chest X-ray findings and arterial blood gas
results. IVH was detected by bleeding inside or around
the ventricles in the brain via postnatal cranial ultrasono-
graphy, whereas NEC was diagnosed via clinical and
abdominal X-ray findings.

Sample characteristics

The maternal and neonatal clinical characteristics of the
study population are presented in Table 1. There were
no significant differences in maternal age, gestational
age at delivery, parity, BMI, mode of delivery, preterm
delivery, or gestational diabetes between the FGR and
control groups. Women in the FGR group had higher
rates of preeclampsia than those in the control group
(75.0% vs. 12.5%, p=.0147). Birth weights were signifi-
cantly lower in the FGR group than in the control
group (1568.75 ± 795.60 vs. 2872.50 ± 702.86gm,
p=.0037). There was no neonatal death in this studied
group. The FGR neonates had higher rates of neonatal
complications than the control group (87.5% vs. 37.5%,
p=.0455). For other neonatal complications, there were
no significant differences between the two groups.

Statistics

Data were analyzed using MedCalc version 11.0 software
(Frank Schoonjans, University of Gent, Belgium). Con-
tinuous variables were calculated using Student’s t-
tests and Mann–Whitney U tests. Categorical variables
were compared using chi-squared or Fisher’s exact tests.

Identification of differentially methylated genes

DNAs extracted fromplacentae and cord blood were
analyzed by using the Infinium HumanMethylationEPIC-
BeadChip (Illumina,San Diego, CA, USA).A set of methyl-
ation signals on the common promoter and gene body
were merged as a maximum value to determine the
differentially methylated region (DMR), and the differ-
ence in methylation between 8 FGR and 8 control
samples for a DMR was calculated by a difference of
the mean value of each case and the control group.
The Wilcoxon test was performed to calculate the stat-
istical significance of the difference. The states of hyper-
methylation and hypomethylation were defined when
the difference between the mean methylation value of
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the cases and controls was greater than +0.05 and less
than -0.05, respectively.

Identification of differentially expressed genes

For transcriptome analysis, mRNAs were extracted from-
placentae and cord blood and were analyzed by using
theGeneChip Human Gene 2.0 ST Array (Affymetrix) as
described by the manufacturer. Differentially expressed
genes (DEGs) were analyzed using transcriptome
profiles of 8 FGR samples and 8 controls who also had
DNA methylome data. The DEGs that showed a signifi-
cance in their expression difference were determined
to be under a p value of 0.05 based on DEG analysis
by Student’s t-tests. We also defined overexpressed
and underexpressed genes when the -log2 transformed
the fold change between mean expression value of
cases, and controls was more than 1 and less than -1,
respectively.

Principal component analysis for expression and
methylation variables

Principal component analysis (PCA) was used to confirm
whether the variables of gene expression or methylation
of FGR samples and controls were adequate for classify-
ing each group. All expression and methylation variables
were normalized using the Python StandardScaler stat-
istics library.

Pathway enrichment analysis

We performed pathway enrichment analysis using the
EnrichR tools (Kuleshov et al. 2016), which contain a
large collection of diverse gene set libraries available
for pathway enrichment analysis. We used four

pathway databases from EnrichR: KEGG,Reactome,
Panther, and Gene Ontology Biological Process.
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