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ABSTRACT

Fetal intolerance of labor is a common indication for delivery by Caesarean section. Diagnosis is based on the
presence of category lll fetal heart rate tracing, which is an abnormal heart tracing associated with increased
likelihood of fetal hypoxia and metabolic acidemia. This study analyzed data from 177 unique women who,
during their prenatal visits (7-15 weeks and/or 24-32 weeks) to Atlanta area prenatal care clinics, consented
to provide blood samples for DNA methylation (HumanMethylation450 BeadChip) and gene expression
(Human HT-12 v4 Expression BeadChip) analyses. We focused on 57 women aged 18-36 (mean 25.4), who
had DNA methylation data available from their second prenatal visit. DNA methylation patterns at CpG sites
across the genome were interrogated for associations with fetal intolerance of labor. Four CpG sites (P value
<89 x 1077, FDR <0.05) in gene SLC9B1, a Na*/H* exchanger, were associated with fetal intolerance of
labor. DNA methylation and gene expression were negatively associated when examined longitudinally
during pregnancy using a linear mixed-effects model. Positive predictive values of methylation of these four
sites ranged from 0.80 to 0.89, while negative predictive values ranged from 0.91 to 0.92. The four CpG sites
were also associated with fetal intolerance of labor in an independent cohort (the Johns Hopkins Prospective
PPD cohort). Therefore, fetal intolerance of labor could be accurately predicted from maternal blood samples
obtained between 24-32 weeks gestation. Fetal intolerance of labor may be accurately predicted from
maternal blood samples obtained between 24-32 weeks gestation by assessing DNA methylation patterns
of SLC9BI. The identification of pregnant women at elevated risk for fetal intolerance of labor may allow for
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the development of targeted treatments or management plans.

Introduction

Fetal intolerance of labor, which is also referred to as fetal dis-
tress and non-reassuring fetal status, is the most common indi-
cation for emergency Caesarean section (C-section) [1,2]. It is
characterized by the presence of an abnormal fetal heart rate
pattern, a category III tracing, detected through electronic fetal
heart rate monitoring during labor [3,4]. Category III fetal
heart rate patterns indicative of fetal intolerance of labor
include absent baseline fetal heart rate variability and recurrent
late and/or variable decelerations and/or bradycardia or the
presence of a sinusoidal pattern, typically after the onset of con-
tractions during the second stage of labor [4,5].

A category III tracing is considered abnormal as studies have
demonstrated that these heart rate patterns are associated with
an increased risk of fetal hypoxia and metabolic acidemia,
though such tracings are not absolutely indicative of fetal hyp-
oxia and/or acidemia [6]. In the case of fetal intolerance of
labor, expedited delivery, often through a C-section, is indi-
cated to avoid fetal hypoxia, acidemia, and their subsequent

consequences [6-10]. Fetal hypoxia and acidemia can have
drastic consequences for the fetus in the perinatal period and
throughout life, including severe brain damage [11], and has
been previously associated with diagnosis of cerebral palsy [12].
Accurate recognition and prompt management of fetal intoler-
ance of labor is essential for decreasing the risk of fetal hypoxia
and acidemia and thereby providing the best possible preg-
nancy outcome.

Early identification of pregnant women at elevated risk for
having a pregnancy complicated by fetal intolerance of labor
would provide clinical benefits, including maternal preparations
to deliver at hospitals with the required resources to perform
advanced monitoring and an emergency C-section, if required
[1]. Another potential benefit of early identification of those at
risk for fetal intolerance of labor is a decrease in the time from
decision to deliver until emergency C-section, which might pro-
mote adherence to the American College of Obstetricians and
Gynecologists (ACOG) recommendation of a 30-minute time-
frame, though previous studies have not demonstrated
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substantial differences in outcome due to decision to delivery
time greater than 30 minutes [1,2,13]. Beyond the immediate
clinical utility, identification of biological pathways underlying
the development of fetal intolerance of labor may provide insight
for development of novel treatments and preventive strategies.
Previous studies have identified potential biomarkers associated
with fetal intolerance of labor including pregnancy-associated
plasma protein-A (PAPP-A) and combinations of fetal indices,
such as estimated fetal weight, serum placental growth factor,
and soluble fms-like tyrosine kinase-1 [14,15]. These studies sug-
gest an early pathogenesis for fetal intolerance that can be
detected by screening prior to labor.

Previous studies have also reported associations between
DNA methylation and pregnancy complications, including pre-
eclampsia and gestational diabetes [16,17]. DNA methylation,
the addition of a methyl group to the 5 position of cytosine in
a cytosine-guanine dinucleotide (CpG site), serves as a mecha-
nism to regulate gene expression. This study utilizes an epige-
nome-wide association study to assess the relationship between
individual CpG sites and fetal intolerance of labor.

Results

Of the 57 women included in this study, 12 had deliveries com-
plicated by fetal intolerance of labor (21%). Maternal age,
smoking, gestational hypertension, and gestational age at birth
and gestational age at sample collection did not differ between
those subjects who did and did not experience deliveries

Table 1. Cohort demographics for women with samples collected between 24-32
weeks gestation (n = 57).

Fetal Intolerance Control
Mean+SD Mean+SD P value
Maternal Age 25.97+4.1 252445 NS
GA at Sample Collection 26.84+2.2 27.3+23 NS
GA at Birth 38.6+1.8 38.6+2.9 NS
Fetal Intolerance Control (%) P value
(%) (n=12) (n =45)
Cesarean Section 833 1.1 270 x 107°
Hypertension 16.7 13.3 NS
Maternal Smoking® 83 6.81 NS

#Missing data for one subject. Those experiencing fetal intolerance of labor
were more likely to have a Cesarean section. No other characteristic differed
by group. SD: Standard deviation. NS: non-significant.

complicated by fetal intolerance of labor (0.59<P value<0.98).
However, the group experiencing fetal intolerance of labor was
more likely to undergo delivery by C-section (P = 2.70 x 10~7;
Table 1), which would be expected given that fetal intolerance
of labor is an indication for C-section delivery.

Methylation of SLC9B1 predicts fetal intolerance of labor

Four CpG sites were associated with fetal intolerance of labor in
maternal samples collected between 24 and 32 weeks gestation,
after adjusting for maternal age and peripheral blood mononu-
clear cells (PBMC) cell type (FDR<0.05; Figure 1, Table 2). All
four sites were annotated to the CpG island of solute carrier

family 9, subfamily B, member 1 (SLC9BI) gene, alternatively

known as NHEDCI, a NA"/ H" exchanger. Methylation of
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Figure 1. Manhattan plot showing the association of CpG sites across the genome. Each CpG site that passed quality control was assessed for associations with fetal intol-
erance of labor. Sites falling above the horizontal line indicate experiment-wide significance. The x-axis represents the chromosome number and the y-axis is the negative
log of the P value, which is indicative of the significance level. The plot is further zoomed in to chromosome four, and the SLC9B7 gene. In the gene diagram, yellow boxes
represent exons and the green box represents the location of the CpG island. The heatmap indicates the correlation between CpG sites.
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Table 2. CpG sites significantly associated with fetal intolerance of labor.

CpG site Gene Symbol Position T statistic P value FDR

921197425 SLC9B1 chr4: 103940854 7.70 269 x 107"° 9.58 x 107%
905605371 SLC9BT chr4: 103940876 7.29 125 x 107° 140 x 107%
919672271 SLC9B1 chr4: 103940878 7.48 6.05 x 1071° 9.58 x 107%
906999381 SLC9B1 chr4: 103940936 7.47 6.40 x 107'° 9.58 x 107%

FDR was computed using the Benjamini-Hochberg method. Coordinates are based on GRCh37/hg19.

these four sites was highly correlated (r = 0.86-0.98; Figure 1),
and was not associated with PBMC cell type or maternal age
(P>0.05). In a separate analysis of these four CpG sites in sam-
ples collected between 7-15 weeks gestation (n = 45), each site
associated with fetal intolerance of labor to a lesser degree
(0.001<P< 0.003), suggesting that the methylation differences
associated with fetal intolerance of labor may be detectable
even earlier in early pregnancy. Differential methylation region
(DMR) analysis identified 18 differentially methylated regions
(Supplemental Table 1), including chr4: 103940711-
103941205, which contains the four CpG sites mentioned
above. In the Johns Hopkins Prospective PPD cohort, these
four CpG sites were also highly correlated (r = 0.91-0.97), and
associated with fetal intolerance of labor (0.036<P<0.048),
replicating our initial finding (Figure 2, Supplemental
Figures 1-3).
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Methylation of SLC9B1 associates with gene expression

We next sought to assess whether methylation differences of
these CpG sites associate with expression of SLC9BI and
whether gene expression alone can predict fetal intolerance of
labor. We therefore examined paired methylation and expres-
sion data for a subset of subjects with available expression data.
Expression of SLC9BI was represented by two probes—
ILMN_1673417 and ILMN_1724931—that passed quality con-
trol. Changes in DNA methylation over time were associated
with changes in gene expression for all CpG sites and SLC9BI
expression (0.003<P<0.03, Figure 2, Supplemental Figures 1-
3). Gene expression data was available for 65 women who also
had DNA methylation data at one or more timepoints. Gene
expression alone did not predict fetal intolerance of labor
between 24 and 32 weeks gestation (P value non-significant) or
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Figure 2. DNA methylation associates with fetal intolerance of labor. (A) DNA methylation of cg06999381 associates with fetal intolerance of labor between 24-32 weeks
gestation in the original cohort, (B) Association with fetal intolerance of labor in the replication cohort, (C) Receiver operator characteristic curve, (D) DNA methylation
associates with gene expression over pregnancy (ILMN_1724931). Red indicates fetal intolerance to labor. Open circles are samples from visit 1, closed circles are samples

from visit 2. All associations are statistically significant (P<0.05).
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over the whole of pregnancy (P value non-significant), suggest-
ing that the CpG sites identified in SLCIBI are better predictors
of fetal intolerance of labor.

Predictive accuracy

Each of the four CpG sites was interrogated for its predictive
accuracy of fetal intolerance of labor in maternal PBMC sam-
ples collected between 24-32 weeks gestation. The area under
the receiver operating characteristic curve ranged from 0.85 to
0.87 for the four sites, representing a predictive accuracy of 85—
87% (Figure 2, Figure S1-S3). The thresholds for each CpG site,
along with their respective sensitivity, specificity, and predictive
values are shown in Supplemental Table 2.

Gene expression and cardiovascular remodeling

All 56 women with gene expression data available underwent
blood pressure measurement between 24-32 weeks. Gene
expression, but not DNA methylation, was associated with both
high systolic (>140; P = 0.003) and diastolic (>90; P = 0.003)
blood pressure (ILMN_1724931).

Discussion

We identify four CpG sites in SLC9BI whose DNA methylation
levels detected in the late second and early third trimesters are
predictive of fetal intolerance of labor at delivery and was repli-
cated in an independent sample. Each of these CpG sites was
highly correlated with one another, indicating that any of these
sites could serve as a proxy for the other three. As an additional
line of evidence, SLC9B1 was also identified as being associated
with fetal intolerance of labor in a differentially methylated
region analysis. This region, and the other identified DMRs
should be further investigated as potential contributors to the
etiology of fetal intolerance of labor. Women enrolled in this
study were medically low-risk, as they had singleton pregnan-
cies with early initiation of prenatal care and did not have
chronic health conditions. Thus, we believe these results are
generalizable to other low risk populations.

Few studies have examined the role of SLC9B1, also known
as NHEDCI. The SLCY family of genes encodes Na'/H"
exchangers (NHE), which play a role in regulating pH and cell
volume [18,19]. A recent study suggests that DNA methylation
of SLCYBI regulates its expression [20], which is consistent
with our finding that methylation was associated with gene
expression of SLCIBI over pregnancy. This gene was previously
thought to be expressed specifically in the testes, based on a
limited panel of 18 tissues, which did not include immune cells
[19,21]. Data from the Genotype-Tissue Expression (GTEx)
Project shows low-level expression of SLC9BI in a variety of tis-
sues, including whole blood [22]. Localization to the mitochon-
dria, as shown in the Human Protein Atlas [23], suggests a role
for this gene in processes associated with the electron transport
chain, which produce the energy required for the cell, as well as
reactive oxygen species (ROS) as byproducts.

Early in normal pregnancy, a relative hypoxic state is
essential for proper placentation and embryogenesis, but
oxygen requirements increase around 11-12 weeks gestation

[24]. Oxygen tension is regulated by transcription factors,
including the hypoxia-inducible factor 1 (HIF-1). In normal
pregnancy, HIF-1 is rapidly degraded ([24]. However,
increased ROS production by the mitochondria can inhibit
the degradation of HIF-1, which may impair placental func-
tion and lead to pregnancy complications [25,26]. Addition-
ally, ROS production may result in insufficient energy
generation and sodium ion influx into the cell, which has
been associated with both cardiac pathology and mitochon-
drial function [25,27]. We hypothesize that alterations in
the methylation and expression of sodium-hydrogen trans-
porters that contribute to proper mitochondrial function,
including SLC9B1, may contribute to cardiac pathology and
changes in pH, which are both risk factors for fetal intoler-
ance of labor [28,29]. This hypothesis is further supported
by our findings that gene expression of SLC9BI is associated
with high maternal systolic and diastolic blood pressure,
and with a report from the literature that showed pre-
eclampsia, which is characterized by high blood pressure, is
associated with abnormal fetal heart rate [30]. Previous
studies have also shown increased ROS production in both
the mother and fetus is associated with fetal intolerance of
labor [31]. Future studies should further examine the role
of SLCY9BI in human fertility and pregnancy outcomes,
especially in the context of cardiovascular dysfunction.

This study has several limitations. First, the difference in
methylation between women with pregnancies complicated by
fetal intolerance of labor and those not complicated by fetal
intolerance of labor is relatively small, making the development
of a targeted assay for methylation of these CpG sites difficult
due to the limited discriminatory power available for common
techniques. Additionally, although methylation of these CpG
sites was associated with fetal intolerance of labor in the PPD
cohort, the range of methylation at these sites was higher in
this cohort, potentially due to differences in processing or qual-
ity control, or inherent differences in methylation between
PBMC:s in the original cohort and whole blood in the Johns
Hopkins Prospective PPD cohort. Finally, type III fetal heart
rate tracings are not absolutely indicative of fetal hypoxia or
metabolic acidemia, but there are not currently standards for
further evaluation of fetuses intra-labor. Other methods to
diagnose fetal intolerance of labor are not routinely performed
and lack sufficient clinical evidence for routine implementation.
Despite these limitations, receiver operator characteristic curves
of the 4 CpG sites in SLC9BI suggested that the positive and
negative predictive values, sensitivity, and specificity, are all
well within the range for potential development into a clinically
useful diagnostic test (Figure 2C).

DNA methylation patterns in maternal blood at four
CpG sites in SLC9BI are predictive of fetal intolerance of
labor during the late second and early third trimester. These
sites have highly positive and negative predictive values,
indicating that they may be clinically relevant for the detec-
tion and management of fetal intolerance of labor. Future
studies should work to develop a robust targeted assay to
measure DNA methylation at one or more of these CpG
sites so that the clinical utility of DNA methylation at these
sites can be further evaluated for its predictive power in
other studies throughout pregnancy.



Methods
Study subjects

Subjects included in this study (n = 69) are being enrolled into
an ongoing pregnancy cohort study investigating the micro-
biome and epigenome and the outcome of preterm birth
(ROINRO014800, ROIMD009064) for which pregnant African
American women are being recruited from outpatient prenatal
care clinics affiliated with two Atlanta metro area hospitals:
Emory University Midtown Hospital and Grady Memorial
Hospital. A flow chart describing subjects in each analysis is
shown in Supplemental Figure 4. These two hospitals represent
private and public hospitals, respectively, that serve women of
a wide range of socioeconomic status. Eligible women for this
study were African American by self-report, between 18-
35 years of age, having a singleton pregnancy, having fewer
than four previous births, are able to understand written and
spoken English, without chronic medical conditions, enrolled
between March 2014 and August 2015 and experiencing labor
(spontaneous or induced). Not experiencing labor, fetal death
before labor and congenital abnormalities of the fetus were cri-
teria for post-enrollment exclusion. Demographic and clinical
obstetrical data (including estimated date of confinement, ges-
tational age at delivery, pregnancy complications, labor and
delivery course, and blood pressure) were collected through
self-report questionnaires and prenatal, labor, and delivery
medical chart abstraction under the supervision of a qualified
physician (ALD). The diagnosis of fetal intolerance of labor
was based upon the medical record documentation by the
attending obstetrician or midwife determining the presence of
a category III fetal heart rate tracing during labor, and after
delivery each chart was reviewed by a qualified physician to
confirm the diagnosis. All subjects provided written informed
consent. This study was approved by the Emory Institutional
Review Board.

Biological sample collection and DNA extraction

Venous blood samples were collected during each of two prena-
tal visits (between 7-15 weeks and 24-32 weeks), when an
additional 12 mL of peripheral blood was drawn into a tube
containing EDTA using the same needle stick as for the routine
blood draws. Blood was transferred into SepMate tubes with a
Ficoll density gradient to isolate peripheral blood mononuclear
cells (PBMCs) from whole blood. PBMCs were stored in All-
Protect Buffer (Qiagen, Catalog # 76405) at —80°C until a
simultaneous DNA and RNA extraction using the AllPrep
RNA/DNA Mini Kit (Qiagen, Catalog # 80204, Venlo, Nether-
lands) was performed according to manufacturer’s instructions.
DNA quantification and quality was assessed using the Quant-
it Pico Green kit (Invitrogen, Catalog# P11496, Carlsbad, Cali-
fornia). RNA quantification was assessed using the Agilent
2100 Bioanalyzer. The average RIN score was 8.6, with a stan-
dard deviation of 1.4.

DNA methylation

DNA methylation from samples of maternal PBMCs was inter-
rogated for each subject using the HumanMethylation450
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BeadChip, which evaluates >450,000 CpG sites across the
genome. Briefly, 1 1g of DNA was processed and hybridized to
the HumanMethylation450 BeadChip (Illumina) according to
manufacturer’s instructions. Initial data quality control was
performed using the R package CpGassoc [32]. Any CpG site
with low signal or missing data for greater than 10% of samples
was removed, and any sample with missing data for greater
than 5% of CpG sites was removed. Cross-reactive probes were
removed [33]. Following quality control, 449,094 probes were
included in subsequent analyses. One sample collected between
7-15 weeks gestation failed quality control. Beta values (B)
were calculated for each CpG site as the ratio of methylated
(M) to methylated and unmethylated (U) signal: 8 = M/M+U.
B-mixture quantile normalization was performed as previously
described [34]. Briefly, BMIQ involves fitting a three-state
B-mixture model, transforming the distribution of type 2
probes to match the type 1 distribution, followed by a dilation
transformation [34]. DNA methylation data can be accessed
through NCBI’s Gene Expression Omnibus, GSE107459.

RNA expression

RNA expression from maternal PBMCs was interrogated for a
subset of subjects for which RNA was available. Briefly, 750 ng
of RNA was directly hybridized to the HumanHT-12 v4 Bead-
Chip (Illumina, San Diego, CA) according to manufacturer’s
instructions. The BeadChips were scanned using the iScan
scanner, and the raw data was analyzed using the Expression
Module of GenomeStudio Software (Illumina, San Diego, CA).
Samples with probe detection rates <90% or with an average
intensity of <50% of the experiment-wide sample mean were
excluded, resulting in one sample collected between 24-32
weeks being dropped due to quality control. Probes with detec-
tion P values >0.01 in >90% of the samples were excluded.
Data was then quantile-normalized and log2 transformed. Fol-
lowing quality control, 18,634 expression probes were included
in subsequent analyses. RNA expression data can be accessed
through NCBI’s Gene Expression Omnibus, GSE107437.

Statistical analysis

Demographic characteristics were compared between women
with and without pregnancies complicated by fetal intolerance
of labor using Student’s t tests. The R package CpGassoc was
used to perform an epigenome-wide association study (EWAS)
to assess the associations between maternal DNA methylation
at each CpG site on the array and fetal intolerance of labor for
samples collected between 24-32 weeks gestation. For each
CpG site, the methylation proportion was regressed on an indi-
cator for fetal intolerance and covariates, which included chip,
maternal age, and cell type proportions (CD8+T, monocytes, B
cells, natural killer), estimated using the referenced dataset
developed by Reinius at al. and implemented used the approach
described by Houseman et al [35-37]. CpG sites that were sig-
nificantly associated with fetal intolerance for labor in samples
collected between 24-32 weeks were assessed for associations
earlier in pregnancy, between 7-15 weeks gestation, using a lin-
ear regression that controlled for maternal age, chip, and cellu-
lar heterogeneity as above. The false discovery rate (FDR) was
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controlled at 0.05. Gene symbols and probe locations were
assigned using the HumanMethylation450 BeadChip annota-
tion file distributed by Illumina. To determine whether methyl-
ation of these CpG sites was influenced by cellular
heterogeneity, linear regressions were performed that modeled
methylation at each CpG site as a function of estimated cell
type proportions. Pearson’s correlation coefficient was calcu-
lated for each pair of CpG sites, and between each CpG site at
the two timepoints. Predictive accuracy was assessed using the
area under the curve (AUC), sensitivity, and specificity calcula-
tions, as determined by the R package pROC. Longitudinal
associations between each CpG site and gene expression were
assessed using a linear mixed-effects model that regressed the
log2 expression signal for each gene on methylation of a single
CpG site with subject as a random effect and adjustment for
maternal age and cellular heterogeneity. Similarly, a linear
mixed-effects model was used to interrogate associations
between fetal intolerance and gene expression over pregnancy.
Subject samples were included in this analysis if participants
contributed blood at 24-32 weeks, a subset of which also con-
tributed blood at 7-15 weeks (n = 54). As an additional confir-
mation of the associations between fetal intolerance and DNA
methylation, we performed DMR analysis using the R package
ChAMP [38].

To assess the associations between fetal intolerance and gene
expression, 65 women, recruited from the same study, were
used. The log2 of the gene expression signal was regressed on
fetal intolerance of labor after adjusting for cellular heterogene-
ity and maternal age. Subjects with available measures for blood
pressure values were used to assess associations between gene
expression and these cardiovascular measures. Blood pressure
was dichotomized as being above or below 90 for diastolic
blood pressure at least once during pregnancy and above or
below 140 for systolic blood pressure at least once during preg-
nancy. Each outcome was regressed on the log2 gene expression
signal, after adjusting for maternal age and cellular heterogene-
ity. Gene expression was interrogated by two probes that dif-
fered by only 2 base pairs; therefore, data from the probe with
the highest number of samples that met the detection P value
threshold (ILMN_1724931) is presented.

Replication cohort and analysis

A replication cohort of 43 women was recruited as part of the
Johns Hopkins Prospective PPD cohort recruited at the Wom-
en’s Mood Disorders Center at Johns Hopkins. Subjects were
prospectively followed during pregnancy and after delivery in
order to identify genetic and clinical characteristics that pre-
cede the development of a postpartum depressive episode. The
average age of the participants was 31.3 years. This cohort was
ethnically diverse: 65% of participants were Caucasian, 23% of
participants were African American, and the remainder partici-
pants identified as Hispanic (2%), Asian or Pacific Islander
(5%), or other (5%). In this cohort, 8 women experienced preg-
nancies complicated by fetal intolerance to labor (21%), and 4
had missing data. Epigenetic data were generated on the
HumanMethylation450 BeadChip as described previously [39].
The presence of fetal intolerance of labor was determined
through medical record abstraction. Briefly, sample quality

assessment and microarray analysis were conducted at The Sid-
ney Kimmel Cancer Center Microarray Core Facility at Johns
Hopkins University. Images were processed in Illumina’s iScan
scanner and data were extracted using Methylation Module of
GenomeStudio v1.0 Software. Background and Illumina probe
type correction and normalization were performed by the
Dasen function in the wateRmelon package in R [40]. The asso-
ciation between methylation at each of the CpG sites to be rep-
licated and fetal intolerance was assessed using a linear
regression. Pearson’s correlation coefficients were calculated
for each pair of CpG sites.
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