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Abstract: Intrauterine growth restriction (IUGR) and preeclampsia (PE) are placental pathologies
known to complicate pregnancy and cause neonatal disorders. To date, there is a limited number
of studies on the genetic similarity of these conditions. DNA methylation is a heritable epigenetic
process that can regulate placental development. Our objective was to identify methylation patterns
in placental DNA from normal, PE and IUGR-affected pregnancies. DNA was extracted, and bisulfite
was converted, prior to being hybridized for the methylation array. Methylation data were SWAN
normalized and differently methylated regions were identified using applications within the USEQ
program. UCSC’s Genome browser and Stanford’s GREAT analysis were used to identify gene
promoters. The commonality among affected genes was confirmed by Western blot. We observed
nine significantly hypomethylated regions, two being significantly hypomethylated for both PE and
IGUR. Western blot confirmed differential protein expression of commonly regulated genes. We
conclude that despite the uniqueness of methylation profiles for PE and IUGR, the similarity of some
methylation alterations in pathologies could explain the clinical similarities observed with these
obstetric complications. These results also provide insight into the genetic similarity between PE and
IUGR and suggest possible gene candidates plausibly involved in the onset of both conditions.
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1. Introduction

Placental insufficiency is implicated in multiple pregnancy complications including
preeclampsia (PE), intrauterine growth restriction (IUGR) and others [1]. PE occurs in
up to 8% of total pregnancies and is characterized by high blood pressure (140 mm Hg
systolic or 90 mm Hg diastolic) and the excretion of protein in the urine (>300 mg in 24 h)
after the 20th week of pregnancy [2–4]. IUGR affects up to 12% of all pregnancies and is
characterized by low fetal growth (<10th percentile) and increased risk of fetal and neona-
tal morbidity and mortality [5,6]. Additionally, several studies have reported long-term
sequela of IUGR complications including adult hypertension, heart disease, stroke, and
diabetes [7–11]. While IUGR and PE are different obstetric complications, they exhibit
similar pathologies including placental apoptosis, increased placental inflammation, and
abnormal vascularization of maternal placenta tissues [6–8]. Vascularization of the placenta
is a process that relies on placental trophoblast invasion into uterine tissues. These tro-
phoblasts, following invasion, facilitate the remodeling of the spiral artery networks within
the placenta. Vascular remodeling leads to increased blood flow in the placenta, maternal
blood pressure, and nutrient delivery to the growing fetus [9]. In cases of PE and IUGR, this
vascularization process is upregulated which leads to hypertensive gestational symptoms.
Since PE and IUGR are present in patients with abnormal vascularization of placental
tissues, it is plausible that both pathologies could result from similar instigating factors.

Alterations to the epigenetic profile of placental tissues have been reported in cases of
PE and IUGR [10–12]. The presence of epigenetic abnormalities in both PE and IUGR pro-
poses a possible correlational relationship between epigenomic alterations and PE/IUGR
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pathologies. DNA methylation is an epigenetic modification that affects genome architec-
ture and can influence gene transcription [13]. This process occurs on the cytosine residues
of CG dinucleotides and, in part, regulates gene expression from DNA [14]. The DNA
methylation profile in placental tissues changes throughout gestation. These changes are
mostly attributed to the fact that gene expression is different amongst the various placental
cell types and the cellular composition of the placenta changes throughout gestation [13,15].
Previous methylation studies of PE and IUGR in human placental cells show that methy-
lation can be a marker of intrauterine health and plays a critical functional role in fetal
development [16–18]. Our objective was to compare the methylation profiles of human
placental tissues from PE, IUGR and control pregnancy groups. Most importantly, we are
assessing both IUGR and PE in parallel to identify similarities in aberrant DNA methylation.
Considering the combination of the Illumina Methylation EPIC array, GREAT analysis, and
our parallel assessment of both IUGR and PE, this study reaches a depth and breadth of
epigenomic analysis not previously reported.

2. Materials and Methods
2.1. Human Placental Tissues

All frozen human placental samples (PE, IUGR, and control) were purchased from the
Research Center for Women’s and Infant’s Health BioBank, Ontario, Canada. We analyzed
six samples from each cohort (control, PE, and IUGR). A total of 18 samples were taken
through the statistical analysis outlined below. Samples were collected from placentas
delivered in conjunction with the delivery of the fetus either vaginally or by C-section. PE
diagnosis was based on elevated blood pressure (systolic blood pressure > 160 mm Hg
and/or a diastolic blood pressure > 110 mmHg) and proteinuria (≥5). IUGR placentas
were confirmed by ultrasound showing placental insufficiency with uterine Doppler and
absent end diastolic flow (AEDV) and an estimated fetal weight below the 10th percentile.
Sample demographics and clinical data are shown in Table 1.

Table 1. Demographical and clinical patient data from the collected placental samples.

Control IUGR PE

Maternal Age 34 ± 2.8 30 ± 1.3 36 ± 1.7
Gestational Age (wks) 38 ± 0.01 31 ± 0.5 32 ± 1.02

Fetal Weight (g) 3498 ± 45 972 ± 40.1 1813 ± 301
BMI (gestational) 22 ± 0.9 28 ± 4.64 38 ± 3.6

Blood pressure
(Average S/D) 122/83 127/79 161/107

Umbilical Artery Resistance
(Average Doppler) NA 1.7 ± 0.14 NA

Proteinuria Trae Trace +3 to +4
Female/Male ratios 1.0 0.8 1.0

%C-section/Vaginal (for all samples)—85%/15%.

2.2. DNA Extraction

Placental tissues were incubated with proteinase K (Qiagen) at 56 ◦C overnight. DNA
was then extracted using the DNeasy Blood and Tissue kit using the manufacturer’s
recommended protocol for simple column-based DNA isolation. Genomic DNA was
extracted from lysed placental tissue using the Qiagen DNA isolation.

2.3. Bisulfite Conversion

A total of 500 ng of extracted DNA was bisulfite converted using the EZ-96 DNA
Methylation kit Gold Kit (Zymo Research) according to the manufacturer’s recommenda-
tions. Bisulfite-converted DNA was then hybridized to Illumina’s Epic 850K Methylation
array microarrays (Illumina, San Diego, CA, USA). Array hybridization and analysis were
performed according to Illumina protocols at the University of Utah Genomics Core Facility.
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2.4. Data Processing and Global Epigenetic Analyses

Following array processing, raw intensity values for methylation at each CpG site
were assessed using the minfi package in R 4.1.2 [19,20]. Intensity values were used to
generate fraction methylation values (β-values). This process utilized SWAN normalization
to ensure that datasets were comparable. The generated β-values range from 0 to 1, with 0
indicating a completely unmethylated CpG site and 1 indicating a completely methylated
CpG. The resulting β-values were used to perform various epigenetic analyses at global,
regional, and gene-specific levels. Global methylation analysis was performed in each
group to determine if PE or IUGR were correlated with changes in overall methylation,
and methylation at specific genomic features (CpG islands, gene body, promoters, etc.) as
compared to controls.

2.5. USEQ Sliding Window Analysis

A sliding window analysis was used to identify regional methylation changes between
the control group and both PE and IUGR. This analysis is performed through the USeq
bioinformatics software package with both the Methylation Array Scanner and the Enriched
Region Maker applications [21]. In brief, this software utilizes a sliding window approach
to identify the boundaries of regional differential methylation in the genome between two
groups. The regional differential methylation (both hypomethylation and hypermethy-
lation) was identified based on a Wilcoxon signed rank analysis, with significance based
on the following thresholds: Phred-scaled FDR of ≥13 which correlates with a p-value of
~0.05, absolute log2 ratio of ≥0.2 (representing a 15% change in methylation level), and a
total number of CpGs in any significant window of ≥3. Significant regions were displayed
in a genome-wide Circos plot, produced with the BioCircos package in R 4.1.2 [22].

2.6. Great Analysis

A Stanford GREAT analysis [23] was performed using each of the significant differen-
tially methylated regions, in order to predict possible biological functions connected with
non-coding regions of those regions (“cis-regulatory regions”).

2.7. Immunoblot

Western blot analysis was used to determine the expression level of FAN1 in control,
IUGR and PE placental samples, NAPRT1 and HIST1H4L in Control and PE samples and
CRABP1 in IUGR and control samples as previously described (n = 10) [1]. Cell lysates
(50 µg) were separated on a 10% SDS-Page gel and transferred onto nitrocellulose mem-
branes. Membranes were blocked and incubated overnight with antibodies against FAN,
NAPRT1, HIST1H4L, CRABP1 (Abcam Waltham, MA), or β-actin (Santa Cruz Biotechnol-
ogy, Dallas, Texas). Membranes were then incubated with secondary IRDye antibodies
(680RD donkey-anti goat and 680RD donkey-anti rabbit; LICOR Lincoln, NE) at room tem-
perature for an hour. Membranes were developed on a Li−COR Odyssey CLx. All results
were normalized to β-actin as our loading control. Fluorescence density comparisons were
made between the treated and control groups.

2.8. Statistical Analysis for Immunoblot

Data are shown as means ± SE. Differences in CRABP1, NAPRT1, HIST1H4L, and
FAN1 expression were determined between control and disease placenta using Mann–
Whitney tests. Significant differences between groups were noted at p < 0.05. Statistical
analysis was performed with GraphPad Prism 7.0

3. Results
3.1. Global Methylation Analysis

An unsupervised cluster analysis based on methylation values was performed on all
samples, generating a clustered heatmap using R’s heatmap function. Except for a single
cluster of four control samples, no clustering of samples was observed (Figure 1A). Next, we
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performed a comparison of regionalized β-values between IUGR, PE, and control groups in
the context of large genomic and CpG island associated features. This comparison revealed
slightly more variation at intermediately methylated regions compared to hyper and
hypomethylated regions but no significant deviation from expected correlations between
the various groups (Figure 1B). Regionalized β-values were observed to vary slightly more
between IUGR and PE than between IUGR and control or PE and IUGR (Figure 1B).
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Figure 1. Comparative analyses of global profiles for PE, IUGR, and control placental tissues.
Unsupervised cluster analysis of regionalized β-values for samples with a dendrogram indicating
similarity (A). Scatter plots of regionalized β-values for IUGR vs Control, PE vs Control, and IUGR
vs PE, respectively (B). Bar plots of average β-values at five global regions of interest (C).

To better clarify our results, we analyzed the methylation of each sample group and
compared globally and at specific genomic features, including gene bodies, CpG islands,
CpG shores, and five prime untranslated regions (5UTRs). Average global β-values at
genomic features are shown in Figure 1C. No significant association was found in either
global methylation or in any specific genomic features in samples for all groups (Figure 1C).
Each sample group was differentially methylated between genomic features. Average
β-values were lowest for all samples at CpG islands, and the most methylated at gene
bodies (Figure 1C).

3.2. Regional Methylation Analysis

We next determined differentially methylated regions between our groups. USEQ’s
Methylation Array Scanner and Enriched Region Maker applications identified 81 differ-
entially methylated regions between PE, IUGR, and control groups, including hypo and
hyper-methylated regions (Figure 2A). Regions are displayed on their respective genome
locations in the Circos plot, with regions associated with IUGR on the inner track and
PE on the outer track. Hypomethylated regions are marked blue, hypermethylated are
marked orange, and respective log2 ratio values are indicated by region height (maximum
value of 1.77; Figure 2A). Fifty-one differentially methylated regions were found between
PE and control, and 30 differentially methylated regions were found between IUGR and
control. Five of the regions of interest are hypomethylated for both IUGR and PE. Nine
hypomethylated regions had Phred-scaled FDR scores ≥ 40 (equivalent to a p-value of
~0.0001) and were selected for further analysis (Table 2). Hypomethylated regions were
found to be mostly within 500 bases of a transcription start site (TSS) which is often, though
not always, associated with increased gene expression (Figure 2B). Subsequent GREAT anal-
ysis was performed for IUGR and PE groups using each of the nine most hypomethylated
regions. The GREAT analysis did not find any gene ontology terms or cellular pathways
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that correlated with the IUGR in hypomethylated regions (not shown). There were also no
gene ontology terms or cellular pathways identified for shared high FDR regions. For the
PE samples, the GREAT analysis indicated that the regions selected were related to nuclear
nucleosome regulation, as well as the negative regulation of megakaryocyte differentiation,
and DNA replication-dependent nucleosome assembly (Figure 2C).

Cells 2023, 12, x FOR PEER REVIEW 6 of 12 
 

 

Chromosome Num. Array Cpgs Start Loc. Stop Loc. Associated Genes Region Log2 
Ratio 

Phred-
FDR 

chr15 14 31194984 31196600 FAN1 Promoter 1.644 43.05 

chr15 17 78632109 78633663 CRABP1 Promoter 0.971 43.05 

chr6 43 30226874 30228432 HLA-L Promoter 0.538 43.05 

 
Figure 2. Comparative methylation profiles and ontological analysis of placental tissues. Circos Plot 
indicating regions of significant hyper and hypomethylation (FDR > 13) across the genome in PE 
(outer ring) and IUGR (inner ring) (A). Height of region indicates the size of variance from control 
(log2ratio). Distance of each region from transcription start site of the most differentially methylated 
regions (FDR > 40) (B). GO term analysis of the most differentially methylated regions for PE (C). 

 
Figure 3. Shared areas of hypomethylation at key regulatory regions in both PE and IUGR placental 
tissues. Bar plots indicating methylation beta-values at significantly hypomethylated regions (FDR 
> 40) in IUGR and PE samples compared with control (A). Venn diagram of each hypomethylated 
gene promoter region associated with PE and IUGR (B). 

Figure 2. Comparative methylation profiles and ontological analysis of placental tissues. Circos Plot
indicating regions of significant hyper and hypomethylation (FDR > 13) across the genome in PE
(outer ring) and IUGR (inner ring) (A). Height of region indicates the size of variance from control
(log2ratio). Distance of each region from transcription start site of the most differentially methylated
regions (FDR > 40) (B). GO term analysis of the most differentially methylated regions for PE (C).

Table 2. Hypomethylated regions with FDR scores ≥ 40.

PE

Chromosome Num. Array Cpgs Start Loc. Stop Loc. Associated Genes Region Log2 Ratio Phred-FDR

chr15 14 31194984 31196600 FAN1 Promoter 1.605 44.51

chr6 15 27840957 27841866 HIST1H4L Promoter 0.841 44.51

chr6 43 30226874 30228432 HLA-L Promoter 0.562 44.51

chr2 5 64834106 64834431 None NA 0.646 44.25

chr8 15 144659831 144661520 NAPRT-1 Promoter 1.285 44.06

chr6 11 27106564 27107757 H4C9 Promoter .476 40.26

IUGR

Chromosome Num. Array Cpgs Start Loc. Stop Loc. Associated Genes Region Log2 Ratio Phred-FDR

chr15 14 31194984 31196600 FAN1 Promoter 1.644 43.05

chr15 17 78632109 78633663 CRABP1 Promoter 0.971 43.05

chr6 43 30226874 30228432 HLA-L Promoter 0.538 43.05

Box plots were used to represent mean beta values at differentially methylated regions.
We generated box plots for average methylation values for all CpG sites in each region.
Regions associated with PE are shown in red, IUGR in green, and control in blue. These
plots depict statistically significant differences between the control group and either the
PE or IUGR group. (Figure 3A). Of those regions, one IUGR region was associated with
the promoter regions of the CRABP1 gene (Figure 3B). Three of the six PE regions were
associated with either HIST1H4L, NAPRT1, or H4C9 gene promoter (Figure 3B). One
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hypomethylated region in the PE was not associated with a gene-annotated region. Two
hypomethylated regions shared between IUGR and PE groups were associated with a
single gene promoter region each (FAN1 and HLA-L) (Figure 3B). A linear regression
model and an adjusted correlation (adjusted Rˆ2) coefficient were generated for the two
shared genes FAN1 and HLA-L, and maternal age (MA) and gestational age (GA) of
each IUGR and PE sample (Figure 4). Control samples were excluded because they had
no variation in gestational age (38 weeks), and limited variation in maternal age. No
significant correlation was found between either gene and GA or MA (minimum p-value:
0.234) (Figure 4). In addition, the maximum adjusted correlation coefficient was 0.067 for
FAN1 and maternal age (Figure 4). Linear regressions were generated using the ggplot2
package (_26_) in R 4.1.2.
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(FDR > 40) in IUGR and PE samples compared with control (A). Venn diagram of each hypomethy-
lated gene promoter region associated with PE and IUGR (B).

3.3. Immunoblot for CRABP1, FAN1, HISTH4L and NAPRT1

Western blot was performed to determine the protein expression of genes with methy-
lation in IUGR (CRABP1), PE (HIST1H4L and NAPRT1) and a commonly shared gene
(FAN1). A characteristic Western bot is shown in Figure 5A,B. The CRABP1 gene pro-
duces the Cellular retinoic acid-binding protein 1. This protein is responsible for the
delivery of Retinoic Acid (RA) to its receptors thereby regulating its bioavailability and
metabolism [24,25]. RA is important for the development of a healthy placenta by regu-
lating the function of trophoblast placental cells [26]. We observed that CRABP1 protein
was decreased (2.2-fold; p < 0.004) in the IUGR placenta compared to controls (Figure 5C).
HIST1H4L encodes the Histone 4 (H4) protein. H4 is one of the Histone core proteins
that form the nucleosome [27]. Depletion of H4 is known to induce genome instabil-
ity by increasing homologous recombination [27]. We observed a 6.0-fold H4 decrease
(p < 0.02) in the PE placenta as compared to the control (Figure 5D). The NAPRT1 gene
encodes the Nicotinate Phosphoribosyltransferase protein (NAPRT). This protein is as-
sociated with the prevention of oxidative stress [28]. In the PE placenta, there was a
decrease (4-fold; p < 0.003) in NAPRT1 compared to controls (Figure 5E). FAN1 encodes the
FANCD2/FANCI-associated nuclease 1 enzyme (FAN1). Mutations in FAN1 are associated
with the development of disease due to impaired DNA damage repair [29–31]. In the IUGR
placenta, FAN1 protein was increased (1.7-fold; p < 0.002) compared to controls (Figure 5F).
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In contrast, FAN1 protein was decreased (1.8-fold; p < 0.002) in the PE placenta compared
to controls (Figure 5G)
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representative western blot for these proteins is shown in (A,B). CRABP1 protein was decreased
in the IUGR placenta (C). HIST1H4L protein was decrease while NAPRT1 protein was increased
in the PE placenta (D,E). FAN1 protein was increased in IUGR and decreased in PE Placenta (F,G).
Representative data are shown with ** p ≤ 0.05.
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4. Discussion

This study combined epigenetic analyses and protein expression assays to examine
the relationship between epigenetic dysregulation in PE and IUGR conditions. Due to the
role of methylation in gene expression throughout the gestational process and as a potential
instigator of PE and IUGR pathologies, an epigenetic analysis could be very important
for understanding placental development, assessing placental health, and providing clues
about intrauterine exposures [15]. Many previous DNA methylome studies have used
the Illumina Infinium HumanMethylation450 BeadChip to carry out methylation analysis;
however, this study used the newer Illumina Infinium Methylation EPIC array which
analyzes over 850,000 CpG sites, nearly twice the amount of the 450K BeadChip. This
more thorough analysis can reach regions more distant from the promoter than the 450 K
analysis [32]. Additionally, we used the GREAT analysis from Stanford University, which
considers distal binding sites, annotations from 20 ontologies, and false positives, each
of which are features not available in other packages [23]. Initial methylation analyses
identified six DMRs in PE and three DMRs in IUGR placental tissues compared to the
control. Eight of these regions were found to be located on gene promoters or exons,
suggesting the potential for some influence on gene expression. Only two of these eight
gene-related regions were common to both PE and IUGR pathologies. Regions on two gene
promoters (FAN-1 and HLA-L pseudogene) were hypomethylated for both PE and IUGR.
A GREAT analysis and ontological study of PE DMRs found a correlation between these
regions and nucleosome assembly and structure.

While other research has identified differential gene methylation in PE and IUGR, epi-
genetic studies comparing both disease states have been limited to an analysis of individual
CpG sites only [33–36]. Interestingly, prior research has not implicated methylation or
expression of either FAN-1 or HLA-L in either PE or IUGR, suggesting the need for further
research into the regulatory mechanisms for both diseases. To explore possible mechanis-
tic explanations for the similarity in PE and IUGR symptomatology immunoblot assays
were conducted on PE, IUGR, and control placental tissues. These assays confirmed the
results attained through epigenetic analysis; that aberrant gene expression at specific loci
is correlated with the onset of PE and IUGR conditions. In both PE and IUGR conditions,
hypomethylation existed at all differentially methylated regions of significance. In many
cases, hypomethylation at a promoter region corresponds with increased expression of that
gene; however, the opposite trend occurred in some of our studied targets.

Immunoblot assays revealed an increase in FAN1 expression in IUGR tissues and
a decrease in FAN1 expression in PE tissues. FAN1 is a conserved nuclease involved in
DNA damage response and repair of both single-stranded (ssDNA) and double-stranded
(dsDNA) DNA damage [37–39]. Mutations of the FAN1 gene lead to several diseases and
organ damage [40]. Interestingly we observed an increase in this protein in IUGR tissues.
This suggests that perhaps FAN1 could be upregulated as a mechanism of protection in
the placenta during this disease. Currently, there are no real data on DNA methylation
regulation specifically at FAN1 so the only thing we have to work off of is the standard
mechanism for methylation regulation, specifically that gene promoter DNA methylation
loss results in increased gene expression. While this is commonly true, this is not always
the case. In some cases, genes are not highly regulated by DNA methylation or may be
more influenced by other mechanisms (histone modifications or transcription factors). In
addition, it is possible that even if regulated by methylation, the initial wave of methylation-
regulated gene transcription has already been completed and the current state of the cell
does not necessarily reflect this activation or repression. As a result, it is difficult to know
what specifically is driving the alterations in protein levels that we have seen with FAN1 in
the IUGR placenta and how this also does not comport directly with the patterns we would
typically expect to see in the regulation of gene expression by DNA methylation. Previous
studies have shown increased placental DNA damage including increases in dsDNA
damage in the PE placenta [41,42]. The fact that FAN1 expression is decreased suggests
that perhaps this could be a factor involved in the increased placental DNA damage during
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this disease. The combined results of protein assays and epigenetic analyses support the
idea that FAN1 plays a regulatory role in the onset of both disease states. This is novel as
FAN1 protein correlation with placental disease has not been previously shown and merits
more investigation.

Our data clearly indicate that hypomethylation at several gene promoters in placental
DNA is associated with IUGR and PE, suggesting that the promoters may be indicative
of disease progression for both diseases. Few genes were uniquely hypomethylated in
IUGR or PE placentas. CRAB1 was a gene hypomethylated only in the IUGR placenta. As
previously mentioned, this gene produces the cellular retinoic acid-binding protein that
is responsible for the delivery of Retinoic Acid (RA) to its receptors [42]. In our studies,
hypomethylation of this gene led to decreased expression of the CRAB1 protein. Although
there is not much research about this protein and IUGR, studies have reported a decrease
in RA signaling responses in humans with IUGR [27]. In the PE placenta, we observed
unique hypomethylation of HISTH4L, NAPRT1, and H4C9. As previously mentioned,
the HISTH4L gene encodes the H4 protein, while H4C9 encodes a gene that is part of the
H4 family. H4 is part of the core histones that form the nucleosome involved in genome
integrity [43,44]. Previous studies have demonstrated that mutations in H4 affect DNA
damage responses and impair cell survival [45,46]. We observed decreases in the H4 protein
in the PE placenta tissues. This is of interest as we have previously shown that PE placentas
are associated with increased DNA damage [42]. Although there are no previous reports
establishing a direct connection between H4 and PE, we can speculate that as observed
with FAN1, decreased H4 could be associated with the increased DNA damage observed
in PE placentas. Our studies also demonstrated PE placenta hypomethylation for NAPRT1
and this was associated with decreased NAPRT protein in these tissues. The observed
NAPRT1 hypomethylation is consistent with previous placental studies comparing PE
and controls tissue but no protein levels were reported in these studies [47]. NAPRT1 is
a cellular metabolic enzyme expressed in the placental trophoblast, which is known to
prevent oxidative stress in several diseases including cancer [29]. This is important because
the PE placenta is known to have high oxidative stress during this disease [48,49]. The
fact that the NAPRT1 protein was decreased could drive the idea that this protein may
be involved in the increased oxidative stress leading to the increased reactive oxidative
species observed in this disease. These novel results portray NAPRT1 as a possible avenue
of study in the placenta during PE.

There are a few important limitations to this study. An important consideration is
that the placenta samples were collected post-partum and are limited in temporal scope.
Prior research indicates that methylation changes occur throughout pregnancy [34], and
longitudinal studies that analyze methylation signatures of patients through gestation
could be important in determining when and how methylation changes occur.

The potential applications of this study to human health and patient diagnostics are
substantial. Past research has shown liquid biopsy as a possible diagnostic technique
for PE [50–52]. These assays rely on cell-free nucleic acids in blood plasma to identify
differentially methylated regions indicative of disease states. The regions identified in this
study could provide “target” areas of hypomethylation for future liquid biopsies that could
be used in the research of genes affected by this disease [53,54].
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