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Abstract
Preeclampsia (PE) is a leading cause of perinatal morbidity and mortality. However, as a

common form of PE, the etiology of late-onset PE is elusive. We analyzed 5-methylcytosine

(5mC) and 5-hydroxymethylcytosine (5hmC) levels in the placentas of late-onset severe PE

patients (n = 4) and normal controls (n = 4) using a (hydroxy)methylated DNA immunopre-

cipitation approach combined with deep sequencing ([h]MeDIP-seq), and the results were

verified by (h)MeDIP-qPCR. The most significant differentially methylated regions (DMRs)

were verified by MassARRAY EppiTYPER in an enlarged sample size (n = 20). Bioinformat-

ics analysis identified 714 peaks of 5mC that were associated with 403 genes and 119

peaks of 5hmC that were associated with 61 genes, thus showing significant differences

between the PE patients and the controls (>2-fold, p<0.05). Further, only one gene,

PTPRN2, had both 5mC and 5hmC changes in patients. The ErbB signaling pathway was

enriched in those 403 genes that had significantly different5mC level between the groups.

This genome-wide mapping of 5mC and 5hmC in late-onset severe PE and normal controls

demonstrates that both 5mC and 5hmC play epigenetic roles in the regulation of the dis-

ease, but work independently. We reveal the genome-wide mapping of DNA methylation

and DNA hydroxymethylation in late-onset PE placentas for the first time, and the identified

ErbB signaling pathway and the gene PTPRN2may be relevant to the epigenetic pathogen-

esis of late-onset PE.

Introduction
Preeclampsia (PE), a serious complication of pregnancy, is characterized by hypertension and
proteinuria after 20 weeks of gestation in previously normotensive women[1]. This condition
remains one of the leading contributors to perinatal morbidity and mortality, especially in
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developing countries. Although the etiology of PE is heterogeneous, PE is discriminated into 2
different disease entities: late-onset PE and early-onset PE[2]. These two entities require sepa-
rate study, because they have different pathophysiology. Late-onset PE is likely maternal PE, i.
e, the result of a maternal-inflammatory response, whereas early-onset PE is predominantly
due to placental insufficiency [3, 4].

Emerging evidence indicates that epigenetic alternations, especially abnormal DNA methyl-
ations, are well-recognized hallmarks of PE[5, 6]. The novel DNA based 5-hydroxymethylcyto-
sine (5hmC) is formed from the oxidation of 5mC by ten-eleven translocation (TET) enzymes,
as an intermediate in passive or active DNA demethylation[7, 8]. In mammals, the level of
5hmC can be detected in almost all tissues and cell types [9, 10]. As an epigenetic modification
that is indirectly involved in the regulation of gene expression [11, 12], 5hmC plays a direct
role in gene transcription [13]. Several studies [14–16] have found 5hmC alternations in the
epigenetic regulation of various diseases, including hypertension [17]. Because early-onset PE
has been reported to have a common phenomenon of gene-specific hypomethylation in pro-
moters and a significantly higher genome-wide methylation [18, 19], studying the DNA meth-
ylation changes in these abnormal placentas may uncover some clues about the underlying
etiology of PE. Little is known about its DNA methylation in late-onset PE, and no report have
been published about its 5hmC distribution. Because the distribution of 5hmC in several
human tissues does not correlate with global 5-methylcytosine (5mC) content [20], and
because the traditional bisulfide-sequencing methods are unable to distinguish 5mC from
5hmC, new approaches are necessary to reveal the involvement of 5mC and 5hmC in PE.

In an attempt to explore the epigenetic alternations, especially 5hmC changes, in late-onset
PE, we performed genomic-wide mapping of 5mC/5hmC in placentas of late-onset severe PE
patients, compared with those from normal patients, using a (hydroxy)methylated DNA
immunoprecipitation ([h]MeDIP) approach combined with deep sequencing ([h]MeDIP-seq).

Materials and Methods

Patient samples and clinical data
Freshly-frozen placental samples were obtained from Han Chinese women who were delivered
by elective caesarean section. Ethical approval for the collection of human placentas was
granted by the Human Ethics Committee of the Obstetrics and Gynecology Hospital affiliated
with Fudan University, and informed consent was obtained from all patients participating in
this study. PE and severe PE were diagnosed according to the 2013 ACOG guidelines [21]. The
criteria for exclusion were multiple pregnancies, pre-existing hypertension, diabetes mellitus,
cardiac insufficiency, renal disease, HIV infection and preterm. Placentas from 20 late-onset
severe PE cases and 20 normal pregnancies were collected, and detailed clinical information is
provided in S1 Table. For (h)MeDIP-seq analysis, four samples of pregnancies complicated by
late-onset severe PE and four samples of normotensive pregnancies were recruited, the severely
preeclamptic women were parity and gestation matched with controls. The related clinical
details for the selected patients and uncomplicated pregnancies are outlined in Table 1. Sam-
ples 7, 14 and 15 were diagnosed as severe PE because of their high BP and sample 40 was diag-
nosed due to the symptom of headache and visual disturbance.

DNA extraction and sodium bisulfite conversion
Genomic DNA was extracted from frozen placental tissues using the DNeasy Blood and Tissue
kit (Qiagen, Valencia, CA) according to the manufacturer's protocol. Briefly, placental tissue
was homogenized using a hand-held homogenizer, digested with Proteinase K (Qiagen) and
RNase A (Qiagen, Valencia, CA) overnight at 56°C, precipitated and washed. The
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concentration and purity of DNA were measured using a NanoDrop 1000 Spectrophotometer
(Thermo Scientific, MA, USA). DNA samples for quantitative DNA methylation analysis by
MassARRAY EpiTYPER were bisulfite converted using the EZ DNAMethylation Kit (Zymo
Research, CA, USA) according to the manufacturer’s instructions.

MeDIP-seq and hMeDIP-seq
As described previously [22], genomic DNA from each placental tissue sample was sonicated
to produce DNA fragments measuring less than 500bp. Illumina barcode adapters were ligated
before MeDIP and hMeDIP. Approximately 4 mg of adaptor-ligated gDNA from the case and
control samples were pooled together in one tube. IP buffer was used to denature and dilute
the mixed DNA (10% was taken off as input at this step). The denatured DNA was incubated
with 10 mg anti-5mC antibody (Active Motif, 39649) or 3 ml anti-5hmC antibody (Active
Motif, 39770) at 4°C overnight. The antibody–DNA complexes were captured by protein A/G
beads, and the hMeDIP and MeDIP products were purified and sequenced followed by stan-
dard Illumina protocols [23]. The image analysis and base calling were performed with the Illu-
mina package CASAVA (v1.8.2). The raw sequence reads of hMeDIP, MeDIP and Input were
separated into different files, according to the specific barcode sequences, reads were mapped
to the human genome (NCBI Build UCSC hg19) using the Bowtie (v0.12.7) algorithm[24]. Sig-
nificantly enriched regions (5hmC & 5mC peaks) were determined by MACS (v1.4) based on
p<10−5 and FDR<0.01. The raw data file has been deposited to GEO (S2 Table).

Table 1. Demographic characteristics of the late-onset severe preeclampsia (Case) group and normotensive pregnancies (Control) group used
for (h)MeDIP-seq.

Characteristic Case group (sample number) Control group (sample number) p

7 14 15 40 9 10 27 28

Maternal age(years) 29 26 33 23 28 25 26 26 0.554

Gravidity(n) 4 1 1 1 3 2 1 1 0.741

Parity(n) 1 0 0 0 1 0 0 0 1.000

Gestation at delivery (weeks) 38.3 37.6 37.7 39.4 37.9 39.0 38.4 39.3 0.469

Pregnancy BMI(kg/m2) 30.4 33.2 26.0 25.4 27.7 24.4 29.2 31.2 0.799

Systolic BP(mmHg)* 160 161 166 145 96 129 122 103 0.002

Diastolic BP(mmHg)* 100 110 100 94 63 87 72 71 0.003

Hemoglobin(g/L) 101 116 112 122 105 142 115 125 0.358

Platelets (x109/L) 282 166 203 149 118 181 197 172 0.372

AST (U/L) 14 22 13 15 12 31 16 11 0.777

ALT(U/L) 10 17 22 12 17 21 14 19 0.447

LDH(U/L) 204 213 432 468 393 499 451 215 0.544

Scr (μmol/L) 53 38 52 56 34 47 45 47 0.191

BUN(mmol/L) 3.9 3.2 3.1 2.7 3.1 4.2 3.5 4.0 0.226

Proteinuria(g/24 h)* 2.91 0.95 0.36 1.44 0.05 0.04 0.05 0.06 0.020

Infant birthwight(g) 3580 3510 3265 3140 3490 4215 2590 3270 0.962

5-min Apgar score 9 9 9 9 10 9 9 9 0.317

1-min Apgar score 9 9 9 9 9 9 9 9 1.000

Umbilical artery S/D rate 1.64 2.03 1.95 2.13 2.16 2.29 2.38 2.05 0.070

* represents statistical significance.

ALT: alanine transaminase; AST: aspartate transaminase; LDH: lactic acid dehydrogenase; BUN: blood urea nitrogen; Scr: serum creatinine.

doi:10.1371/journal.pone.0134119.t001
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DMR and DHMR identification
DMR and DHMR identification are based on two independent methods. The first approach
uses the R Bioconductor package DiffBind, which provides functions for processing ChIP-Seq
data enriched for genomic loci where specific protein/DNA binding occurs, including peak-
sets identified by ChIP-Seq peak callers and aligned sequence read datasets. The primary
emphasis of this package is on identifying sites that are differentially bound between two sam-
ple groups. The other method is our own strategy, which is based on RPKM-normalized 5hmC
and 5mC density, followed by Student’s t-test to compare case samples and control samples,
after which we selected the differential 5hmC and 5mC regions with at least 2-fold density dif-
ferences and p-values<0.05.

MeDIP-qPCR and hMeDIP-qPCR
Input, MeDIP and hMeDIP products were used as templates for quantitative real-time PCR in
an ABI PRISM7900HT system. The relative 5mC and 5hmC enrichment levels were calculated
using the comparative CT method (2dCt = 2CtInput-Ct(h)MeDIP), which determines the amount of
target normalized to input. The primers used in MeDIP-qPCR and hMeDIP-qPCR are
described in S3 Table.

Gene ontology (GO) analysis and pathways analysis
The GO term and KEGG pathway analysis for the genes associated with DMRs and DHMRs
were performed by the database for annotation, visualization and integrated discovery
(DAVID) website[25].

Quantitative MassARRAY analysis of gene methylation status
DNAmethylation at selected gene DMRs was quantified with MassARRAY EpiTYPER assays
(Sequenom) in an enlarged sample size (n = 20/group). The amplicons used in this study were
designed using Methprimer (http://www.epidesigner.com) (S4 and S5 Tables). Each reverse
primer was added an additional T7 promoter tag for in vivo transcription and a 10-mer tag
was incorporated to the forward primer to adjust for the melting temperature differences. Inap-
plocable readings and their corresponding sites were excluded from the raw data. The average
methylation ratios of the case and control groups were calculated as the mean value of the
CpGs methylation rate and expressed as a relative amount of methylation.

Statistical analysis
All statistical analyses were performed using the SPSS 17.0 statistical software. Either Student’s
t test or the Mann-Whitney test was performed to evaluate the significance of any differences
between the case and control samples. A two-tailed p<0.05 was considered to indicate statisti-
cally significant differences.

Results
The two groups were comparable in terms of maternal age, gestational age at delivery, labora-
tory findings and the outcomes of the infants. As expected, the systolic BP, diastolic BP and
proteinuria of late-onset severe PE patients were significantly higher than those of the controls
(p<0.05).Other factors were not significantly different between two groups.
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Global DNA (hydroxy)methylation changes in severe PE tissues
We isolated total genomic DNA from all 8 samples, and employed a barcoded (hydroxy)meth-
ylated DNA immunoprecipitation ([h]MeDIP) approach combined with deep sequencing ([h]
MeDIP-seq) to map genome-wide 5mC and 5hmC profiles for all 8 samples. Approximately
7.73 Gb and 9.91 Gb of sequencing data of 5mC and 5hmC were collected, respectively. Using
the MACS software (p<10−5, FDR<0.01), we identified the 5mC and 5hmC peaks in each sam-
ples (Table 2). To compare the individuals in the case and control groups, 5mC and 5hmC tag
densities were normalized by the total sequencing reads. Fig 1 shows an MA plot for a genome-
wide comparison of 5mC/5hmC levels between the case and control groups. Most of the scatter
plots are roughly symmetrical about the 0 axis, which means that 5mC/5hmC sites were similar
between the groups. Thus, no significant genome-wide differences in the 5mC /5hmC densities
between the case and control groups were found (Fig 1A and 1B). Next, we mapped the (h)
MeDIP-seq signals of 5mC and 5hmC peaks according to their genomic location. Again, we
did not observe any place at the gene body or promoter region with opposite 5mC/5hmC levels
in the two groups, and the variation trend of the 5mC/5hmC levels had no significant differ-
ences between the groups (Fig 2A–2D).

Because we did not find global differences between the case and control groups, we carried
out further bioinformatics analyses to identify locus-specific DMRs between the case and

Table 2. Pooled peak statistics for the hMeDIP andMeDIP data among 4 case samples (7,14,15,40) and 4 control samples(9, 10, 27, 28).

Sample 7 Sample 14 Sample 15 Sample 40 Sample 9 Sample 10 Sample 27 Sample 28

5hmC peaks 47139 39964 49306 29241 31974 30388 33854 34453

5mC peaks 80441 79978 87865 58536 68895 63847 72472 66477

Macs1.4, FDR%< = 5

doi:10.1371/journal.pone.0134119.t002

Fig 1. MA plot of Case-Control contrast of (A) 5mC peaks and (B) 5hmC peaks normalized with tag density. The X axis indicates the normalized mean
and the Y axis indicates the log2-fold change. Red is used to indicate significantly differently expressed observations (at least 2-fold density changes and p-
value<0.05). The blue dots show no differential expression between the two groups.

doi:10.1371/journal.pone.0134119.g001
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control samples. A total of 714 differential 5mC peaks (DMRs) were found showing significant
difference between the two groups (>2-fold, p<0.05), 487 (68.2%) of them had higher 5mC
levels in the late-onset preeclamptic placentas, and the genomic distribution of all 714 DMRs is
shown in Fig 3A. These DMRs associated with 403 Refseq genes, of which 89 genes contained
differential promoter 5mC (-2k to +2k of TSSs) and 75 showed higher 5mC levels at the pro-
moter in the case group, 56 genes showed differential 5mC at both the promoter and the gene
body between two groups (S6 Table). Gene ontology (GO) analysis of the 403 genes showed
that the most significant GO category is nervous system development (p = 5.57×10−5), the
other significant GO categories included negative regulation of cellular processes
(p = 3.3×10−3) and response to interleukin-1 (p = 4.77×10−3) (Fig 4A). KEGG pathway enrich-
ment analysis for 403 genes revealed that two pathways were enriched, including the ErbB sig-
naling pathway (p = 3.83×10−3) and purine metabolism (p = 2.32×10−2).

The same analyses were carried out to search for differential 5hmC peaks (DHMRs)
between case and control groups. A total of 119 DHMRs were identified, 64 (53.8%) of which
had a higher level of 5hmC in the late-onset severe PE group. The genomic distribution of all
119 DHMRs is shown in Fig 3B. These 119 DHMRs were associated with 61 Refseq genes, of
which 58 and 8 genes contained DHMRs in gene bodies and promoters, respectively, and 6
genes had higher 5hmC levels in promoter regions. These 8 genes were AADACL3 (arylaceta-
mide deacetylase-like 3), CCDC149 (coiled-coil domain containing 149), SLC35B4 (solute car-
rier family 35,member B4), OTUD5 (OUT deubiquitinase 5), RAB41 (member RAS oncogene
family), RAB5B (member RAS oncogene family), SERPINB7 (serpin peptidase inhibitor, clade
B, member 7) and KCNJ4 (potassium channel, inwardly rectifying subfamily J, member4). GO
analysis identified an association with cellular component morphogenesis (p = 2.02×10−2), cell

Fig 2. Genome-widemapping of 5mC and 5hmC in placentas of late-onset severe PE and normal
pregnant women. (A and C) Normalized DMR (A) and DHMR(C) tag density distribution across the gene
body. Each gene body was normalized to 0%-100%. Normalized Tag density is plotted from 20% of upstream
of TSSs to 20% downstream of TSSs(Transcription Start Sites). (B and D) Normalized DMR (B) and DHMR
(D) tag density distribution at gene promoters. -5 kb to +5 kb relative to TSSs is shown.

doi:10.1371/journal.pone.0134119.g002

Fig 3. Genomic distributions of DMR (A) and DHMR (B) between case and control groups. The genomic features (extrons, introns, and intergenic
regions) were defined based on RefSeq gene (hg19) annotations. The promoter was defined as -2 kb to +2 kb relative to TSS. UTR: Untranslated Regions.

doi:10.1371/journal.pone.0134119.g003
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morphogenesis (p = 2.15×10−2) and regulation of neurotransmitter transport (p = 2.58×10−2)
(Fig 4B). KEGG analysis did not identify any pathway that showed enrichment.

Verification of DMRs and DHMRs between the case and control groups
The DMRs /DHMRs that had the top methylation/hydroxymethylation differences between
the two groups and related to Refseq genes were selected for further verification by conven-
tional (h)MeDIP-qPCR assays (S7 Table), and the densities of the 5mC/5hmC peaks in each
group were normalized with 1% input before comparison. As shown in Fig 5, the 5mC peaks
located in the ACAP2, CLIC6, GATA4 and PCDH9 genes exhibited gain-of-5mC in the case
group compared with the control group, and the 5mC peaks in the PTPRN2 gene (locus A)
showed a decrease in the case group (p<0.05). The 5hmC peaks in CCDC149, PTPRN2 (locus
B is a different location from locus A) and RBFOX1 genes were increased in the case group
(p<0.05). The (hydroxy)methylation patterns of candidate DMRs/DHMRs, as verified by (h)
MeDIP-qPCR, were consistent with the pattern identified by (h)MeDIP-seq, which suggests
that our (h)MeDIP-seq results are reliable.

The 5mC status of ACAP2 (chr3:195033505–195034277), CLIC6 (chr21:36042019–
36043071), GATA4 (chr8:11561772–11563173), PCDH9 (chr13:66919517–66920554) and
PTPRN2 (chr7:158129058–158130078) was further analyzed using the SequenomMassAR-
RAY approach in an enlarged sample size (n = 20/group). Four CpG sites among all 8 CpG
sites within the GATA4 amplicon and 3 CpG sites among all of the 7 CpG sites within the
PCDH9 amplicon showed significantly higher methylation levels in the case group (Fig 6A and

Fig 4. Gene ontology groups displaying the significant GO-terms of DMRs and DHMRs (p<0.05). (A)The significant GO-terms of DMRs between the
groups. (B)The significant GO-terms of DHMRs between the groups.

doi:10.1371/journal.pone.0134119.g004
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6B), whereas the ACAP2 and CLIC6 amplicons showed mildly increased methylation levels in
the case samples (Fig 6C and 6D).

Due to the features of the native sequence, the Methprimer program could not design
proper pair for the PTPRN2 DMR region, thus, we turned to the adjacent promoter region
of PTPRN2 (Amplicon A: chr7: 158381655–158382092; Amplicon B: chr7: 158381244-
158381511- these had not been identified as differential regions between the groups by
MeDIP-seq). For both of these regions, the average methylation level was significantly lower in
the case group than in the control group (Fig 7A). Thirteen of the CpG sites fell within Ampli-
con A, and 4 of these sites were observed to have significantly lower 5mC levels in the case
group than in the control group (Fig 7B). For Amplicon B, which contains 11 CpG sites, 7 of
the sites showed significantly lower 5mC levels in the case group than in the control group
(Fig 7C).

Discussion
In this study, we show widespread alternations in DNAmethylation and hydroxymethylation
in placental tissues from late-onset severe PE and normal pregnancies, whereas the average
5mC and 5hmC levels exhibited no significant differences between the groups (Figs 1–3). The
strengths of this study include the highly sensitive method and high-throughput sequencing
used, which enabled the non-biased mapping of aberrant (hydroxy)methylation sites between
the groups, and distinguished the alternation of 5mC from that of 5hmC. This is the first report
on the genome-wide profiling of 5mC and 5hmC in late-onset severe PE placentas. The gene
PTPRN2 contains both 5mC and 5hmC alternations in the PE patients (Fig 5), and the
enriched ErbB signaling pathway associated with the genes having differential methylation
changes implies that epigenetic changes in the placenta can reveal the pathophysiology of PE.

Several studies have implicated alternations of 5hmC in cancer and some neurodevelop-
ment diseases [26, 27]. We did not find changes in the overall levels of 5mC in late-onset severe
PE, but 119 DHMRs were identified, 61 of the DHMRs were potentially related to gene expres-
sion, and 8 of them were found in gene promoter regions. Among these 8 genes, SLC35B4 was

Fig 5. MeDIP-qPCR (A) and hMeDIP-qPCR (B) validations (mean values±SEM, n = 4 per group, p<0.05) of representative DMRs and DHMRs. (A)
MeDIP-qPCR validation of ACAP2, CLIC6,GATA4, PCDH9 and PTPRN2-A. (B)hMeDIP-qPCR validation of CCDC149, PTPRN2-B and RBFOX1. ACAP2:
p = 0.0032;CLIC6: p = 0.0235;GATA4: p = 0.0429;PCDH9: p = 0.0081; PTPRN2-A: p = 0.0216;CCDC149: p = 0.0068; PTPRN2-B: p = 0.0018; RBFOX1:
p = 0.0250.

doi:10.1371/journal.pone.0134119.g005
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a regulator of obestiy and glucose homeostasis[28, 29], which are the high risk factors for late-
onset PE[30]. OTUD5 reportedly regulates the activation of p53 in response to genotoxic stress
[31], and the p53-pathway exaggerates apoptosis and autophagy in PE[32, 33]. Maternal SER-
PINB7 was found to be a serum biomarker of early spontaneous preterm birth[34], and PE was
associated with the fetal risk of death by preterm birth[35]. The discovery of these genes dem-
onstrates that changes in 5hmC are related to the development of late-onset PE. In addition, no
regions had both 5mC and 5hmC changes in the PE patients, thus revealing that 5mC and
5hmCmay play independent roles in the development of late-onset severe PE.

Yuen et al. found no differentially methylated CpG loci in the placentas of late-onset PE
compared with controls by Illumina microarray[36], but DNA hypermethylation or hypo-
methylation was found in many gene promoter regions of late-onset severe PE placentas.
Moreover, the hypermethylation regions occurred more frequently than did hypomethylation,
which means those relative genes may not express in late-onset severe PE. This finding is unlike

Fig 6. Validation of the methylation status of candidate DMRs between the late-onset severe PE group and the normal group by MassARRAY
EpiTYPER. (A) The methylation level of the CpG sites withinGATA4 amplicon. (B) The CpGmethylation level sites within the PCDH9 amplicon. (C) The
methylation level of the CpG sites within ACAP2 amplicon. (D) The CpGmethylation sites withinCLIC6 amplicon. Data are shown as the means±SEM,
n = 20 per group, *p<0.05, **p<0.01.GATA4 amplicon: CpG_1, p = 0.0093; CpG_2, p = 0.0150; CpG_3, p = 0.5993; CpG_4, p = 0.0015; CpG_5,
p = 0.9738; CpG_6, p = 0.0481; CpG_7.8, p = 0.0377; CpG_9, p = 0.0661.PCDH9 amplicon: CpG_2, p = 0.6177; CpG_3, p = 0.1831; CpG_4, p = 0.0294;
CpG_6, p = 0.0265; CpG_8, p = 0.0529; CpG_10, p = 0.8818; CpG_13, p = 0.0158. ACAP2 amplicon: CpG_1, p = 0.0316; CpG_4, p = 0.0349; CpG_7.8,
p = 0.3524.CLIC6 amplicon: CpG_99, p = 0.0446; CpG_100, p = 0.0424; CpG_101.102, p = 0.5504; CpG_103, p = 0.7697; CpG_105.106, p = 0.0310;
CpG_108.109, p = 1.0000; CpG_110.111, p = 0.0084.

doi:10.1371/journal.pone.0134119.g006
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the 5mC distribution in early-onset PE, which supports the idea that the etiology of early-onset
PE is different from that of late-onset PE [3, 4]. Some of the genes that were found to be related
to DMRs in our study have been previously reported in PE placentas, such as ACOX2[37],
ACVR2A[38], CD38[39, 40], CXCL12[41, 42], FLNB[43], GRB2[18],HSD17B1[44], LRP1,[45],
IRAK3[46], PARD3[47, 48], and UTS2R[49]. However, more than three hundred new genes
were first found to have methylation changes in PE. Interestingly, a new gene PTPRN2 was
found to have decreased 5mC (>4-fold) and increased 5hmC (>2-fold) (Fig 5) in late-onset
severe PE. The PTPRN2 gene encodes a protein with phosphatase activity that functions in the
TypeⅠdiabetes mellitus pathway. This gene also exhibits differential methylation in chronic kid-
ney disease (CKD) which may relate to CKD complicated with hypertension and diabetes mel-
litus [50, 51]. So the gene PTPRN2 we found here may have some relationship with the late-
onset PE, but the specific mechanism it had needed further study. Regarding the pathway cate-
gories of the genes exhibiting methylation differences between the two groups, many of them
were found to play roles in the ErbB signaling pathway, and inhibiting the ErbB pathway could
lead to hypertension or poor trophoblast differentiation [52, 53]. Because hypoxia and the
hypoperfusion caused by poor trophoblast differentiation are the recognized as components in
the pathogenesis of PE, the ErbB signaling pathway may be a crucial path leading to the occur-
rence of late-onset PE.

One of the potential limitations of our study is the sample size, which may not be suffi-
ciently large. This factor is mainly due to the high cost of (h)MeDIP-seq, which makes its use
prohibitive on a large scale. The other limitation is that highly methylated repetitive DNA

Fig 7. Validation of the methylation status of PTPRN2 in the two groups by MassARRAY EpiTYPER.
(A)The overall methylation levels are displayed within amplicon A and amplicon B. (B,C) The average
methylation of the CpG units of amplicon A and amplicon B are presented for late-onset severe PE and
normal patients. Data are presented as means±SEM, n = 20 per group, *p<0.05,**p<0.01.A: Amplicon A,
p = 0.0033;Amplicon B, p = 0.0017.B: Amplicon A: CpG_1, p = 0.0420; CpG_3, p = 0.4820; CpG_4,
p = 0.1296; CpG_6, p = 0.2957; CpG_7, p = 0.6410; CpG_9, p = 0.0475, CpG_11, p = 0.0177; CpG_12.13,
p = 0.0003. C: Amplicon B: CpG_1.2, p = 0.0134, CpG_3, p = 0.0210, CpG_4.5, p = 0.0185; CpG_6,
p = 0.0163; CpG_7, p = 0.0019; CpG_8, p = 0.0001; CpG_9, p = 0.1268; CpG_10, p = 0.0192; CpG_11,
p = 0.0583.

doi:10.1371/journal.pone.0134119.g007
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among captured fragments may influence the sensitivity of (h)MeDIP-seq, so the DMRs or
DHMRs that we found may be false positives. To resolve this problem, we used (h)MeDIP-
qPCR to validate the regions that had top 5mC/5hmC changes, and used MassARRY EpiTY-
PER to confirm the DMRs in an enlarged sample size.

In conclusion, our study, for the first time, profiled the genome-wide distributions of 5hmC
and 5mC between placental tissue from late-onset severe PE patients and normal pregnancies.
The broad 5hmC and 5mC changes may play independent roles in the development of late-
onset severe PE. The discovered PTPRN2 and the enriched ErbB signaling pathway revealed a
possible route for the pathophysiology of late-onset PE. This pilot study provides a basis for
further research with a larger sample size and clarifies the exact function that epigenetic
changes play in the pathogenesis of late-onset PE.

Supporting Information
S1 Table. Demographic characteristics of the late-onset severe PE group (Case) and normo-
tensive pregnancies group (Control).
(TIF)

S2 Table. The accession number for the results of (h)MeDIP-seq.
(TIF)

S3 Table. Primer sequences for (h)MeDIP-qPCR.
(TIF)

S4 Table. Methprimer sequences for MassARRAY analysis.
(TIF)

S5 Table. Methprimer sequences of PTPRN2 for MassARRY analysis.
(TIF)

S6 Table. The genes which showed differential 5mC at both the promoter and the gene
body between two groups.
(TIF)

S7 Table. The DMRs /DHMRs that had the top methylation/hydroxymethylation differ-
ences between the two groups and related to Refseq genes.
(XLSX)

Acknowledgments
Feizhen Wu of the Key Laboratory of Epigenetics of the Shanghai Ministry of Education pro-
vided extensive assistance with the analysis of the (h)MeDIP-seq data. Suggestions from anon-
ymous reviewers have greatly improved the manuscript.

Author Contributions
Conceived and designed the experiments: XTL FL HDC. Performed the experiments: LSZ
LCK. Analyzed the data: RTL. Contributed reagents/materials/analysis tools: LSZ RTL. Wrote
the paper: LSZ.

References
1. Steegers EA, von Dadelszen P, Duvekot JJ, Pijnenborg R. Pre-eclampsia. Lancet. 2010; 376

(9741):631–44. doi: 10.1016/S0140-6736(10)60279-6 PMID: 20598363

Genome-Wide Mapping of 5mC and 5hmC in Late-Onset Severe Preeclampsia

PLOS ONE | DOI:10.1371/journal.pone.0134119 July 27, 2015 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134119.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134119.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134119.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134119.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134119.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134119.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134119.s007
http://dx.doi.org/10.1016/S0140-6736(10)60279-6
http://www.ncbi.nlm.nih.gov/pubmed/20598363


2. von Dadelszen P, Magee LA, Roberts JM. Subclassification of preeclampsia. Hypertension in preg-
nancy. 2003; 22(2):143–8. PMID: 12908998

3. Kornacki J, Skrzypczak J. [Results of Doppler examinations in fetuses of mothers with early- and late-
onset preeclampsia]. Ginekologia polska. 2014; 85(7):504–8. PMID: 25118501

4. Yung HW, Atkinson D, Campion-Smith T, Olovsson M, Charnock-Jones DS, Burton GJ. Differential
activation of placental unfolded protein response pathways implies heterogeneity in causation of early-
and late-onset pre-eclampsia. The Journal of pathology. 2014; 234(2):262–76. doi: 10.1002/path.4394
PMID: 24931423

5. Choudhury M, Friedman JE. Epigenetics and microRNAs in preeclampsia. Clinical and experimental
hypertension. 2012; 34(5):334–41. doi: 10.3109/10641963.2011.649931 PMID: 22468840

6. van Dijk M, Oudejans C. (Epi)genetics of pregnancy-associated diseases. Frontiers in genetics. 2013;
4:180. doi: 10.3389/fgene.2013.00180 PMID: 24058367

7. Ito S, Shen L, Dai Q, Wu SC, Collins LB, Swenberg JA, et al. Tet proteins can convert 5-methylcytosine
to 5-formylcytosine and 5-carboxylcytosine. Science. 2011; 333(6047):1300–3. doi: 10.1126/science.
1210597 PMID: 21778364

8. Tahiliani M, Koh KP, Shen Y, Pastor WA, Bandukwala H, Brudno Y, et al. Conversion of 5-methylcyto-
sine to 5-hydroxymethylcytosine in mammalian DNA by MLL partner TET1. Science. 2009; 324
(5929):930–5. doi: 10.1126/science.1170116 PMID: 19372391

9. Globisch D, Munzel M, Muller M, Michalakis S, Wagner M, Koch S, et al. Tissue distribution of 5-hydro-
xymethylcytosine and search for active demethylation intermediates. PloS one. 2010; 5(12):e15367.
doi: 10.1371/journal.pone.0015367 PMID: 21203455

10. Ruzov A, Tsenkina Y, Serio A, Dudnakova T, Fletcher J, Bai Y, et al. Lineage-specific distribution of
high levels of genomic 5-hydroxymethylcytosine in mammalian development. Cell research. 2011; 21
(9):1332–42. doi: 10.1038/cr.2011.113 PMID: 21747414

11. Tan L, Shi YG. Tet family proteins and 5-hydroxymethylcytosine in development and disease. Develop-
ment. 2012; 139(11):1895–902. doi: 10.1242/dev.070771 PMID: 22569552

12. Branco MR, Ficz G, Reik W. Uncovering the role of 5-hydroxymethylcytosine in the epigenome. Nature
reviews Genetics. 2012; 13(1):7–13.

13. Spruijt CG, Gnerlich F, Smits AH, Pfaffeneder T, Jansen PW, Bauer C, et al. Dynamic readers for 5-
(hydroxy)methylcytosine and its oxidized derivatives. Cell. 2013; 152(5):1146–59. doi: 10.1016/j.cell.
2013.02.004 PMID: 23434322

14. Chouliaras L, Mastroeni D, Delvaux E, Grover A, Kenis G, Hof PR, et al. Consistent decrease in global
DNAmethylation and hydroxymethylation in the hippocampus of Alzheimer's disease patients. Neuro-
biology of aging. 2013; 34(9):2091–9. doi: 10.1016/j.neurobiolaging.2013.02.021 PMID: 23582657

15. Figueroa-Romero C, Hur J, Bender DE, Delaney CE, Cataldo MD, Smith AL, et al. Identification of epi-
genetically altered genes in sporadic amyotrophic lateral sclerosis. PloS one. 2012; 7(12):e52672. doi:
10.1371/journal.pone.0052672 PMID: 23300739

16. Yao B, Lin L, Street RC, Zalewski ZA, Galloway JN, Wu H, et al. Genome-wide alteration of 5-hydroxy-
methylcytosine in a mouse model of fragile X-associated tremor/ataxia syndrome. Human molecular
genetics. 2014; 23(4):1095–107. doi: 10.1093/hmg/ddt504 PMID: 24108107

17. Liu Y, Liu P, Yang C, Cowley AW Jr., Liang M. Base-resolution maps of 5-methylcytosine and 5-hydro-
xymethylcytosine in Dahl S rats: effect of salt and genomic sequence. Hypertension. 2014; 63(4):827–
38. doi: 10.1161/HYPERTENSIONAHA.113.02637 PMID: 24420542

18. Ching T, Song MA, Tiirikainen M, Molnar J, Berry M, Towner D, et al. Genome-wide hypermethylation
coupled with promoter hypomethylation in the chorioamniotic membranes of early onset pre-eclampsia.
Molecular human reproduction. 2014; 20(9):885–904. doi: 10.1093/molehr/gau046 PMID: 24944161

19. Blair JD, Yuen RK, Lim BK, McFadden DE, von Dadelszen P, RobinsonWP. Widespread DNA hypo-
methylation at gene enhancer regions in placentas associated with early-onset pre-eclampsia. Molecu-
lar human reproduction. 2013; 19(10):697–708. doi: 10.1093/molehr/gat044 PMID: 23770704

20. Nestor CE, Ottaviano R, Reddington J, Sproul D, Reinhardt D, Dunican D, et al. Tissue type is a major
modifier of the 5-hydroxymethylcytosine content of human genes. Genome research. 2012; 22(3):467–
77. doi: 10.1101/gr.126417.111 PMID: 22106369

21. American College of O, Gynecologists, Task Force on Hypertension in P. Hypertension in pregnancy.
Report of the American College of Obstetricians and Gynecologists' Task Force on Hypertension in
Pregnancy. Obstetrics and gynecology. 2013; 122(5):1122–31. doi: 10.1097/01.AOG.0000437382.
03963.88 PMID: 24150027

22. Tan L, Xiong L, XuW, Wu F, Huang N, Xu Y, et al. Genome-wide comparison of DNA hydroxymethyla-
tion in mouse embryonic stem cells and neural progenitor cells by a new comparative hMeDIP-seq
method. Nucleic acids research. 2013; 41(7):e84. doi: 10.1093/nar/gkt091 PMID: 23408859

Genome-Wide Mapping of 5mC and 5hmC in Late-Onset Severe Preeclampsia

PLOS ONE | DOI:10.1371/journal.pone.0134119 July 27, 2015 13 / 15

http://www.ncbi.nlm.nih.gov/pubmed/12908998
http://www.ncbi.nlm.nih.gov/pubmed/25118501
http://dx.doi.org/10.1002/path.4394
http://www.ncbi.nlm.nih.gov/pubmed/24931423
http://dx.doi.org/10.3109/10641963.2011.649931
http://www.ncbi.nlm.nih.gov/pubmed/22468840
http://dx.doi.org/10.3389/fgene.2013.00180
http://www.ncbi.nlm.nih.gov/pubmed/24058367
http://dx.doi.org/10.1126/science.1210597
http://dx.doi.org/10.1126/science.1210597
http://www.ncbi.nlm.nih.gov/pubmed/21778364
http://dx.doi.org/10.1126/science.1170116
http://www.ncbi.nlm.nih.gov/pubmed/19372391
http://dx.doi.org/10.1371/journal.pone.0015367
http://www.ncbi.nlm.nih.gov/pubmed/21203455
http://dx.doi.org/10.1038/cr.2011.113
http://www.ncbi.nlm.nih.gov/pubmed/21747414
http://dx.doi.org/10.1242/dev.070771
http://www.ncbi.nlm.nih.gov/pubmed/22569552
http://dx.doi.org/10.1016/j.cell.2013.02.004
http://dx.doi.org/10.1016/j.cell.2013.02.004
http://www.ncbi.nlm.nih.gov/pubmed/23434322
http://dx.doi.org/10.1016/j.neurobiolaging.2013.02.021
http://www.ncbi.nlm.nih.gov/pubmed/23582657
http://dx.doi.org/10.1371/journal.pone.0052672
http://www.ncbi.nlm.nih.gov/pubmed/23300739
http://dx.doi.org/10.1093/hmg/ddt504
http://www.ncbi.nlm.nih.gov/pubmed/24108107
http://dx.doi.org/10.1161/HYPERTENSIONAHA.113.02637
http://www.ncbi.nlm.nih.gov/pubmed/24420542
http://dx.doi.org/10.1093/molehr/gau046
http://www.ncbi.nlm.nih.gov/pubmed/24944161
http://dx.doi.org/10.1093/molehr/gat044
http://www.ncbi.nlm.nih.gov/pubmed/23770704
http://dx.doi.org/10.1101/gr.126417.111
http://www.ncbi.nlm.nih.gov/pubmed/22106369
http://dx.doi.org/10.1097/01.AOG.0000437382.03963.88
http://dx.doi.org/10.1097/01.AOG.0000437382.03963.88
http://www.ncbi.nlm.nih.gov/pubmed/24150027
http://dx.doi.org/10.1093/nar/gkt091
http://www.ncbi.nlm.nih.gov/pubmed/23408859


23. Xu Y, Wu F, Tan L, Kong L, Xiong L, Deng J, et al. Genome-wide regulation of 5hmC, 5mC, and gene
expression by Tet1 hydroxylase in mouse embryonic stem cells. Molecular cell. 2011; 42(4):451–64.
doi: 10.1016/j.molcel.2011.04.005 PMID: 21514197

24. Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast and memory-efficient alignment of short DNA
sequences to the human genome. Genome biology. 2009; 10(3):R25. doi: 10.1186/gb-2009-10-3-r25
PMID: 19261174

25. Huang daW, Sherman BT, Lempicki RA. Systematic and integrative analysis of large gene lists using
DAVID bioinformatics resources. Nature protocols. 2009; 4(1):44–57. doi: 10.1038/nprot.2008.211
PMID: 19131956

26. Kroeze LI, van der Reijden BA, Jansen JH. 5-Hydroxymethylcytosine: An epigenetic mark frequently
deregulated in cancer. Biochimica et biophysica acta. 2015; 1855(2):144–54. doi: 10.1016/j.bbcan.
2015.01.001 PMID: 25579174

27. Lister R, Mukamel EA, Nery JR, Urich M, Puddifoot CA, Johnson ND, et al. Global epigenomic reconfig-
uration during mammalian brain development. Science. 2013; 341(6146):1237905. doi: 10.1126/
science.1237905 PMID: 23828890

28. Chen J, Meng Y, Zhou J, Zhuo M, Ling F, Zhang Y, et al. Identifying candidate genes for Type 2 Diabe-
tes Mellitus and obesity through gene expression profiling in multiple tissues or cells. Journal of diabe-
tes research. 2013; 2013:970435. doi: 10.1155/2013/970435 PMID: 24455749

29. Yazbek SN, Buchner DA, Geisinger JM, Burrage LC, Spiezio SH, Zentner GE, et al. Deep congenic
analysis identifies many strong, context-dependent QTLs, one of which, Slc35b4, regulates obesity
and glucose homeostasis. Genome research. 2011; 21(7):1065–73. doi: 10.1101/gr.120741.111
PMID: 21507882

30. Mbah AK, Kornosky JL, Kristensen S, August EM, Alio AP, Marty PJ, et al. Super-obesity and risk for
early and late pre-eclampsia. BJOG: an international journal of obstetrics and gynaecology. 2010; 117
(8):997–1004.

31. Park SY, Choi HK, Choi Y, Kwak S, Choi KC, Yoon HG. Deubiquitinase OTUD5mediates the sequen-
tial activation of PDCD5 and p53 in response to genotoxic stress. Cancer letters. 2015; 357(1):419–27.
doi: 10.1016/j.canlet.2014.12.005 PMID: 25499082

32. Sharp AN, Heazell AE, Baczyk D, Dunk CE, Lacey HA, Jones CJ, et al. Preeclampsia is associated
with alterations in the p53-pathway in villous trophoblast. PloS one. 2014; 9(1):e87621. doi: 10.1371/
journal.pone.0087621 PMID: 24498154

33. Chen B, Longtine MS, Sadovsky Y, Nelson DM. Hypoxia downregulates p53 but induces apoptosis
and enhances expression of BAD in cultures of human syncytiotrophoblasts. American journal of physi-
ology Cell physiology. 2010; 299(5):C968–76. doi: 10.1152/ajpcell.00154.2010 PMID: 20810912

34. Parry S, Zhang H, Biggio J, Bukowski R, Varner M, Xu Y, et al. Maternal serum serpin B7 is associated
with early spontaneous preterm birth. American journal of obstetrics and gynecology. 2014; 211(6):678
e1-12. doi: 10.1016/j.ajog.2014.06.035 PMID: 24954659

35. Mendola P, Mumford SL, Mannisto TI, Holston A, Reddy UM, Laughon SK. Controlled direct effects of
preeclampsia on neonatal health after accounting for mediation by preterm birth. Epidemiology. 2015;
26(1):17–26. doi: 10.1097/EDE.0000000000000213 PMID: 25437315

36. Yuen RK, Penaherrera MS, von Dadelszen P, McFadden DE, RobinsonWP. DNAmethylation profiling
of human placentas reveals promoter hypomethylation of multiple genes in early-onset preeclampsia.
European journal of human genetics: EJHG. 2010; 18(9):1006–12. doi: 10.1038/ejhg.2010.63 PMID:
20442742

37. Johansson A, Curran JE, Johnson MP, Freed KA, Fenstad MH, Bjorge L, et al. Identification of ACOX2
as a shared genetic risk factor for preeclampsia and cardiovascular disease. European journal of
human genetics: EJHG. 2011; 19(7):796–800. doi: 10.1038/ejhg.2011.19 PMID: 21343950

38. Haram K, Mortensen JH, Nagy B. Genetic Aspects of Preeclampsia and the HELLP Syndrome. Journal
of pregnancy. 2014; 2014:910751. doi: 10.1155/2014/910751 PMID: 24991435

39. Loewendorf AI, Nguyen TA, Yesayan MN, Kahn DA. Normal human pregnancy results in maternal
immune activation in the periphery and at the uteroplacental interface. PloS one. 2014; 9(5):e96723.
doi: 10.1371/journal.pone.0096723 PMID: 24846312

40. Liao AH, Liu LP, DingWP, Zhang L. Functional changes of human peripheral B-lymphocytes in pre-
eclampsia. American journal of reproductive immunology. 2009; 61(5):313–21. doi: 10.1111/j.1600-
0897.2009.00697.x PMID: 19341382

41. Schanz A, Winn VD, Fisher SJ, Blumenstein M, Heiss C, Hess AP, et al. Pre-eclampsia is associated
with elevated CXCL12 levels in placental syncytiotrophoblasts and maternal blood. European journal of
obstetrics, gynecology, and reproductive biology. 2011; 157(1):32–7. doi: 10.1016/j.ejogrb.2011.02.
023 PMID: 21450389

Genome-Wide Mapping of 5mC and 5hmC in Late-Onset Severe Preeclampsia

PLOS ONE | DOI:10.1371/journal.pone.0134119 July 27, 2015 14 / 15

http://dx.doi.org/10.1016/j.molcel.2011.04.005
http://www.ncbi.nlm.nih.gov/pubmed/21514197
http://dx.doi.org/10.1186/gb-2009-10-3-r25
http://www.ncbi.nlm.nih.gov/pubmed/19261174
http://dx.doi.org/10.1038/nprot.2008.211
http://www.ncbi.nlm.nih.gov/pubmed/19131956
http://dx.doi.org/10.1016/j.bbcan.2015.01.001
http://dx.doi.org/10.1016/j.bbcan.2015.01.001
http://www.ncbi.nlm.nih.gov/pubmed/25579174
http://dx.doi.org/10.1126/science.1237905
http://dx.doi.org/10.1126/science.1237905
http://www.ncbi.nlm.nih.gov/pubmed/23828890
http://dx.doi.org/10.1155/2013/970435
http://www.ncbi.nlm.nih.gov/pubmed/24455749
http://dx.doi.org/10.1101/gr.120741.111
http://www.ncbi.nlm.nih.gov/pubmed/21507882
http://dx.doi.org/10.1016/j.canlet.2014.12.005
http://www.ncbi.nlm.nih.gov/pubmed/25499082
http://dx.doi.org/10.1371/journal.pone.0087621
http://dx.doi.org/10.1371/journal.pone.0087621
http://www.ncbi.nlm.nih.gov/pubmed/24498154
http://dx.doi.org/10.1152/ajpcell.00154.2010
http://www.ncbi.nlm.nih.gov/pubmed/20810912
http://dx.doi.org/10.1016/j.ajog.2014.06.035
http://www.ncbi.nlm.nih.gov/pubmed/24954659
http://dx.doi.org/10.1097/EDE.0000000000000213
http://www.ncbi.nlm.nih.gov/pubmed/25437315
http://dx.doi.org/10.1038/ejhg.2010.63
http://www.ncbi.nlm.nih.gov/pubmed/20442742
http://dx.doi.org/10.1038/ejhg.2011.19
http://www.ncbi.nlm.nih.gov/pubmed/21343950
http://dx.doi.org/10.1155/2014/910751
http://www.ncbi.nlm.nih.gov/pubmed/24991435
http://dx.doi.org/10.1371/journal.pone.0096723
http://www.ncbi.nlm.nih.gov/pubmed/24846312
http://dx.doi.org/10.1111/j.1600-0897.2009.00697.x
http://dx.doi.org/10.1111/j.1600-0897.2009.00697.x
http://www.ncbi.nlm.nih.gov/pubmed/19341382
http://dx.doi.org/10.1016/j.ejogrb.2011.02.023
http://dx.doi.org/10.1016/j.ejogrb.2011.02.023
http://www.ncbi.nlm.nih.gov/pubmed/21450389


42. Hwang HS, Kwon HS, Sohn IS, Park YW, Kim YH. Increased CXCL12 expression in the placentae of
women with pre-eclampsia. European journal of obstetrics, gynecology, and reproductive biology.
2012; 160(2):137–41. doi: 10.1016/j.ejogrb.2011.10.007 PMID: 22071114

43. Tejera E, Bernardes J, Rebelo I. Co-expression network analysis and genetic algorithms for gene priori-
tization in preeclampsia. BMCmedical genomics. 2013; 6:51. doi: 10.1186/1755-8794-6-51 PMID:
24219996

44. Ishibashi O, Ohkuchi A, Ali MM, Kurashina R, Luo SS, Ishikawa T, et al. Hydroxysteroid (17-beta) dehy-
drogenase 1 is dysregulated by miR-210 and miR-518c that are aberrantly expressed in preeclamptic
placentas: a novel marker for predicting preeclampsia. Hypertension. 2012; 59(2):265–73. doi: 10.
1161/HYPERTENSIONAHA.111.180232 PMID: 22203747

45. Johnson MP, Brennecke SP, East CE, Dyer TD, Roten LT, Proffitt JM, et al. Genetic dissection of the
pre-eclampsia susceptibility locus on chromosome 2q22 reveals shared novel risk factors for cardio-
vascular disease. Molecular human reproduction. 2013; 19(7):423–37. doi: 10.1093/molehr/gat011
PMID: 23420841

46. Goyal R, Yellon SM, Longo LD, Mata-Greenwood E. Placental gene expression in a rat 'model' of pla-
cental insufficiency. Placenta. 2010; 31(7):568–75. doi: 10.1016/j.placenta.2010.05.004 PMID:
20621762

47. Zhao J, Gu Y, Fan R, Groome LJ, Wang Y. Factors derived from preeclamptic placentas perturb polarity
protein PARD-3 expression and distribution in endothelial cells. Reproductive sciences. 2011; 18
(2):164–71. doi: 10.1177/1933719110382920 PMID: 20959641

48. Zhao S, Gu Y, Coates G, Groome LJ, SaleemMA, Mathieson PW, et al. Altered nephrin and podoplanin
distribution is associated with disturbed polarity protein PARD-3 and PARD-6 expressions in podocytes
from preeclampsia. Reproductive sciences. 2011; 18(8):772–80. doi: 10.1177/1933719111398145
PMID: 21422051

49. Gould PS, Gu M, Liao J, Ahmad S, Cudmore MJ, Ahmed A, et al. Upregulation of urotensin II receptor
in preeclampsia causes in vitro placental release of soluble vascular endothelial growth factor receptor
1 in hypoxia. Hypertension. 2010; 56(1):172–8. doi: 10.1161/HYPERTENSIONAHA.110.152074
PMID: 20479331

50. Yoshida T, Kato K, Yokoi K, Oguri M, Watanabe S, Metoki N, et al. Association of genetic variants with
chronic kidney disease in Japanese individuals with or without hypertension or diabetes mellitus.
Experimental and therapeutic medicine. 2010; 1(1):137–45. PMID: 23136606

51. Smyth LJ, McKay GJ, Maxwell AP, McKnight AJ. DNA hypermethylation and DNA hypomethylation is
present at different loci in chronic kidney disease. Epigenetics: official journal of the DNAMethylation
Society. 2014; 9(3):366–76.

52. Matsukawa R, Hirooka Y, Ito K, Sunagawa K. Inhibition of neuregulin-1/ErbB signaling in the rostral
ventrolateral medulla leads to hypertension through reduced nitric oxide synthesis. American journal of
hypertension. 2013; 26(1):51–7. doi: 10.1093/ajh/hps005 PMID: 23382327

53. Armant DR, Kilburn BA, Petkova A, Edwin SS, Duniec-Dmuchowski ZM, Edwards HJ, et al. Human tro-
phoblast survival at low oxygen concentrations requires metalloproteinase-mediated shedding of hepa-
rin-binding EGF-like growth factor. Development. 2006; 133(4):751–9. PMID: 16407398

Genome-Wide Mapping of 5mC and 5hmC in Late-Onset Severe Preeclampsia

PLOS ONE | DOI:10.1371/journal.pone.0134119 July 27, 2015 15 / 15

http://dx.doi.org/10.1016/j.ejogrb.2011.10.007
http://www.ncbi.nlm.nih.gov/pubmed/22071114
http://dx.doi.org/10.1186/1755-8794-6-51
http://www.ncbi.nlm.nih.gov/pubmed/24219996
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.180232
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.180232
http://www.ncbi.nlm.nih.gov/pubmed/22203747
http://dx.doi.org/10.1093/molehr/gat011
http://www.ncbi.nlm.nih.gov/pubmed/23420841
http://dx.doi.org/10.1016/j.placenta.2010.05.004
http://www.ncbi.nlm.nih.gov/pubmed/20621762
http://dx.doi.org/10.1177/1933719110382920
http://www.ncbi.nlm.nih.gov/pubmed/20959641
http://dx.doi.org/10.1177/1933719111398145
http://www.ncbi.nlm.nih.gov/pubmed/21422051
http://dx.doi.org/10.1161/HYPERTENSIONAHA.110.152074
http://www.ncbi.nlm.nih.gov/pubmed/20479331
http://www.ncbi.nlm.nih.gov/pubmed/23136606
http://dx.doi.org/10.1093/ajh/hps005
http://www.ncbi.nlm.nih.gov/pubmed/23382327
http://www.ncbi.nlm.nih.gov/pubmed/16407398

