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Abstract

Introduction

The pathophysiology of preeclampsia is largely unknown. Serum placental induced growth

factor (PlGF) levels are decreased during second trimester pregnancy. Aberrant DNA meth-

ylation is suggested to be involved in the etiology of preeclampsia (PE). We hypothesize

that DNA methylation is altered in PE placentas determined the methylation index by mea-

suring placental S-adenosylmethionine (SAM) and S-adenosylhomocysteine (SAH) levels.

In addition, we assessed global DNA methylation status by long-interspersed nuclear ele-

ment-1 (LINE-1) and DNA methylation status of the PlGF gene.

Methods

Placental tissue of 11 early onset PE (EOPE), 11 late onset PE (LOPE) and 60 controls con-

sisting of 25 uncomplicated controls 20 fetal growth restriction (FGR) and 15 preterm births

(PTB) controls was collected from a nested case-control study of The Rotterdam Pericon-

ceptional Cohort. RNA and DNA was isolated from placental tissue and DNA was treated

with sodium bisulfite. SAM and SAH levels were measured by LC-ESI-MS/MS. Methylation

of LINE-1 and PlGF genes was analyzed by Sequenom Epityper and. mRNA expression of

PlGF was assessed with qPCR. Differences were assessed by analysis of covariance

(ANCOVA) corrected for gestational age and birth weight.

Results

Placental SAM levels were significantly lower in placental tissue of EOPE pregnancies com-

pared to PTB controls (mean difference -240 ± 71.4 nmol/g protein, P = 0.01). PlGF DNA

methylation was decreased in placental tissue of EOPE cases versus LOPE (mean differ-

ence -17.4 ± 5.1%, P = 0.01), uncomplicated controls (mean difference -23.4 ± 5.4%%,
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P <0.001), FGR controls (mean difference -17.9 ± 4.6%, P = 0.002) and PTB controls (mean

difference -11.3 ± 3.8% P = 0.04). No significant differences were observed in SAH, SAM:

SAH ratio, LINE-1 DNA methylation and PlGF mRNA expression between groups.

Discussion

The hypomethylation state of the placenta in EOPE, which is reflected by lower SAM and

PlGF DNA hypomethylation underlines the possible role of placental DNA hypomethylation

in the pathophysiology of EOPE, which needs further investigation.

Introduction

Preeclampsia (PE) is one of the most severe maternal pregnancy complications worldwide and

affects 2–8% of all pregnancies [1]. The pathophysiological mechanism is not fully understood

and therapy is mostly aimed at reducing blood pressure rather than to cure the disease. The

molecular mechanism is thought to involve defective invasion of the spiral arteries into the

maternal blood stream, which leads to maternal endothelial dysfunction and concomitant

high blood pressure [1, 2]. However, preeclampsia is a heterogeneous disorder: it can occur as

early-onset (EOPE;�34 weeks of gestation) or late-onset (LOPE; >34 weeks of gestation) dis-

ease. Both phenotypes share common risk factors but differences also exists: EOPE is associ-

ated with more adverse (fetal) effects compared to LOPE [3].

Previously, we and others demonstrated a role of one-carbon metabolism in relation to PE

[1, 4–7]. This metabolism donates methyl groups for cellular methylation reactions. S-adeno-

sylmethionine (SAM) donates its methyl group to DNA after which S-adenosylhomocysteine

(SAH) is formed. SAH can be hydrolyzed into homocysteine by SAH hydrolase by a reversible

reaction. SAH is suggested to be a potent inhibitor of methylation reactions [8]. Elevated levels

of plasma homocysteine, which is a sensitive marker of disturbed 1-carbon metabolism, has

been shown to be associated with increased levels of SAH, decreased methylation index (SAM:

SAH ratio) and decreased global DNA methylation (such as methylation of LINE-1 repetitive

elements) and decreased methylation of imprinted genes [8–10]. Several studies demonstrated

an imbalance in the release of soluble fms-like tyrosine kinase (sFlt-1) and placental growth

factor (PIGF) into the maternal blood stream in preeclamptic women [11–13]. The presence of

sFlt-1 competes with Flt-1 in the binding of PlGF and causes maternal endothelial dysfunction

resulting in preeclampsia. During second trimester pregnancy elevated levels of sFLt-1 and

decreased levels of PIGF have been observed in preeclamptic complicated pregnancies com-

pared to normotensive pregnancies [11, 14, 15] resulting in an increased sFlt-1/PlGF ratio.

We hypothesized that DNA methylation is decreased in placental tissue of PE pregnancies

and assessed SAM and SAH levels, global LINE-1 DNA methylation and methylation of the

PlGF gene in placental tissue of EOPE and LOPE pregnancies compared to uncomplicated

controls, fetal growth restricted (FGR) controls and preterm birth (PTB) controls.

Methods

Placental material

Between June 2011 and June 2013 placental tissue was collected from selected patients for a

nested case-control study of the Rotterdam Periconceptional Cohort (Predict study), an ongo-

ing prospective tertiary hospital-based cohort study conducted at the Erasmus MC University

Altered methylation in placenta of early-onset preclampsia

PLOS ONE | https://doi.org/10.1371/journal.pone.0226969 December 30, 2019 2 / 11

https://doi.org/10.1371/journal.pone.0226969


Medical Center Rotterdam [16]. EOPE and LOPE cases were selected as cases and uncompli-

cated pregnancies were selected as controls. In addition, we oversampled the uncomplicated

control group with placental tissue from fetal growth restricted (FGR) pregnancies and pre-

term births (PTB) as additional controls to reduce confounding by differences in gestational

age and birth weight as described previously [17].

PE was defined according to the International Society for the Study of Hypertension in

Pregnancy as gestational hypertension of at least 140/90 mmHg accompanied by an urine pro-

tein/creatinine ratio of� 30 mg/mmol, arising de novo after the 20th week of gestation. EOPE

and LOPE were defined as being PE diagnosed before and after 34 weeks of gestation, respec-

tively [18]. Uncomplicated control pregnancies were defined as pregnancies without PE, gesta-

tional hypertension, FGR or PTB. FGR controls were selected based upon fetal weight below

the 10th percentile for gestational age. Birthweight percentiles were calculated according to the

reference curves of the Dutch Perinatal Registry [19]. PTB controls were selected as spontane-

ous delivery between 22 and 37 weeks of gestation. Woman with multiple birth pregnancies or

pregnancies complicated by fetal congenital malformations were excluded from this study. All

women signed a written informed consent and the study protocol was approved by the medical

ethical committee of the ErasmusMC (METC number 2004–227).

Sample collection

Within 30 minutes after delivery of the placenta, samples of 0.5 cm3 were taken from the fetal

side of the placental tissue at 4 different sites in a 3 cm radius around the umbilical cord inser-

tion, after carefully removing the membranes and 2 mm of the top placental layer. Placental

tissue from 4 different biopsies was quickly rinsed in PBS and was snap frozen in liquid nitro-

gen in Eppendorf tubes and was stored at -80˚ until further analysis. Placental tissue was

grinded from 30 mg tissue of one placental biopsy and frozen placental powder was directly

added to a cell lysis buffer and stored in Eppendorf tubes at -80 ˚C until further analysis. Sub-

sequently, genomic DNA and RNA was extracted using the Allprep DNA/RNA isolation mini

kit (Qiagen, Hilden, Germany), according to manufacturer’s instructions. Another aliquot of

grinded placental tissue was mixed in an acidic saline solution (800μl saline, 80μl 1M Acetic

Acid) for SAM, SAH and total protein measurement.

Placental SAM and SAH measurements

S-adenosylmethionine (SAM) and S-adenosylhomocysteine (SAH) concentrations were deter-

mined in grinded placental tissue with an isotope dilution liquid chromatography tandem MS

method (ID-LC-MS/MS) as adapted from Gellekink et al [20]. In short, the acidified placental

extracts were neutralized with 1 M NH3 and subjected to a SPE sample clean-up. 10 μl of sam-

ple was then injected on a 50x2.1 mm HPLC Atlantis C18 column (Waters, Etten-Leur, the

Netherlands) and eluted using a methanol gradient in 0.1% aqueous acetic acid. Detection was

performed on a Quattro Premier XE mass spectrometer (Waters, Etten-Leur, the Nether-

lands). The concentration of total protein in the grinded placental extracts was determined on

a Cobas 701 analyzer using the urine/CSF total protein test kit (Roche Diagnostics, Almere,

the Netherlands). The amount of SAM and SAH was expressed as nmol/g protein.

Quantification of LINE-1 and PlGF DNA methylation

Global DNA methylation was measured by LINE-1 repetitive elements (Genbank: X58075) as

previously described by Wang et al [21]. Primers of PlGF gene were designed according to

Genbank sequences NC_000014.9. The following primers were selected: L1-FOR: 5’-aggaa
gagagGTGTGAGGTGTTAGTGTGTTTTGTT -3’, L1-REV 5’ -cagtaatacgactcacta
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tagggagaaggctATATCCCACACCTAACTCAAAAAAT -3’, PlGF-FOR 5’-aggaagaga
gGTTGGATTTTTGGATGTTTTTATTT -3’, and PlGF-REV 5’-cagtaatacgactcacta
tagggagaaggctCAAACAACAACTCCCTTCTAAAACT -3’,. DNA (500ng) was bisulfite

treated with EZ DNA methylation kit (Zymo research, USA) according to the instructions of

the manufacturer. Bisulfite treated DNA was dissolved in a Tris/0.1xEDTA buffer in a final

concentration between 5 and 7 ng/μL. All bisulfite treated DNA samples were stored at -80˚C.

PCR was performed in quadruplicate within 30 days after bisulfite treatment and all PCR reac-

tions were performed simultaneously. Methylated DNA and unmethylated DNA control

(Zymo research, USA) were mixed in a 4:1 ratio as a positive control. In addition, genomic

DNA isolated from blood leucocytes was used throughout the whole procedure as a positive

control. Bisulfite treatment was performed for 20 samples each run and contained both the

Zymo control as well as the blood sample control besides 18 placental samples. PCR was per-

formed in a total volume of 12μl. Reaction mixture contained buffer 1x, dNTP (0.2mM),

MgCl2 (1.5mM), forward/reverse primer (4 pmol), Amplitaq Gold (0.5 units, Life Technolo-

gies, Netherlands) and 2μl bisulfite treated DNA. PCR program followed a touch down proce-

dure with an initial denaturation at 95˚ for 10 min. First 5 cycles of denaturation at 95˚ for 20

sec, annealing at 65˚ for 30 sec, elongation at 72˚ for 1 min. Second 5 cycles of denaturation at

95˚ for 20 sec, annealing at 58˚ for 30 sec, elongation at 72˚ for 1 min. Followed by 39 cycles of

denaturation at 95˚ for 20 sec, annealing at 53˚ for 30 sec, elongation at 72˚ for 1 min and a

final elongation at 72˚ for 3 min. 3μl of the PCR product was tested on gel. All PCR products

were stored at -20˚C until Sequenom analysis. Sequenom analysis (triplicate) was performed

accordingly to the instructions of the manufacturer. All samples for LINE-1 measurement

were analyzed on a single spectrochip, the same was done for PlGF measurement. Methylation

percentage was calculated by MassARRAY Epityper Analyzer Software (Sequenom, USA).

Validation of LINE-1 and PlGF methylation assays

LINE_1 amplicon detected 8 CpG sites of which CpG site 4 was omitted because of a silent sig-

nal and CpG_10 could not be measured because of low mass error. Mean percentage of meth-

ylation, standard deviation (SD), and coefficient of variation (CV) were calculated from

triplicate measurements of each CpG site. CV had to be less than 10% to be able to measure

LINE-1 DNA methylation precisely. The PlGF amplicon consisted of 15 CpG sites of which 6

CpG sites were omitted due to low/high mass or silent signal. Of the 9 CpG sites that poten-

tially could be quantified only CpG site 1 could be quantified, which is located in the 5’flanking

region of the PlGF gene. Other 8 CpG sites had a methylation of less than 5%, which resulted

in a CV>20%. Mean percentage of methylation, SD, and CV were calculated from triplicate

measurements of each CpG site. Mean methylation of PLGF was lower than LINE-1 methyla-

tion and for this reason we could not measure PLGF methylation with the same precision as

LINE-1. We therefore used CV<20% as cut-off instead of CV<10%.

PlGF mRNA quantification

RNA was isolated from 82 placental samples of PE-complicated pregnancies and controls from

the same biopt as from which DNA was isolated and RNA quality was assessed with the 2100

Bioanalyzer and RNA 6000 Nano kit (Agilent Technologies, Germany). Of these samples, 8

recorded a RIN number<2 and were left out for further procedure. Of the remaining 74 sam-

ples two recorded a RIN = 7, all other samples showed a RIN>8 500 ng of RNA was used for a

single RT reaction using the Iscript RT supermix kit (Bio-Rad, The Netherlands) in a total vol-

ume of 20 μL (both Oligo-dT and random priming). Incubation was done for 5 min at 25˚C,

20 min at 46 ˚C and 1 min at 95˚C. RT reactions were performed in series of 22 samples
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combined with one No-RT control reaction. Afterwards RT reaction samples were diluted 2.5

times with sterile water. Expression analysis was performed in a 96-well format on a Taqman

7500 fast analyzer (ThermoFisher Scientific, USA). The following taqman tests were used; PlGF
(Hs00182176_m1); Eukaryotic 18S rRNA (Hs99999901_s1) and Beta actin (H99999903_m1).

Taqman tests were performed with 2 μL cDNA, 10 μL Taqman fast advanced mastermix and

1 μL expression assay mix in a total volume of 20 μL. Fast Cycling was done for 2 min 50˚C., 2

min 95˚C and 40 cycles of 3 sec 95˚C, 30 sec 60˚C. As 18S RNA was highly expressed in placen-

tal tissue taqman cycling was reduced to 30 cycles. Samples were run in duplicate and were

repeated if Ct difference between the duplicates was found to be>0.3 Ct value. Data was

analyzed with Qbase+ (Biogazelle, Belgium). Of all cDNA samples a pooled control sample

was made. This pooled sample was used for a 10-times dilution series on every plate. These

dilution series were used for PCR efficiency correction. Efficiencies found for PlGF, 18S and

ACTB were 1.95, 1.95 and 1.91 respectively. Normalization was done with 18S and ACTB

(M = 0.562). CNRQ values are calculated relatively to study average and were exported and

used for further statistical analysis.

Statistical analysis

Normality of the tested variables was checked manually by histrograms and was in addition

analyzed by Shapiro-Wilk test. Means with SD were calculated from normal distributed vari-

ables and median with interquartile range (IQR) were presented for skewed variables. Differ-

ences in maternal and neonatal characteristics between the five groups were assessed using

ANOVA for normal distributed variables and Kruskal-Wallis test for skewed variables. Differ-

ences in mode of delivery, fetal gender and birth weight percentage were calculated with Chi-

square test.

Difference in methylation markers among the groups were assessed by analysis of variance

(ANOVA). In addition, correction for differences in gestational age and birth weight were

assessed by univariate analysis of covariance (ANCOVA) followed by Bonferoni post-hoc

analysis. LINE-1 amplicon was analyzed as the mean of all CpGs per sample to assess methyl-

ation of the whole differentially methylated region (DMR). PlGF DNA methylation was

skewed but analysis showed that transformation did not result in normality. However, as the

Shapiro-Wilk test statistic of the log-transformed PlGF DNA methylation improved after

log-transformation (0.942 versus 0.836, log_PlGF versus PlGF, respectively)) we used log-

transformed PlGF DNA methylation in further analysis. P<0.05 was considered to be signifi-

cantly. Bonferroni correction was applied to correct for multiple comparisons of independent

methylation markers. We accounted for five independent multiple comparisons (SAM, SAH,

SAM:SAH ratio, LINE-1 methylation and PlGF methylation). P<0.01 was considered statisti-

cally significant after Bonferroni correction (i.e. P = 0.05/5). Correlation between methyla-

tion markers was assessed with Pearson correlation. All analysis were performed in IBM

SPSS statistics 25.

Results

Baseline descriptives

Descriptives of the cohort are described in Table 1. Systolic- and diastolic blood pressure were

significantly increased in women with EOPE and LOPE complicated pregnancies (Table 1).

In addition, significant differences in birth weight and gestational age were present among

EOPE, LOPE and the control groups (Table 1, ANOVA P<0.001).

Altered methylation in placenta of early-onset preclampsia
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Placental SAM and SAH levels

SAM levels were significantly different among the five groups (crude P = 0.002, Table 2). Post

hoc analysis demonstrated significantly lower SAM levels in placental tissue from EOPE com-

plicated pregnancies compared to PTB controls, which was independent from differences in

gestational age and birthweight (mean difference -240 ± 71.4 nmol/g protein, P = 0.01,

Table 2). However, this difference attenuated after Bonferoni correction as it did not reach the

predefined Bonferoni significance level of P<0.01. SAH levels were not significantly different

between EOPE, LOPE and each of the control groups (Table 2). SAM:SAH ratio was slightly

lower in EOPE compared to PTB controls, but this was not statistically significant (mean dif-

ference -2.5 ± 0.99, P = 0.13). No differences were observed in SAM:SAH ratio between LOPE

and each of the control groups (Table 2).

Table 1. Maternal and neonatal characteristics.

EOPE LOPE Uncomplicated controls Normotensive FGR controls Normotensive PTB controls P value

N = 11 N = 11 N = 25 N = 20 N = 15

Maternal
Age (y) 31.2 ± 4.0 33.6 ± 4.7 31.8 ± 5.3 29.6 ± 6.3 31.4 ± 3.3 0.30

SBD (mm Hg) 174 ± 19 150 ± 10 129 ± 12 130 ± 14 126 ± 17 <0.001

DBD (mm Hg) 99 ± 16 94 ± 11 76 ± 6 75 ± 9 79 ± 14 <0.001

Delivery (% vaginal) 1 (9%) 6 (55%) 18 (72%) 12 (60%) 12 (80%) 0.01

Neonatal
Sex (male), N (%) 3 (27) 5 (45) 14 (56) 12 (60) 7 (47) 0.464

Gestational age (days) 215 (24) 265 (16) 279 (13) 267 (15) 244 (62) <0.001

Birthweight (grams) 1181 ± 356 3363 ± 662 3788 ± 398 2451 ± 362 2259 ± 958 <0.001

Birth weight <10th, N (%) 11 (100) 1 (9) 0 (0) 20 (100) 0 (0) <0.001

Data are presented as mean ± standard deviation or as ^median (IQR) for skewed variables for continuous variables and as number and percentage for dichotomous

variables. EOPE = early onset PE; LOPE = late onset PE; FGR = fetal growth retardation; PTB = preterm birth; SBD = systolic blood pressure; DBD = diastolic blood

pressure.

https://doi.org/10.1371/journal.pone.0226969.t001

Table 2. Biomarkers in placental tissue of PE complicated pregnancies and controls.

EOPE LOPE Controls FGR controls PTB controls Crude P Adjusted P

SAM (nmol/g protein),(n) 397 ± 109� (10) 345 ± 119 (10) 384 ± 147 (25) 360 ± 128 (20) 568 ± 241 (14) 0.002 0.02

SAH (nmol/g protein) (n) 95.8 ± 27.0 (10) 79.7 ± 29.0 (10) 78.5 ± 28.4 (25) 76.5 ± 31.8 (20) 84.1 ± 27.1 (14) 0.049 0.75

SAM:SAH ratio,(n) 4.4 ± 1.4 (10) 4.9 ± 2.4 (10) 5.3 ± 2.0 (25) 5.1 ± 2.3 (20) 6.8 ± 2.1 (14) 0.07 0.07

LINE-1 DMR methylation (%), (n) 22.1 ± 2.4 (11) 22.7 ± 1.9 (11) 22.8 ± 2.1 (25) 22.0 ± 2.5 (20) 22.3 ± 2.9 (14) 0.77 0.15

PlGF methylation (%)$, (n) 13.3 [3.7]# (11) 13.0 [2.3] (11) 14.0 [2.8] (25) 12.2 [4.6] (20) 15.2 [7.6] (14) 0.15 0.001

PlGF mRNA^, (n) 1.19 ± 0.80 (10) 1.26 ± 0.69 (10) 1.21 ± 0.42 (21) 0.93 ± 0.54 (18) 1.22 ± 0.55 (14) 0.49 0.61

Data are presented as mean ± standard deviation or as $median (IQR) for skewed variables. Crude P value of ANOVA test between 5 groups; Adjusted P value of

ANCOVA corrected for gestational age and birthweight between 5 groups.

�P = 0.01 compared to PTB controls.
#P<0.05 compared to either LOPE, uncomplicated controls, FGR controls and PTB controls. EOPE = early onset PE; LOPE = late onset PE; FGR = fetal growth

retardation; PTB = preterm birth; SAM = S-adenosylmethionine; SAH = S-adenosylhomocysteine; LINE-1 = long-interspersed nuclear element 1; PlGF = Placental

growth factor.

^Calibrated normalized relative quantity as calculated with Qbase+

https://doi.org/10.1371/journal.pone.0226969.t002
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Placental LINE-1 and PlGF DNA methylation

LINE-1 DNA methylation was not significantly different in placental tissue among the groups

(mean difference ranged from -0.009 till -0.02, P>0.05, Table 2). Placental PlGF DNA methyla-

tion was not significant among groups (mean difference ranged from -0.07 till 0.01, crude

P = 0.15, Table 2). However, after correction for gestational age and birthweight PlGF DNA

methylation was lower in EOPE compared to LOPE (mean difference -17.4 ± 5.1%, P = 0.01),

uncomplicated controls (mean difference -23.4 ± 5.4%, P< 0.001), FGR controls (mean differ-

ence -17.9 ± 4.6%, P = 0.002) and PTB controls (mean difference -11.3 ± 3.8%, P = 0.04). The

difference between EOPE compared to uncomplicated controls and FGR controls met the pre-

defined Bonferoni level of P<0.01. Placental PlGF DNA methylation was not significantly

lower in LOPE placentas compared to each of the control groups (Table 2).

Placental PlGF mRNA levels

PlGF mRNA levels were not significantly different between EOPE, LOPE and each of the con-

trol groups (mean difference ranged from -0.01 till 0.43 after correction for gestational age and

birth weight, P>0.05, Table 2). In addition, PlGF mRNA levels were modestly negatively corre-

lated to PlGF DNA methylation in uncomplicated controls (R = -0.51, P = 0.02), whereas in

EOPE, LOPE, FGR controls and PTB controls no significant correlation was present.

Correlation of methylation markers

We investigated correlation of PlGF DNA methylation and SAM with other biomarkers. SAM

was significantly correlated to SAH (r = 0.45, P = 0.001), SAM:SAH ratio (r = 0.51, P < 0.001),

birth weight (r = -0.26, P = 0.02), and gestational age (r = -0.39, P = 0.006). In addition, PlGF
DNA methylation was significantly correlated to SAM levels (R = 0.31, P = 0.006), SAM:SAH

ratio (R = 0.24, P = 0.04), LINE-1 DNA methylation (R = 0.40, P<0.001) and gestational age

(R = -0.35, P = 0.02) although correlation coefficients were modest (R<0.80).

Discussion

The pathophysiological mechanism of PE is unknown and studies have suggested a role of epi-

genetics. We show significantly lower SAM levels in placental tissues from EOPE complicated

pregnancies compared to PTB controls. Concomitantly, PlGF DNA methylation levels were

decreased in EOPE pregnancies compared to LOPE and each of the control groups. No signifi-

cant differences were found in LOPE and neither was global LINE-1 DNA methylation and

PlGF mRNA expression significant different between EOPE, LOPE and each of the control

groups.

Few studies have investigated DNA methylation at a global level and several studies focused

at candidate genes [22], [23]. We and others provided evidence for a role of some novel epige-

netic loci using methylation arrays although these results need to be validated in larger cohorts

[24, 25]. None of the candidate studies have identified PlGF as target locus in PE neither was

the PlGF locus identified in genome-wide methylation studies [26–29]. However, most studies

consisted of only a few patients or did not correct for differences in confounders such as gesta-

tional age, which could have complicated the reported findings.

Based on the previous described role of altered one-carbon metabolism in relation to PE we

hypothesized that changes in SAM, SAH and SAM:SAH ratio are present in PE, which lead to

decreased methylation. We showed significantly lower SAM levels in placental tissue of EOPE

pregnancies compared to PTB controls, which result in a lower SAM:SAH ratio, although this

ratio was not significant (P = 0.13). These lack of significant lower SAM:SAH ratio might be
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caused by the relative small sample size of our study. SAM:SAH ratio has been described as the

methylation potential of the cell and lower levels of SAM or are expected to be associated with

less methylation. In addition, we did find a modest positive correlation of placental SAM levels

with PlGF DNA methylation, which suggests that less methyl donor availability from SAM

leads to decreased PlGF DNA methylation. More studies with larger sample size are necessary

to evaluate the potential role of SAM in PE.

We were not able to demonstrate differences in placental LINE-1 methylation between PE

pregnancies and controls. Not many studies have investigated the role of global methylation

measured by LINE-1 repeats in preeclampsia. Placental LINE-1 DNA hypermethylation was

found in two studies [30, 31] whereas another study found LINE-1 hypomethylation [23, 32].

In three other studies, placental LINE-1 methylation was not significantly changed in PE com-

pared to controls [33–35], which is in agreement with our results that LINE-1 methylation in

placental tissue of PE complicated pregnancies is not different from control pregnancies. How-

ever, more studies are necessary to draw a firm conclusion.

In our study we assessed placental methylation status of PlGF in PE complicated pregnan-

cies and compared this to uncomplicated pregnancies and pregnancies complicated by FGR

and PTB. In most studies, DNA methylation of PE complicated pregnancies was compared to

uncomplicated controls. However, uncomplicated controls differ significantly from PE com-

plicated pregnancies in gestational age and birth weight. To circumvent this we included

FGR-, and PTB complicated controls, which are more comparable in birth weight and gesta-

tional age to PE complicated pregnancies. However, despite including these control groups we

still observed significant differences in birth weight and gestational age between PE compli-

cated pregnancies and PTB- and FGR complicated controls for which we corrected. In addi-

tion, we found a modest negative correlation between PlGF DNA methylation and SAM levels

with gestational age. In addition, SAM was also correlated to birth weight. These findings

demonstrate that correction for birth weight and gestational age is needed to assess indepen-

dency and also underlines that these methylation levels change during pregnancy, which war-

rant further studies during second trimester pregnancy.

We demonstrated PlGF DNA hypomethylation in placental tissue from EOPEpregnancies

compared to each of the control groups, which was not present in LOPE. The underlying

mechanism in EOPE and LOPE differs. It has been suggested that in EOPE poor placentation

plays a dominant role, whereas in LOPE inflammatory processes are involved [1]. Studies have

shown that PlGF levels are lower and have better diagnostic ability in EOPE than LOPE, which

underlines our finding of PlGF DNA hypomethylation in EOPE but not in LOPE [36, 37].

To assess whether the observed lower PlGF DNA hypomethylation in EOPE is associated

with lower PlGF mRNA expression we quantified mRNA expression in placental tissue but did

not find evidence for changes in PlGF mRNA levels between EOPE, LOPE, and each of the

control groups, which is in line with a previous study which showed that PlGF mRNA expres-

sion was not altered in EOPE placentas [38].

Interestingly, we did find that PlGF DNA methylation was negatively correlated to PlGF
mRNA expression in uncomplicated controls, whereas in pregnancies complicated by EOPE,

LOPE, FGR or PTB no significant correlation was observed. This suggests that under physio-

logical circumstances PlGF mRNA expression might be regulated by PlGF methylation. How-

ever, under pathophysiological circumstances, such as EOPE, different regulation of PlGF

methylation and mRNA expression occurs, which need to be further examined in future

studies.

During second trimester pregnancies lower PlGF plasma levels have been observed in

EOPE pregnancies. In our study PlGF DNA methylation was not associated with PlGF mRNA

expression, which could have the following explanations; 1) PlGF promoter DNA methylation
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does lead to changes in PlGF mRNA expression, 2) due to large variation in PlGF mRNA

expression we were not able to detect subtle differences in mRNA expression, 3) the physiolog-

ical mechanism of PlGF downregulation at birth might differ from second trimester preg-

nancy. Future studies investigating PlGF DNA methylation in maternal plasma or chorionic

villi obtained during second trimester pregnancy will be needed to assess whether the lower

PlGF DNA methylation levels can be used to predict EOPE in the near future.

This is the first study that assessed placental DNA methylation of global markers of methyl-

ation and PlGF DNA methyalation in preeclampsia. We showed lower SAM and PlGF DNA

hypomethylation in placental tissue of EOPE complicated pregnancies compared to PTB con-

trols. However as changes in methylation markers were modest more studies are needed to val-

idate our findings and to assess the clinical value in relation to prediction of EOPE during

first-trimester pregnancy.

Acknowledgments

We would like to thank Michael Verbiest for technical assistance with Sequenom Epityper

measurements. This study was supported by a Erasmus MC grant to SGH and EAPS.

Author Contributions

Conceptualization: Sandra G. Heil, Regine P. M. Steegers-Theunissen, Eric A. P. Steegers.

Data curation: Sandra G. Heil, Emilie M. Herzog.

Formal analysis: Sandra G. Heil, Pieter H. Griffioen, Bertrand van Zelst.

Funding acquisition: Sandra G. Heil, Eric A. P. Steegers.

Investigation: Emilie M. Herzog, Pieter H. Griffioen, Bertrand van Zelst.

Methodology: Sandra G. Heil, Emilie M. Herzog, Pieter H. Griffioen, Bertrand van Zelst, Sten

P. Willemsen.

Project administration: Sandra G. Heil.

Resources: Sandra G. Heil, Yolanda B. de Rijke, Regine P. M. Steegers-Theunissen.

Software: Sandra G. Heil.

Supervision: Sandra G. Heil, Eric A. P. Steegers.

Validation: Sandra G. Heil, Pieter H. Griffioen, Sten P. Willemsen.

Visualization: Sandra G. Heil.

Writing – original draft: Sandra G. Heil, Pieter H. Griffioen.

Writing – review & editing: Sandra G. Heil, Emilie M. Herzog, Pieter H. Griffioen, Bertrand

van Zelst, Sten P. Willemsen, Yolanda B. de Rijke, Regine P. M. Steegers-Theunissen, Eric

A. P. Steegers.

References
1. Steegers EA, von Dadelszen P, Duvekot JJ, Pijnenborg R. Pre-eclampsia. Lancet. 2010; 376(9741):631–

44. Epub 2010/07/06. https://doi.org/10.1016/S0140-6736(10)60279-6 PMID: 20598363.

2. Brosens IA, Robertson WB, Dixon HG. The role of the spiral arteries in the pathogenesis of preeclamp-

sia. Obstet Gynecol Annu. 1972; 1:177–91. Epub 1972/01/01. PMID: 4669123.

3. Lisonkova S, Joseph KS. Incidence of preeclampsia: risk factors and outcomes associated with early-

versus late-onset disease. Am J Obstet Gynecol. 2013; 209(6):544.e1–e12. Epub 2013/08/27. https://

doi.org/10.1016/j.ajog.2013.08.019 PMID: 23973398.

Altered methylation in placenta of early-onset preclampsia

PLOS ONE | https://doi.org/10.1371/journal.pone.0226969 December 30, 2019 9 / 11

https://doi.org/10.1016/S0140-6736(10)60279-6
http://www.ncbi.nlm.nih.gov/pubmed/20598363
http://www.ncbi.nlm.nih.gov/pubmed/4669123
https://doi.org/10.1016/j.ajog.2013.08.019
https://doi.org/10.1016/j.ajog.2013.08.019
http://www.ncbi.nlm.nih.gov/pubmed/23973398
https://doi.org/10.1371/journal.pone.0226969


4. Zusterzeel PL, Visser W, Blom HJ, Peters WH, Heil SG, Steegers EA. Methylenetetrahydrofolate

reductase polymorphisms in preeclampsia and the HELLP syndrome. Hypertens Pregnancy. 2000;

19(3):299–307. Epub 2000/12/19. https://doi.org/10.1081/prg-100101991 PMID: 11118403.

5. Bergen NE, Jaddoe VW, Timmermans S, Hofman A, Lindemans J, Russcher H, et al. Homocysteine

and folate concentrations in early pregnancy and the risk of adverse pregnancy outcomes: the Genera-

tion R Study. Bjog. 2012; 119(6):739–51. Epub 2012/04/12. https://doi.org/10.1111/j.1471-0528.2012.

03321.x PMID: 22489763.

6. van Mil NH, Bouwland-Both MI, Stolk L, Verbiest MM, Hofman A, Jaddoe VW, et al. Determinants of

maternal pregnancy one-carbon metabolism and newborn human DNA methylation profiles. Repro-

duction. 2014; 148(6):581–92. Epub 2014/11/14. https://doi.org/10.1530/REP-14-0260 PMID:

25392189.

7. Steegers-Theunissen RP, Twigt J, Pestinger V, Sinclair KD. The periconceptional period, reproduction

and long-term health of offspring: the importance of one-carbon metabolism. Hum Reprod Update.

2013. Epub 2013/08/21. https://doi.org/10.1093/humupd/dmt041 PMID: 23959022.

8. Castro R, Rivera I, Struys EA, Jansen EE, Ravasco P, Camilo ME, et al. Increased homocysteine and

S-adenosylhomocysteine concentrations and DNA hypomethylation in vascular disease. Clin Chem.

2003; 49(8):1292–6. Epub 2003/07/26. https://doi.org/10.1373/49.8.1292 PMID: 12881445.

9. Ingrosso D, Cimmino A, Perna AF, Masella L, De Santo NG, De Bonis ML, et al. Folate treatment and

unbalanced methylation and changes of allelic expression induced by hyperhomocysteinaemia in

patients with uraemia. Lancet. 2003; 361(9370):1693–9. Epub 2003/05/28. https://doi.org/10.1016/

S0140-6736(03)13372-7 PMID: 12767735.

10. Mandaviya PR, Stolk L, Heil SG. Homocysteine and DNA methylation: a review of animal and human lit-

erature. Mol Genet Metab. 2014; 113(4):243–52. Epub 2014/12/03. https://doi.org/10.1016/j.ymgme.

2014.10.006 PMID: 25456744.

11. Maynard SE, Min JY, Merchan J, Lim KH, Li J, Mondal S, et al. Excess placental soluble fms-like tyro-

sine kinase 1 (sFlt1) may contribute to endothelial dysfunction, hypertension, and proteinuria in pre-

eclampsia. J Clin Invest. 2003; 111(5):649–58. Epub 2003/03/06. https://doi.org/10.1172/JCI17189

PMID: 12618519.

12. Levine RJ, Maynard SE, Qian C, Lim KH, England LJ, Yu KF, et al. Circulating angiogenic factors and

the risk of preeclampsia. N Engl J Med. 2004; 350(7):672–83. https://doi.org/10.1056/NEJMoa031884

PMID: 14764923.

13. Karumanchi SA, Maynard SE, Stillman IE, Epstein FH, Sukhatme VP. Preeclampsia: a renal perspec-

tive. Kidney Int. 2005; 67(6):2101–13. Epub 2005/05/11. https://doi.org/10.1111/j.1523-1755.2005.

00316.x PMID: 15882253.

14. Bouwland-Both MI, Steegers EA, Lindemans J, Russcher H, Hofman A, Geurts-Moespot AJ, et al.

Maternal soluble fms-like tyrosine kinase-1, placental growth factor, plasminogen activator inhibitor-

2, and folate concentrations and early fetal size: the Generation R study. Am J Obstet Gynecol.

2013; 209(2):121.e1–11. Epub 2013/04/16. https://doi.org/10.1016/j.ajog.2013.04.009 PMID:

23583216.

15. Coolman M, Timmermans S, de Groot CJ, Russcher H, Lindemans J, Hofman A, et al. Angiogenic and

fibrinolytic factors in blood during the first half of pregnancy and adverse pregnancy outcomes. Obstet

Gynecol. 2012; 119(6):1190–200. Epub 2012/05/24. https://doi.org/10.1097/AOG.0b013e318256187f

PMID: 22617584.

16. Steegers-Theunissen RP, Verheijden-Paulissen JJ, van Uitert EM, Wildhagen MF, Exalto N, Koning

AH, et al. Cohort Profile: The Rotterdam Periconceptional Cohort (Predict Study). Int J Epidemiol. 2015.

Epub 2015/08/01. https://doi.org/10.1093/ije/dyv147 PMID: 26224071.

17. Herzog EM, Eggink AJ, van der Zee M, Lagendijk J, Willemsen SP, de Jonge R, et al. The impact of

early- and late-onset preeclampsia on umbilical cord blood cell populations. J Reprod Immunol. 2016;

116:81–5. Epub 2016/05/31. https://doi.org/10.1016/j.jri.2016.05.002 PMID: 27239988.

18. Brown MA, Lindheimer MD, de Swiet M, Van Assche A, Moutquin JM. The classification and diagnosis

of the hypertensive disorders of pregnancy: statement from the International Society for the Study of

Hypertension in Pregnancy (ISSHP). Hypertens Pregnancy. 2001; 20(1):IX–XIV. Epub 2002/06/05.

PMID: 12044323.

19. Visser GH, Eilers PH, Elferink-Stinkens PM, Merkus HM, Wit JM. New Dutch reference curves for birth-

weight by gestational age. Early Hum Dev. 2009; 85(12):737–44. Epub 2009/11/17. https://doi.org/10.

1016/j.earlhumdev.2009.09.008 PMID: 19914013.

20. Kok RM, Smith DE, Barto R, Spijkerman AM, Teerlink T, Gellekink HJ, et al. Global DNA methylation

measured by liquid chromatography-tandem mass spectrometry: analytical technique, reference values

and determinants in healthy subjects. Clin Chem Lab Med. 2007; 45(7):903–11. Epub 2007/07/10.

https://doi.org/10.1515/CCLM.2007.137 PMID: 17617036.

Altered methylation in placenta of early-onset preclampsia

PLOS ONE | https://doi.org/10.1371/journal.pone.0226969 December 30, 2019 10 / 11

https://doi.org/10.1081/prg-100101991
http://www.ncbi.nlm.nih.gov/pubmed/11118403
https://doi.org/10.1111/j.1471-0528.2012.03321.x
https://doi.org/10.1111/j.1471-0528.2012.03321.x
http://www.ncbi.nlm.nih.gov/pubmed/22489763
https://doi.org/10.1530/REP-14-0260
http://www.ncbi.nlm.nih.gov/pubmed/25392189
https://doi.org/10.1093/humupd/dmt041
http://www.ncbi.nlm.nih.gov/pubmed/23959022
https://doi.org/10.1373/49.8.1292
http://www.ncbi.nlm.nih.gov/pubmed/12881445
https://doi.org/10.1016/S0140-6736(03)13372-7
https://doi.org/10.1016/S0140-6736(03)13372-7
http://www.ncbi.nlm.nih.gov/pubmed/12767735
https://doi.org/10.1016/j.ymgme.2014.10.006
https://doi.org/10.1016/j.ymgme.2014.10.006
http://www.ncbi.nlm.nih.gov/pubmed/25456744
https://doi.org/10.1172/JCI17189
http://www.ncbi.nlm.nih.gov/pubmed/12618519
https://doi.org/10.1056/NEJMoa031884
http://www.ncbi.nlm.nih.gov/pubmed/14764923
https://doi.org/10.1111/j.1523-1755.2005.00316.x
https://doi.org/10.1111/j.1523-1755.2005.00316.x
http://www.ncbi.nlm.nih.gov/pubmed/15882253
https://doi.org/10.1016/j.ajog.2013.04.009
http://www.ncbi.nlm.nih.gov/pubmed/23583216
https://doi.org/10.1097/AOG.0b013e318256187f
http://www.ncbi.nlm.nih.gov/pubmed/22617584
https://doi.org/10.1093/ije/dyv147
http://www.ncbi.nlm.nih.gov/pubmed/26224071
https://doi.org/10.1016/j.jri.2016.05.002
http://www.ncbi.nlm.nih.gov/pubmed/27239988
http://www.ncbi.nlm.nih.gov/pubmed/12044323
https://doi.org/10.1016/j.earlhumdev.2009.09.008
https://doi.org/10.1016/j.earlhumdev.2009.09.008
http://www.ncbi.nlm.nih.gov/pubmed/19914013
https://doi.org/10.1515/CCLM.2007.137
http://www.ncbi.nlm.nih.gov/pubmed/17617036
https://doi.org/10.1371/journal.pone.0226969


21. Wang L, Wang F, Guan J, Le J, Wu L, Zou J, et al. Relation between hypomethylation of long inter-

spersed nucleotide elements and risk of neural tube defects. Am J Clin Nutr. 2010 https://doi.org/10.

3945/ajcn.2009.28858 PMID: 20164316.

22. Kulkarni AV, Mehendale SS, Yadav HR, Joshi SR. Reduced placental docosahexaenoic acid levels

associated with increased levels of sFlt-1 in preeclampsia. Prostaglandins Leukot Essent Fatty Acids.

2011; 84(1–2):51–5. Epub 2010/10/20. https://doi.org/10.1016/j.plefa.2010.09.005 PMID: 20956072.

23. Nomura Y, Lambertini L, Rialdi A, Lee M, Mystal EY, Grabie M, et al. Global methylation in the placenta

and umbilical cord blood from pregnancies with maternal gestational diabetes, preeclampsia, and obe-

sity. Reprod Sci. 2014; 21(1):131–7. Epub 2013/06/15. https://doi.org/10.1177/1933719113492206

PMID: 23765376.

24. Wilson SL, Blair JD, Hogg K, Langlois S, von Dadelszen P, Robinson WP. Placental DNA methylation

at term reflects maternal serum levels of INHA and FN1, but not PAPPA, early in pregnancy. BMC Med

Genet. 2015; 16(1). https://doi.org/10.1186/s12881-015-0257-z PMID: 26654447

25. Herzog EM, Eggink AJ, Willemsen SP, Slieker RC, Wijnands KPJ, Felix JF, et al. Early- and late-onset

preeclampsia and the tissue-specific epigenome of the placenta and newborn. Placenta. 2017; 58((Her-

zog E.M., e.herzog@erasmusmc.nl; Eggink A.J., a.eggink@erasmusmc.nl; Willemsen S.P., s.willem-

sen@erasmusmc.nl; Wijnands K.P.J., k.wijnands@erasmusmc.nl; Steegers-Theunissen R.P.M.,

r.steegers@erasmusmc.nl) Department of Obstetrics and Gynaecology, Erasmus MC, University Medi-

cal Centre Rotterdam, Rotterdam, Netherlands):122–32. https://doi.org/10.1016/j.placenta.2017.08.

070 PMID: 28962690

26. Yan YH, Yi P, Zheng YR, Yu LL, Han J, Han XM, et al. Screening for preeclampsia pathogenesis related

genes. Eur Rev Med Pharmacol Sci. 2013; 17(22):3083–94. PMID: 24302191

27. Hogg K, Blair J, McFadden D, Dadelszen Pv, . . . Early onset pre-eclampsia is associated with altered

DNA methylation of cortisol-signalling and steroidogenic genes in the placenta: journals.plos.org; 2013.

28. Blair JD, Yuen RK, Lim BK, McFadden DE, von Dadelszen P, Robinson WP. Widespread DNA hypo-

methylation at gene enhancer regions in placentas associated with early-onset pre-eclampsia. Mol

Hum Reprod. 2013; 19(10):697–708. Epub 2013/06/19. https://doi.org/10.1093/molehr/gat044 PMID:

23770704.

29. Martin E, Ray PD, Smeester L, Grace MR, Boggess K, Fry RC. Epigenetics and Preeclampsia: Defining

Functional Epimutations in the Preeclamptic Placenta Related to the TGF-beta Pathway. PLoS ONE.

2015; 10(10):e0141294. https://doi.org/10.1371/journal.pone.0141294 PMID: 26510177.

30. Gao WL, Li D, Xiao ZX, Liao QP, Yang HX, Li YX, et al. Detection of global DNA methylation and pater-

nally imprinted H19 gene methylation in preeclamptic placentas. Hypertens Res. 2011; 34(5):655–61.

Epub 2011/02/18. https://doi.org/10.1038/hr.2011.9 PMID: 21326306.

31. Kulkarni A, Chavan-Gautam P, Mehendale S, Yadav H, Joshi S. Global DNA methylation patterns in

placenta and its association with maternal hypertension in pre-eclampsia. DNA Cell Biol. 2011;

30(2):79–84. Epub 2010/11/04. https://doi.org/10.1089/dna.2010.1084 PMID: 21043832.

32. Liu H, Tang Y, Liu X, Zhou Q, Xiao X, Lan F, et al. 14-3-3 tau (YWHAQ) gene promoter hypermethyla-

tion in human placenta of preeclampsia. Placenta. 2014; 35(12):981–8. https://doi.org/10.1016/j.

placenta.2014.09.016 PMID: 25305692

33. Bourque DK, Avila L, Peñaherrera M, von Dadelszen P, Robinson WP. Decreased Placental Methyla-

tion at the H19/IGF2 Imprinting Control Region is Associated with Normotensive Intrauterine Growth

Restriction but not Preeclampsia. Placenta. 2010; 31(3):197–202. https://doi.org/10.1016/j.placenta.

2009.12.003 PMID: 20060582

34. Anton L, Brown AG, Bartolomei MS, Elovitz MA. Differential methylation of genes associated with cell

adhesion in preeclamptic placentas. PLoS ONE. 2014; 9(6). https://doi.org/10.1371/journal.pone.

0100148 PMID: 24963923

35. Zhu L, Lv R, Kong L, Cheng H, Lan F, Li X. Genome-wide mapping of 5mC and 5hmC identified differ-

entially modified genomic regions in late-onset severe preeclampsia: A pilot study. PLoS ONE. 2015;

10(7). https://doi.org/10.1371/journal.pone.0134119 PMID: 26214307

36. Wikstrom AK, Larsson A, Eriksson UJ, Nash P, Norden-Lindeberg S, Olovsson M. Placental growth fac-

tor and soluble FMS-like tyrosine kinase-1 in early-onset and late-onset preeclampsia. Obstet Gynecol.

2007; 109(6):1368–74. Epub 2007/06/02. https://doi.org/10.1097/01.AOG.0000264552.85436.a1

PMID: 17540809.

37. Chuah TT, Tey WS, Ng MJ, Tan ETH, Chern B, Tan KH. Serum sFlt-1/PlGF ratio has better diagnostic

ability in early- compared to late-onset pre-eclampsia. J Perinat Med. 2018; 47(1):35–40. Epub 2018/

05/01. https://doi.org/10.1515/jpm-2017-0288 PMID: 29708884.

38. Hoeller A, Ehrlich L, Golic M, Herse F, Perschel FH, Siwetz M, et al. Placental expression of sFlt-1 and

PlGF in early preeclampsia vs. early IUGR vs. age-matched healthy pregnancies. Hypertens Pregnancy.

2017; 36(2):151–60. Epub 2017/06/14. https://doi.org/10.1080/10641955.2016.1273363 PMID: 28609172.

Altered methylation in placenta of early-onset preclampsia

PLOS ONE | https://doi.org/10.1371/journal.pone.0226969 December 30, 2019 11 / 11

https://doi.org/10.3945/ajcn.2009.28858
https://doi.org/10.3945/ajcn.2009.28858
http://www.ncbi.nlm.nih.gov/pubmed/20164316
https://doi.org/10.1016/j.plefa.2010.09.005
http://www.ncbi.nlm.nih.gov/pubmed/20956072
https://doi.org/10.1177/1933719113492206
http://www.ncbi.nlm.nih.gov/pubmed/23765376
https://doi.org/10.1186/s12881-015-0257-z
http://www.ncbi.nlm.nih.gov/pubmed/26654447
https://doi.org/10.1016/j.placenta.2017.08.070
https://doi.org/10.1016/j.placenta.2017.08.070
http://www.ncbi.nlm.nih.gov/pubmed/28962690
http://www.ncbi.nlm.nih.gov/pubmed/24302191
https://doi.org/10.1093/molehr/gat044
http://www.ncbi.nlm.nih.gov/pubmed/23770704
https://doi.org/10.1371/journal.pone.0141294
http://www.ncbi.nlm.nih.gov/pubmed/26510177
https://doi.org/10.1038/hr.2011.9
http://www.ncbi.nlm.nih.gov/pubmed/21326306
https://doi.org/10.1089/dna.2010.1084
http://www.ncbi.nlm.nih.gov/pubmed/21043832
https://doi.org/10.1016/j.placenta.2014.09.016
https://doi.org/10.1016/j.placenta.2014.09.016
http://www.ncbi.nlm.nih.gov/pubmed/25305692
https://doi.org/10.1016/j.placenta.2009.12.003
https://doi.org/10.1016/j.placenta.2009.12.003
http://www.ncbi.nlm.nih.gov/pubmed/20060582
https://doi.org/10.1371/journal.pone.0100148
https://doi.org/10.1371/journal.pone.0100148
http://www.ncbi.nlm.nih.gov/pubmed/24963923
https://doi.org/10.1371/journal.pone.0134119
http://www.ncbi.nlm.nih.gov/pubmed/26214307
https://doi.org/10.1097/01.AOG.0000264552.85436.a1
http://www.ncbi.nlm.nih.gov/pubmed/17540809
https://doi.org/10.1515/jpm-2017-0288
http://www.ncbi.nlm.nih.gov/pubmed/29708884
https://doi.org/10.1080/10641955.2016.1273363
http://www.ncbi.nlm.nih.gov/pubmed/28609172
https://doi.org/10.1371/journal.pone.0226969

