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Abstract

Objective—To analyze methylation profiles of known preeclampsia/eclampsia (PE) candidate 

genes in normal (NL) and preeclamptic (PE) women at delivery.

Methods—A matched case-control study comparing methylation in 79 CpG sites/33 genes from 

an independent gene set in maternal leukocyte DNA in PE and NL (n=14 each) on an Illumina 

beadchip platform. Replication performed on second cohort (PE=12; NL=32).

Results—PE demonstrates differential methylation in POMC, AGT, CALCA, and DDAH1 
compared with NL.

Conclusion—Differential methylation in 4 genes associated with PE may represent a potential 

biomarker or an epigenetic pathophysiologic mechanism altering gene transcription.
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INTRODUCTION

Preeclampsia can be diagnosed when new onset hypertension occurs in pregnancy after 20 

weeks gestation in combination with either proteinuria >300 mg in 24 hours or other 

evidence of end organ dysfunction manifested by a strictly defined set of symptoms or other 

laboratory abnormalities. Of the 5%-8% of pregnancies meeting criteria for preeclampsia, a 

subset of these patients develop seizure activity leading to a diagnosis of eclampsia. 

Maternal and fetal morbidity and mortality related to preeclampsia/eclampsia (PE) is high.

Alterations in the levels of many plasma or serum proteins have been associated with PE; 

however, it is unclear what mediates these changes.1-4 These proteins serve as agents of 

metabolic change, endothelial dysfunction, hypercoagulability, and inflammatory response, 

all of which are present to some degree in normal pregnancy, but are further accentuated in 

preeclampsia.5 The regulation of the differential expression of these proteins and the 

potential role of epigenetic factors are not understood. 6 DNA methylation is an epigenetic 

mechanism that could explain changes in gene transcription that contribute to the PE 

phenotype.7

Epigenetic changes affect patterns of gene transcription without altering the primary DNA 

sequence. One example is DNA methylation, where the addition of a methyl group to the 

DNA molecule at the site of cytosine – guanine residue combinations called CpG sites, may 

result in an altered structure which blocks or enhances transcription. Methylation can result 

in gene silencing or downregulation if present in a promoter, and is associated with 

increased gene expression if present in a gene body.8

We have previously demonstrated that normal early pregnancy is associated with a transient 

state of altered methylation in maternal leukocyte DNA.9 We have also shown that maternal 

leukocyte DNA in preeclampsia cases at the time of delivery has an altered genome-wide 

methylation profile and that performing pathway analysis on these differentially-methylated 

genes independently identifies the PE disease state with high statistical significance.10 In the 

current study, we sought to characterize the methylation patterns of 33 candidate genes in 

maternal leukocyte DNA in normal and preeclamptic pregnancies at delivery.

MATERIALS AND METHODS

Ethical Approval

This study was approved by the Mayo Clinic Institutional Review Board (#2104-05), and 

informed consent was obtained prior to enrollment.

Sources for Original Cohort Case and Control DNA

This subanalysis was part of a larger experimental design, planned from the outset to study 

methylation changes in normal and preeclamptic pregnancies at various times in gestation 

from an agnostic (previously published for both normal and preeclamptics at delivery) and 

candidate gene set approach.
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Preeclampsia was defined as the presence of new onset hypertension (>140/90 mm Hg), as 

documented by at least two readings 6 hours apart, accompanied by proteinuria, as defined 

by a 24-hour urine protein >300 mg or the equivalent protein/creatinine ratio. Preeclamptic 

patients (n=14) and normotensive controls (n=14) were matched by age (age±5 years) and 

body mass index (BMI [in kg/m2±5]) by design. Electronic medical records were abstracted 

for data regarding gravidity (primigravid being defined as no prior pregnancies), absence of 

comorbidities (such as chronic hypertension or chronic kidney disease), BMI, ethnicity, 

intrapartum magnesium exposure, blood pressures, proteinuria, and gestational age at time 

of delivery. Selection criteria for control and preeclamptic patients included European 

ancestry, first pregnancy, and non-smoking status. The discovery cohort of 28 samples plus 

technical replicates were selected from a larger study (total samples n=96) of normotensive 

and preeclamptic women sampled at different time points during their gestations; we 

selected all the samples at the delivery time point for inclusion in this study.

DNA Extraction and Processing

Blood was drawn within a 24-hour window of delivery and was collected in a 10 mL EDTA 

tube, separated into a buffy coat, and stored at −80 degrees C until processed. Genomic 

DNA was extracted from the thawed buffy coat using the Qiagen FlexiGene DNA kit, 

purified using an AutoGen Flex DNA purification kit, quantified using a NanoDrop 

spectrophotometer (Thermo Fisher Scientific), normalized with standard PicoGreen 

methodology, and plated in 1,000 ng aliquots. Bisulfite modification was performed using 

the EZ DNA Methylation Kit (Zymo Research).

Methylation Assay

Plate maps were generated to determine the random location for each sample on the plate, as 

well as the samples that were run in duplicate. All samples were run in a single batch. We 

used the Illumina Human Methylation-27 Assay - a platform utilizing bead chip technology- 

to evaluate the methylation status of over 27,000 CpG sites in 14,495 genes.

Quality Control

The raw data were processed using the BeadArray Reader from Illumina GenomeStudio 

(version 2010.2), with methylation module (version 1.7) Quality assessment of the array was 

conducted using the “Control Dashboard” in the software package, which includes a 

graphical inspection of the 8 types of embedded control probes: staining, hybridization, 

target removal, extension, bisulfite conversion, G/T mismatch, negative control and non-

polymorphic controls.

Overall sample performance was determined by the total number of detected CpGs, the 

average detection P value across all CpG sites, and the distribution of average beta values for 

all CpGs. Call rates for each CpG site and sample were determined. Methylation sites and 

samples were excluded if the unreliable call rate (detection P value) was greater than 5%. 

Technical replicate reproducibility was estimated by the Pearson correlation coefficient.

All samples were bisulfite modified, plated, and run concurrently to avoid batch effect. 

However, different BeadChips, even when processed at the same time, can have variations in 
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assay integrity leading to the “chip” effect. Data were examined using principal components 

analysis and unsupervised hierarchical clustering.11

Statistical Analysis

The average beta value between 0 and 1 was generated for each CpG site, representing the 

ratio of methylated cytosine residues (methylated signal intensity) to the total number of 

cytosine residues (the sum of methylated and unmethylated signal intensity) at that site for 

each sample. Using GeneGo MetaCore version July 2010 (Thomson Reuters), a candidate 

gene set for preeclampsia/eclampsia was selected. For all CpG sites in each of the candidate 

genes on our platform, a Student’s group t-test was used to compare the mean methylation 

levels between the preeclampsia and normotensive pregnant groups. A significant difference 

in methylation between the two groups was defined as an absolute difference between beta 

values ≥ 0.02 and a P value <.05. A correction for multiple comparisons was not performed, 

as the comparison was confined to a predetermined gene set.

Replication Dataset

The replication cohort included 12 independent preeclampsia subjects and 32 normotensive 

controls; DNA was extracted and processed in the same way as the discovery cohort. The 

subjects’ case or control status was confirmed by chart review, but they were not matched 

based on any other characteristics such as parity or smoking. These samples were run on an 

Illumina HumanMethylation450 BeadChip Kit. The raw data were processed using Illumina 

GenomeStudio (version 2011.1), with methylation module (version 1.9) to get the average 

beta value. The probe II bias was adjusted to be more similar to probe I using the BMIQ 

algorithm.12 Potential batch effects were evaluated using principal components analysis. 

Some minor batch effect was observed between two plates of samples and subsequently 

corrected using empirical Bayes method.11, 13 After the data processing, all CpG sites 

(n=140) in the six genes previously identified (from the discovery dataset) as differentially 

methylated were extracted from the whole dataset for analysis, i.e., the beta values were 

compared between the cases and controls with a t-test, and a P value <.05 was considered 

significant. Differential methylation as a potential epigenetic regulatory mechanism was 

confirmed if differential methylation occurred at any CpG site in any of these six genes in 

the replication cohort.

RESULTS

Clinical Characteristics of Discovery and Replication Cohort

Demographic and clinical parameters were similar between both preeclamptic and normal 

pregnancy groups of the discovery cohort by design (age, BMI, tobacco use, comorbidities, 

parity), with the exception of gestational age at delivery (normal mean=40 weeks; 

preeclampsia mean=37 weeks) (Table 1). Magnesium prophylaxis was used in 9 of 14 

preeclamptic cases who were considered at risk for eclamptic seizures; none of the normal 

pregnancy controls were exposed to magnesium.

Age, BMI and gestational age at delivery were also similar between both preeclamptic (n = 

12) and normal pregnancy (n = 32) groups of the Replication Cohort (Table 2).
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The mean systolic and diastolic blood pressures at admission for delivery for cases and 

controls were different in both the Discovery and Replication cohorts as expected.

Discovery Dataset from the Illumina 27K Platform

Of a total of 27,578 sites, 27,104 CpGs and all of the 28 samples passed our quality 

assurance steps. Technical replicates were highly reproducible (r2 >0.994).

The candidate gene set implicated in the preeclampsia/eclampsia disease state was 

predefined in GeneGo MetaCore (http://thomsonreuters.com/metacore as of July 2010), 

which consisted of 39 genes. Of these, 33 were present on the Illumina 27K platform with a 

total of 73 CpG sites (Table 3). Six of these genes were differentially methylated in our 

discovery comparison. Table 4 summarizes these genes, mean beta methylation levels, and 

the absolute methylation difference in the discovery experiment.

Validation of the Six Genes in an Independent Cohort with the Illumina 450k Platform

Of these six genes, POMC (proopiomelanocortin), AGT (angiotensinogen), CALCA 
(calcitonin-related polypeptide alpha), and DDHA1 (dimethylarginine 

dimethylaminohydrolase 1) had two or more CpG sites within or proximate to the gene 

region with differential methylation in our replication experiment. Details about the absolute 

level of change, the location of these CpG sites within the gene, association with known 

single nucleotide polymorphisms (SNPs), and the Illumina 27k results are presented in Table 

5.

DISCUSSION

In our previous work, we demonstrated that normal early pregnancy is associated with a 

relative shift to hypomethylation in many genes across the genome and that this shift reverts 

back to a baseline non-pregnant state, similar to the nulligravid population, by 6 weeks 

postpartum.9 We also demonstrated that, compared to normotensive controls, preeclamptic 

pregnancies are associated with an incomplete shift in normal hypomethylation resulting in a 

relative hypermethylation of much of the genome when measured at the time of delivery.10 

Pathway analysis of these differentially-methylated genes independently implicated the 

preeclampsia/eclampsia disease process with a P<9.97 × 10−20.10

In the current study, we characterized the methylation profiles of 33 candidate genes from an 

independently-defined gene set known to be involved in PE. These candidate genes have 

been characterized by others at the transcriptional or protein levels, and differences have 

been associated with the PE clinical state. We found evidence of differential methylation in 6 

genes, AGT, CALCA , DDAH1, MTHFR, POMC, and PTGS2, in our initial cohort and 

replicated this finding in 4 (AGT, CALCA, DDAH1, POMC) in a second independent 

cohort.

DNA methylation changes in preeclampsia have not been widely studied. When such 

epigenetic changes were studied, most researchers have focused on candidate genes or 

genome-wide approaches in DNA originating from fetal derived tissues, mainly 

placental14151617 or free fetal DNA in maternal plasma18, but not from maternal DNA.
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In addition to our work, only a few other authors have focused on maternal tissues – omental 

arteries and leukocytes. Moussa et al. have studied maternal omental vessels, looking at 

methylation patterns in specific genes like the thromboxane synthase19 and collagen 

metabolism genes,20 as well as using a more genome-wide approach.21 Anderson et al.22 

looked at methylation patterns in maternal leukocytes obtained during the first trimester in 6 

PE and 6 NL cases genome wide using a 450K Illumina array and identified 207 CpG sites 

that had >0.20 difference in beta value between cases and controls. Their list of top 

differentially-methylated sites was generated without a correction for multiple comparisons 

despite >450,000 independent t-tests. Consequently, the resultant CpG sites demonstrated 

extreme heterogeneity in beta methylation values; no replication was performed to assess if 

these sites could predict preeclampsia cases from controls.

We have taken a novel approach, focusing on candidate genes expressed by maternal 

leukocytes, which are known to both alter immunomodulation (a potential cause of 

preeclampsia) and impact the inflammatory response (a potential effect from preeclampsia). 

We looked for altered methylation in maternal leukocytes at the time of acute preeclampsia 

in late pregnancy.

AGT produces angiotensinogen, which goes on to produce angiotensin I and angiotensin II 

(Ang II) after cleavage by renin and angiotensin converting enzyme, respectively. AGT is 

expressed in leukocytes,23 as well as in liver and placenta. A specific form of AGT, high 

molecular weight angiotensinogen, is formed from complexes between angiotensinogen, 

complement C3dg, and the pro-form of eosinophil major basic protein, and is elevated in the 

serum in pregnancy.24 Total AGT levels are raised 4-fold in normal pregnancy. Preeclampsia 

is associated with profound differences in the function of the renin-angiotensin system, with 

increased high molecular weight Ang levels in serum, and decreased Ang II and Ang (1-7) 

levels, despite overall unchanged, unbound levels of angiotensingen. In contrast, increased 

AGT transcription has been seen in PE placenta.25, 26

CALC, calcitonin- related polypeptide alpha, is a widely-expressed gene, including in 

leukocytes, placenta, uterus, and blood vessels, that, through alternative mRNA splicing, 

makes (pro)calcitonin and calcitonin gene-related peptide (CGRP), which are important in 

Ca++ regulation, pain and neurotransmission, inflammatory response, angiogenesis and 

vasodilatory adaptation in pregnancy. In normal pregnancy, maternal serum CGRP levels 

increase as gestation advances and then fall after delivery27; this same rise is not observed in 

untreated preeclamptic pregnancies, although levels do seem to increase acutely with 

magnesium exposure.4, 28

DDAH1, dimethylarginine dimethylamniohydrolase 1, is involved in nitric oxide generation 

via asymmetric dimethylarginine (ADMA) metabolism, the levels of which are known to be 

altered in preeclampsia29 and which have been implicated in hypertension and endothelial 

dysfunction. There are no studies of changes in DDAH1 expression associated with 

preeclampsia, although known SNPs in these genes have been associated with susceptibility 

to preeclampsia.3031 Alterations in DDAH1 methylation have been shown to change mRNA 

expression in other diseases, such as idiopathic pulmonary fibrosis32; it is possible that 

changes in DDAH1 methylation regulate gene expression in preeclampsia as well.
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POMC, proopiomelanocortin, produces a hormone precursor that can, after tissue-specific 

processing, lead to 10 different proteins, including beta-endorphin, alpha-melanocyte-

stimulating hormone (MSH), and adrenocorticotropic hormone (ACTH). Serum levels of 

beta-endorphin and ACTH are known to be higher in the pregnant versus nonpregnant state. 

POMC is expressed in several white blood cell lineages, as well as in the pituitary and 

placenta.33 Leukocyte-derived proteins, especially alpha-MSH and ACTH, have been 

implicated in immune function and inflammation. Interestingly, intact POMC is not usually 

measurable in blood; however, it can be found in pregnancy early in the first trimester, and it 

disappears within days after delivery.34 There have not been specific studies of gene 

expression or protein levels in maternal leukocytes in the pregnant or preeclamptic state.

Our rationale for using leukocytes and our attempts to correct for known confounders of 

DNA methylation, such as age, BMI, and tobacco, have been detailed in previous 

papers. 9, 10 Potential uncontrolled confounders in this work include gestational age and 

exposure to magnesium. We are currently addressing the change in methylation across 

different time points in normal and pathological pregnancy to evaluate whether a gestational 

age difference of 3-4 weeks at the time of assessment is important. It is unknown if 

magnesium infusion impacts methylation.

Another limitation of this type of study is the possibility of SNP confounding effects. A 

common polymorphism, M235T, is associated with higher AGT levels, and a recent meta-

analysis confirmed the relationship between this polymorphism and increased risk for PE.35 

One known SNP in the AGT gene located approximately 35 base pairs from the CpG site 

was found to be differentially methylated in the original cohort; however, it is not clear if 

differences in gene frequencies between cases and controls impacted our methylation 

analysis. Other genes did not have known SNPs associated with them. Our replication cohort 

had 3 SNPs in the 10 CpGs, with differential methylation as noted in Table 4. Thus, the 

confounding SNP effects may explain some of the differential methylation that was 

observed.

Methylation as a mechanism of gene transcription control is incompletely understood. 

Unlike a single point mutation in a primary DNA sequence, methylation at a specific unique 

CpG does not have a direct and predictable correlation with changes in gene transcription.8 

The methylation levels at specific CpG loci, outside of a CpG island (CGI), can be highly 

variable in terms of mean and standard deviation.36 It is difficult to predict the relationship 

between the direction of methylation change and transcriptional activity, as increased 

methylation in the areas of promotors is associated with decreased transcription, whereas 

methylation in a gene body and other untranslated regions is associated with increased 

transcription.8 Although this is suggestive of epigenetic regulation of gene transcription, in 

all studies where differential methylation is associated with a disease state, it is important to 

correlate these methylation changes with actual changes in RNA or protein, as well as 

explore the relationship with other epigenetic mechanisms such as histone modification.
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CONCLUSION

We have shown in two independent cohorts that leukocyte DNA from women with 

preeclampsia at the time of delivery demonstrates differential methylation in CpG sites 

associated with 4 candidate genes: POMC, AGT, CALCA, and DDAH1. We postulate that 

the differential methylation we found in these four candidate gene may contribute to the 

alterations in gene expression and protein levels previously demonstrated by others in 

preeclampsia. The presence of any altered methylation may implicate epigenetic control as 

an explanation for why these genes act differently, and identifying which environmental 

factors influence methylation may allow us to better understand the pathophysiology of the 

disease. In future work, we plan to correlate gene transcription with altered methylation 

within the same individuals.
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Table 1

Subject Characteristics in Discovery Cohort

Demographics Normotensive
(n = 14)
Mean±SD

Preeclamptic
(n= 14)
Mean±SD

P value

Age, years 24.9±2.9 23.3±4.3 NS

BMI, kg/m2 26.9±7 28.7±7 NS

SBP at delivery, mm Hg 119±14 151±12 <.0001

DBP at delivery, mm Hg 71±11 96±11 <.0001

GA at delivery, weeks 40.0±1.0 36.6±2.6 .0001

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; GA, gestational age; SBP, systolic blood pressure; SD, standard deviation
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Table 2

Subject Characteristics in Replication Cohort

Demographics Normotensive
(n = 32)
Mean±SD

Preeclamptic
(n= 12)
Mean±SD

P value

Age, years 30.6±4.3 29.6±6.8 NS

BMI, kg/m2 26.0±6 28.2±8 NS

SBP at delivery, mm Hg 121±15 148±9 <.0001

DBP at delivery, mm Hg 75±13 97±9 <.0001

GA at delivery, weeks 39.3±1.5 38.4±2.0 NS

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; GA, gestational age; SBP, systolic blood pressure; SD, standard deviation
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Table 3

Discovery Cohort Candidate Gene Set

GENE SYMBOL GENE NAME

ADM adrenomedullin

AGT angiotensinogen

AGTR1 angiotensin II receptor, type 1

BOK BCL2-related ovarian killer

CALCA calcitonin-related polypeptide alpha

CYP11B2 aldosterone synthase

CYR61 cysteine-rich, angiogenic inducer, 61

DDAH1 dimethylarginine dimethylaminohydrolase-1

ENG endoglin

EPHX1 epoxide hydroxylase 1

ERVWE1 syncytin

F5 factor V Leiden

FAS Fas cell surface death receptor

GCM1 glial cells missing homolog 1

HLA-G major histocompatibility complex; class I; G

IFNG interferon gamma

IFNGR2 interferon gamma receptor 2

IL10 interleukin 10

KIR3DL3 killer cell Ig-like receptor, 3 domains, long intracytoplasmic tail, 3

LEPR leptin receptor

MTHFR methylenetetrahydrofolate reductase

NOS3 nitric oxide synthase 3 (endothelial)

NOV nephroblastoma overexpressed

POMC proopiomelanocortin

PTGS2 prostaglandin-endoperoxide synthase 2 and cyclooxygenase

S100B S100 calcium-binding protein B
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GENE SYMBOL GENE NAME

SCNN1B sodium Channel, Non-Voltage-Gated 1, Beta Subunit

SERPIND1 serpin Peptidase Inhibitor, Clade D (Heparin Cofactor), Member 1

TAP1 transporter 1, ATP-Binding Cassette, Sub-Family B (MDR/TAP)

TAP2 transporter 2, ATP-Binding Cassette, Sub-Family B (MDR/TAP)

TNF tumor necrosis factor

UTS2 urotensin 2

VEGF vascular endothelial growth factor

The preeclampsia/eclampsia candidate gene set was predefined in MetaCore

(http://thomsonreuters.com/metacore/) as of July 2010. Of 39 genes in the gene set, 33 were present on the Illumina 27K platform, with a total of 
73 CpG sites analyzed in the discovery cohort.
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