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ABSTRACT

OBJECTIVE: We compared blood-based DNA methylation levels of endoglin (ENG) and transforming growth factor beta receptor 2
(TGFBR2) gene promoter regions between women with clinically-overt preeclampsia and women with uncomplicated, normotensive
pregnancies.

METHODS: We used EpiTect Methyl Il PCR Assays to evaluate DNA methylation of CpG islands located in promoter regions of ENG (CpG
Island 114642) and TGFBR2 (CpG Island 110111). Preeclampsia was diagnosed based on blood pressure, protein, and uric acid criteria.
N =21 nulliparous preeclampsia case participants were 1:1 frequency matched to N=21 nulliparous normotensive control participants on
gestational age at sample collection (2 weeks), smoking status, and labor status at sample collection. Methylation values were compared
between case and control participant groups [(ENG subset: n=20 (9 cases, 11 controls); TGFBR2 subset: n=28 (15 cases, 13 controls)].

RESULTS: The majority of the preeclampsia cases delivered at =34 weeks’ gestation (83%). Average methylation levels for ENG ([M = (SD)];
Case Participant Group=6.54% +4.57 versus Control Participant group=4.81% *=5.08; P=.102) and TGFBR2 (Case Participant
Group =1.50% = 1.37 vs Control Participant Group = 1.70% *+ 1.40; P=.695) promoter CpG islands did not differ significantly between the
participant groups. Removal of 2 extreme outliers in the ENG analytic subset revealed a trend between levels of ENG methylation and preg-
nancy outcome (Case Participant Group =5.17% = 2.16 vs Control Participant Group =3.36% = 1.73; P=.062).

CONCLUSION: Additional epigenetic studies that include larger sample sizes, investigate preeclampsia subtypes, and capture methylation
status of CpG island shores and shelves are needed to further inform us of the potential role that ENG and TGFBR2 DNA methylation plays
in preeclampsia pathophysiology.
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Introduction

Preeclampsia is a multi-system, hypertensive pregnancy-spe-
cific syndrome that affects approximately 3% to 5% of preg-
nancies,’? and remains a significant cause of morbidity,
mortality, and poor later-life health outcomes for both the
mother and the infant.3 Although preeclampsia is a signifi-
cant cause of maternal and infant morbidity and mortality,
the pathophysiology is not completely understood, and no
clinically useful biomarkers for the prediction and prevention
of preeclampsia have been identified.#® At present, manage-
ment is based on serial assessment of maternal and

fetal wellbeing, treatment of associated signs/symptoms (eg,
antihypertensive therapy for management of acute onset
severe range blood pressure), and delivery at =34 weeks’ or
=37 weeks’ gestation for women with and without evidence
of severe features of preeclampsia, respectively, unless earlier
delivery is indicated.?

Placental dysfunction plays a key role in the development of
preeclampsia, as it creates an environment characterized by
intermittent hypoxia. In the setting of intermittent hypoxia, it is
believed that the placenta becomes distressed (eg, oxidative and
synctiotrophoblast stress), thereby setting the stage for placental
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damage, release of placenta debris into the maternal circulation,
and an unfavorable maternal response to these factors.”

A growing body of evidence supports a biologically plausi-
ble role for endoglin (ENG), including its placentally-derived
soluble counterpart (SENG), and other endoglin-related genes.
Endoglin is a multi-functional, trans-membrane co-receptor of
the transforming growth factor beta family (TGFp) that is
expressed in a variety of cell types, including placental syncy-
tiotrophoblasts and vascular endothelial cells.®1° As mentioned
above, it is believed that hypoxia creates a stressful placental
milieu, thereby promoting placental damage and release of pla-
cental debris into the maternal circulation. Hypoxia is one of
many factors that stimulates endoglin expression,!’ and in
preeclampsia, the expression of ENG mRNA is increased in
the cellular component of maternal blood across all 3 trimesters
of pregnancy, as well as in first and third trimester placental
samples.'>’> Moreover, the soluble form of endoglin (sSENG),
which is part of the placental debris, is also elevated in the
maternal circulation of women who develop preeclampsia.16-18
Once in the maternal circulation, sENG is thought to interfere
with downstream signaling along the TGF pathway, includ-
ing the regulation of vascular tone.’® Third, using a tagging
single nucleotide polymorphism approach (tSNP), it has been
previously shown that maternal genetic variation in the endog-
lin pathway, including the ENG and T'GFBR2 receptors, has
been implicated in susceptibility to/protection from preec-
lampsia; however, mechanisms that may explain these associa-
tions have not been defined.920

DNA methylation is a form of epigenetic regulation that can
greatly affect gene expression and is a potential molecular mecha-
nism that may explain modification of the endoglin pathway,
including the genetic association between the ENG pathway, and
susceptibility to/protection from preeclampsia. In a small pilot
study, Anderson et al, detected differences in blood-based,
genome-wide DNA methylation profiles during the first trimes-
ter in women who later developed preeclampsia compared to
women who had uncomplicated pregnancies; however, methyla-
tion differences were not detected specifically in the 2 endoglin
pathway candidate genes (ENG and TGFBR?2) that were investi-
gated in our study?! Several other studies have also evaluated
DNA methylation profiles in maternal peripheral white blood
cells using both candidate gene and genome-wide approaches.?2-°
These studies have shown that different genes display differences
in DNA methylation in women with preeclampsia as compared
to normotensive women, including genes that are hypomethyl-
ated and hypermethylated in preeclampsia. However, with respect
to DNA methylation in maternal peripheral blood as it relates to
preeclampsia, there is a lack of research specifically looking at
methylation levels of endoglin pathway genes. The purpose of
this study was to compare blood-based DNA methylation levels
of ENG and TGFBR2 gene promoter regions between women
with clinically-overt preeclampsia and women with uncompli-
cated, normotensive pregnancies. Gene promoter regions were
selected as the target for our interrogation, as methylation status

of these CpG rich islands are known to influence gene
transcription.

Methods
Participants and phenotype designations

This study was reviewed and approved by the University of
Pittsburgh Human Research Protection Office. Case and control
participants were previously enrolled in the Prenatal Exposures
and Preeclampsia Prevention (PEPP) cohort study (parent study)
conducted at Magee-Womens Hospital of the University of
Pittsburgh Medical Center, and provided consent for the sharing
of their de-identified samples/data. Pregnant women between
the ages of 14 and 44 years were recruited/enrolled into the PEPP
study at 20 weeks’ gestation, or earlier, and were followed through
delivery, or they were recruited cross-sectionally after admission
due to suspected preeclampsia (parent study data and samples
were collected between 1997 and 2007). Pregnant women were
excluded from participation in the PEPP study if they had a his-
tory of chronic renal disease, hypertension, diabetes, multi-fetal
gestation, infection, or metabolic disorders—all of which are
associated with an increased risk for preeclampsia. The sample for
this study was restricted to White participants based on the rela-
tionship between genetic variation in ENG and preeclampsia in
White women documented in previous work.” Although an
association between TGFBR2 genetic variation and preeclampsia
across different ethnicities has been demonstrated,*20 it was not
feasible to include these various ethnicities in this study. All sam-
ples and demographic/clinical data were provided to the investi-
gators in a de-identified manner. Due to the fair amount of
evidence indicating that long term storage of DNA does not
impact the stability of DNA methylation,?»?” we utilized these
bio-banked samples to collect and analyze DNA methylation
between May 2017 and April 2018.

Case participants had clinically-overt preeclampsia when
the peripheral blood samples were collected. The diagnosis of
preeclampsia was based on a research definition: (1) blood
pressure = 140mmHG systolic and/or 90mmHg diastolic
after 20 weeks’ gestation based on the average of the 4 most
recent blood pressures taken in the hospital prior to therapeutic
intervention; (2) proteinuria = 300 mg/24 hours, =0.3 protein/
creatinine ratio, =2+ on a random urine specimen, or =1+ on
a catheterized urine specimen; and (3) hyperuricemia with
serum uric acid concentration =1 standard deviation from nor-
mal for gestational age.?® All cases diagnosed with preeclamp-
sia had live births. Control participants were defined as women
who remained normotensive and non-proteinuric throughout
pregnancy, and delivered healthy term babies.

DNA extraction, DNA quantification, and DNA
methylation data collection

Genomic DNA was extracted via protein precipitation from
maternal peripheral blood samples that were collected during
the third trimester prior to delivery (case participants: all within
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a week of delivery [ X =0.10 +0.11] control participants: 0 to
8weeks prior to delivery [ X =2.15+3.04]). Genomic DNA
quantity and quality were evaluated at the University of
Pittsburgh Genomics Research Core. Methylation data were
collected using the following EpiTect Methyl II PCR Assays:
Human ENG (CpG Island ID 114642; CpG Island Location:
Chr9[130616540-130617120]; Assay catalogue number:
EPHS114642-1A) and Human 7GFBR2 (CpG Island 1D
110111; CpG Island Location: Chr3[30647816-3064881];
Assay catalogue number: EPHS110111-1A) (Qiagen® Inc.,
Germantown, Maryland). These commercially available assays
allow for interrogation of methylation status across a distinct
CpG-rich sequence, also known as a CpG island, located in the
promoter region of candidate genes.?” CpG islands represent
clusters of “C” and “G” nucleotides, and when they are methyl-
ated in the promoter region of a gene, they are associated with
repression of gene expression.’? Each distinct EpiTect Methyl
II PCR assay uses a restriction enzyme approach, followed by
real-time PCR, to quantify the methylation status for the
selected CpG island in the promoter region of interest.?’ The
assay primers are commercially designed to amplify a single
CpG island within the candidate gene promoter region, which
is defined as 5kb upstream to 3kb downstream of the gene’s
transcription start site. Both candidate gene assays were
designed by Qiagen® from the NCBI Homo Sapiens Build
Number 36, version 2, and PCR primer sequences are not pro-
vided by the vendor.?® All participant samples were run in
duplicate for both the ENG and TGFBR2 assays. Only samples
that had 2 concordant values (|Run 1 value (% methylated)—
Run 2 value (% methylated)| < 15% different for both ENG
and TGFBR2), were included in the final analysis, with the

average of these 2 values used for analysis.

Final sample size and statistical analysis

For this study, we originally performed 1:1 frequency matching
of n=21 self-reported White women with clinically-overt
preeclampsia to n=21 self-reported White women with
uncomplicated, normotensive pregnancies on the following
characteristics: gestational age that the peripheral blood sample
was collected (2 weeks), nulliparity, smoking status, and labor
status during sample collection. We recognize that there are
numerous other covariates to consider, including maternal
BMI and family history; however, we were unable to control
for all potential covariates due to small sample size.

After re-review of the phenotype data used by the parent
study to determine pregnancy outcome, one case participant
was found to be misclassified (didn’t meet either case or control
phenotype criteria), and was later omitted from the analyses.
This omission resulted in a final sample size of n=41 (n=20
case participants and n=21 control participants) that were
available for methylation data collection. Methylation data
were collected in duplicate and reviewed for the 41 samples.
Upon reviewing the methylation data, we identified samples

that either (1) failed both of the methylation data collection
rounds [ENG n=0; TGFBR2 n=8], (2) generated data for only
one round of methylation data collection [ENG n=9; TGFBR2
n=2], (3) or generated discordant data values that differed by
more than 15% (eg, Sample X: methylation value for run 1
(1.11%) vs methylation value for run 2 (55.2%) [ENG n=12;
TGFBR2 n=3]). Because of our stringent and conservative
approach to assessing data quality, those samples identified as
meeting 1 of the 3 criteria above were omitted from the analy-
sis. This resulted in a final analytic subset that included 20 par-
ticipants (9 case participants, 11 control participants) for ENG
methylation analysis, and 28 participants (15 case participants,
13 control participants) for TGFBR2 methylation analysis.

Data were analyzed using IBM’s SPSS Statistics Version 24
software (IBM Corp., Armonk, New York). Independent sam-
ples #-tests and Mann-Whitney U tests were used to compare
demographic and clinical characteristics between case and con-
trol group participants. The Mann-Whitney U test was used to
compare methylation levels of ENG and TFGBR2 between
case and control group participants. Due to the small sample
size, analyses were not adjusted for covariates, such as smoking
status. Moreover, analyses were not adjusted for cell type het-
erogeneity, as we did not collect epigenome-wide data that are
required to estimate cell proportions.

Results

Demographic/clinical characteristics

A side-by-side comparison of demographic and clinical charac-
teristics for the case and control participant groups included in
the ENG and TFGPR2 methylation analyses, respectively, is
provided in Table 1. Although we were unable to include all par-
ticipants in our final analyses, which could have influenced our
1:1 frequency matching, the case and control participant groups
that we analyzed remained similar with respect to our matching
criteria. All participants included in the analyses were nullipa-
rous and self-reported their race as White. The majority of par-
ticipants were non-smokers. For both analytic sets, gestational
age at sample collection and delivery was similar between case
and control participant groups. All control participants delivered
at term, and the majority of case participants delivered at term
(cases delivering at =34 weeks: ENG group (78%) & TFGBR2
(87%). Consistent with preeclampsia phenotype by definition,
average blood pressure measurements in labor were significantly
higher in case participants compared to control participants.
Plasma sENG levels measured in the third trimester were sig-
nificantly higher in the case participant group compared to con-
trol participant group (Figure 1), which was in alignment with
results previously reported in a landmark article by Levine et al.’6
Plasma sENG levels were not significantly correlated with ENG
methylation levels (Spearman’s rho=0.27, P=.25). In the
TFGBR?2 analytic set, pre-pregnancy BMI (calculated based on
self-reported pre-pregnancy weight and measured height at first
prenatal visit) was significantly higher in the case participant



Epigenetics Insights

Table 1. Demographic and clinical characteristics.

TGFBR2 METHYLATION ANALYSIS

CHARACTERISTICS ENG METHYLATION ANALYSIS

CASES (N=9) CONTROLS
(N=11)

Maternal age, years (M (SD)) 29.15 (5.14) 27.30 (6.82)

Gestational age at delivery, 37.64 (3.58) 39.05 (1.07)

weeks (M (SD))

Gestational age at sample 37.51 (3.62) 36.40 (3.30)

collection, weeks (M (SD))

Average SBP <20wks, mmHg 119.13 (9.45) 113.82 (8.85)

(M (SD))

Average DBP <20wks, mmHg 74.88 (4.97) 68.82 (5.08)

(M (SD))

Average SBP in labor, mmHg
(M (SD))

152.22 (9.24)

122.18 (11.42)

Average DPB in labor, mmHg 93.33 (8.03) 71.27 (8.90)
(M (SD))
Pre-pregnancy BMI, kg/m? 30.04 (8.07) 25.58 (7.65)
(M (SD))
Average plasma sENG, ng/mL 30.84 (20.60) 10.55 (5.58)

(M (SD))
Smoking status (n (%)): No

Sample collected in labor

5 (55.56%)
7 (77.78%)

7 (63.64%)
8 (72.73%)

CASES (N=15) CONTROLS
(N=13)
.5102 28.12 (6.64) 27.51 (5.24) 7902
.704b 37.79 (2.78) 39.29 (1.24) .221b
.254b 37.68 (2.85) 36.81 (3.53) .221b
.2272 115.20 (9.58) 113.54 (8.84) .6392
.0192 71.93 (5.05) 67.92 (6.41) .0762
P<.001a 151.53 (10.62) 116.92 (10.87) P<.001a
P<.0012 89.60 (5.60) 70.23 (8.80) P<.0012
1490 29.52 (7.37) 23.91 (4.61) .0200
.004b 31.28 (22.32) 9.18 (3.49) P<.001b
.714¢ 8 (53.33%) 8 (61.54%) .662¢
.795¢ 9 (60.0%) 8 (61.54%) .934¢

(n (%)): No

Abbreviations: M (SD), mean (standard deviation); SBP, systolic blood pressure; DBP, diastolic blood pressure; mmHg, millimeters of mercury; BMI,

body mass index.
alndependent samples t-test.
®Mann-Whitney U test.
°Pearson Chi-Square test.

A p=0.004 B p<0.001
1004 b—— 1004 bF—
I -
E 80 £ 80 "
2 - 2 .
© 60 o 60
= 2
w L
: 40— [ 40
©
: : ;
© 20 g 20—
5 < 5
[ e 0-

Controls Cases Controls Cases

Figure 1. Plasma sENG concentrations stratified by case/control status.
(A) Plasma seENG concentrations from participants included in the ENG
methylation analysis. (B) Plasma sENG concentrations from participants

included in the TGFBR2 methylation analysis.
Black bars represent the mean and standard deviation.

group compared to control participant group, but this difference
was not seen in the ENG analytic set.

ENG and TGFBR2 Methylation Results

Evaluation of the CpG island located in the promoter region of
ENG revealed that DNA methylation levels were higher in the
case participant group compared to control participant group,

but this difference was not statistically significant (Table 2,
Figure 2). Furthermore, the CpG island located in the promoter
region of 7GFBR2 was not differentially methylated between
the participant groups (Table 2, Figure 2). For ENG, the mini-
mum and maximum percent methylated value among the case
participants was 2.24% and 17.46%, respectively. Among con-
trol participants, the minimum and maximum percent methyl-
ated value for ENG was 1.65% and 19.30%, respectively.

Upon further visual inspection of ENG methylation data
distribution, there appeared to be 2 extreme outliers (case value
of 17.46% and control value of 19.30%). Both of these partici-
pants were smokers, and their sSENG levels were 9.90 ng/ulL
(case participant) and 4.71ng/ul. (control participant). To
explore the potential influence of these 2 values, they were
omitted from analysis. DNA methylation levels remained
higher in case participant group compared to the control par-
ticipant group, but the difference was not statistically signifi-
cant (P=.062). For TGFBR2, the minimum and maximum
percent methylated value among case participants was 0.01%
and 5.24%, respectively. Among control participants, the mini-
mum and maximum percent methylated value for TGFBR2
was 0.19% and 4.22%, respectively. Upon further review of the
TGFBR2 methylation data distribution, 2 potential outliers
were identified (control participant value of 4.22% and case
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Table 2. ENG and TGFR2 DNA methylation.

Cases (n=9) Controls (n=11) P value
ENG M (SD) 6.54 (4.57) 4.81 (5.08)
% Methylated Median (IQR) 5.20 (3.57, 7.86) 2.72 (2.38, 6.04) 1022
Cases (n=15) Controls (n=13) P value
TGFpR2, M (SD) 1.50 (1.37) 1.70 (1.40)
% Methylated Median (IQR) 1.50 (0.20, 2.12) 1.51 (0.48, 2.64) 6952

Abbreviations: M (SD), mean (standard deviation); Median (IQR), median (inter-quartile range).

aMann-Whitney U test.
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Figure 2. Endoglin and transforming growth factor beta receptor 2

methylation distributions stratified by case/control status.
Black bars represent the mean and standard deviation.

participant value of 5.24%), but removal of these values from
the analysis did not alter the results (P=.681).

Discussion/Conclusion

This study was designed to investigate if blood-based DNA
methylation levels of ENG and TGFBR2 gene promoter regions
differ significantly between women with clinically-overt preec-
lampsia compared to normotensive pregnant women, as meth-
ylation may represent a potential mechanism that explains the
endoglin pathway’s role in preeclampsia. Neither of the CpG
islands within the promoter regions of ENG and TGFBR2
demonstrated statistically significant differences in methylation
status between women with clinically-overt preeclampsia and
women with normotensive, uncomplicated pregnancies; how-
ever, methylation levels of the ENG CpG island 114642 were
higher in the case participant group compared to the control
participant group. Omission of 2 potential extreme outliers did
not reveal a statistically significant difference.

Gene expression is regulated by many mechanisms, includ-
ing DNA methylation. DNA methylation of gene promoter
regions is typically associated with repression of gene expres-
sion.® In previous studies, ENG mRNA expression has been
found to be elevated in the cellular component of maternal
blood, in women with or destined to develop preeclampsia,
throughout pregnancy.!>141> Based on these findings, one

would expect that the level of ENG promoter methylation
would be lower in women with or destined to develop preec-
lampsia compared to normotensive controls. Yet, in our study,
we found that ENG promoter methylation levels were actually
higher in women with preeclampsia. Unfortunately, we were
unable to collect gene expression data for these samples to fur-
ther investigate the relationship between ENG promoter meth-
ylation levels and ENG mRNA expression in our sample.
Overall, these findings could indicate that there is no relation-
ship between methylation of the ENG and TGFBR2 promot-
ers and clinically-overt preeclampsia, or these findings could be
influenced by a lack of power that would be needed to detect
statistically significant differences when they truly existed.
Moreover, the relationship may only be relevant to certain
preeclampsia subtypes, such as early-onset preeclampsia, which
was not adequately represented in our sample.

When designing epigenetic studies, there are important fac-
tors to consider that can affect the collection and interpretation
of methylation data: (1) tissue type, (2) cell type heterogeneity,
(3) gene coverage, and (4) environment/demographic/clinical
characteristics. Methylation levels differ by tissue type and most
studies related to methylation profiles in preeclampsia have
been conducted in the placenta, with few exploring methylation
in the blood. Blood is not the most proximal tissue to study for
this phenotype; however, identifying a biomarker for preec-
lampsia in the blood would advance the detection and manage-
ment of this disease because blood is an accessible tissue. While
previous studies conducted with white blood cells have demon-
strated a difference in DNA methylation between women with
preeclampsia and normotensive women, a limitation of these
previous studies, as well as our study, includes not correcting for
cell type heterogeneity.21324 It is known that white blood cell
proportions change across pregnancy and differ among women
with and without preeclampsia, due to the inflammatory
response present during normal pregnancy that is exaggerated
during preeclampsia.31-33 As such, not controlling for this could
influence the interpretation/validity of results.

This study was limited to the evaluation of the single CpG
island EpiTect Methyll IT PCR assays that was available for
each candidate gene promoter region. It did not evaluate the
methylation status of CpG islands located in gene bodies or
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the transcription start sites, nor did it evaluate the potential
influence that DNA sequence variation (eg, SNPs) may have
on the methylation status of neighboring CpGs.3* While
CpGs are most commonly found in gene promoters, CpGs
may also be concentrated in gene bodies and island flanking
shores and shelves, which are not captured in these targeted
analyses. As differential methylation outside of promoter CpG
islands have the potential to alter gene transcription, the
unmeasured influence of allele-specific DNA methylation in
these targets may underlie contributions to the preeclampsia
phenotype. Another putative factor contributing to the associ-
ation of DNA methylation in ENG and TGFBR2 targets with
preeclampsia reported in this study is the role of SNPs involv-
ing cytosine nucleotide bases underlying differential DNA
methylation. Although methylation quantitative trait loci
(meQTLs) have been identified for both ENG and TGFBR2
within blood samples,® we were unable to investigate the
impact of such meQTLs on methylation levels in our study due
to lack of sequencing data. The lack of coverage, and knowl-
edge of the underlying DNA sequence limits one’s ability to
tully interrogate the relationship between methylation levels
and specific phenotypes of interest, and may have contributed
to the null findings in this study. Future studies that capitalize
on methods such as pyrosequencing or epigenome-wide meth-
ylation data collection, and also take methylation quantitative
trait loci (meQT'L) are thus needed.

Body mass index, smoking, and gestational age are other fac-
tors that can also affect methylation. Obesity increases the risk
of developing preeclampsia and could influence methylation
results.*3¢ In this study, BMI was significantly higher in the
cases included in the 7GFBR2 analysis, which could have influ-
enced the results; however, we were unable control for BMI due
to small sample size. Smoking has also been shown to influence
methylation,3”38 with likely mechanisms associated with
hypoxia, DNA damage, alteration in DNA-binding proteins
and DNA methyltransferases.3* Methylation status has also
been shown to vary in the placenta with respect to gestational
age.3? Our small sample size prevented us from using multivari-
ate modeling to control for this variability; however, our results
demonstrated that the case and control groups were similar for
these factors, with the exception that pre-pregnancy BMI was
significantly higher in cases included in the 7GFBR2 analyses.

Strengths and limitations

There were several strengths and limitations associated with
this study. Study strengths included matching on certain char-
acteristics that could influence methylation, the use of a strict
pregnancy outcome phenotype definition, and the ability to
collect methylation data in duplicate, at a minimum, for each
sample. The main study limitations included a small sample
size, inability to collect methylation data on all samples, inabil-
ity to conduct multivariate modeling, and inability to control
for cell type heterogeneity.

The small sample size was in part due to our stringent and
cautious data quality criteria. If we had relaxed our criteria to
include samples that provided methylation data for at least one
of the data runs, we would have additional 9 samples for the
ENG analysis and an additional 2 samples for the TGFBR2
analysis; however, we were committed to our conservative
approach. As such, larger studies are needed to validate/repli-
cate our findings. In addition, while our initial approach uti-
lized 1:1 frequency matching to ensure that the case and
control groups had similar distributions with respect to gesta-
tional age that the peripheral blood sample was collected
(=2 weeks), nulliparity, smoking status, and labor status during
sample collection, the omission of samples from the analysis
may have negated the matching. Although we did not detect
any significant differences between the groups with respect to
the matching variables, we may have not had adequate power
to detect differences when they truly existed. Furthermore, the
sample was restricted to self-reported White women who were
nulliparous, which may limit the generalizability of findings to
other self-reported races and multiparous women. The major-
ity of the participants also delivered at term. As such, these
findings may not represent early-onset preeclampsia, or other
preeclampsia subtypes. Although the subtypes all result in the
development of preeclampsia, the underlying pathophysiologic
mechanisms likely differ among the subtypes. Because investi-
gation of DNA methylation profiles may provide valuable
insight into such biologic differences and may identify subtype
specific biomarkers, future studies with large samples of preec-
lampsia subtypes are needed. Ultimately, such studies would
improve our ability to more precisely identify and treat women.
Lastly, we were unable to evaluate the association between
methylation levels and ENG and TGFBR2 genetic variation
and/or gene expression. Although we had genetic variation
data available for both candidate genes from a previous project,
the sample size was too small to conduct genetic association
tests. Because we did not have access to samples properly stored
for evaluation of mRNA levels, we were unable to look at the
association between methylation levels and gene expression
levels in our study. Larger studies, with samples available for
both DNA and mRNA analyses are therefore needed to assess
whether or not there are relationships between DNA methyla-
tion levels and genetic variation and gene expression in these
candidate genes.

In conclusion, we were unable to detect a significant asso-
ciation between DNA methylation in ENG pathway gene pro-
moters and preeclampsia. The underlying mechanism(s) of
preeclampsia is/are still not understood; however, previous
research points to DNA methylation as a form of epigenetic
regulation that affects gene expression and may represent a
potential molecular mechanism that explains the relationship
between the endoglin pathway and preeclampsia. As such,
additional studies that include larger samples, investigate
preeclampsia subtypes (eg, early-onset), and include a more
comprehensive evaluation of ENG and TGFBR2 DNA
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methylation, and their relationships with DNA variation and
mRNA expression, are needed to further investigate the asso-
ciation between ENG pathway methylation and preeclampsia.
Exploring methylation profiles of other genes and gene path-
ways affecting vascular formation/function and placental
implantation, and their association with preeclampsia develop-
ment, should also be considered in future studies. Genes with
significant variation in methylation have the potential to serve
as blood-based biomarkers, differentiating preeclampsia from
normotensive pregnancy and improving evidenced-based
screening and treatment for these women.
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