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Abstract: Preeclampsia is a multi-systemic syndrome that presents in approximately 5% of pregnancies
worldwide and is associated with a range of subsequent postpartum and postnatal outcomes,
including fetal growth restriction. As the placenta plays a critical role in the development of
preeclampsia, surveying genomic features of the placenta, including expression of imprinted genes,
may reveal molecular markers that can further refine subtypes to aid targeted disease management.
In this study, we conducted a comprehensive survey of placental imprinted gene expression across
early and late onset preeclampsia cases and preterm and term normotensive controls. Placentas
were collected at delivery from women recruited at the Magee-Womens Hospital prenatal clinics,
and expression levels were profiled across 109 imprinted genes. We observed downregulation of
placental Mesoderm-specific transcript (MEST) and Necdin (NDN) gene expression levels (false
discovery rate (FDR) < 0.05) among early onset preeclampsia cases compared to preterm controls. No
differences in placental imprinted gene expression were observed between late onset preeclampsia
cases and term controls. While few studies have linked NDN to pregnancy complications, reductions
in MEST expression levels, as observed in our study, are consistently reported in the literature in
relation to various pregnancy complications, including fetal growth restriction, suggesting a potential
role for placental MEST expression as a biosensor of an adverse in utero environment.

Keywords: preeclampsia; placenta; imprinted genes

1. Introduction

Preeclampsia is a multi-systemic syndrome that affects women during pregnancy, with a worldwide
prevalence of approximately 5% [1,2]. The syndrome is characterized by new onset hypertension and
proteinuria or other systemic findings after 20 weeks’ gestation [3]. Signs and symptoms can vary
greatly between individuals. Once these clinical features manifest, they are not reversible until the
delivery of the placenta [4]. Although acute symptoms abate with delivery, women who experience
preeclampsia continue to be at risk for adverse health outcomes extending beyond the pregnancy
period, including cardiovascular disease [5] and possible cognitive decline [6,7]. Similarly, infants
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who are exposed to preeclampsia in utero are also at elevated risk for postnatal health outcomes
over the course of life, including a predisposition toward elevated blood pressure [8], stroke [9],
neurodevelopmental outcomes [10,11], and growth-restriction related metabolic syndrome [12].

Concerted efforts over the years to identify preclinical markers of preeclampsia have been
frustrated by the inability to identify markers distinguishing women who go on to develop the disease
from women who do not. This ambiguity in the literature suggests that the current classification of
preeclampsia captures a heterogeneous set of disorders. For example, the clinical trajectory among
cases with early onset preeclampsia (diagnosed at <34 weeks’ gestation) compared to cases with late
onset preeclampsia (diagnosed at >34 weeks’ gestation) is known to differ [1,3]. Differences include
uterine Doppler abnormalities that precede early onset but not late onset preeclampsia and a greater
likelihood for fetal growth restriction among infants born to early onset cases compared to late onset
cases [13]. The long-range impact is also more striking with early onset preeclampsia, with an almost
10-fold increased risk of cardiovascular disease-related death compared to less than double the risk
with late onset preeclampsia [14]. Infant sex differences have also been observed, notably that early
onset preeclampsia is more prevalent among pregnancies of female fetuses, suggesting that male
fetuses may be more susceptible to pregnancy loss as a result of the compromised gestational state [15].

Abnormal placentation is considered the root cause of preeclampsia since signs and symptoms are
present even when the fetus is absent, as in the obstetrical condition hydatidiform mole in which only
placental tissue develops. Furthermore, clinical findings subside once the placenta is delivered [16,17].
While placental dysfunction is common to both early and late onset preeclampsia, the route to this
trophoblastic stress differs. In early onset preeclampsia, abnormal remodeling of maternal vessels early
in gestation results in placental malperfusion, subsequent hypoxia and inflammation, and ultimately
triggers syncytiotrophoblast stress that leads to the onset of the characteristic maternal syndrome and
fetal growth restriction [18]. In late onset preeclampsia, placental senescence in a previously normal
placenta is proposed to lead to similar trophoblastic stress with the characteristic maternal findings,
but less commonly with fetal growth restriction [18]. In both disorders maternal factors interact with
the placental dysfunction to modify outcomes.

Various notable placental features are linked to preeclampsia presentation, including gross
histological features [19] and circulating factors of placental origin [20,21]. Placental genomic patterns
are also of interest, particularly imprinted genes, a subset of genes that are mono-allelically expressed
on the basis of parent of origin [22,23]. These genes are highly expressed in the placenta and play a
dominant role in regulating key placental processes [24]. Given their regulatory influence on placental
development, imprinted genes have the potential to further characterize the underlying mechanism
defining preeclampsia onset and differences in the clinical presentation of preeclampsia [25]. Indeed,
several studies have explored placental imprinted features in relation to preeclampsia presentation in
human [26,27] and animal studies [28]. In the current study, we build on this prior literature through a
comprehensive survey of known imprinted genes to evaluate differences in expression, comparing
placentas of women with early onset and late onset preeclampsia with those from normotensive
women. We hypothesize differential imprinted gene expression among preeclampsia cases compared
to controls, with a broader dysregulation observed among early onset cases.

2. Materials and Methods

Participants: Women were recruited at the Magee-Womens Hospital prenatal clinics from 2007 to
2012 to participate in the Prenatal Exposures and Preeclampsia Prevention: Mechanisms of Preeclampsia
and the Impact of Obesity (PEPP3) study [29,30].

Women with singleton pregnancies and no known features predisposing them to preeclampsia
other than obesity (i.e., without hypertension, diabetes, collagen vascular disease, or multiple gestations)
were eligible for enrollment. The diagnosis of preeclampsia was based upon the criteria at the time of the
study [31] and defined as new onset gestational hypertension (≥140 mm of mercury (mm Hg) systolic
and/or 90 mm Hg diastolic after 20 weeks’ gestation accompanied by proteinuria (1+ on catheterized
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urine, 2+ on non-catheterized urine, 0.3 protein/creatinine ratio or 24 h urine of ≥300 mg/24 h)). Early
onset cases were delineated from late onset cases using a 37-weeks-of-gestation cut point. This definition
is motivated by the pathophysiological differences in the presentation of the disease, as preeclampsia
is not associated with an increased risk of fetal growth restriction and there are fewer vascular changes
in the placenta after 37 weeks of gestation. In the present analysis, the gestational age at delivery
among early onset cases ranged from 30–35 weeks, with all but 2 deliveries occurring within 34 weeks’
gestation (and disease onset likely occurring prior to hospital admission). The gestational age at
delivery among late onset cases ranged from 37–41 weeks. Hence, the early and late onset cases in the
current study fall within the cut point definitions outlined by the American College of Obstetricians
and Gynecologists (ACOG) [3]. Normotensive control subjects were women with similar exclusion
criteria who did not develop preeclampsia, gestational hypertension, or growth restriction. Late
onset preeclampsia cases were matched with normotensive controls based on maternal age, race,
prepregnancy BMI, and gestational age at delivery. Due to the limited number of samples in our
biobank from normotensive women delivering preterm, we were only able to match preterm controls
with women with early onset preeclampsia based on maternal age and prepregnancy BMI. Given the
severity and early presentation of disease, all early onset cases delivered prior to 37 weeks’ gestation
while late onset cases delivered from 37 weeks onward. Accordingly, selected normotensive control
subjects matched to early onset cases all delivered preterm and normotensive control subjects matched
to late onset cases all delivered at term. In addition, given the parent study’s interest in obesity,
the overall distribution of recruited participants was weighted toward overweight and obese women.
All subjects gave their informed consent for inclusion before they participated in the study. The study
was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the
University of Pittsburgh Institutional Review Board (MOD08050339-24/PRO08050339).

Placental collection: Placentas were collected shortly after delivery, and four 2.5 cm full-thickness
sections were obtained and were immediately snap-frozen in liquid nitrogen. Samples were then
stored at −80 ◦C.

RNA extraction: RNA was extracted from placenta samples using the Maxwell simplyRNA Tissue
Kit (#AS1280, Promega, Madison, WI, USA), following the manufacturer’s protocol. Extracted RNA
was quantified using a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific Inc., Waltham,
MA, USA) and stored at −80 ◦C until use.

Imprinted gene expression analysis: Placental RNA was profiled using a custom-designed
nCounter code set containing 109 established and putative imprinted genes (nanoString Technologies,
Seattle, WA, USA) as previously described [32]. Briefly, RNA was hybridized to reporter and capture
probes, and purified target-dual probe complexes were aligned and immobilized on imaging cartridges
using an nCounter Prep Station II. Cartridges were scanned in an nCounter Digital Analyzer for code
count detection.

Statistical Analysis

Data pre-processing: The raw nCounter code counts were normalized against the geometric mean
of spike-in synthetic control probes included on each cartridge to account for variability introduced
during cartridge preparation. To account for variability in sample input, code counts were additionally
normalized against the geometric mean of the included housekeeping genes (RPL19 and RPLP0).
Sample-specific limit of detection (LOD) values were set at two standard deviations above the mean
of the included negative control probes. For each sample, expression values that fell below the LOD
were replaced with the LOD/sqrt2. Out of the 109 assayed imprinted genes, 92 genes were retained for
further downstream analysis based on expression levels above the LOD in >50% of samples in at least
one of the considered contrast groups (early onset cases, preterm controls, late onset cases, and term
controls). One early onset case sample was considered an outlier on the basis of a visual Principal
Component Analysis (PCA) inspection and removed from the dataset, leaving a final sample size of 99.
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Differential gene expression analysis: Differential gene expression analysis was performed using
the limma R package, and all models were adjusted for gestational age and race/ethnicity. Significant
differences in gene expression were determined based on p-values adjusted for multiple comparisons
using a false discovery rate (FDR) value of <0.05. These variables were selected based on observed
distribution differences between the early onset cases and preterm controls. In addition to gestational
age and race/ethnicity, birthweight also varied between early onset cases and preterm controls.
However, due to its strong correlation with gestational age (Figure S1), birthweight was not included
as a covariate to reduce model instability due to collinear predictors. The code implemented for this
analysis is publicly available on GitHub (https://github.com/mdeyssen/CoLab). All analyses were
conducted using R version 3.6.2 [33].

3. Results

There were no significant differences in demographic characteristics comparing late onset cases
and term controls. Significant differences in gestational age and, concordantly, birth weight were
apparent comparing early onset cases and preterm controls. While the overall study population was
predominantly (>75%) white, the majority of preterm controls (68.4%) were non-white (Table 1).

Table 1. Demographic characteristics across preeclampsia and non-preeclampsia subjects included in
the study (n = 99).

Variable Early Onset
Cases (n = 24)

Preterm Controls
(n = 19) p-Value Late Onset

Cases (n = 25)
Term Controls

(n = 31) p-Value *

Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Gestational age
(weeks) 32.4 (1.5) 34.6 (3.1) <0.01 39.0 (1.4) 39.2 (0.9) 0.39

Birthweight
(grams) 1645.5 (508.6) 2351.8 (651.1) <0.01 3099.1 (547.9) 3312.2 (405.0) 0.10

Maternal age
(years) 27.0 (6.8) 26.9 (5.6) 0.96 26.9 (5.9) 25.3 (4.8) 0.27

N (%) N (%) N (%) N (%)

Delivery method:

Caesarean 14 (58.3) 7 (36.8) 0.27 8 (32.0) 6 (19.4) 0.44
Vaginal 10 (41.7) 12 (63.2) 17 (68.0) 25 (80.6)

Infant sex:

Female 11 (45.8) 9 (47.4) 1.00 9 (36.0) 12 (38.7) 1.00
Male 13 (54.2) 10 (52.6) 16 (64.0) 19 (61.3)

Race/ethnicity:

White 18 (75.0) 6 (31.6) 0.01 19 (76.0) 25 (80.6) 0.93
Non-white 6 (25.0) 13 (68.4) 6 (24.0) 6 (19.4)

Parity:

Nulliparous 18 (75.0) 12 (63.2) 0.61 22 (88.0) 26 (83.9) 0.96
Parous 6 (25.0) 7 (36.8) 3 (12.0) 5 (16.1)

* p-Values by Student’s t-test for continuous variables and Chi-squared test for categorical variables.

Since the control groups selected to contrast against the early and late onset cases differed by
gestational age, we evaluated the potential influence on imprinted gene expression due to this difference
between the preterm and term controls; we observed no statistical differences (Figure S2). The sex of
the fetus may also influence the molecular profiles of the placenta. Based on our panel of imprinted
genes, we observed no differences in gene expression levels comparing male and female placentas
among term controls (Figure S3).

Differential gene expression analysis comparing late onset cases and term controls revealed no
differentially expressed genes (Figure 1A). Similarly, no differences were observed in the sex-stratified
analysis (Figure 1B,C).

https://github.com/mdeyssen/CoLab
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Figure 1. Differential placental imprinted gene expression analyses between late onset cases and term
controls. Volcano plots depict log2 fold change values between cases and controls on the x-axis and
-log10 p-values on the y-axis. Points falling above the dashed horizontal line indicate genes that are
significantly differentially expressed on the basis of a false discovery rate (FDR) < 0.05. (A) No genes
are differentially expressed between cases and controls. In the sex-stratified analyses, no genes are
differentially expressed comparing female cases and controls (B) or male cases and controls (C).

Comparing the early onset cases and preterm controls, we observed differential expression of the
Mesoderm-specific Transcript (MEST) gene (Figure 2A) as well as the Necdin (NDN) gene (Figure 3A).
Both NDN and MEST gene expression levels were downregulated in the early onset cases compared to
preterm controls (Figures 3A and 4A).
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Figure 2. Differential placental gene expression analyses between early onset cases and preterm
controls. Volcano plots depict log2 fold change values between cases and controls on the x-axis and
-log10 p-values on the y-axis. Points (in red) falling above the dashed horizontal line indicate genes
that are significantly differentially expressed on the basis of an FDR <0.05. (A) Two genes, MEST and
NDN, are significantly downregulated among cases compared to controls. In the sex-stratified analyses,
MEST is also significantly downregulated comparing cases and controls within the female group (B).
No significant difference in gene expression between cases and controls is observed within the male
group (C).

The significant downregulation of MEST found in the overall analysis was also observed in the
sex-stratified analysis comparing early onset cases and preterm controls among female placentas
(Figure 2B). Restricting the analysis to male placentas, no significant differences in expression were
observed (Figure 2C). No sex-specific differences in NDN expression patterns were observed (Figure 2B,C
and Figure 4B,C).
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Finally, since the experience of labor during delivery may alter the molecular profile of the placenta
compared to delivery without labor, we performed a sensitivity analysis removing four subjects who,
unlike all other subjects included in this study, did not undergo labor. Significant associations and
effect size estimates comparing cases and controls in the overall analysis were consistent with the
observations in the labor-restricted analysis (Figures S4 and S5).
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Figure 4. NDN gene expression levels across preeclampsia cases and controls. (A) Overall downregulation
of NDN gene expression levels is observed comparing early onset cases to preterm controls. Similar trends
in NDN downregulation are observed in analyses restricted to female (B) and male (C) placenta.
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4. Discussion

Following a comprehensive profile of imprinted gene expression across early and late onset
preeclampsia cases and matched normotensive controls, we observed downregulated MEST and
NDN expression levels in the early onset cases compared to preterm controls. In vivo and in vitro
studies evaluating MEST suggest that it plays a pivotal role in placental development, including
angiogenesis [34] and invasion [35], processes known to be perturbed in preeclampsia. NDN is not
known to play a direct role in placental dysregulation; however, its ubiquitous expression in neurons
and role in neuronal differentiation highlight its importance early in development [36]. In adulthood,
dysregulation of both MEST and NDN are implicated with the onset of obesity through adipose tissue
expansion [37–39], suggesting potential postnatal health effects in energy balance regulation. NDN is
additionally implicated in neurobehavioral outcomes [40,41]. Both MEST and NDN are maternally
imprinted (paternally expressed) genes [42].

Comparing expression levels across all four evaluated groups (early onset cases, preterm controls,
late onset cases, and term controls), the lowest expression was observed in early onset cases, and the
highest expression was observed in preterm controls for both MEST and NDN. This elevated expression
in the preterm controls increases the contrast in expression, likely contributing to the observed significant
difference in expression for these two genes among early onset cases. While we detected no significant
gene expression differences between the preterm and term controls (Figure S1), this downregulation
in expression from earlier to later gestational stages could suggest a natural dynamic change in
expression across gestation that is dysregulated with early onset of preeclampsia. In this case, elevated
expression of MEST and NDN early in gestation tapers off toward later stages of gestation among
uncomplicated pregnancies. However, this elevated baseline is not realized in early onset preeclampsia.
Meanwhile, in later onset preeclampsia, this dysregulation in expression early in gestation is not
triggered, and any temporal changes in MEST and NDN expression across gestation are not affected by
later onset preeclampsia.

The sex-stratified analyses suggest that the downregulation in MEST expression comparing early
onset cases and preterm controls was restricted to female placentas (Figure 3B); however, a similar
trend, albeit not significant, was also apparent in the comparison between early onset cases and
preterm controls in male placentas (Figure 3C). This suggests that while the association is more robust
due to lower intragroup variance among female placentas in our study population, the observed
downregulation in MEST expression is generally consistent across male and female placentas.

While few studies have linked NDN to pregnancy complications, the literature does support
the involvement of MEST aberrations in various pregnancy-related outcomes, including in vitro
fertilization (IVF)/intracytoplasmic sperm injections (ICSIs) [43], viral load [44], gestational diabetes [45],
and preeclampsia [46]. Interestingly, fetal growth restriction is among the most commonly reported
outcomes linked to deviations in MEST activity [44,47–50], likely at least partially attributable to the
purported role of MEST in placental angiogenesis and implantation [34]. In studies where placental
MEST gene expression levels were assessed [44,47,48], expression was generally downregulated,
consistent with our findings in the current study. One study evaluated aberrations in MEST cord
blood methylation levels in relation to preeclampsia and reported upregulated methylation in cases
compared to controls [46].

Given the commonalities in placental assessments across multiple pregnancy complications,
changes in MEST expression and/or methylation are likely not a suitable marker to characterize
preeclampsia-specific disease trajectory. However, the consistency observed across the reported
findings does suggest the possible role of this gene as an intrauterine biosensor that captures
pathological deviations from appropriate placental development.

At least one other study performed a genome-wide survey of imprinted gene expression in
relation to preeclampsia status [27]. Using microarray data, this study assessed correlations between
each gene and two pregnancy outcomes, fetal growth restriction and preeclampsia. Subsequently,
known imprinted genes within the microarray were tested to assess whether correlations with the two
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outcomes of interest were enriched within this subset of genes. Indeed, the findings suggest greater
dysregulation among imprinted genes specifically in relation to preeclampsia than would be expected
by chance. The study also reports an overall trend of downregulation among paternally expressed
imprinted genes, a finding that is consistent with the downregulation of the paternally expressed
MEST and NDN genes observed in the current study.

Restricting microarray data to known and putative imprinted genes, Zadora et al. reported
upregulation of the imprinted gene DLX5 among preeclampsia cases compared to controls, with a more
pronounced effect among early onset cases [26]. While not reaching statistical significance based on
the stringent threshold applied, our study also indicated DLX5 upregulation (FDR = 0.15) comparing
early onset cases to preterm controls (Figure S6).

Several limitations of the study warrant consideration. While the sample size was on par with
previously reported studies assessing gene expression alterations between preeclampsia cases and
controls, the study was underpowered to conduct sensitivity analyses to more comprehensively
evaluate the influence of potential confounding factors in our study. For example, while we conducted
sensitivity analyses to evaluate the impact due to the onset of labor, additional differences in delivery
mode (e.g., caesarean vs. vaginal) may also warrant further evaluation to add rigor to our findings.
However, since we did not observe differences in the distribution of delivery mode across preeclampsia
cases and controls, we do not expect a differential impact across the groups. Similarly, while we
performed sex-stratified analyses, we cannot rule out that our finding of a significant difference within
the female subset and a nonsignificant difference within the male subset may be due to limitations
in sample size. Additionally, the normotensive control subjects selected as comparison groups for
the respective early onset and late onset preeclampsia cases may have implications for our results,
specifically with respect to the preterm controls used in the comparison against the early onset cases.
Unlike the term controls, preterm controls do not stem from uncomplicated pregnancies, since preterm
labor itself is a pregnancy complication. Despite contrasting the early onset cases with preterm
normotensive controls to better disentangle preeclampsia-specific effects from preterm-related effects,
we cannot rule out the possibility that unique characteristics of the selected preterm controls may
contribute to the observed significant differences in expression among early onset cases. Finally,
our findings point to altered transcriptional activity of genes in placental biopsies. Based on these
findings alone, we are not able to substantiate the functional consequences of these alterations with
respect to implications for translational outputs. Additionally, the imprinted genes were assessed to
capture gene-wide expression patterns. It is possible that observed differences in MEST expression,
for example, are due to differences in specific relevant isoforms, which are not able to be discerned in the
current study. Furthermore, given that the placenta is a composite of multiple cell types, we cannot rule
out that the observed differences in transcript levels may, in fact, reflect a shift in cell-type composition
across cases and controls. Additional studies that further interrogate and characterize the implications
for the observed gene expression differences are, therefore, warranted.

This study represents one of the most comprehensive evaluations of imprinted gene expression
contrasting preeclampsia and non-preeclampsia placentas delivered preterm and at term. Our findings
suggest downregulation of placental MEST and NDN expressions among preterm preeclampsia
placentas. While not a preeclampsia-specific biomarker, downregulation of placental MEST expression
may be a biosensor of adverse pregnancy outcomes. Additional studies expanding on this paradigm,
including evaluations of additional pregnancy-related outcomes and sensitivity to environmental
agents that may trigger these altered trajectories, are warranted.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/11/10/1146/s1,
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Differential imprinted gene expression analysis between early onset cases and preterm controls, restricted to those
who underwent labor, Figure S6: DLX5 expression levels across preeclampsia cases and controls.

http://www.mdpi.com/2073-4425/11/10/1146/s1


Genes 2020, 11, 1146 9 of 11

Author Contributions: Conceptualization, M.A.D. and J.M.R.; Methodology, M.A.D. and Q.L.; Formal analysis,
M.A.D. and Q.L.; Investigation, M.A.D.; Resources, J.C. and J.M.R.; Data curation, J.M.R.; Writing—original draft
preparation, M.A.D.; Writing—review and editing, J.C., J.M.R., C.E. and L.M.; Visualization, M.A.D.; Supervision,
J.M.R., C.E. and L.M.; Project administration, J.M.R.; Funding acquisition, J.C. and J.M.R. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by NIH-NIEHS P30ES009089, NIH-NIEHS R00ES029571, NIH-NIEHS
R01ES022223, NIH-NIEHS R01ES029212, and NIH-NIAAA R01AA027916. C.E. is financially supported by
Fondecyt 1200250 (Chile).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Roberts, J.M.; Bell, M.J. If we know so much about preeclampsia, why haven’t we cured the disease?
J. Reprod. Immunol. 2013, 99, 1–9. [CrossRef]

2. Abalos, E.; Cuesta, C.; Grosso, A.L.; Chou, D.; Say, L. Global and regional estimates of preeclampsia and
eclampsia: A systematic review. Eur. J. Obstet. Gynecol. Reprod. Biol. 2013, 170, 1–7. [CrossRef]

3. American College of Obstetricians. Task Force on Hypertension in Pregnancy. Hypertension in pregnancy.
Report of the American College of Obstetricians and Gynecologists’ Task Force on Hypertension in Pregnancy.
Obstet. Gynecol. 2013, 122, 1122–1131. [CrossRef]

4. Roberts, J.M.; Mascalzoni, D.; Ness, R.B.; Poston, L. Collaboration to understand complex diseases:
Preeclampsia and adverse pregnancy outcomes. Hypertension 2016, 67, 681–687. [CrossRef]

5. Romundstad, P.R.; Magnussen, E.B.; Smith, G.D.; Vatten, L.J. Hypertension in Pregnancy and Later
Cardiovascular Risk: Common antecedents? Circulation 2010, 122, 579–584. [CrossRef]

6. Baecke, M.; Spaanderman, M.E.A.; Van Der Werf, S.P. Cognitive function after pre-eclampsia: An explorative
study. J. Psychosom. Obstet. Gynecol. 2009, 30, 58–64. [CrossRef] [PubMed]

7. Postma, I.; Bouma, A.; De Groot, J.C.; Aukes, A.M.; Aarnoudse, J.G.; Zeeman, G.G. Cerebral white matter
lesions, subjective cognitive failures, and objective neurocognitive functioning: A follow-up study in women
after hypertensive disorders of pregnancy. J. Clin. Exp. Neuropsychol. 2016, 38, 585–598. [CrossRef] [PubMed]

8. Davis, E.F.; Lazdam, M.; Lewandowski, A.J.; Worton, S.A.; Kelly, B.; Kenworthy, Y.; Adwani, S.; Wilkinson, A.R.;
McCormick, K.; Sargent, I.; et al. Cardiovascular Risk Factors in Children and Young Adults Born to
Preeclamptic Pregnancies: A Systematic Review. Pediatrics 2012, 129, e1552–e1561. [CrossRef] [PubMed]

9. Kajantie, E.; Eriksson, J.G.; Osmond, C.; Thornburg, K.; Barker, D.J. Pre-Eclampsia Is Associated With
Increased Risk of Stroke in the Adult Offspring the helsinki birth cohort study. Stroke 2009, 40, 1176–1180.
[CrossRef] [PubMed]

10. Tuovinen, S.; Räikkönen, K.; Pesonen, A.-K.; Lahti-Pulkkinen, M.; Heinonen, K.; Wahlbeck, K.; Kajantie, E.;
Osmond, C.; Barker, D.J.; Eriksson, J.G. Hypertensive disorders in pregnancy and risk of severe mental
disorders in the offspring in adulthood: The Helsinki Birth Cohort Study. J. Psychiatr. Res. 2012, 46, 303–310.
[CrossRef]

11. Walker, C.K.; Krakowiak, P.; Baker, A.; Hansen, R.; Ozonoff, S.; Hertz-Picciotto, I. Preeclampsia, placental
insufficiency, and autism spectrum disorder or developmental delay. JAMA Pediatr. 2015, 169, 154–162.
[CrossRef] [PubMed]

12. Burton, G.J.; Fowden, A.L.; Thornburg, K.L. Placental Origins of Chronic Disease. Physiol. Rev. 2016, 96,
1509–1565. [CrossRef] [PubMed]

13. Ness, R.B.; Sibai, B.M. Shared and disparate components of the pathophysiologies of fetal growth restriction
and preeclampsia. Am. J. Obstet. Gynecol. 2006, 195, 40–49. [CrossRef] [PubMed]

14. Mongraw-Chaffin, M.L.; Cirillo, P.M.; Cohn, B.A. Preeclampsia and Cardiovascular Disease Death: Prospective
evidence from the child health and development studies cohort. Hypertension 2010, 56, 166–171. [CrossRef]

15. Schalekamp-Timmermans, S.; Arends, L.R.; Alsaker, E.; Chappell, L.; Hansson, S.; Harsem, N.K.; Jälmby, M.;
Jeyabalan, A.; Laivuori, H.; Lawlor, D.A.; et al. Fetal sex-specific differences in gestational age at delivery in
pre-eclampsia: A meta-analysis. Int. J. Epidemiol. 2017, 46, 632–642. [CrossRef]

16. Lain, K.Y.; Roberts, J.M. Contemporary concepts of the pathogenesis and management of preeclampsia.
JAMA 2002, 287, 3183–3186. [CrossRef]

17. Roberts, J.M.; Escudero, C. The placenta in preeclampsia. Pregnancy Hypertens. 2012, 2, 72–83. [CrossRef]

http://dx.doi.org/10.1016/j.jri.2013.05.003
http://dx.doi.org/10.1016/j.ejogrb.2013.05.005
http://dx.doi.org/10.1097/01.AOG.0000437382.03963.88
http://dx.doi.org/10.1161/HYPERTENSIONAHA.115.06133
http://dx.doi.org/10.1161/CIRCULATIONAHA.110.943407
http://dx.doi.org/10.1080/01674820802546212
http://www.ncbi.nlm.nih.gov/pubmed/19308784
http://dx.doi.org/10.1080/13803395.2016.1143453
http://www.ncbi.nlm.nih.gov/pubmed/26949992
http://dx.doi.org/10.1542/peds.2011-3093
http://www.ncbi.nlm.nih.gov/pubmed/22614768
http://dx.doi.org/10.1161/STROKEAHA.108.538025
http://www.ncbi.nlm.nih.gov/pubmed/19265049
http://dx.doi.org/10.1016/j.jpsychires.2011.11.015
http://dx.doi.org/10.1001/jamapediatrics.2014.2645
http://www.ncbi.nlm.nih.gov/pubmed/25485869
http://dx.doi.org/10.1152/physrev.00029.2015
http://www.ncbi.nlm.nih.gov/pubmed/27604528
http://dx.doi.org/10.1016/j.ajog.2005.07.049
http://www.ncbi.nlm.nih.gov/pubmed/16813742
http://dx.doi.org/10.1161/hypertensionaha.110.150078
http://dx.doi.org/10.1093/ije/dyw178
http://dx.doi.org/10.1001/jama.287.24.3183
http://dx.doi.org/10.1016/j.preghy.2012.01.001


Genes 2020, 11, 1146 10 of 11

18. Burton, G.J.; Redman, C.W.; Roberts, J.M.; Moffett, A. Pre-eclampsia: Pathophysiology and clinical
implications. BMJ 2019, 366, l2381. [CrossRef]

19. Kajantie, E.; Thornburg, K.L.; Eriksson, J.G.; Osmond, L.; Barker, D.J.P.; Osmond, C. In preeclampsia,
the placenta grows slowly along its minor axis. Int. J. Dev. Biol. 2010, 54, 469–473. [CrossRef]

20. Salomon, C.; Guanzon, D.; Scholz-Romero, K.; Longo, S.; Correa, P.; Illanes, S.E.; Rice, G. Placental exosomes
as early biomarker of preeclampsia—Potential role of exosomal microRNAs across gestation. J. Clin.
Endocrinol. Metab. 2017, 102, 3182–3194. [CrossRef]

21. Levine, L.; Habertheuer, A.; Ram, C.; Korutla, L.; Schwartz, N.; Hu, R.W.; Reddy, S.; Freas, A.; Zielinski, P.D.;
Harmon, J.; et al. Syncytiotrophoblast extracellular microvesicle profiles in maternal circulation for
noninvasive diagnosis of preeclampsia. Sci. Rep. 2020, 10, 1–11. [CrossRef]

22. Bartolomei, M.S.; Ferguson-Smith, A.C. Mammalian Genomic Imprinting. Cold Spring Harb. Perspect. Biol.
2011, 3, a002592. [CrossRef] [PubMed]

23. Ferguson-Smith, A.C.; Surani, M.A. Imprinting and the Epigenetic Asymmetry Between Parental Genomes.
Science 2001, 293, 1086–1089. [CrossRef] [PubMed]

24. Coan, P.; Burton, G.; Ferguson-Smith, A.C. Imprinted genes in the placenta—A review. Placenta 2005,
26 (Suppl. A), S10–S20. [CrossRef] [PubMed]

25. Tycko, B. Imprinted genes in placental growth and obstetric disorders. Cytogenet. Genome Res. 2006, 113,
271–278. [CrossRef]

26. Zadora, J.; Singh, M.; Herse, F.; Przybyl, L.; Haase, N.; Golic, M.; Yung, H.W.; Huppertz, B.; Cartwright, J.E.;
Whitley, G.; et al. Disturbed Placental Imprinting in Preeclampsia Leads to Altered Expression of DLX5,
a Human-Specific Early Trophoblast Marker. Circulation 2017, 136, 1824–1839. [CrossRef]

27. Christians, J.K.; Leavey, K.; Cox, B.J. Associations between imprinted gene expression in the placenta, human
fetal growth and preeclampsia. Biol. Lett. 2017, 13, 20170643. [CrossRef]

28. Kanayama, N.; Takahashi, K.; Matsuura, T.; Sugimura, M.; Kobayashi, T.; Moniwa, N.; Tomita, M.;
Nakayama, K. Deficiency in p57Kip2 expression induces preeclampsia-like symptoms in mice.
Mol. Hum. Reprod. 2002, 8, 1129–1135. [CrossRef]

29. Baumgartel, K.L.; Terhorst, L.; Conley, Y.P.; Roberts, J.M. Psychometric evaluation of the Epworth sleepiness
scale in an obstetric population. Sleep Med. 2012, 14, 116–121. [CrossRef]

30. Sween, L.K.; Althouse, A.D.; Roberts, J.M. Early-pregnancy percent body fat in relation to preeclampsia risk
in obese women. Am. J. Obstet. Gynecol. 2015, 212, 84.e1. [CrossRef]

31. Roccella, E.J. Report of the National High Blood Pressure Education Program Working Group on High Blood
Pressure in Pregnancy. Am. J. Obstet. Gynecol. 2000, 183, s1–s22. [CrossRef]

32. Carter, R.C.; Chen, J.; Li, Q.; Deyssenroth, M.; Dodge, N.C.; Wainwright, H.C.; Molteno, C.D.; Meintjes, E.M.;
Jacobson, J.L.; Jacobson, S.W. Alcohol-Related Alterations in Placental Imprinted Gene Expression in Humans
Mediate Effects of Prenatal Alcohol Exposure on Postnatal Growth. Alcohol. Clin. Exp. Res. 2018, 42, 1431–1443.
[CrossRef] [PubMed]

33. R Core Team. R: A Language and Environment for Statistical Computing. 2018. Available online:
https://www.r-project.org/ (accessed on 29 September 2020).

34. Mayer, W.; Hemberger, M.; Frank, H.G.; Grümmer, R.; Winterhager, E.; Kaufmann, P.; Fundele, R. Expression
of the Imprinted Genes MEST/Mest in Human and Murine Placenta Suggests a Role in Angiogenesis.
Dev. Dyn. 2000, 217. [CrossRef]

35. Peng, W.; Chen, Y.; Luo, X.; Shan, N.; Lan, X.; Olson, D.; Zhang, H.; Ding, Y.-B.; Qi, H.-B. DNA
methylation-associated repression of MEST/PEG1 expression contributes to the invasion of extravillous
trophoblast cells. Placenta 2016, 46, 92–101. [CrossRef] [PubMed]

36. Kuwajima, T.; Nishimura, I.; Yoshikawa, K. Necdin Promotes GABAergic Neuron Differentiation in
Cooperation with Dlx Homeodomain Proteins. J. Neurosci. 2006, 26, 5383–5392. [CrossRef] [PubMed]

37. Takahashi, M.; Kamei, Y.; Ezaki, O. Mest/Peg1 imprinted gene enlarges adipocytes and is a marker of
adipocyte size. Am. J. Physiol. Endocrinol. Metab. 2005, 288, E117–E124. [CrossRef]

38. Nikonova, L.; Koza, R.A.; Mendoza, T.; Chao, P.-M.; Curley, J.P.; Kozak, L.P. Mesoderm-specific transcript is
associated with fat mass expansion in response to a positive energy balance. FASEB J. 2008, 22, 3925–3937.
[CrossRef]

39. Fujiwara, K.; Hasegawa, K.; Ohkumo, T.; Miyoshi, H.; Tseng, Y.-H.; Yoshikawa, K. Necdin Controls
Proliferation of White Adipocyte Progenitor Cells. PLoS ONE 2012, 7, e30948. [CrossRef]

http://dx.doi.org/10.1136/bmj.l2381
http://dx.doi.org/10.1387/ijdb.082833ek
http://dx.doi.org/10.1210/jc.2017-00672
http://dx.doi.org/10.1038/s41598-020-62193-7
http://dx.doi.org/10.1101/cshperspect.a002592
http://www.ncbi.nlm.nih.gov/pubmed/21576252
http://dx.doi.org/10.1126/science.1064020
http://www.ncbi.nlm.nih.gov/pubmed/11498578
http://dx.doi.org/10.1016/j.placenta.2004.12.009
http://www.ncbi.nlm.nih.gov/pubmed/15837057
http://dx.doi.org/10.1159/000090842
http://dx.doi.org/10.1161/CIRCULATIONAHA.117.028110
http://dx.doi.org/10.1098/rsbl.2017.0643
http://dx.doi.org/10.1093/molehr/8.12.1129
http://dx.doi.org/10.1016/j.sleep.2012.10.007
http://dx.doi.org/10.1016/j.ajog.2014.07.055
http://dx.doi.org/10.1067/mob.2000.107928
http://dx.doi.org/10.1111/acer.13808
http://www.ncbi.nlm.nih.gov/pubmed/29870072
https://www.r-project.org/
http://dx.doi.org/10.1002/(SICI)1097-0177(200001)217:13.0.CO;2-4
http://dx.doi.org/10.1016/j.placenta.2016.08.093
http://www.ncbi.nlm.nih.gov/pubmed/27697227
http://dx.doi.org/10.1523/JNEUROSCI.1262-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/16707790
http://dx.doi.org/10.1152/ajpendo.00244.2004
http://dx.doi.org/10.1096/fj.08-108266
http://dx.doi.org/10.1371/journal.pone.0030948


Genes 2020, 11, 1146 11 of 11

40. Pagliardini, S.; Ren, J.; Wevrick, R.; Greer, J.J. Developmental Abnormalities of Neuronal Structure and
Function in Prenatal Mice Lacking the Prader-Willi Syndrome Gene Necdin. Am. J. Pathol. 2005, 167, 175–191.
[CrossRef]

41. Muscatelli, F.; Abrous, D.N.; Massacrier, A.; Boccaccio, I.; Le Moal, M.; Cau, P.; Cremer, H. Disruption
of the mouse Necdin gene results in hypothalamic and behavioral alterations reminiscent of the human
Prader-Willi syndrome. Hum. Mol. Genet. 2000, 9, 3101–3110. [CrossRef]

42. Kobayashi, S.; Kohda, T.; Miyoshi, N.; Kuroiwa, Y.; Aisaka, K.; Tsutsumi, O.; Kaneko-Ishino, T.; Ishino, F.
Human PEG1/MEST, an imprinted gene on chromosome 7. Hum. Mol. Genet. 1997, 6, 781–786. [CrossRef]
[PubMed]

43. Nelissen, E.C.; Dumoulin, J.C.; Daunay, A.; Evers, J.L.; Tost, J.; Van Montfoort, A. Placentas from pregnancies
conceived by IVF/ICSI have a reduced DNA methylation level at the H19 and MEST differentially methylated
regions. Hum. Reprod. 2013, 28, 1117–1126. [CrossRef]

44. Baines, K.J.; Rampersaud, A.M.; Hillier, D.M.; Jeyarajah, M.J.; Grafham, G.K.; Eastabrook, G.; Lacefield, J.C.;
Renaud, S.J. Antiviral Inflammation during Early Pregnancy Reduces Placental and Fetal Growth Trajectories.
J. Immunol. 2019, 204, 694–706. [CrossRef] [PubMed]

45. El Hajj, N.; Pliushch, G.; Schneider, E.; Dittrich, M.; Müller, T.; Korenkov, M.; Aretz, M.; Zechner, U.;
Lehnen, H.; Haaf, T. Metabolic Programming of MEST DNA Methylation by Intrauterine Exposure to
Gestational Diabetes Mellitus. Diabetes 2013, 62, 1320–1328. [CrossRef]

46. Wang, X.; Wan, L.; Weng, X.; Xie, J.; Zhang, A.; Liu, Y.; Dong, M. Alteration in methylation level at differential
methylated regions of MEST and DLK1 in fetus of preeclampsia. Hypertens. Pregnancy 2017, 37, 1–8.
[CrossRef] [PubMed]

47. A Kappil, M.; Green, B.B.; A Armstrong, D.; Sharp, A.J.; Lambertini, L.; Marsit, C.J.; Chen, J. Placental
expression profile of imprinted genes impacts birth weight. Epigenetics 2015, 10, 842–849. [CrossRef]

48. McMINN, J.; Wei, M.; Sadovsky, Y.; Thaker, H.; Tycko, B. Imprinting of PEG1/MEST Isoform 2 in Human
Placenta. Placenta 2006, 27, 119–126. [CrossRef]

49. Deyssenroth, M.A.; Marsit, C.J.; Chen, J.; Lambertini, L. In-depth characterization of the placental imprintome
reveals novel differentially methylated regions across birth weight categories. Epigenetics 2019, 15, 47–60.
[CrossRef]

50. Lefebvre, L.; Viville, S.; Barton, S.C.; Ishino, F.; Keverne, E.B.; Surani, M.A. Abnormal maternal behaviour
and growth retardation associated with loss of the imprinted gene Mest. Nat. Genet. 1998, 20, 163–169.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/S0002-9440(10)62964-1
http://dx.doi.org/10.1093/hmg/9.20.3101
http://dx.doi.org/10.1093/hmg/6.5.781
http://www.ncbi.nlm.nih.gov/pubmed/9158153
http://dx.doi.org/10.1093/humrep/des459
http://dx.doi.org/10.4049/jimmunol.1900888
http://www.ncbi.nlm.nih.gov/pubmed/31882516
http://dx.doi.org/10.2337/db12-0289
http://dx.doi.org/10.1080/10641955.2017.1397689
http://www.ncbi.nlm.nih.gov/pubmed/29157033
http://dx.doi.org/10.1080/15592294.2015.1073881
http://dx.doi.org/10.1016/j.placenta.2004.12.003
http://dx.doi.org/10.1080/15592294.2019.1647945
http://dx.doi.org/10.1038/2464
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	References

