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Abstract

Impaired uterine invasion by extravillous trophoblast (EVT) in early gestation is implicated in the
genesis of preeclampsia, a potentially lethal malady of human pregnancy. However, reasons for
EVT dysfunction remain unclear due to virtual inaccessibility of early placental and uterine tissues
from women who develop preeclampsia, and the absence of animal models in which the disease
spontaneously occurs. Consequently, the possibility that deficient or defective maturation of the
endometrium (“decidualization”) may compromise EVT invasion in preeclampsia remains
unexplored. Using a bioinformatics approach, we tested this hypothesis identifying 396
differentially expressed genes (DEG) in chorionic villous samples (CVS) from women at ~11.5
gestational weeks who developed severe preeclampsia symptoms 6-months later compared to CVS
from normal pregnancies. A large number, 154 or 40%, overlapped with DEG associated with
various stages of normal endometrial maturation before and after implantation as identified by
other microarray datasets (p=4.7x10714). 116 of the 154 DEG or 75%, overlapped with DEG
associated with normal decidualization in the absence of EVT, i.e., late-secretory endometrium
and endometrium from tubal ectopic pregnancy (p=4.2x1079). Finally, 112 of these 154 DEG or
73% changed in the opposite direction in microarray datasets related to normal endometrial
maturation (p=0.01) including 16 DEG up-regulated in decidual (relative to peripheral blood)
Natural Killer cells that were down-regulated in CVS from women who developed preeclampsia
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(p<0.0001). Taken together, these results suggest that insufficient or defective maturation of
endometrium and decidual Natural Killer cells during the secretory phase and early pregnancy
preceded the development of preeclampsia.
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Introduction

Preeclampsia (PE), a multi-organ disease affecting 3-5% of human pregnancies, is
associated with significant maternal, fetal and neonatal, morbidity and mortality 1. In
addition, PE increases the risk of lifelong cardiovascular and metabolic disease for both
mother and offspring ®=7. Clear understanding of PE etiology is lacking, which hampers
identification of early predictive biomarkers and development of specific treatment and
prophylactic measures.

Though knowledge of PE pathogenesis has markedly improved over the past decade,
etiology remains less certain, and largely due to formidable investigative challenges, has
been only infrequently addressed, e.g.,8. It is widely believed that insufficient extravillous
trophoblast (EVT) invasion of uterine spiral arteries starting in early pregnancy is a causal
factor 9. Consequently, there has been considerable investigation of the cellular and
molecular mechanisms of EVT in this biological event. In contrast, little attention has been
given to the uterine niche in which EVT invade. Perhaps the “soil”, rather than or in addition
to the “seed” is aberrant in women destined to develop preeclampsia 1011,

A major stumbling block to finding etiological factors in PE is that the disease is thought to
begin in early pregnancy related to inadequate EVT invasion (vide supra). Accordingly,
etiology is widely separated in time from the onset of disease symptoms, which does not
occur until late pregnancy 12. Presently, we are not certain about who will develop PE due to
lack of predictive biomarkers 13, although these are being actively pursued in numerous labs
using discovery-based approaches. This ignorance precludes identification of women for
prospective exploration of disease etiology in early pregnancy. Nevertheless, even if we
knew who would develop PE, we cannot readily obtain the relevant tissue in which to
investigate potential causes, i.e., first trimester placenta and decidua. Nor can we study third
trimester placentas and basal plate decidua, and necessarily gain insight into disease
etiology, because one cannot necessarily discern cause from effect at this late stage. Finally,
preeclampsia is considered to be a disorder peculiar to human pregnancy, which makes
investigation of etiological factors in animal models potentially problematic 14.

In an attempt to overcome these challenging hurtles we undertook a unique discovery-based
approach to study the etiology of preeclampsia 1115, By whole genome gene expression
profiling of a collection of surplus chorionic villous sampling (CVS) tissue obtained for
prenatal genetic screening, we unexpectedly noted putative decidualization marker genes,
IGFBP1, PAEP or glycodelin and PRL to be down-regulated in women who developed PE
6-months later. Decidualization is a process of endometrial maturation that begins in the
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secretory phase of the menstrual cycle (pre-decidualization) and continues after conception
and implantation. An important part of this biological process is the enrichment of decidual
Natural Killer (dNK) cells starting in the secretory endometrium 16, In essence, pre-
decidualization and decidualization are a biological continuum in preparation of the “soil”
for the “seed” (EVT and conceptus) 7. Dysregulated endometrial maturation is emerging as
an important precursor of recurrent pregnancy loss and infertility 1819, By analogy, we
asked if insufficient or defective endometrial maturation might also contribute to the
pathogenesis of preeclampsia.

The objective of the present work was to employ a bioinformatics approach 20 to rigorously
test the hypothesis that preeclampsia is antedated by disturbances in endometrial maturation
before and after implantation. In turn, accumulating evidence links impaired decidualization,
as well as deficient dNK cell number and/or function to compromised extravillous
trophoblast invasion, spiral artery remodeling and placentation 10:21-23 \\e reasoned that, if
genes up-regulated in the endometrium and dNK cells during the biological processes of
(pre-) decidualization 24-28 are down-regulated in CVS from women destined to develop

PE 11, then this would provide critical missing, prospective evidence needed to underpin the
concept of “endometrial antecedents of preeclampsia”.

We re-analyzed publically available microarray datasets, in order to determine differentially
expressed genes, which increase expression in late secretory endometrium (pre-
decidualization) and during endometrial maturation after implantation (decidualization), the
latter in the presence or absence of extravillous trophoblast. In addition, we investigated
DEG up-regulated in decidual relative to peripheral blood NK cells by re-analyzing other
microarray datasets. These up-regulated DEG were then compared to DEG down-regulated
in CVS obtained at ~11.5 gestational weeks from 4 women who developed severe, late onset
preeclampsia 6-months later matched to 8 women with normal pregnancy (Results and
Table S1). This overall approach was chosen because our hypothesis was that genes which
increased expression during the process of normal endometrial maturation before and after
implantation will be decreased in the endometrium of women destined to develop
preeclampsia (detailed Materials and Methods are presented in the Data Supplement).

Differentially expressed genes between chorionic villous samples obtained from
preeclamptic and normal pregnant women

CVS obtained at ~11.5 gestational weeks from 4 women who developed preeclampsia 6-
months later were matched to CVS from 8 women with normal pregnancy 1. Each of the 4
CVS specimens from women who developed preeclampsia was matched for parity, gestation
age at CVS within 3 days and race with 2 unaffected control specimens 11. In addition to
fetal chorion, CVS invariably contains maternal tissue that derives mainly from adherent
decidual basal plate with another potential source being placental septae projecting upward
from the basal toward the chorionic plate containing an admixture of decidual and uterine
NK cells, and EVT 29:30, Because surplus CV'S was frozen within 10 min of extraction in
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this study, they were not cleaned of maternal decidual tissue 11. The presence of decidua in
the CVS is corroborated by the transcriptomics as revealed in this work being consistent
with the molecular signature of decidua (see below). Women with preeclampsia met criteria
for severe disease 431, and all delivered >34 weeks. There were no co-morbidities except the
women with preeclampsia tended to have higher BMI (Table S1). RNA integrity was
evaluated on an Agilent Bioanalyzer (RIN > 6.0; Agilent, Santa Clara, CA, 11). Casting a
wide net, we established differentially expressed genes (DEG) by t-test (p<0.05), fold
change (FC) and J5 analysis (Data Supplement). There was a total of 396 DEG between
CVS obtained from women with preeclampsia compared to CVS from women with normal
pregnancy outcome of which 201 were up-regulated and 195 down-regulated in
preeclampsia (see Table S2 for gene lists).

Differentially expressed genes down-regulated in CVS from preeclamptic women are up-
regulated during normal endometrial maturation in the late-secretory phase and early

pregnancy

We analyzed gene expression in normal endometrium from different phases of the menstrual
cycle (GSE4888 28 and GSE6364 24) to identify the cluster of co-expressed genes strongly
increasing expression in the endometrium throughout the menstrual cycle and peaking in the
late-secretory endometrium (LSE). There was a significant overlap of 38 genes between the
LSE cluster of 1315 up-regulated differentially expressed genes and the 195 down-regulated
DEG in CVS from preeclamptic compared to normal preghant women (PE-CVS; p<0.0001
by Pearson’s chi-square test; Figure 1A, Table S3A).

Gene expression in endometrium from tubal ectopic pregnancy (EP) showing intermediate-
decidualization morphology on H&E stained sections as described by Duncan and
coworkers was first compared to gene expression in non-decidualized endometrium obtained
from women with EP (E-MTAB-680 25). The up-regulated differentially regulated genes in
this decidualized endometrium (873 DEG) were then compared to the down-regulated DEG
in CVS from preeclamptic compared to unaffected control women. There was significant
overlap of 32 genes (p<0.0001; Figure 1B, Table S3B). There was also a large overlap of
382 differentially regulated genes increasing in LSE with DEG up-regulated in intermediate-
decidualized endometrium from EP (p<0.0001). Of these, 16 significantly overlapped with
the DEG down-regulated in CVS from preeclamptic women (p<0.0001; Figure 1C, Table
S3C). These results suggest an impairment of endometrial maturation in late-secretory phase
and early pregnancy in the women who developed preeclampsia. This impairment is
independent of extravillous trophoblast, because they are absent from late-secretory and
ectopic pregnancy endometrium (the latter verified by histology and cytokeratin
immunohistochemistry 25).

Gene expression in both intermediate- and confluent-decidualized endometrium from
women with intrauterine pregnancy (IUP) was initially compared to gene expression in non-
decidualized endometrium (E-MTAB-680 25). The up-regulated DEG in IUP endometrium
with intermediate- (1003 DEG) and confluent- (1581 DEG) decidualized changes were next
compared to the 195 down-regulated DEG in CVS from preeclamptic compared to normal
pregnant women. Thirty-seven and 46 DEG up-regulated in intermediate- and confluent-
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decidualized endometrium from IUP, respectively, overlapped with DEG down-regulated in
PE-CVS (both p<0.0001; Figure 2A and B, Table S4A and S4B, respectively).

Because the decidua from intrauterine, but not ectopic pregnancy was populated by
extravillous trophoblast, we were able to estimate the potential EVT contribution to the
overlap of differentially expressed genes down-regulated in PE-CVS and up-regulated in
ectopic and intrauterine pregnancy endometrium matched for the extent of decidualization
(“intermediate™). There was large overlap of 689 DEG up-regulated in intermediate-
decidualized endometrium from EP and IUP (relative to non-decidualized endometrium;
p<0.0001, Figure 2C). As illustrated in Fig. 2C, 30 of these 689 differentially expressed
genes overlapped significantly with DEG down-regulated in CVS from preeclamptic relative
to normal pregnant women (p<0.0001, Table S4C). The majority of overlapping DEG
between those up-regulated in intermediate-decidualized endometrium from intrauterine and
ectopic pregnancies and down-regulated in PE-CV'S were the same genes (30 of 37 for
intermediate-decidualized endometrium from 1UP and 30 of 32 for intermediate-
decidualized endometrium from EP). These results reinforce the notion of impaired
endometrial maturation during early pregnancy in the decidua from ectopic pregnancy did
not contain extravillous trophoblast 25,

Differentially expressed genes down-regulated in CVS from preeclamptic women are not
up-regulated in decidualized endometrial stromal cells by trophoblast conditioned medium

(TrCMm)

There was no significant overlap of endometrial genes increasing in expression after
treatment of decidualized stromal cells in culture with TrCM with DEG down-regulated in
CVS from women who developed preeclampsia compared to women with normal pregnancy
outcome, with only 4 in common (Figure S1, p=0.5). These results further support the idea
that impaired decidualization in the women who developed preeclampsia may be mostly
independent of trophoblast influence. See Results in the Supplemental Data and Figure S1
for details.

Confluence of overlapping genes

We next investigated the confluence of differentially expressed genes down-regulated in
CVS from women with preeclampsia relative to normal pregnancy and up-regulated in late-
secretory endometrium, intermediate-decidualized endometrium from intrauterine and
ectopic pregnancies, as well as confluent-decidualized endometrium from IUP. As portrayed
by the Venn Diagram in Figure 3, there were 20 down-regulated DEG in PE-CVS, which
were up-regulated in LSE but not in intermediate- or confluent-decidualized endometrium;
13 DEG down-regulated in PE-CVS and up-regulated in intermediate- and confluent-
decidualized endometrium, but not in LSE (p<0.0001), and 16 DEG down-regulated in PE-
CVS and up-regulated in all datasets related to endometrial maturation (p<0.0001).
Individual differentially expressed genes are presented in Table S5 and mean expression
values are illustrated in Figure 4.

Figure 4 depicts log, mean expression values for the differentially expressed genes down-
regulated in CVS from preeclamptic compared to unaffected control women and up-
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regulated in various states of normal endometrial maturation (refer to Figure 3). Twenty
differentially expressed genes were identified as uniquely up-regulated in LSE and down-
regulated in PE-CVS; therefore, their average expression did not further increase with
decidualization in early pregnancy (Figure 4A). Average gene expression of these 20 DEG
was significantly less in PE-CVS than in mid-secretory and LSE (p<0.05), and comparable
to proliferative and early-secretory endometrium. The 13 differentially expressed genes
down-regulated in PE-CVS and uniquely up-regulated in intermediate- and confluent-
decidualized endometrium, only increased slightly in LSE (by definition), and mostly rose
during decidualization in early pregnancy (Figure 4B). Average gene expression of these 13
DEG was markedly less in PE-CVS than in intermediate- and confluent-decidualized
endometrium (p<0.05). Finally, the 16 differentially expressed genes down-regulated in PE-
CVS and up-regulated in LSE, and intermediate- and confluent-decidualized endometrium
increased expression beginning in mid-secretory endometrium and progressively rose
thereafter (Figure 4C). Again, average gene expression of these 16 DEG was markedly less
in PE-CVS compared to intermediate- and confluent-decidualized endometrium (p<0.05).
The heat map shown in Figure 4D corresponds with the bar graph in Figure 4C. These
observations reveal that endometrial maturation was not only impaired in early pregnancy,
but also during the secretory phase in the women who developed preeclampsia.

Differentially expressed genes up-regulated in decidual NK cells are down-regulated in
CVS from preeclamptic women

Sixteen DEG up-regulated in dNK relative to CD569™M and CD56P19Mt pbNK cells were
down-regulated in CVS from women who developed preeclampsia relative to women who
experienced a normal pregnancy (p<0.0001; Figure 5). (See comprehensive Results, Figure
S2, and Table S6 in the Data Supplement.)

Systematic literature search

Because the biological process of “decidualization” is not available in public bioinformatic
databases for pathway analysis, we conducted a systematic and comprehensive literature
search of all 195 differentially expressed genes down-regulated in CVS from preeclampsia
relative to normal pregnancy. Thirty-one were previously associated with decidualization/
decidua in the literature. Of these 31 DEG,18 were in common with the 67 DEG identified
by the bioinformatics approach. (See Figure S3, Table S2B, Table S5 and comprehensive
Results in the Data Supplement.)

Discussion

In the present work, we asked whether expression of genes down-regulated in early placenta
(chorionic villous samples) obtained from women who developed preeclampsia symptoms
6-months later significantly overlaps with expression of genes up-regulated during the
normal biological processes of pre-decidualization in the late-secretory endometrium (LSE),
during decidualization after implantation, and in isolated decidual NK cells (relative to
peripheral blood NK cells). If so, then deficient pre-decidualization, decidualization and
dNK cell number and/or function in women destined to develop preeclampsia may be
instrumental in disease etiology. The overall methodology was to capitalize on unique
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genomics datasets in the public domain including our own from first trimester placental
tissue of women who developed preeclampsia, and to analyze these datasets using a
bioinformatics approach, in order to shed light on possible cause(s) of preeclampsia.

With regards to our own microarray dataset 11 we deliberately cast a wide net and identified
396 total up- and down-regulated differentially expressed genes in CVS from women who
developed preeclampsia compared to those with a normal pregnancy (Table S2).
Remarkably, 154 or 40% of these 396 DEG significantly overlapped with DEG associated
with various stages of normal endometrial maturation before and after implantation 24-28,
Second, at least 75% or 116 of these 154 DEG significantly overlapped with differentially
expressed genes associated with normal endometrial maturation in the absence of
extravillous trophoblast, i.e., late-secretory endometrium and decidualized endometrium
from ectopic tubal pregnancy. Finally, 73% or 112 of the 154 DEG either up- or down-
regulated in CVS from PE women changed in the opposite direction in the microarray
datasets related to normal endometrial maturation. These findings implicate impairment of
pre-decidualization and decidualization in the women who developed preeclampsia. Because
the overlap of differential expressed genes in CVS from preeclamptic relative to normal
pregnant women with DEG linked to normal endometrial maturation was mostly preserved
regardless of the presence or absence of extravillous trophoblast, the results further imply
that impaired endometrial maturation may be a primary event. This conclusion is
underscored by the observation that differentially expressed genes uniquely up-regulated
during normal endometrial maturation in the late-secretory phase were significantly down-
regulated in CVS from women who developed preeclampsia relative to normal pregnancy
suggesting that impairment of decidualization actually began before implantation (Figure 4).

As discussed earlier, we primarily focused on those differentially expressed genes down-
regulated in CVS from preeclampsia relative to normal pregnancy, which were up-regulated
during the biological process of pre-decidualization in the late-secretory phase (GSE4888 28
and GSE6364 24) and decidualization after implantation in women with ectopic pregnancy
(E-MTAB-680 2°) (Figure 1). Notably, 54 of the 195 DEG down-regulated in CVS from
preeclamptic women were up-regulated in LSE or decidualized endometrium from ectopic
pregnancy (Figure 1C). These results bolster the notion that there is impairment of
endometrial maturation in the late-secretory phase and during early pregnancy in the women
destined to develop preeclampsia. Included among the genes with diminished expression in
decidua of CVS from the women who developed PE are those classically associated with the
biological process of decidualization in the literature including IGFBP1, PAEP or
glycodelin, and PRL (Tables S3 A-C, S5, and Fig. S3). The results also point to a primary
defect in pre-decidualization and decidualization rather than in extravillous trophoblast,
because EVT are lacking altogether in the late-secretory phase and EVT were absent from
decidualized endometrium from ectopic pregnancy 2°.

Further inspection of the microarray analyses from decidualization in early pregnancy
revealed more than 1000 genes each up-regulated in endometrium morphologically
characterized as being intermediate- or confluent-decidualized from intrauterine pregnancy
compared to non-decidualized endometrium. Thirty-seven and 46 of these up-regulated
differentially expressed genes, respectively, overlapped significantly with the 195 DEG
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down-regulated in PE-CVS (Figure 2A and B, and Tables S4A and B). Of further note, the
vast majority of DEG up-regulated in intermediate-decidualized endometrium from ectopic
pregnancy and down-regulated in CV'S from preeclamptic compared to normal pregnant
women (32 DEG), and those up-regulated in intermediate-decidualized endometrium from
intrauterine pregnancy and down-regulated in CVS from PE women (37 DEG) were
themselves overlapping (30 DEG; Figure 2C and Table S4C). These observations suggest
that there may have been little, if any, contribution of extravillous trophoblast to the overlap
of DEG down-regulated in PE-CVS and up-regulated in intrauterine and ectopic pregnancy
endometrium matched for the degree of decidualization (intermediate), because the vast
majority of DEG down-regulated in PE-CVS were up-regulated in intermediate-decidualized
endometrium regardless of the presence (IUP) or absence (EP) of EVT.

To further scrutinize the potential contribution of EVT to impaired decidualization in
preeclampsia, we compared differentially expressed genes down-regulated in CVS from
preeclamptic relative to normal pregnant women with DEG up-regulated in endometrial
stromal cells decidualized in culture after exposure to trophoblast conditioned medium
(TrCM; GSE5809 32). There was only a non-significant overlap of 4 genes (see Results in
the Supplemental Data and Figure S1). This finding is supportive of a minimal EVT
contribution to the overlap observed between DEG down-regulated in CVS from
preeclamptic women and DEG up-regulated in either intermediate- or confluent-
decidualized endometrium from intrauterine pregnancy (Figures 2C and S1, respectively),
which is consistent with the concept that there may have been a primary defect of
endometrial maturation in the women destined to develop preeclampsia. In fact, there were
47 DEG uniquely down-regulated in PE-CVS which were up-regulated in intermediate or
confluent decidualized endometrium from intrauterine pregnancy; however, the majority, 34
or 72% were also increased in late secretory endometrium or decidualized endometrium
from ectopic pregnancy without extravillous trophoblast (Figure 3).

We examined the confluence of differentially expressed genes down-regulated in CVS from
preeclamptic relative to normal pregnant women with DEG up-regulated in LSE,
intermediate-decidualized endometrium from intrauterine and ectopic pregnancies, as well
as confluent-decidualized endometrium from 1UP (i.e., intersection of all 4 datasets; Figure
3 and Table S5). By definition, mean expression value of 20 DEG down-regulated in PE-
CVS and uniquely up-regulated in secretory relative to proliferative endometrium was
significantly increased in mid-secretory endometrium, maintained in LSE, but not further
increased during decidualization in early pregnancy (Figure 4A). Of note, the mean
expression for these 20 DEG was significantly lower in CVS from preeclamptic women
compared to mid- and late-secretory endometrium by ~5-fold, and comparable to
proliferative and early-secretory endometrium. Taken together, this analysis reinforces the
idea that impairment of endometrial maturation in the women destined to develop
preeclampsia may actually have begun before pregnancy in the secretory phase, a rather
startling possibility that we are currently investigating further.

Mean expression of the 13 differentially expressed genes down-regulated in CVS from
preeclamptic women and up-regulated in intermediate-decidualized endometrium from
ectopic and intrauterine pregnancies and in confluent-decidualized endometrium from 1UP,
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but not LSE is shown in Figure 4B. Once again, the mean expression level in CVS from
preeclamptic women was markedly reduced relative to intermediate- and confluent-
decidualized endometrium by ~15-fold. These results provide further evidence that, in
addition to a defect in pre-decidualization (vide supra) there was also impairment of
decidualization during early pregnancy in the women who developed preeclampsia.

Finally, a core set of 16 overlapping differentially expressed genes was down-regulated in
CVS from preeclamptic compared to normal pregnant women, and up-regulated in LSE,
intermediate-decidualized endometrium from ectopic and intrauterine pregnancies, and
confluent-decidualized endometrium from IUP (Figure 4C and 4D). Relative to proliferative
endometrium, the average expression level of the 16 DEG increased progressively beginning
with the mid-secretory phase peaking in confluent-decidualized endometrium from 1UP. It is
noteworthy that mean gene expression in CVS of preeclamptic women was lower than mid-
and late-secretory endometrium, and dramatically so compared to intermediate- and
confluent-decidualized endometrium, the latter by ~50-fold. On balance, these data present a
composite picture of Figure 4A and B underscoring the notion that both pre-decidualization
and decidualization were compromised in the women who developed preeclampsia.

Because differentially expressed genes known to be involved in dNK function emerged from
the aforementioned analyses (e.g., IL15, IL2RB), we explored the overlap of DEG up-
regulated in isolated dNK (relative to CD5649IM or CD56°19Mt pbNK) cells and down-
regulated in CVS from women who developed preeclampsia relative to women with normal
pregnancy outcome (Figures 5 and S2). Our bioinformatics analysis implicates deficient
dNK cell number and/or function in the women who developed preeclampsia, because 16
DEG up-regulated in dNK were down-regulated in PE-CVS. This finding is reassuring,
because dNK cells are an important component of the biological process of (pre-)
decidualization (see review 16).

In addition to the evidence provided by bioinformatics approaches linking the differentially
expressed genes down-regulated in CVS from women who developed preeclampsia to
deficient endometrial maturation, we pursued a different tack to marshal further evidence
associating these down-regulated DEG to inadequate pre-decidualization and
decidualization. To this end, we found that 31 of the 195 down-regulated DEG had been
previously linked to decidualization/decidua in the literature (Figure S3, Table S2B and
Table S5). Thus, the systematic literature search further strengthens the argument that
endometrial maturation is inadequate in the women destined to develop preeclampsia.

Aberrant endometrial maturation has been previously linked to infertility 12 and recurrent
pregnancy loss 18. Women with polycystic ovary syndrome (PCOS) suffer infertility and
increased miscarriage rates. One potential explanation is that PCOS is associated with
defective endometrial function possibly mediated through insulin resistance,
hyperinsulinemia and androgen excess 33. Dehydroepisandrosterone, which is elevated in
PCOS, has been shown to inhibit the pentose phosphate pathway, thereby impairing
decidualization 34. By analogy, one might predict that defective (pre-) decidualization could
also predispose to other adverse pregnancy outcomes including placental syndromes such as
preeclampsia. In fact, women with PCOS and insulin resistance are at increased risk of
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developing preeclampsia 3536, However, direct evidence to support this linkage is more
difficult to obtain in the case of preeclampsia, because we do not know in early pregnancy
who will develop disease, first trimester chorionic and decidual tissue is not easily
accessible for investigation, and molecular interrogation of delivered placenta, basal plate
decidua and cells derived thereof, cannot discern between cause or consequence of the
disease. The latter is highlighted by further bioinformatics analysis (data not shown), which
revealed only 5 differentially expressed genes in common between the 396 DEG in CVS
from preeclamptic relative to normal pregnant women and 457 DEG in decidua basalis of
third trimester placentas obtained from PE compared to NP women (E-TABM-682 37).

Nevertheless, recent evidence is consistent with the concept of endometrial antecedents of
preeclampsia. First, women with high uterine vascular resistance as determined by
ultrasound before elective termination in early pregnancy, demonstrated impairment of dNK
cell function considered to be critical for spiral artery remodeling. However, preghancy
termination obviously precluded knowledge of pregnancy outcome in this study. Second,
trophoblast isolated from placentas of severe preeclamptic women demonstrated increased
expression of SEMA3B, a cytokine that impairs trophoblast invasion in vitro. After 48 hours
in culture, SEMA3B expression spontaneously returned to normal levels suggesting that the
in vivo milieu was responsible for the elevation 38, Though consistent with the idea that
defective decidualization may perturb EVT SEMA3B expression during early pregnancy in
women destined to develop PE, once again, this interpretation is problematic because
trophoblast were isolated from delivered placentas. As such, it is not possible to discern
whether the reported findings caused or resulted from the disease. Last, women with
endometriosis may be at increased risk for PE 39, though not all agree 4041,

Potential Study Limitations

The validity of our conclusions mainly rests on the reliability of the original investigations,
which generated the DNA microarray datasets analyzed herein. Whenever possible, we built
in redundancy or overlap by incorporating more than one dataset, e.g., GSE4888 28 and
GSE6364 24 for endometrial gene expression in the menstrual cycle. Similarly, we tested the
potential contribution of extravillous trophoblast utilizing 3 approaches: (i) analysis of LSE
obviously devoid of EVT (GSE4888 28 and GSE6364 24), (ii) comparison of endometrium
from intrauterine and ectopic pregnancies matched for the degree of decidualization with
and without EVT influence, respectively (E-MTAB-680 2°), and (iii) incubation of
endometrial stromal cells decidualized in culture with trophoblast conditioned medium
(TrCM) [GSE5809 (GEO database) or E-GEOD-5809 (EMBL-EBI database) 32].

To our knowledge, our genome-wide gene expression study on chorionic villous sampling of
women who developed preeclampsia is the only one available in the public domain
(GSE12767 11). Surplus villi were snap frozen within 10 min of extraction from women
undergoing CVS for prenatal genetic screening. The tremendous labor and time involved in
CVS collection, as well as the rigorous inclusion criteria impacted our sample size; however,
this potential limitation may be at least partially offset by the validation methods of class
predictions through cross validation (LOOCYV), and by the rigorous statistical methods
specifically designed to mitigate the potential limitation of small sample size frequently
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encountered in microarray studies by scarcity of tissue employed 42 (Supplemental Materials
and Methods).

Other potential limitations to the study of CVS are detailed in the original publication 11.
However, to date CVS is the only approach to obtain first trimester chorionic tissue and
decidua in women with known pregnancy outcome. Therefore, the specimens for this study
provided a rare glimpse into the transcriptomics of early placenta in women who developed
severe preeclampsia. Moreover, CVS is dramatically decreasing in the US because of the
emerging practice of non-invasive prenatal screening.

We cannot exclude the possibility of less decidua in CVS from the preeclamptic compared
to normal pregnant women as an etiological factor in the disease, i.e., a quantitative rather
than qualitative difference or both; conceivably, this deficiency could also compromise
placentation. An assumption built into this work is that extravillous trophoblast invasion and
spiral artery remodeling depend on normal decidualization and dNK function (vide supra).
Although, this linkage is not proven, there is growing evidence supporting the

concept 10:21-23 Moreover, because histiotrophic nutrition of the placenta and fetus in early
pregnancy depends on healthy, optimally decidualized endometrial gland epithelium 43, it
seems possible that this physiological process could also have been compromised in the
women who developed preeclampsia. As a final cautionary note, preeclampsia is likely to be
a disease of heterogenous etiology; consequently, the evidence revealed herein of inadequate
or defective (pre-) decidualization may only pertain to a subset of women who develop the
disease.

Perspectives

A bioinformatics approach implicates deficient or defective (pre-) decidualization and
decidual NK cells in the late-secretory phase and early pregnancy in women who developed
severe preeclampsia (Figure 6). Maternal constitutional factors such as PCOS, obesity,
diabetes, poor cardiovascular health etcetera, may compromise endometrial maturation
before and during early pregnancy, thereby predisposing to preeclampsia. Conceivably,
aberrant endometrial gene expression could inform targeted investigation and discovery of
protein biomarkers in blood, urine or uterine fluid for women at increased risk for
preeclampsia even before conception. Ultimately designing interventions that improve
endometrial maturation to facilitate normal placentation and reduce preeclampsia risk might
be a logical therapeutic course of action. At the very least, the present study should motivate
further inquiry into the concept that deficiency or defects in (pre-) decidualization and
uterine NK cells antedate preeclampsia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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confDEC Confluent-decidualized endometrium

CVsS Chorionic villous samples

DEG Differentially expressed genes

dNK Decidual Natural Killer cells

eNK Endometrial Natural Killer cells

EP Ectopic pregnancy

ESE Early-secretory endometrium

EVT Extravillous trophoblast

FC Fold change

FDR False discovery rate

IGFBP1 Insulin-like growth factor binding protein 1

intDEC Intermediate-decidualization

1IUP Intrauterine pregnancy

LOOCV Leave-one-out cross validation

LSE Late-secretory endometrium

MSE Mid-secretory endometrium

NK Natural Killer cells

nonDEC Non-decidualized endometrium

PAEP Progestagen-associated endometrial protein

pbNK Peripheral blood Natural Killer cells

PCOS Polycystic ovary syndrome

PE Preeclampsia

Pre Proliferative endometrium

PRL Prolactin

TrCM Trophoblast conditioned medium
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Novelty and Significance

What Is New?

Using a bioinformatics approach, comparison of whole genome expression
profiles of early placentas from women who developed severe preeclampsia in
the context of other microarrays in the public domain related to normal
endometrial maturation or decidualization revealed insufficient or defective
decidualization during the secretory phase and early pregnancy in the women
who developed preeclampsia.

Further evidence that genes related to uterine Natural Killer cells were also
adversely affected corroborates the concept of impaired endometrial maturation
as a cause of preeclampsia.

What Is Relevant?

By implicating impaired decidualization as an etiological factor in women who
developed preeclampsia, this work opens up new avenues for investigation of
the specific endometrial molecular defects and underlying causes, targeted
biomarkers, and prophylactic or therapeutic measures to improve or repair
endometrial maturation, thereby reducing preeclampsia risk.

Summary

Capitalizing on rare, early placental tissues, a bioinformatics analysis identified
impairment of endometrial maturation and decidual Natural Killer cells in the secretory
phase and during early pregnancy in women who developed preeclampsia.

Hypertension. Author manuscript; available in PMC 2016 February 01.




1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

yduasnuel Joyny vd-HIN

Rabaglino et al.

A

Page 17

{\LSE  }PE-CVS A intDEC-EP | PE-CVS
(1315) (195) (873) (195)

C } intDEC-EP (373)

4 LSE y PE-CVS
(1315) (195)

Figure 1. Clusters of genes induced during pre-decidualization and decidualization in ectopic
pregnancy are down-regulated in CVS from preeclamptic women

The Venn Diagrams show significant overlap (*P<0.0001 by Pearson’s chi-square test)
between DEG down-regulated in CVS from PE women (PE-CVS; relative to CVS from
women with normal pregnhancy) and DEG up-regulated in: (A) late-secretory endometrium
(LSE; relative to proliferative endometrium; 38 DEG, Table S3A) and (B) EP endometrium
with intermediate-decidualization (intDEC) changes (relative to EP endometrium without
decidualization changes), which lacks extravillous trophoblast (32 DEG, Table S3B). In (C),
there is significant overlap (*P<0.0001) between DEG down-regulated in PE-CVS and DEG
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up-regulated in LSE and EP endometrium with intermediate-decidualized changes (16 DEG,
Table S3C).
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Figure 2. Clusters of genes induced during decidualization in intrauterine and ectopic pregnancy
are down-regulated in CVS from preeclamptic women

The Venn Diagrams show significant overlap (*P<0.0001 by Pearson’s chi-square test)
between DEG down-regulated in PE-CVS relative to CVS from women with normal
pregnancy and DEG up-regulated in: (A) intermediate-decidualized endometrium (intDEC;
37 DEG, Table S4A) and (B) confluent-decidualized endometrium (confDEC; 46 DEG,
Table S4B) both from 1UP (relative to EP endometrium without decidualization changes)
and containing extravillous trophoblast. In (C), there are 32 DEG in common between DEG
down-regulated in PE-CVS and DEG up-regulated in EP endometrium with intermediate-
decidualized changes and without EVT (also see Figure 1B), and 37 DEG in common
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between DEG down-regulated in PE-CVS and DEG up-regulated in IUP endometrium with
intermediate-decidualized changes (EVT present). The majority of these DEG, in turn, are
overlapping (30 DEG, Table S4C; *p<0.0001) suggesting minimal EVT contribution to the
overlap.
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Figure 3. Confluence of gene clusters induced during (pre-) decidualization is down-regulated in
CVS from preeclamptic women

There are 20 DEG down-regulated in CVS from PE women (PE-CVS; relative to CVS from
women with normal pregnancy) uniquely up-regulated in late-secretory endometrium (LSE,
relative to proliferative endometrium). There is also significant overlap (*p<0.0001 by
Pearson’s chi-square test) between DEG down-regulated in PE-CVS and DEG up-regulated
in EP and IUP endometrium both with intermediate-decidualized (intDEC) changes, and
IUP endometrium with confluent-decidualized (confDEC) changes, but not LSE (13 DEG);
and in all 4 of the datasets related to different degrees of endometrial maturation (16 DEG).
See Table S5 for individual genes and Figure 4 for average expression levels of these genes.
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Figure 4. Average gene expression levels (log base 2) in endometrium from different stages of
endometrial maturation and CVS from preeclamptic women

(A) Average expression of 20 DEG down-regulated in CVS obtained from women who
developed PE (PE-CVS,; relative to CVS from women with normal pregnancy) and up-
regulated in mid- and late-secretory endometrium (MSE and LSE, respectively; relative to
proliferative endometrium, PrE). (B) Average expression of 13 DEG down-regulated in PE-
CVS and up-regulated in ITUP and EP endometrium with intermediate-decidualized (intDEC)
changes, and IUP endometrium with confluent-decidualized (confDEC) changes, but not
LSE. (C) Average expression for 16 DEG down-regulated in PE-CVS and upregulated in in
all 4 of the datasets related to different degrees of endometrial maturation. (D) Heat map
corresponding to Figure 4C. The individual DEG in Figure 4A, B and C are listed in Table
S5. EP, ectopic pregnancy; IUP, intrauterine pregnancy; nonDEC, non-decidualized
endometrium from EP; ESE, early-secretory endometrium. Significantly different (p<0.05)
from: a, PrE; b, ESE; ¢, MSE; d, LSE; e, intDEC-EP; f, intDEC-IUP; g, nonDEC; h, PE-
CVs.
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Fig. 5. Clusters of genes induced in decidual Natural Killer cells are down-regulated in CVS
from preeclamptic women

(A) The Venn diagram shows significant overlap (*P<0.0001 by Pearson’s chi-square test)
between DEG down-regulated in PE-CVS relative to CVS from women with normal
pregnancy and DEG up-regulated in decidual Natural Killer cells (ANK) relative to
peripheral blood CD564IM or CD56PM19Mt NK cells. The official symbols of the overlapping
genes are listed in panel (B).
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Five-stage model of preeclampsia

1 Deficient (pre-)decidualization endometrial
and decidual NK cells antecedents
2 Shallow trophoblast invasion,

Impaired spiral artery remodeling

degree of
placental
pathology

3 Reduced placenta perfusion,
Ischemia & reperfusion injury

4 Release of factors that activate
or injure the vascular endothelium

5 Disease manifestations materllva.l.
susceptibility

Figure 6. Five-stage model of placental preeclampsia
Based on a bioinformatics approach, the findings of this study raise the possibility that

impaired endometrial maturation and deficient decidual NK cell number and/or function in
the secretory phase (pre-decidualization) and during early pregnancy (decidualization)
precede the development of preeclampsia. As (pre-) decidualization and associated decidual
NK cell function are emerging as important players in successful placentation, perturbation
of these biological processes may contribute to the etiology of preeclampsia at least in a
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subset of women who develop the disease. Preeclampsia may arise in some women with
little or no endometrial or placental pathology.
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