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ABSTRACT

Pregnancies resulting from fresh in vitro fertilization (IVF)
cycles exposed to supraphysiologic estrogen levels have been
associated with higher rates of low birth weight and small for
gestational age babies. We identified GATA3, a transcription
factor selectively expressed in the trophectoderm during the
blastocyst stage of embryo development, in an upstream analysis
of genes that were differentially methylated in chorionic villus
samples between IVF and non-IVF infertility treatment pregnan-
cies. In this study, we investigate the hypothesis that GATA3 is
hormonally regulated and plays an important functional role in
trophoblast migration, invasion, and placentation. We found
that GATA3 expression was hormonally regulated by estradiol in
HTR8/SVneo first trimester trophoblast cells; however, no
change in expression was seen with progesterone treatment.
Furthermore, GATA3 knockdown resulted in decreased HTR8/
SVneo cell migration and invasion compared with controls. RNA
sequencing of GATA3 knockdown cells demonstrated 96
differentially regulated genes compared with controls. Genes
known to play an important role in cell-cell and cell-
extracellular matrix interactions, cell invasion, and placentation
were identified, including CTGF, CYR61, ADAMTS12, and
TIMP3. Our results demonstrate estradiol down-regulates

GATA3, and decreased GATA3 expression leads to impaired
trophoblast cell migration and invasion, likely through regula-
tion of downstream genes important in placentation. These
results are consistent with clinical data suggesting that supra-
physiologic estrogen levels seen in IVF pregnancies may play an
important role in attenuated trophoblast migration, invasion,
and impaired placentation. GATA3 appears to be an important
regulator of placentation and may play a role in impaired
outcomes associated with fresh IVF cycles.

ART (assisted reproductive technology), differential methylation,
estrogen regulation, GATA3, HTR8/SVneo cells, placentation,
trophoblast migration

INTRODUCTION

Pregnancies conceived using assisted reproductive technol-
ogies (ART) have higher rates of adverse outcomes including
low birth weight and small for gestational age babies, placental
abnormalities, and preterm labor than pregnancies conceived
spontaneously [1–5]. Abnormal placentation caused by failure
of first trimester trophoblast invasion into the placental bed and
inadequate vascular remodeling are at the core of the
pathogenesis of many of these adverse outcomes, including
placental perfusion-related intrauterine growth restriction,
which significantly contributes to preterm delivery [6, 7].
Many factors can affect abnormal placentation and lead to
adverse fetal outcomes, including epigenetic changes and
differential gene expression (DEG) in the placenta, both of
which have been linked to ART [8–11]. Further understanding
of the mechanisms behind ART-associated risks becomes
increasingly important as the number of babies conceived using
in vitro fertilization (IVF) continues to grow, with ART
currently contributing to 1.5% of live births in the United
States [12].

It is important to distinguish whether the risks associated
ART result from the procedures themselves or from the
underlying infertility and its causes. Pregnancies conceived
using fertility treatments, either IVF or non-IVF infertility
treatment (NIFT), do not have an increased incidence of
cytogenetic abnormalities compared with those conceived
spontaneously [13]. Studies looking at infertile couples with
matched sibling IVF and spontaneous gestations provide
evidence that perhaps it is the underlying infertility that
contributes to adverse outcomes [14, 15]. However, aspects of
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the IVF procedures themselves may contribute to adverse
outcomes by affecting epigenetic changes through mechanisms
such as embryo culture conditions or embryo transfer into a
hyperstimulated endometrium exposed to supraphysiologic
estrogen levels [9, 16, 17]. Notably, epigenetic changes have
been found to play an important role in the regulation of
placentation [18]. During pre-implantation embryo develop-
ment, global DNA methylation reprogramming occurs, and
both rodent and choriocarcinoma cell line studies have shown
that specific patterns of methylation are important for normal
placental function and that aberrations in methylation nega-
tively affect placentation [19–21].

In our prior study, in an attempt to control for underlying
infertility, we compared genomewide DNA methylation from
chorionic villus samples (CVS) from matched singleton
pregnancies conceived using either fresh IVF or NIFT to
determine if IVF induces epigenetic changes in the placenta
during early fetal development [22]. We found similar global
methylation among the groups. However, significant differen-
tial methylation was found between fresh IVF and NIFT
pregnancies at 34 CpG sites, including multiple loci at three
genes, ANAPC2, CXCL14, and RIMS1. Analysis of these genes
was performed, examining how these genes tie into relevant
pathways and networks that have implications for placentation.
Further upstream analysis was performed for the current study,
and GATA3 was identified as a potentially important regulatory
gene.

GATA3 is a transcription factor that is selectively expressed
in the trophectoderm during the blastocyst stage of embryo
development. It has also been shown to play a role in tumor
cell metastasis, migration, and invasion. However, there is very
little data examining the role and regulation of GATA3 in
trophoblast cell invasion and placentation. Based on the
identification of GATA3 as a potentially important regulatory
gene of differentially methylated genes in fresh IVF and NIFT
conceptions and the known placenta-related adverse outcomes
associated with fresh IVF cycles, we hypothesize that the
hormonal milieu at the time of fresh embryo transfer may play
a role in GATA3 regulation leading to alterations in
placentation.

MATERIALS AND METHODS

Sampling of CVS and Patient Selection

As previously described, collection of CVS was performed between 11 and
13 wk gestation at the Cedars-Sinai Prenatal Diagnostic Center by the same
physician [22]. Leftover tissue not used for clinical genetic testing was
collected under an institution review board-approved protocol at our institution.
All patients provided informed written consent for the procurement and use of
this leftover material prior to CVS collection. Briefly, 5–15 mg of villous tissue
was collected and placed in RNAlater RNA Stabilization Reagent (Qiagen) and
then stored at �808C in our Prenatal Biorepository. Ten CVS were analyzed,
which included five singleton pregnancies from pregnancies conceived by IVF
and by NIFT. Subjects were matched based on gestational age, race, and sex of
the fetus. All subjects in the IVF group underwent conventional IVF without
intracytoplasmic sperm injection and fresh embryo transfer. All subjects in the
NIFT group underwent superovulation with clomiphene citrate and/or
gonadotropins and intrauterine insemination. The indication for CVS in all
subjects was advanced maternal age. All investigations using experimental
human tissue were conducted in accordance with the Society for the Study of
Reproduction’s specific guidelines and standards.

Ingenuity Pathway Analysis Upstream Regulator Analysis

The upstream regulator analysis in Ingenuity Pathway Analysis (IPA)
(Ingenuity) is used to predict upstream transcriptional regulators that can be
used to explain observed gene expression or methylation changes identified in a
dataset. First, methylation data from CVS-derived DNA was obtained using the
Infinium HumanMethylation450 BeadChip Array (Illumina). Differential

methylation patterns were seen in several genes, including at multiple CpG
sites in three genes (ANAPC2, CXCL14, and RIMS1) when comparing samples
of CVS from IVF and NIFT patients [22]. IPA was then used to visualize the
network of transcriptional regulators of this gene network to explain how
regulators interact with one another. The identified target genes were used to
provide testable hypotheses for gene regulatory networks. Overlapping P-
values were used to identify transcriptional regulators that can explain observed
methylation differences between study groups. The overlapping P-value
measures where there is a statistically significant overlap between the genes
in the dataset and the genes that are regulated by particular transcription
regulators. This calculation was performed using Fisher exact test, and the
significance level was set at P , 0.05.

Hormone Treatment of HTR8/SVneo Cells

The immortalized human first trimester trophoblast cell line HTR8/SVneo
(a gift from Dr. C. Graham; Queen’s University, Kingston, Ontario, Canada),
was maintained in RPMI 1640 with Hepes and L-glutamine (Life Technolo-
gies) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin in a humidified environment (5% CO

2
and 95% air) at 378C.

HTR8/SVneo cells were plated on 6-well plates at a concentration of 2.5 3 105

cells/ml and cultured until they reached ;70% confluency. Hormone stock
solutions of 17-b estradiol (E2257; Sigma-Aldrich) and progesterone (P0130;
Sigma-Aldrich) were freshly prepared for each experiment in absolute ethanol
and dimethyl sulfoxide (Sigma), respectively. The appropriate vehicle controls
were included in all experiments. HTR8/SVneo cells were subsequently treated
with 7.5 nM of 17-b estradiol or 10 lM progesterone, and vehicles diluted in a
modified medium composed of phenol red-free RPMI 1640 with Hepes and L-
glutamine (Life Tech) supplemented with 10% charcoal-stripped FBS (Life
Tech) and 1% penicillin/streptomycin to avoid any uncontrolled hormone
contamination [23]. The cells were treated for 48 h at 378C and 5% CO

2
, at

which point they were harvested for RNA isolation. This protocol for estrogen
and progesterone treatment of HTR8/SVneo cells was based on several prior
studies [23–25]. The duration of estrogen and progesterone treatment was based
on previous studies that treated HTR8/SVneo cells with hormone for between
18 and 48 h, depending on the group and experiment performed [23–25].
However, the only direct comparison between 24 versus 48 h of incubation by
Chen et al. [25] showed the most significant difference in wound healing assay
with 48 h of treatment. Thus, we chose 48 h based on this study showing
maximal results at this time point.

Small Interfering RNA Transfection

HTR8/SVneo cells were plated in 6-well plates at a concentration of 2.5 3

105 cells/ml and cultured until ;70% confluent. They were transfected with
50nM of Silencer Select GATA3 small interfering RNA (siRNA) (4392420;
Thermo Fisher Scientific) or nonsense scrambled siRNA (4390843; Thermo
Fisher), using Lipofectamine 2000 Transfection Reagent (Life Tech) and Opti-
MEM I Reduced Serum medium (Life Tech), according to the manufacturer’s
instructions. Transfection and gene knockdown efficiency was assessed by
quantitative real-time PCR (qRT-PCR), as described below.

Reverse Transcription and Quantitative Real-Time PCR

Total RNA was extracted from HTR8/SVneo cells using RNeasy Mini kit
according to the manufacturer’s protocol (Qiagen), and 1 lg of RNA was reverse
transcribed using iScript cDNA Synthesis kit (Bio-Rad Laboratories) to synthesize
cDNA. qRT-PCR was performed using iQ SYBR Green Supermix (Bio-Rad) and
MyiQ Thermal Cycler (Bio-Rad). The PCR was performed in two-step reactions:
958C for 10 sec and 608C for 45 sec for 40 cycles. Gene expression levels were
compared to that of an internal control, GAPDH. While we did not use multiple
housekeeping genes, there was little variation in the mean cycle threshold (Ct) value
for GAPDH with a mean of 14.6 and a range of 14.2 and 15.3 over five replicates.
Gene specific primers were designed using National Center for Biotechnology
Information/Primer-BLAST (www.ncbi.nlm.nih.gov/tools/primer-blast/) and are
as follows: GATA3 forward: 50-GCTCTTCGCTACCCAGGTGA-30, reverse 30-
AAAAAGGGGCGACGACTCTG-5 0; GADPH forward 5 0-GAAGGT
GAAGGTCGGACTC-30, reverse 30-GAAGATGGTGATGGGATTTC-50.

Transwell Migration Assay and Matrigel Invasion Assay

Migration assays were performed as previously described [26, 27] using
6.5mm Transwell plates with 8.0 lm pore polycarbonate membrane inserts
(Corning). Invasion assays were performed using BioCoat invasion chambers
with 8.0 lm pore and precoated with Matrigel (Corning). For both assays,
HTR8/SVneo cells transfected with either GATA3 siRNA or scrambled siRNA
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were serum-starved overnight, trypsinized, and seeded at a density of 1 3 105

cells in 100 ll of serum-free RPMI 1640 medium in the upper chamber of the
Transwell plate. The lower chambers of the Transwell plate were filled with
600 ll of RPMI medium containing 10% FBS. The cells were incubated at
378C and 5%CO

2
for 48 h to allow cell migration/invasion. The inserts were

then washed in PBS, and the nonmigrating cells in the upper chamber were
removed with a cotton swab. The inserts containing the migrated/invaded cells
were then fixed with methanol and Wright-Giemsa stained using the QUICK III
Stainkit (Astral Diagnostics). The filters were excised and mounted on slides.
The migrated cells on the lower surface of the membrane were counted in six
random fields at a magnification of 2003. The assay was repeated at least three
times, and the results are represented as fold change in cell migration/invasion
of GATA3 siRNA knockdown compared to the scrambled siRNA control.

RNA Sequencing of GATA3 Knockdown Cells

RNA was extracted after siRNA transfection as previously described using
the RNeasy Minikits (Qiagen), and RNA concentration was quantified using
spectroscopy (Eppendorf BioPhotometer). Total RNA was quantified using
both the NanoDrop to assess sample contamination by proteins or carryover
reagents from RNA isolation and the Qubit fluorometer (Invitrogen). Samples
were then qualified using the Fragment Analyzer (Advanced Analytical
Technologies) that analyzes the integrity of the total RNA by measuring the
ratio between the 18S and 28S ribosomal peaks. RNAseq libraries maintaining
strand-specificity were made using 1 lg of material per sample with the
Illumina TruSeq Stranded mRNA kit (Illumina) according to the manufactur-
er’s instructions. Final libraries were again quantitated with the Qubit
fluorometer and checked for size via the Fragment Analyzer. Libraries were
diluted to 4 nM and pooled in equal volumes for denaturation, hybridization,
and sequencing on the Illumina NextSeq 500 (Illumina) with single end 75 bp
sequencing chemistry. On average, about 20 million reads were generated from
each sample.

RNA Sequencing Data Analysis

Raw reads obtained from RNAseq were aligned to the transcriptome using
STAR (version 2.2.1) / RSEM (version 1.2.20) [28] with default parameters,
using a custom human GRCh38 transcriptome reference downloaded from
http://www.gencodegenes.org, containing all protein coding and long noncod-
ing RNA genes based on GENCODE version 23 annotation. Expression counts
for each gene in all samples were normalized by a modified trimmed mean of
the M-values normalization method and the unsupervised principal component
analysis was performed with DESeq2 Bioconductor package version 1.10.1 in
R version 3.2.2. Each gene was fitted into a negative binomial generalized
linear model, and the Wald test was applied to assess the differential
expressions between two sample groups by DESeq2. Benjamini and Hochberg
procedure was applied to adjust for multiple hypothesis testing, and DEG
candidates were selected with a false discovery rate less than 0.01. For
visualization of coordinated gene expression in samples, a two-way hierarchical
clustering with Pearson correlation distance matrix was performed with samples
and DEG candidates using the Bioconductor g-plots package (version 2.14.2)
in R. The pathway enrichment analysis was performed on these candidates with
DAVID (https://david.ncifcrf.gov/summary.jsp) and IPA (Qiagen).

Networks and Bio Functions Analysis

Comparative analyses of networks and cellular functions of the identified
DEGs from RNA sequencing of GATA3 knockdown versus control HTR8/
SVneo cells were performed using IPA software. DEG results were first filtered
as significant at Padj value , 0.05 and uploaded to IPA as a dataset. Core
analysis, which interprets data in the context of pathways, networks, and
biological functions, was performed. In these analyses, the Fischer exact test
was used to calculate the P values. Based on connections found in the Ingenuity
knowledge base, IPA queries the dataset to identify direct and indirect
interactions and functional categories.

Statistics

Statistical analysis for the qRT-PCR, siRNA GATA3 knockdown, and
migration/invasion assays was performed using the Wilcoxon signed-rank
(nonparametric) test or one-way ANOVA followed by Dunnet multiple
comparison tests for post hoc analysis when appropriate. Analyses were
performed using JMP12 (SAS Institute). For RNA sequencing, statistical
analysis was performed as described above.

RESULTS

Clinical Characteristics of CVS

All CVS were from Caucasian, singleton male fetuses with
a normal karyotype. There were no significant differences
between the two groups (IVF and NIFT) in terms of maternal
age, prepregnancy body mass index, or gestational age at the
time of CVS (Table 1). All pregnancies resulted in term
deliveries with no difference in gestational age at the time of
delivery or in birth weight. The indication for CVS was
advanced maternal age in all cases. All samples in the IVF
group were pregnancies resulting from fresh embryo
transfers.

Upstream IPA Analysis

The IPA upstream analysis predicted GATA3 to be a
transcriptional regulator based on differential methylation of
samples of CVS from IVF and NIFT pregnancies (overlap-
ping P values , 0.05). This upstream analysis of differen-
tially methylated CpG sites is displayed as a network,
demonstrating how GATA3 may directly, via PTCRA, or
indirectly, via CXCL14 (which regulates another transcription
factor KRT14), affect the methylation changes of the targets
identified by our dataset (Fig. 1). GATA3 may also be self-
regulated or may function as a downstream target for two
other predicted transcriptional factors MTOR and TCF12.
Taken together, GATA3 appears to be a critical factor
involved in several biological activities occurring in samples
of CVS, suggesting its potential important role in normal fetal
development.

Impact of Estrogen and Progesterone Treatment on GATA3
Expression in HTR8 Cells

HTR8/SVneo cells were treated with 7.5 nM 17-b-estradiol
and compared to a vehicle control. After 48 h of estradiol
treatment, RNA extraction was performed and GATA3
expression as determined by qRT-PCR was significantly
decreased compared with the ethanol control (P , 0.05; Fig.
2A). In a similar fashion, HTR8/SVneo cells were treated with
10 lM progesterone and compared to a vehicle control. After
48 h of treatment, no significant difference was seen GATA3
expression (Fig. 2B).

Migration and Invasion of GATA3 Knockdown in HTR8
Cells

To assess the functional significance of GATA3 in first
trimester trophoblasts, we generated a knockdown model of
GATA3 in HTR8/SVneo cells. Transient transfection of
HTR8/SVneo cells with GATA3 siRNA resulted in ;60%
knockdown of GATA3 expression (P ¼ 0.03) compared to
cells transfected with scrambled siRNA (Fig. 3). As the
primary function of the first trimester extravillous tropho-
blasts is to migrate and burrow into the uterine decidua in
order to establish blood supply to the fetus, we examined the
impact of the decrease in GATA3 expression on the migratory
and invasive ability of HTR8/SVneo cells in a Transwell
assay. GATA3 knockdown resulted in a 51% reduction of
migration (P ¼ 0.01) and 81% reduction of invasion (P ¼
0.01) when normalized to that of scrambled siRNA-transfect-
ed control cells (Fig. 4).
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Differential Gene Expression in GATA3 Knockdown HTR8
Cells

To identify downstream genes involved in GATA3 regula-
tion of trophoblast function, we performed RNA sequencing of
GATA3 knockdown HTR8/SVneo cells. Following GATA3
knockdown, 200 genes were significantly differentially ex-
pressed with a 1.5-fold or greater difference; 97 genes were up-
regulated and 103 genes were down-regulated (Supplemental
Table S1; all Supplemental Data are available online at www.
biolreprod.org). To elucidate the diseases and biofunctions
regulated by these genes, we performed IPA core analysis with
RNA sequencing results. The top diseases and cellular
functions identified were those involved in cellular movement,
cell death and survival, cellular development, the cell cycle,
tissue morphology, connective tissue development and func-
tion, and cancer, all processes actively occurring in first
trimester trophoblasts during early placentation. To highlight
the most influential subset of genes, those DEGs with fold

change of 2 or greater and select genes with fold change of
1.5–2 that play known roles in extracellular matrix (ECM)
remodeling and cell cycle regulation are presented in Table 2.

DISCUSSION

In this study, we examine the functional significance and
hormonal regulation of GATA3, an upstream transcriptional
regulator of genes that we found to be differentially methylated
between IVF and non-IVF infertility pregnancies. Gene
expression of GATA3 was significantly down-regulated by
estradiol in HTR8/SVneo cells, providing a possible mecha-
nism for GATA3 regulation secondary to supraphysiologic
estrogen levels. Conversely, GATA3 gene expression was not
significantly impacted by progesterone exposure. Functional
studies of migration and invasion of HTR8/SVneo cells show
decreased cell migration and invasion in GATA3 siRNA
knockdowns, demonstrating the significant role for GATA3 in
this model of trophoblast cell migration and invasion. Lastly,
we used RNA sequencing in GATA3 knockdown HTR8/SVneo
cells to more fully elucidate the network of downstream genes
regulated by GATA3 and found genes within connective tissue
development and function and cell cycle functional networks,
among others, which play an important role in trophoblast
invasion and establishment of placentation.

GATA is a family of key transcription factors that play a
critical role in determination of developmental fates during
early mammalian embryo development. In mammalian blasto-
cysts, GATA is expressed in a spatially restricted manner to
orchestrate the differentiation of three distinct germ layers via
regulation of its target genes. More recently, GATA3 has also
been shown to be an essential regulator of trophectoderm
differentiation in mammalian blastocysts. GATA3 expression is

TABLE 1. Clinical characteristics of chorionic villus samples (CVS).

Parameter
Non-IVF
(n ¼ 5)a

IVF
(n ¼ 5)b P value

Mean age, years 39.4 6 1.5 39.2 6 1.5 0.850
Prepregnancy body mass index 23.2 6 2.2 25.7 6 7.8 0.738
Gestational age at CVS, days 82 6 6 83 6 8 0.983
Gestational age at delivery, days 280 6 8 270 6 8 0.092
Birth weight, grams 3449 6 131 3311 6 330 0.342

a Non-IVF: Pregnancies conceived with controlled ovarian hyperstimula-
tion 6 intrauterine insemination.
b IVF: Pregnancies conceived with in vitro fertilization.

FIG. 1. Differentially methylated genes between IVF and non-IVF infertility pregnancies (shaded in gray) were input for an upstream analysis using IPA
software to visualize a network of upstream transcriptional regulators.
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high in the trophectoderm of blastocysts, and GATA3
expression is specifically up-regulated within the trophecto-
derm but excluded from the inner cell mass [29, 30].
Additionally, up-regulation of GATA3 induces embryonic stem
cells to differentiate into trophoblast cells in vitro and
expression is high in trophoblast stem cells [31, 32].
Underscoring its role in the regulation of trophoblast
establishment and maintenance, the reduction of GATA3
expression in blastocysts resulted in decreased embryo
hatching and implantation rates in mice [33].

In addition to its role in the determination of the
trophectoderm lineage, GATA3 has also been implicated in
other stages of trophoblast differentiation and subsequent
placental development. GATA2 and GATA3 are required for
trophoblast giant cell differentiation, secretion of proliferin and
placental lactogen I, and regulation of expression of syncytin
[34–36]. GATA2-null mouse placentas exhibit low proliferin

expression, a regulatory factor known to play a role in the
establishment of fetal vascular connections [37]. Low proliferin
expression subsequently leads to decreased angiogenic activity
in GATA2-null mice [35]. GATA2 and GATA3 also regulate
syncytin, a fusogenic glycoprotein that is required for fusion of
cytotrophoblasts to form the syncytial layer of the placenta [36,
38, 39]. Interestingly, dysregulation of syncytin expression is
found in pre-eclamptic placentas [40], another state of altered
placental function. Thus, GATA3 appears to be a significant
transcription factor regulating trophoblast differentiation and
function, and any alterations in its expression and function may
lead to abnormal placental development.

Multiple factors besides underlying infertility are unique to
IVF pregnancies and may contribute to adverse outcomes.
These include embryo culture, embryo manipulation, epige-
netic changes, and the endometrial environment into which the
embryo is transferred [16, 17]. Samples of CVS from IVF and
NIFT pregnancies were compared in an attempt to better
control for underlying infertility. While we acknowledge that
the comparison between IVF and NIFT could also present a
model for cultured versus uncultured conditions, it also can be
a model for the effects of estrogen on the endometrium and
placentation. A single follicle produces a serum level of
estradiol between 200 and 400 pg/ml whereas an IVF cycle in a
moderate to good responder typically produces a serum level of
1500–3000 pg/ml [41]. While some NIFT cycles may produce
a slightly higher estradiol level than a natural, monofollicular
cycle, the goal is to generate between one and three ovulatory
follicles, and this would on average result in an estradiol level
significantly lower the typical IVF cycle [42]. Thus, the
comparison between IVF and NIFT represents an appropriate
model to examine the molecular mechanisms behind the role of
supraphysiologic estrogen on the endometrium and placenta-
tion.

In fresh IVF cycles, embryos are transferred into a
hyperstimulated endometrium that has been exposed to
supraphysiologic levels of estrogen, with levels typically in
the 2000–3000 pg/ml range and sometimes even higher. Fresh
embryo transfers in singleton IVF gestations, exposed to high
levels of estrogen, have been associated with adverse obstetric

FIG. 2. A) Effect of 17-b estradiol (E2) on the expression of GATA3 in HTR8/SVneo cells. B) Effect of progesterone (P4) treatment on the expression of
GATA3 in HTR8/SVneo cells. HTR8/SVneo cells were treated with 7.5 nM 17-b-estradiol or 10 lM P4 for 48 h, after which point GATA3 expression was
determined by qRT-PCR and compared to vehicle control groups. All results are expressed in fold-change and are the means 6 SEM of at least three
representative independent experiments, each analyzed in triplicate. P , 0.05, one-way ANOVA followed by Dunnet multiple comparison post hoc test.
Asterisk (*) denotes statistically significant difference.

FIG. 3. Expression of GATA3 in cells transfected with GATA3 siRNA or
scrambled siRNA was assessed with qRT-PCR. Results are means 6 SEM.
P ¼ 0.03, Wilcoxin signed-rank test. Asterisk (*) denotes statistically
significant difference.
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and perinatal outcomes, including low birth weight, fetal
growth restriction, pre-eclampsia, and abnormal placentation,
when compared with frozen embryo transfers and cycles with
lower peak estradiol levels [17, 43–45]. The more physiologic
endometrium resulting from lower estradiol exposure has led to
a shift in clinical practice toward more routine use of frozen
embryo transfers [46].

The exact mechanisms underlying these differences in fetal
birth weight and other adverse outcomes are still under
investigation and involve impaired trophoblast invasion and
impaired angiogenesis, possibly resulting from underlying
epigenetic and genetic modifications. In normal placentation,
trophoblast cell invasion is required for spiral artery remodel-
ing, allowing for vascular dilation and increased nutrient and
oxygen delivery to the intravillous space [6, 47]. Animal

studies in the baboon have shown attenuation of extravillous

trophoblast invasion after exposure to elevated levels of

estradiol, mediated by impaired angiogenesis [48]. Addition-

ally, microarray studies have shown a large discrepancy in

gene expression between natural and hyperstimulated endo-

metrium sampled at time of embryo implantation [49, 50]. In

our study, treatment of HTR8/SVneo cells with estradiol

provides a model for the high estrogen exposure of

trophoblasts cells during implantation at the time of a fresh

IVF transfer. We have shown GATA3 is down-regulated by

estradiol and that decreased expression of GATA3 leads to

inhibition of HTR8/SVneo cell migration and invasion. While

prior studies have evaluated the impact of estradiol on

trophoblast cell lines, some demonstrating impaired invasion,

FIG. 4. A) Representative images of Transwell migration (left panels) and Matrigel invasion (right panels) assays are shown. Top panels show migration/
invasion of cells transfected with scrambled siRNA. Bottom panels show migration/invasion of GATA3 knockdown cells. B) Cell migration and invasion
was quantified by the migration/invasion index indicated as the ratio to that of control cells. Results are means 6 SEM. P , 0.01, Wilcoxin signed-rank
test. Asterisk (*) denotes statistically significant difference.
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our study takes this a step further, assessing the impact on our
target gene of interest, GATA3 [23, 24, 51].

The DEG analysis results from GATA3 knockdown
trophoblasts shed light on the biological functions regulated
by GATA3 downstream targets. Among the down-regulated
genes were various ECM molecules (CYR61, CTGF, THBS1,
THBS2, ADAMTS12, and TIMP3), which are involved in cell-
to-cell and cell-to-ECM interactions via modulations of ECM
components, such as cell surface integrins, laminins, collagens,
and focal adhesion kinases. They mediate endothelial cell
growth, adhesion, migration, and survival as well as tumor
growth and angiogenesis. Notably, CTGF and CYR61
knockout mice exhibit vascular defects during embryogenesis
and fetal development [52], and reduced levels of CYR61 were
found in early-onset pre-eclampsia [53]. Interestingly, in a
mouse retinal neovascularization model, knocking down
CYR61 resulted in a reduction in neovascularization [54].
ADAMTS12 and TIMP3, which belong to a family of matrix
metalloproteinases and their inhibitors, have been identified as
modulators of trophoblast invasiveness in first trimester
trophoblast cell lines [55–57]. Our analysis of DEGs showed
up-regulation of cell cycle regulatory genes (E2F2, BTG2, and
CDKN1A) and cytoskeleton-associated genes (ANK1 and
SYNE2) in GATA3 knockdown trophoblasts. Cellular functions
analysis of networks that include these DEGs identified cellular
movement, cell death and survival, cell cycle, cellular
development, and cellular growth and proliferation as the most
represented functions in GATA3 knockdown trophoblasts, all
of which are hallmark processes occurring in first trimester
trophoblasts. Together, these findings lend support to the
hypothesis that GATA3 not only regulates differentiation of
trophectoderm lineage, but also underlies regulation of
trophoblast function by affecting expression of downstream
genes involved in major functions of first trimester tropho-
blasts, including migration and invasion toward the decidua
and establishment of a blood supply to the fetus.

One limitation of the current study is that we were not able
to completely knockdown GATA3 expression with about 40%
of GATA3 expression remaining in the knockdown cells,
possibly limiting identification of additional downstream genes
that would be identified by a more complete knockdown of
GATA3. However, even with a knockdown of 60%, we were
able to identify a significant number of genes that are
differentially regulated and likely play an important role in
trophoblast cell migration and invasion.

In this study, we investigated the functional role and
regulation of GATA3, identified through preliminary studies as
a potential upstream transcriptional regulator of differentially
methylated genes between IVF and non-IVF infertility
pregnancies. We demonstrated that GATA3 is altered by the
hormonal milieu and GATA3 down-regulation inhibits normal
trophoblast migration and invasion, which impacts normal
placentation, likely through other downstream genes found to
be important in placentation. Because supraphysiologic levels
of estradiol are present in IVF, and pregnancies conceived
through IVF are at increased risk of placental defects associated
with abnormal placentation, GATA3, through estradiol, is likely
a significant factor contributing to these alterations and
subsequent abnormal placentation.
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