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Cell-cell fusion and cell invasion are essential for placental development. Human cytotrophoblasts in the chorionic villi may un-
dergo cell-cell fusion to form syncytiotrophoblasts to facilitate nutrient-gas exchange or differentiate into extravillous tropho-
blasts (EVTs) to facilitate maternal-fetal circulation. The placental transcription factor glial cells missing 1 (GCM1) regulates
syncytin-1 and -2 expression to mediate trophoblast fusion. Interestingly, GCM1 and syncytin-1 are also expressed in EVTs with
unknown physiological functions. In this study, we performed chromatin immunoprecipitation-on-chip (ChIP-chip) analysis
and identified the gene for high-temperature requirement protein A4 (HtrA4) as a GCM1 target gene, which encodes a serine
protease facilitating cleavage of fibronectin and invasion of placental cells. Importantly, HtrA4 is immunolocalized in EVTs at
the maternal-fetal interface, and its expression is decreased by hypoxia and in preeclampsia, a pregnancy complication associ-
ated with placental hypoxia and shallow trophoblast invasion. We further demonstrate that HtrA4 interacts with syncytin-1 and
suppresses cell-cell fusion. Therefore, HtrA4 may be crucial for EVT differentiation by playing a dual role in prevention of cell-
cell fusion of EVTs and promotion of their invasion into the uterus. Our study reveals a novel function of GCM1 and HtrA4 in
regulation of trophoblast invasion and that abnormal HrtA4 expression may contribute to shallow trophoblast invasion in
preeclampsia.

Human placentation proceeds fast after embryo implanta-
tion, and different classes of specialized trophoblast cells

have evolved to establish blood circulation for nutrient, gas,
and waste exchange between mother and fetus. In brief, the
mononuclear cytotrophoblasts in chorionic villi proliferate
and differentiate through cell-cell fusion into a multinucleated
syncytiotrophoblast layer, which is in direct contact with ma-
ternal blood to mediate the above-mentioned exchanges and
produce hormones and growth factors for pregnancy mainte-
nance. On the other hand, cytotrophoblasts in the chorionic
villi that are anchored to uterine decidua proliferate into cell
columns from which some cytotrophoblasts migrate and in-
vade deeper layers of decidua. The migratory and invasive cy-
totrophoblasts, termed interstitial extravillous trophoblasts
(EVTs), may further invade the uterine myometrium and re-
place the endothelial cells of spiral arteries. This phenomenon,
called spiral artery remodeling, is essential for sufficient blood
flow into intervillous spaces of the placenta, as remodeled
arteries become dilated and nonvasoactive. Indeed, insufficient
spiral artery remodeling due to shallow trophoblast invasion
may result in placental hypoxia and pregnancy complications
such as preeclampsia and intrauterine growth retardation with
clinical features of gestational hypertension, proteinuria, and
failure of optimal fetal growth (6).

Glial cells missing 1 (GCM1), also known as GCMa, is a tran-
scription factor critical for placental development (2, 33). GCM1
regulates expression of syncytin-1 and -2 fusogenic proteins for
syncytiotrophoblast differentiation and placental growth factor
(PGF) for placental vasculogenesis (9, 19, 22, 37). The proteins
syncytin-1 and -2 are encoded by envelope genes of the human
endogenous retroviruses HERV-W and HERV-FRD, respectively
(4, 5, 28). The syncytin polypeptide is posttranslationally cleaved
into surface (SU) and transmembrane (TM) subunits, which me-
diate receptor recognition and membrane fusion, respectively.

GCM1 activity is inhibited under hypoxia, where GSK-3� medi-
ates Ser322 phosphorylation, leading to GCM1 ubiquitination
and degradation (12). This may underscore decreased GCM1 and
PGF expression in the hypoxic preeclamptic placentas. In con-
trast, cyclic AMP (cAMP) signaling stimulates GCM1 gene tran-
scription (19) and enhances GCM1 stability by facilitating dual-
specificity phosphatase 23-mediated Ser322 dephosphorylation
and CREB-binding protein-mediated GCM1 acetylation, provid-
ing the underpinnings of the long-known stimulation of tropho-
blastic fusion by cAMP (8, 23).

In addition to their critical roles in syncytiotrophoblast differ-
entiation, expression of GCM1 and syncytin-1 in EVTs has been
reported (3, 25, 29). These observations raise questions about the
functional role of GCM1 in EVT differentiation and why cell-cell
fusion of EVTs is not observed at the maternal-fetal interface. In
this study, we demonstrated that GCM1 upregulates the invasive-
ness of placental JAR and BeWo cells. By ChIP-chip analysis, we
further identified a novel GCM1 target gene, the HtrA4 gene,
whose product is a member of the high-temperature requirement
protein A (HtrA) family of serine proteases capable of cleaving the
extracellular matrix (ECM) protein fibronectin and mediating
JAR and BeWo cell invasion. Immunohistochemistry revealed
that HtrA4 and GCM1 are coexpressed in the interstitial EVTs at
the maternal-fetal interface. Moreover, HtrA4 expression is de-
creased in BeWo cells under hypoxia and in preeclamptic placen-
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tas. The HtrA4 polypeptide is composed of an insulin growth fac-
tor-binding protein domain, a Kazal protease inhibitor domain, a
trypsin protease domain, and a PDZ domain (13). Importantly,
we found that HtrA4 binds to the SU subunit of syncytin-1
through its PDZ domain and that HtrA4 decreases the surface
level of syncytin-1 and thereby suppresses syncytin-1-mediated
cell-cell fusion. Therefore, GCM1 may regulate EVT differentia-
tion by activating HtrA4 expression in order to stimulate EVT
invasion and to counteract the fusogenic activity of syncytin-1.
Our study reveals a novel function of GCM1 and HtrA4 in the
regulation of trophoblast invasion and suggests that abnormal
HtrA4 expression may contribute to the development of pre-
eclampsia.

MATERIALS AND METHODS
Plasmid constructs. A DNA fragment encoding wild-type HtrA4 with a
C-terminal FLAG tag was cloned into pcDNA3 (Invitrogen, Carlsbad,
CA) to generate the pHtrA4-FLAG expression plasmid. A serine-to-ala-
nine mutation was introduced into the Ser326 residue at the active site of
HtrA4 to generate the pHtrA4mt-FLAG expression plasmid for the pro-
tease-dead HtrA4 mutant. The pHtrA4mt�PDZ-FLAG expression plas-
mid was generated by deletion of the PDZ domain in the HtrA4mt cDNA.
Human GCM1 cDNA fragment with an N-terminal hemagglutinin (HA)
tag was subcloned into pcDNA3 to generate the pHA-GCM1 expression
plasmid. For lentiviral expression, cDNA fragments for HA-GCM1,
HtrA4-FLAG, and HtrA4mt-FLAG were subcloned into pCDH (SBI,
Mountain View, CA) to generate pCDH-HA-GCM1, pCDH-HtrA4-
FLAG, and pCDH-HtrA4mt-FLAG, respectively. For RNA interference,
lentiviral pLKO.1-Puro short-hairpin RNA (shRNA) expression plasmids
harboring a scrambled sequence (5=-CCTAAGGTTAAGTCGCCCTCG-
3=) and sequences for GCM1 (5=-CCTCAGCAGAACTCACTAAAT-3=)
and HtrA4 (5=-AAGCTACATACCCAGCCCTCC-3=) were provided by
the National RNAi Core Facility of Taiwan. A human genomic DNA frag-
ment containing the HtrA4 promoter region from nucleotide (nt) �971
to 29 (relative to the translational initiation site) was subcloned into
pGL3E1B to generate the reporter construct pHtrA4-1kb. A proximal
GCM1-binding site (GBS; nt �284 to �277) in the above-mentioned
HtrA4 promoter region was mutated to generate the pHtrA4-1kb-GBSmt
reporter construct. The pSyn1-HA expression plasmid, which encodes
syncytin-1 with a C-terminal HA tag (syncytin-1–HA), has been described
previously (11).

Cell culture, transfection, and lentivirus transduction. The 293T,
JAR, and BeWo cells were obtained from the American Type Culture
Collection (Manassas, VA). For transient expression, cells were trans-
fected with the indicated reporter and expression plasmids using Lipo-
fectamine 2000 reagent (Invitrogen). For stable expression of exogenous
HA-GCM1, HtrA4-FLAG, and HtrA4mt-FLAG, cells were infected with
the recombinant lentivirus strains harboring the aforementioned pCDH
constructs. In addition, stable GCM1 and HtrA4 knockdown cells were
established using the recombinant lentivirus strains harboring the afore-
mentioned pLKO.1-Puro shRNA expression plasmids. The infected cells
were subjected to antibiotic selection using 1 �g/ml of puromycin, and the
puromycin-resistant clones were pooled for studies. To study the effects of
hypoxia on HtrA4 expression and promoter activity and cell invasion,
cells were incubated under hypoxic (1% O2, 5% CO2, and 94% N2) or
normoxic (21% O2, 5% CO2, and balance N2) conditions at 37°C for 72 h
prior to further analysis.

Chromatin immunoprecipitation-on-chip (ChIP-chip) analysis.
BeWo cells stably expressing HA-GCM1 (BeWo31) (36) were treated with
50 �M forskolin for 24 h or left untreated before being subjected to ChIP
assays using normal mouse serum or HA monoclonal antibodies (MAb)
(Sigma, St. Louis, MO). The immunopurified genomic fragments were
amplified by ligation-mediated PCR, and the resulting amplicons were
fragmented and labeled with a terminal labeling kit (Affymetrix, Santa

Clara, CA) according to the manufacturer’s instructions. The chips of the
human promoter 1.0R array (Affymetrix) were hybridized with the la-
beled amplicons, followed by data analysis using the Partek software pack-
age (St. Louis, MO). Furthermore, RefSeq mapping data were collected
from the UCSC Genome Browser’s RefFlat table (UCSC Genome Browser
database, update 2007). The closest RefSeq 5= end for each ChIP region
was identified, regardless of whether the cluster was upstream or down-
stream of the 5= end. The primer sequences for ChIP analysis of the inter-
action between GCM1 and HtrA4-GBS in BeWo cells are 5=-TGGAAAC
TGTTACGCTTCTCA-3= and 5=-GTCTCTAGCCCTACCCG-3=. On the
other hand, analysis of direct interaction between GCM1 and HtrA4-GBS
was performed by electrophoretic mobility shift assay (EMSA) as previ-
ously described (22). In brief, recombinant GCM1-FLAG (8) was incu-
bated with a radiolabeled oligonucleotide probe harboring the wild-type
(5=-GTGAGCTTTCTTATCAGTCTGCCCTCATTGTCGGTTTT-3=) or
mutant (5=-GTGAGCTTTCTTATCAGTCTGAACTACTTGTCGGTTT
T-3=) HtrA4-GBS in the presence of GCM1 or unrelated syncytin-2 Ab
(11). The reaction mixtures were analyzed by electrophoresis on 5% non-
denaturing polyacrylamide gels.

Cell invasion assay. Cell invasion analysis of GCM1- or HtrA4-ex-
pressing JAR cells and GCM1 or HtrA4 knockdown BeWo cells was per-
formed using Matrigel invasion chambers (BD Biosciences, Bedford, MA)
according to the manufacturer’s instructions. In brief, cells were plated in
the chambers and incubated for 48 h. Migrating cells in the lower surface
of the filters were fixed with paraformaldehyde, visualized by crystal violet
staining, and counted. Four microscopic fields per sample were randomly
selected for quantification in each of three independent experiments. Im-
ages were prepared for presentation using Adobe Photoshop v7.0.

Immunohistochemistry, flow cytometry analysis, and single-cell
RT-PCR. Normal and preeclamptic placental tissue biopsy specimens
were fixed in neutral buffered formalin, embedded in paraffin, and sec-
tioned. Tissue sections were deparaffinized and subjected to immuno-
staining by incubation with normal serum, cytokeratin 7 (CK7; Millipore,
Billerica, MA), HtrA4, and GCM1 Abs, respectively. The sections were
then incubated sequentially with biotinylated secondary antibody and
horseradish peroxidase (HRP)-conjugated streptavidin. Antigenic detec-
tion was performed using chromogenic substrate 3,3=-diaminobenzidine
tetrahydrochloride (DAB), and the sections were further counterstained
with hematoxylin. The HtrA4 antibody was prepared from guinea pigs
immunized with His-tagged recombinant protein containing the region
from amino acids 170 to 476 of the HtrA4 polypeptide.

To purify EVTs, villous tissues in the basal plate of term placenta were
collected, trypsinized, and subjected to Percoll gradient centrifugation to
enrich trophoblast cells (11). The trophoblast cells were then incubated
with HLA-G Ab (Abcam, Cambridge, MA) and Alexa Fluor 488-conju-
gated secondary Ab (Invitrogen) and subsequently analyzed in a
FACSAria II flow cytometer (BD Biosciences) to obtain the HLA-G-pos-
itive EVTs. Increasing number of EVTs (5, 50, and 500 cells) were lysed
using a RealTime ready cell lysis kit (Roche Applied Science, Indianapolis,
IN) and reverse transcribed, followed by analysis of GCM1 and HtrA4
transcripts in a LightCycler 480 real-time PCR instrument (Roche Ap-
plied Science). The sequences of the primer sets for PCR analysis in this
study are as follows: 5=-GGACTACATCCAGACCGAC-3= and 5=-TGGG
ACTCCGTGAGGAAC-3= for HtrA1, 5=-TCTGGAGGTCCCCTGGTT
A-3= and 5=-AGCATCATCACCCCAATGT-3= for HtrA2, 5=-GAGGGCT
GGTCACATGAAGA-3= and 5=-GCTCCGCTAATTTCCAGT-3= for
HtrA3, 5=-GTCAGCACCAAACAGCG-3= and 5=-GGAGATTCCATCA
GTCACCC-3= for HtrA4, 5=-CTGACAAGGCTTTTTTCTTCACA-3=
and 5=-CCAGACGGGACAGGTTT-3= for GCM1, and 5=-AACTCCATC
ATGAAGTGTGACG and 5=-GATCCACATCTGCTGGAAGG-3= for
�-actin.

Preparation of GST fusion proteins and HtrA4 recombinant pro-
teins. The glutathione S-transferase (GST) fusion proteins GST-SU and
GST-TM, which contain the SU and the TM subunits of syncytin-1, re-
spectively, were prepared in Escherichia coli using the pGEX6P-1 vector
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(GE Healthcare, Piscataway, NJ). Recombinant HtrA4-FLAG and
HtrA4mt-FLAG proteins were prepared in a vaccinia virus expression
system. In brief, 293T cells were infected with vTF7-3, a vaccinia virus
expressing T7 RNA polymerase, followed by transfection of pHtrA4-
FLAG, pHtrA4mt-FLAG, and pHtrA4mt�PDZ-FLAG, respectively. Re-
combinant HtrA4-FLAG, HtrA4mt-FLAG, and HtrA4mt�PDZ-FLAG
proteins were purified from the culture media of transfected 293T cells
using agarose beads conjugated with a FLAG MAb (Sigma). Cleavage of
ECM protein by HtrA4 was performed by incubation of fibronectin (Cal-
biochem, La Jolla, CA) and HtrA4-FLAG or HtrA4mt-FLAG at 37°C for
16 h, followed by immunoblotting with fibronectin Ab (Sigma). Pulldown
experiments were performed by incubation of GST-SU- or GST-TM-
preloaded glutathione agarose beads with HtrA4mt-FLAG to identify the
interaction domain in syncytin-1 for HtrA4. Likewise, GST-SU-preloaded
glutathione agarose beads were incubated with HtrA4mt-FLAG or
HtrA4mt�PDZ-FLAG to identify the interaction domain in HtrA4 for
syncytin-1. HtrA4mt-FLAG was used in the pulldown experiments in-
stead of wild-type HtrA4-FLAG to prevent cleavage of the GST fusion
proteins.

Cell-cell fusion analysis and analysis of surface syncytin-1. To test
the effect of HtrA4 on syncytin-1-mediated cell-cell fusion, 293T cells
were first infected with the vTF7-3 vaccinia virus. The infected 293T cells
were then split into different populations for transfection of the green
fluorescent protein expression plasmid pEGFP-N1 (Clontech, Mountain
View, CA) plus pcDNA3, pHtrA4-FLAG, or pHtrA4mt-FLAG. An addi-
tional population of infected 293T cells was transfected with pSyn1-HA.
The 293T cells expressing syncytin-1–HA were cocultured with the 293T
cells coexpressing enhanced green fluorescent protein (EGFP) plus the
wild-type or mutant HtrA4. After 16 h, cell-cell fusion was examined
under an immunofluorescence microscope (Olympus, Tokyo, Japan)
equipped with a cooled charge-coupled device camera (DP50). To analyze
the syncytin-1–HA on cell surfaces, a separate set of the aforementioned
cocultured cells was subjected to surface biotinylation using sulfosuccin-
imidyl 2-(biotinamido)-ethyl-1,3=-dithiopropionate (sulfo-NHS-SS-bio-
tin; Thermo Scientific, Rockford, IL). Streptavidin-conjugated agarose
beads were added to pull down the biotinylated proteins, followed by
immunoblotting with HA MAb. Likewise, BeWo cells expressing scram-
bled or HtrA4 shRNA were subjected to a biotinylation reaction, followed
by immunoprecipitation with an antibody against the TM subunit of
syncytin-1 (7) and immunoblotting with HRP-conjugated streptavidin.

RESULTS
GCM1 regulates placental cell invasion. The fact that GCM1 is
expressed in EVTs raises the possibility that GCM1 may play an
important role in regulation of trophoblast invasion. To test this
hypothesis, we examined whether GCM1 regulates the invasion
activity of placental JAR and BeWo cells. As the endogenous
GCM1 protein level is much lower in JAR cells than in BeWo cells
(Fig. 1A), exogenous HA-tagged GCM1 (HA-GCM1) was intro-
duced into JAR cells using a lentiviral expression system to estab-
lish JAR cells stably expressing HA-GCM1. For invasion analysis,
cells harboring the pCDH empty vector (referred to here as mock
cells) and HA-GCM1-expressing JAR cells were plated in Matri-
gel-coated Transwells. As shown in Fig. 1B, invasion of the HA-
GCM1-expressing JAR cells was significantly enhanced compared
to that of mock cells. As a complementary approach, we tested the
effect of GCM1 knockdown on the invasion activity of BeWo cells.
Indeed, compared with BeWo cells stably expressing scrambled
shRNA, the invasion activity was significantly decreased in BeWo
cells stably expressing GCM1 shRNA (Fig. 1C). These results sug-
gested that GCM1 may participate in placental cell invasion.

The HtrA4 gene is a GCM1 target gene. We reasoned that
GCM1 may transactivate novel target genes encoding the crit-

ical downstream effectors in the regulation of placental cell
invasion. We performed ChIP-chip experiments using
BeWo31 cells, which stably express HA-GCM1, to identify the
candidate GCM1 target genes involved in placental cell inva-
sion. As expected, placental growth factor (PGF) was identified
as one of the GCM1 target genes in our ChIP-chip experiments
(Fig. 1D, left). We concentrated on a novel GCM1 target gene,
the HtrA4 gene (Fig. 1D, right), which encodes a serine pro-
tease primarily expressed in placenta, for further investigation
of its role in regulation of placental cell invasion.

To confirm that the HtrA4 gene is a bona fide target gene of
GCM1, we tested whether GCM1 regulates HtrA4 expression.
An HtrA4 antibody was generated that does not cross-react
with the other HtrA family members (data not shown). We
measured the HtrA4 protein levels in the GCM1 knockdown
and scrambled control BeWo cells. As shown in Fig. 2A (left),
the HtrA4 protein level measured by immunoblotting was sig-
nificantly decreased by GCM1 knockdown. Correspondingly,
lower HtrA4 signals were detected in the cytoplasm of GCM1
knockdown BeWo cells by immunofluorescence microscopy
(Fig. 2A, right). Moreover, the transcript level of HtrA4, but
not HtrA1, -2, or -3, was also significantly decreased by GCM1
knockdown (Fig. 2B). Immunoblotting and quantitative PCR
analyses for HtrA4 expression were also performed in the HA-
GCM1-expressing and mock JAR cells. Indeed, GCM1 overex-
pression positively stimulated HtrA4 expression at both the
protein and transcript levels in JAR cells (Fig. 2C).

We next studied whether GCM1 directly regulates the pro-
moter activity of HtrA4 by transient-expression experiments. The
pHtrA4-1kb reporter plasmid, which harbors a 1-kb HtrA4 pro-
moter region proximal to the translational initiation site, was
cotransfected with pHA-GCM1 into 293T cells. The luciferase re-
porter activity directed by pHtrA4-1kb was positively stimulated
by HA-GCM1 (Fig. 2D, left). In line with our ChIP-chip study, a
potential GCM1-binding site (HtrA4-GBS) was identified within
the 1-kb HtrA4 promoter region (Fig. 2D, top). When the HtrA4-
GBS was mutated in pHtrA4-1kbGBSmt, the luciferase reporter
activity stimulated by GCM1 was compromised (Fig. 2D, left),
indicating that the identified HtrA4-GBS is a functional GCM1-
responsive element in the HtrA4 promoter. This was further sup-
ported by the fact that the luciferase activity directed by pHtrA4-
1kb, but not pHtrA4-1kbGBSmt, was significantly decreased in
the GCM1 knockdown BeWo cells (Fig. 2D, right). Of note, the
possibility of additional binding sites for GCM1 and/or GCM1-
interacting factors within the proximal 1 kb region of HtrA4 pro-
moter cannot be ruled out, as GCM1 still partially stimulates the
reporter activity directed by pHtrA4-1kbGBSmt (Fig. 2D, left).
We next performed EMSA to characterize the interaction between
GCM1 and HtrA4-GBS. To this end, recombinant GCM1-FLAG
was incubated with a radiolabeled oligonucleotide probe harbor-
ing the HtrA4-GBS or HtrA4-GBSmt sequence. As shown in
Fig. 2E (left), GCM1-FLAG specifically bound to HtrA4-GBS
but not HtrA4-GBSmt, and the complex of GCM1 and HtrA4-
GBS was supershifted by the GCM1 antibody, supporting a
direct interaction between GCM1 and HtrA4-GBS. Corre-
spondingly, in vivo interaction between GCM1 and HtrA4-GBS
was confirmed by ChIP analysis in BeWo cells (Fig. 2E, right).
Taken together, these results suggested that HtrA4 is a bona
fide GCM1 target gene.

Expression of HtrA4 in human placenta. We next examined
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the expression of GCM1 and HtrA4 in human placenta by immu-
nohistochemistry. Term placental tissue sections were immuno-
stained using antibodies to GCM1, HtrA4, and CK7 (a tropho-
blast marker). While GCM1 was detected in the nuclei of both the
villous syncytiotrophoblast layer and cells in the basal plate (Fig.
3A, panels a and d), HtrA4 was primarily detected in the cyto-
plasm of cells and the extracellular space between cells in the basal
plate (Fig. 3A, compare panels b and e). Of note, both GCM1- and
HtrA4-positive cell populations corresponded to the population
of CK7-positive EVTs in the consecutive sections of basal plate
(Fig. 3A, panels a to c).

To examine whether both GCM1 and HtrA4 are coexpressed
in the interstitial EVTs of basal plate, we purified EVTs from pri-
mary trophoblast cells by flow cytometry analysis using an Ab
against human leukocyte antigen G (HLA-G), which is an EVT
surface marker (27) (Fig. 3B). Expression of GCM1 and HtrA4
transcripts was analyzed in increasing numbers of purified EVTs

(5, 50, and 500 cells) by real-time PCR analysis with SYBR green
and a LightCycler instrument. As shown in Fig. 3C (bottom), the
amplification curves of GCM1 and HtrA4 transcripts were de-
tected only in the RNA samples converted to cDNA by reverse
transcriptase (RT). Importantly, the amplification cycle numbers of
initial detection of both GCM1 and HtrA4 transcripts were inversely
proportional to the input cell numbers. The PCR-amplified GCM1
and HtrA4 fragments were also analyzed by gel electrophoresis and
were detected only in the reverse-transcribed samples (Fig. 3C, top).
We further performed immunofluorescence microscopy of the
purified EVTs with CK7, GCM1, and HtrA4 Abs. As shown in
Fig. 3D (top), confocal analysis revealed that GCM1 and HtrA4
are colocalized in CK7-positive EVTs. Moreover, the HtrA4
transcript level was decreased in the purified EVTs when
GCM1 was knocked down (Fig. 3D, bottom). Taken together,
these results suggested that GCM1 regulates HtrA4 expression
in the EVTs of basal plate of human placenta.

FIG 1 GCM1 regulates placental cell invasion. (A) Expression of GCM1 in JAR and BeWo cells. JAR and BeWo cells were subjected to immunoblotting with
GCM1 and �-actin Abs. (B) Stimulation of JAR cell invasion by GCM1. Mock (pCDH) and HA-GCM1-expressing (pCDH-HA-GCM1) JAR cells were plated in
Matrigel-coated chambers for invasion analysis. Representative pictures of cells that migrated to and invaded the lower surface of filters are provided. Means and
standard deviations (SD) obtained from three independent experiments are presented. (C) GCM1 knockdown suppresses BeWo cell invasion. BeWo cells stably
expressing scrambled or GCM1 shRNA were subjected to invasion analysis as described for panel A. (D) Identification of GCM1 target genes. BeWo31 cells were
treated with 50 �M forskolin for 24 h, followed by ChIP-chip analysis as described in Materials and Methods. HtrA4 was identified as a candidate GCM1 target
gene with strong hybridization signals (red versus blue) in the region upstream of exon1 of the HtrA4 gene (right). PGF, encoded by a known GCM1 target gene,
was also identified in the analysis (left).
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Regulation of placental cell invasion by HtrA4. We next
tested whether HtrA4 regulates placental cell invasion. Because
the endogenous level of HtrA4 protein is low in JAR cells and high
in BeWo cells (Fig. 2A and B), JAR and BeWo cells stably express-
ing HtrA4-FLAG and HtrA4 shRNA, respectively, were estab-
lished for invasion assays. Compared with the mock JAR cells, the
invasion activity was stimulated in JAR cells expressing the wild-
type HtrA4-FLAG but not the protease-dead mutant HtrA4mt-
FLAG (Fig. 4A). Correspondingly, knockdown of HtrA4 in BeWo
cells suppressed the invasion activity of BeWo cells (Fig. 4B). We
reasoned that HtrA4 may cleave extracellular matrix proteins to
promote cell invasion. Therefore, we purified wild-type HtrA4-
FLAG and HtrA4mt-FLAG proteins from the culture media of
293T cells transfected with pHtrA4-FLAG and pHtrA4mt-FLAG,
respectively. The purified HtrA4-FLAG and HtrA4mt-FLAG pro-
teins were incubated with recombinant fibronectin, followed
by immunoblotting with antifibronectin Ab. As shown in Fig.
4C, cleavage of fibronectin by HtrA4-FLAG, but not HtrA4mt-
FLAG, was observed in a dose-dependent manner. Therefore,
HtrA4 may facilitate cell invasion through digestion of the
ECM protein fibronectin and affect the interaction between

fibronectin and its integrin receptor, which is critical for pla-
cental cell invasion (14).

Decreased expression of HtrA4 by hypoxia and in pre-
eclamptic placentas. Our previous studies indicated that GCM1
activity is downregulated by hypoxia and in preeclampsia (10,
12). Accordingly, we measured the levels of HtrA4 protein and
transcript in BeWo cells exposed to normoxic and hypoxic con-
ditions, respectively. The morphology of BeWo cells under
normoxic and hypoxic conditions was not significantly differ-
ent (Fig. 5A). In line with our previous study (12), the GCM1
protein level was decreased in the hypoxic BeWo cells. Impor-
tantly, both the HtrA4 protein and transcript levels were also
decreased in the hypoxic BeWo cells (Fig. 5A). Moreover, the
promoter activity of HtrA4 was suppressed by hypoxia as the
luciferase activity directed by pHtrA4-1kb was significantly de-
creased in BeWo cells transfected with pHtrA4-1kb and incu-
bated under hypoxic conditions (Fig. 5B). Accordingly, the
invasion activity of BeWo cells was significantly impaired un-
der hypoxia (Fig. 5C). Because preeclampsia is associated with
placental hypoxia, we demonstrated by immunohistochemis-
try that HtrA4 expression was significantly lower in preeclamp-

FIG 2 Regulation of HtrA4 expression by GCM1. (A) GCM1 knockdown decreases HtrA4 expression. BeWo cells stably expressing scrambled or GCM1 shRNA
were subjected to immunoblotting with GCM1, HtrA4, and �-actin Abs, respectively. In a separate experiment, cells were immunostained with HtrA4 Ab (green)
and nuclei were stained by DAPI (blue), followed by confocal microscopy analysis. Note that HtrA4 signals in the cytoplasm were decreased in the GCM1
knockdown BeWo cells. (B) Expression of HtrA4, but not other HtrA family members, is decreased by GCM1 knockdown. BeWo cells stably expressing
scrambled or GCM1 shRNA were harvested for quantitative PCR analysis of the transcript levels of HtrA family members. Means and SD obtained from three
independent experiments are presented. (C) Overexpression of GCM1 stimulates HtrA4 expression. Mock and HA-GCM1-expressing JAR cells were harvested
for immunoblotting and quantitative PCR analysis of HtrA4 protein and transcript levels, respectively. (D) Regulation of HtrA4 promoter activity by GCM1.
Schematic representation of HtrA4 promoter region with the wild-type and mutant GCM1-binding site (GBS) is provided (top). 293T cells were transfected with
pHtrA4-1kb or pHtrA4-1kbGBSmt with or without pHA-GCM1 expression plasmid (left). BeWo cells expressing scrambled or GCM1 shRNA were transfected
with pHtrA4-1kb or pHtrA4-1kbGBSmt (right). At 48 h posttransfection, cells were harvested for luciferase assays. Means and SD obtained from three
independent experiments are presented. (E) Interaction of GCM1 and the GBS in HtrA4 promoter. Recombinant GCM1-FLAG was incubated with radiolabeled
HtrA4-GBS or HtrA4-GBSmt probes in the presence of GCM1 or syncytin-2 (Syn2) Ab in EMSA. The asterisk and arrow indicate the GCM1-FLAG-DNA
complex and its supershifted complex, respectively. Association of GCM1 and HtrA4-GBS in BeWo cells was analyzed by ChIP using normal rabbit serum (NS)
or GCM1 Ab for immunoprecipitation and designated primer pairs for PCR.
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tic placentas than in the gestation age-matched normal placen-
tas (Fig. 5D). These results suggested that trophoblast invasion
impaired by hypoxia or in preeclampsia may be attributed to
the suppression of HtrA4 expression caused by decreased
GCM1 activity.

HtrA4 suppresses cell-cell fusion mediated by syncytin-1. Al-
though GCM1 regulates syncytin-1 expression to mediate cell-cell
fusion for syncytiotrophoblast formation, cell-cell fusion of EVTs
does not occur given that syncytin-1 is expressed in these cells. To
reconcile this discrepancy, we investigated whether HtrA4 affects
the cell-cell fusion mediated by syncytin-1. To this end, a cocul-
ture system was established to monitor cell-cell fusion by plating
in the same cell culture dish a population of 293T cells expressing

syncytin-1–HA and a second population of 293T cells coexpress-
ing EGFP plus empty vector or EGFP plus HtrA4-FLAG. As ex-
pected, syncytia were detected in the coculture of syncytin-1–HA-
expressing 293T cells with 293T cells coexpressing EGFP plus
empty vector (Fig. 6A, panel a). Interestingly, syncytium forma-
tion was significantly decreased when syncytin-1–HA-expressing
293T cells were cocultured with 293T cells coexpressing EGFP
plus HtrA4-FLAG (Fig. 6A, panel b), suggesting that HtrA4 sup-
presses syncytin-1–HA-mediated cell-cell fusion. Moreover, this
suppressive effect of HtrA4 depended on its protease activity as
expression of HtrA4mt-FLAG did not significantly affect cell-cell
fusion mediated by syncytin-1–HA (Fig. 6A, panel c). We further
studied how HtrA4 suppresses syncytin-1 activity by analysis of

FIG 3 Coexpression of GCM1 and HtrA4 in the interstitial EVTs of human placenta. (A) Immunostaining of GCM1 and HtrA4 in term placenta. Term
placental tissues sections were subjected to immunohistochemistry using GCM1 (a and d), HtrA4 (b and e), and CK7 (c and f) Abs and further
counterstained with hematoxylin. Note that expression of GCM1 corresponded with that of HtrA4 in the CK7-positive EVTs in the consecutive sections
of basal plate (a to c). The insets in panels d to f show sections immunostained with normal rabbit, guinea pig, and mouse serum, respectively. Bar, 100
�m. (B) Purification of EVTs. Primary trophoblast cells prepared from term placenta were subjected to flow cytometry analysis using HLA-G Ab as
described in Materials and Methods. (C) Expression of HtrA4 and GCM1 in EVTs. HLA-G-positive EVTs were subjected to single cell RT-PCR as
described in Materials and Methods. Amplification curves of real-time PCRs of increasing input cell numbers are presented. Of note, neither GCM1 nor
HtrA4 transcript was detected in the samples without reverse transcriptase (RT) or in the mock reaction mixtures without input sample (NG). The PCR
products were analyzed by agarose gel electrophoresis (top). MW, molecular weight marker. (D) Colocalization of GCM1 and HtrA4 in EVTs. HLA-G-
positive EVTs were immunostained with GCM1, HtrA4, and CK7 Abs, followed by confocal microscopy analysis. In a separate experiment, cells were
transduced with lentivirus harboring scrambled or GCM1 shRNA and subsequently harvested for quantitative PCR analysis of the HtrA4 and GCM1
transcripts. Means and SD from three independent experiments are presented.
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the protein level of syncytin-1 on cell surfaces. The 293T cells of
the above-mentioned coculture studies were subjected to biotiny-
lation, followed by pulldown assay with streptavidin-conjugated
matrix and HA MAb. As shown in Fig. 6B, the protein level of the
TM subunit of syncytin-1–HA decreased in the presence of
HtrA4-FLAG but not HtrA4mt-FLAG. The observed negative ef-
fect of HtrA4 was specific to surface-bound syncytin-1–HA, as the
level of surface-bound epidermal growth factor receptor (EGFR)
was not affected (Fig. 6B). We also examined the level of surface-
bound syncytin-1 in BeWo cells expressing scrambled or HtrA4
shRNA. To this end, an antibody recognizing the TM subunit of
syncytin-1 was used to precipitate the biotinylated TM subunit of
syncytin-1 on cell surfaces. Indeed, knockdown of HtrA4 signifi-
cantly increased the protein level of syncytin-1 TM subunit on the
surface of BeWo cells (Fig. 6C). Therefore, HtrA4 may cleave syn-
cytin-1 to impair its fusogenic activity.

We further tested the role of SU and TM subunits of syncytin-1 in
interaction with HtrA4 by pulldown analysis. We used HtrA4mt-
FLAG as prey to prevent proteolysis of the bait proteins, GST-SU
and GST-TM, which are GST fusion proteins harboring the SU
and TM subunits, respectively. As shown in Fig. 6D (left),
HtrA4mt-FLAG was pulled down by GST-SU but not GST-TM.
We also investigated the role of PDZ domain in HtrA4 for inter-
action with the SU subunit of syncytin-1. HtrA4mt-FLAG or its
PDZ deletion variant HtrA4mt�PDZ-FLAG was incubated with
GST-SU in pulldown analysis. Interestingly, deletion of the PDZ
domain significantly decreased the interaction between HtrA4
and the SU subunit of syncytin-1 (Fig. 6D, right). Taken together,

these results suggested that HtrA4 recognizes the SU subunit of
syncytin-1 through its PDZ domain.

DISCUSSION

Successful pregnancy requires proper migration and invasion of
trophoblasts into the maternal uterine tissue, which is a compli-
cated process involving multiple intrinsic and extrinsic factors to
regulate the interaction between EVTs and the decidual stromal
cells. Both matrix metalloproteinases (MMPs) and tissue inhibi-
tors of metalloproteinases (TIMPs), which inhibit the function of
MMPs, are expressed in trophoblasts and decidual cells to regulate
trophoblast migration and invasion (20). In addition, the STAT3
transcription factor is activated in the leukemia inhibitory factor
(LIF) signaling pathway to promote trophoblast cell migration
(16). Nevertheless, activation of STAT3 and overexpression of
MMPs was also commonly found in invasive tumors of different
tissue origins (17, 35), suggesting that additional regulatory mech-
anisms specific to placenta may be involved in control of tropho-
blast migration and invasion. In the present study, we demon-
strated that the placental transcription factor GCM1 is able to
regulate placental cell invasion through transactivation of
HtrA4 serine protease. We further found that HtrA4 may
cleave the ECM fibronectin to facilitate placental cell invasion.
Collectively, these findings revealed a novel regulatory mecha-
nism of EVT invasion by GCM1 and HtrA4.

Members of HtrA family are involved in different biological
functions. HtrA2 is a mitochondrial serine protease that promotes
apoptosis via interaction with and proteolysis of the IAP proteins,

FIG 4 HtrA4 regulates placental cell invasion. (A) Overexpression of HtrA4 stimulates placental cell invasion. Mock and HtrA4-HA-expressing JAR cells were
plated in Matrigel-coated chambers for invasion analysis. Expression of HtrA4-HA was analyzed by immunoblotting with HA MAb (left). (B) HtrA4 knockdown
suppresses placental cell invasion. BeWo cells stably expressing scrambled or HtrA4 shRNA were subjected to invasion analysis as described for panel A.
Knockdown of HtrA4 expression in BeWo cells was analyzed by immunoblotting with HtrA4 Ab (left). (C) Proteolytic cleavage of fibronectin by HtrA4. Purified
HtrA4-FLAG and HtrA4mt-FLAG proteins from culture medium of 293T cells transfected with pHtrA4-FLAG and pHtrA4mt-FLAG, respectively, were
analyzed by immunoblotting with FLAG MAb (left). Fibronectin was incubated with increasing amounts of HtrA4-FLAG or HtrA4mt-FLAG at 37°C for 16 h.
The reaction mixture was then subjected to immunoblotting with HtrA4 or fibronectin Ab. Of note, partial cleavage of HtrA4-FLAG, but not HtrA4mt-FLAG,
in the reaction was detected (bottom).
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which contributes to caspase activation (13). Expression of both
HtrA1 and -3 is detected at high levels in decidual cells and villous
trophoblasts but is barely detectable in interstitial EVTs (21, 31).
In contrast, here we demonstrated that HtrA4 is highly expressed
in the interstitial EVTs, which can be attributed to a functional
GCM1-responsive element in the proximal region of HtrA4 pro-
moter. Interestingly, HtrA1 and -3 have been reported to inhibit
trophoblast migration and invasion, and the protease activity of

HtrA1 has been shown to be dispensable in the process (1, 34). The
underlying mechanisms of inhibition of trophoblast migration
and invasion by HtrA1 and -3 remain elusive. In the present study,
we provide evidence that HtrA4 is a downstream effector of
GCM1 stimulating placental cell invasion, most likely through
proteolysis of ECM proteins. Clinically, elevated expression of
both HtrA1 and -3 is detected in preeclampsia (1, 21). Moreover,
HtrA3 expression is enhanced under hypoxic conditions (21).

FIG 5 HtrA4 expression under hypoxia and in preeclampsia. (A) Downregulation of HtrA4 expression by hypoxia. BeWo cells were incubated under
normoxic or hypoxic conditions. After 72 h of incubation, cells were analyzed by immunoblotting with GCM1, HtrA4, and �-actin Abs, respectively.
Phase-contrast images for the morphology of normoxic and hypoxic cells were provided (left). In a separate experiment, cells were subjected to
quantitative PCR analysis of the HtrA4 transcript level. (B) Suppression of HtrA4 promoter activity by hypoxia. BeWo cells were transfected with
pHtrA4-1kb and incubated under normoxic and hypoxic conditions and subsequently harvested for luciferase assays. (C) Suppression of placental cell
invasion by hypoxia. BeWo cells plated in Matrigel-coated chambers were incubated under normoxic or hypoxic condition for invasion analysis. Means
and SD from three independent experiments are presented in panels A to C. (D) Decreased HtrA4 expression in preeclamptic placentas. Sections of two
normal (N) and two preeclamptic (P) placentas at 38 weeks of gestation were immunostained with HtrA4 Ab. Note that the insets show consecutive
sections immunostained with CK7 Ab. Bar, 100 �m.
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Here we show that HtrA4 expression is suppressed in BeWo cells
by hypoxia, and so too is the invasiveness of BeWo cells. Corre-
spondingly, we also show that HtrA4 expression decreases in pre-
eclampsia. As placental hypoxia is associated with preeclampsia
and enhances GCM1 degradation, we speculate that HtrA4 ex-
pression is compromised by decreased GCM1 activity, which may
contribute to the incomplete trophoblast invasion commonly
found in preeclamptic placentas. Just how HtrA1 and -3 expres-
sion is elevated in preeclampsia is currently unknown. Further
investigations are required to clarify whether there are functional
interactions between HtrA4, -1, and -3 in the regulation of tro-
phoblast invasion and the development of preeclampsia. Of note,
Drewlo et al. (15) recently showed that TIMP4 expression is in-
creased in GCM1 knockdown BeWo cells and preeclampsia.
However, we performed immunoblotting analysis to compare the
protein levels of TIMP4 in BeWo cells expressing scrambled
shRNA and GCM1 shRNA. Neither set of cells exhibited any sig-
nificant change of TIMP4 expression (data not shown). This dis-
couraged us from pursuing the issue of whether TIMP4 is a direct
target gene of GCM1 and is involved in GCM1-regulated tropho-
blast invasion.

Immunohistochemistry indicated that HtrA4 is primarily ex-
pressed in interstitial EVTs but not villous trophoblasts. Because
GCM1 is expressed in both cell types, we speculate that a cell/
promoter context-dependent mechanism may be involved to fa-
vor HtrA4 expression in EVTs over villous trophoblasts. More-
over, expression of GCM1 target genes in the two cell types may be
differentiated due to the different environmental cues in the villus
and uterine decidua. Interestingly, we observed that forskolin, a
cAMP stimulant, exerts a higher stimulatory effect on syncytin-1

expression than HtrA4, which correlates with the stimulatory ef-
fect of forskolin on cell-cell fusion (data not shown). Investigation
of the differential expression of HtrA4 in EVTs is under way in our
laboratory. Previous studies have demonstrated that syncytin-1,
but not syncytin-2, is expressed in EVTs (24, 25, 29). That both
HtrA4 and syncytin-1 are expressed in EVTs seems to be paradox-
ical in the regulation of EVT differentiation. In the present study,
we demonstrated that syncytin-1 is a substrate of HtrA4. In this
scenario, the PDZ domain of HtrA4 is crucial for recognition of
the SU subunit of syncytin-1. As a result, HtrA4 decreases the level
of surface syncytin-1 to suppress cell-cell fusion mediated by syn-
cytin-1. These observations support an additional function of
HtrA4 in the suppression of EVT fusion and may reconcile the
above-described paradox (Fig. 7).

PDZ domains in numerous proteins are responsible for spe-
cific protein-protein interactions via interaction with the C-ter-
minal peptide sequence or structurally related internal peptide
sequence of target proteins (18). Interestingly, studies have shown
that the binding of peptide to the PDZ domain in HtrA1, -2, and
-3 activates their protease activities (26, 30, 32). Accordingly,
based on our finding that the PDZ domain of HtrA4 interacts with
the SU subunit of syncytin-1, we believe that the protease activity
of HtrA4 may be activated by this interaction to facilitate the pro-
teolysis of surface-bound syncytin-1. Future structure-functional
analysis is required to test this speculation and to identify and
characterize the critical peptide motif in the SU subunit that is
recognized by the PDZ domain of HtrA4.

Autocrine and paracrine factors such as cytokines and hor-
mones have been reported to positively or negatively regulate the
migration and invasion of EVTs. For instance, epidermal growth

FIG 6 Regulation of syncytin-1-mediated cell-cell fusion by HtrA4. (A) HtrA4 suppresses cell-cell fusion mediated by syncytin-1. 293T cells coexpressing empty
vector and EGFP (a), HtrA4-FLAG and EGFP (b), or HtrA4mt-FLAG and EGFP (c) were cocultured with 293T cells expressing syncytin-1–HA for 24 h. Cell-cell
fusion was examined by fluorescence microscopy. (B) HtrA4 decreases the protein level of surface syncytin-1. A separate set of the cocultured 293T cells described
for panel A were subjected to biotinylation, followed by streptavidin pulldown and immunoblotting with HA or EGFR MAb. As a loading control, whole-cell
lysates were subjected to immunoblotting with HA, FLAG, and �-actin MAbs, respectively. (C) HtrA4 regulates syncytin-1 expression in placental cells. BeWo
cells stably expressing scrambled or HtrA4 shRNA were subjected to biotinylation, followed by immunoprecipitation with a syncytin-1 TM Ab and then
immunoblotting with HRP-conjugated streptavidin. Note that the surface EGFR protein level was not affected by HtrA4. (D) Characterization of interaction
between HtrA4 and syncytin-1. Purified HtrA4mt-FLAG was incubated with agarose matrix preloaded with GST, GST-SU, or GST-TM, followed by immuno-
blotting with FLAG MAb. On the other hand, HtrA4mt-FLAG or HtrA4mt�PDZ-FLAG was subjected to pulldown analysis with GST-SU demonstrating that the
PDZ domain of HtrA4 is critical for recognition of the SU domain of syncytin-1.
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factor and LIF are able to stimulate, whereas transforming growth
factor � and gamma interferon inhibit, trophoblast migration and
invasion (20). The present study identified a novel function of
GCM1 and HtrA4 in regulation of placental cell invasion. Future
studies are warranted to investigate whether these autocrine and
paracrine factors act on the axis of GCM1 and HtrA4 to accomplish
their regulation duties on placental cell migration and invasion.
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