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Human chorionic gonadotropin (hCG) is composed of a common « subunit and a placenta-specific § subunit. Importantly,
hCG is highly expressed in the differentiated and multinucleated syncytiotrophoblast, which is formed via trophoblast cell fu-
sion and stimulated by cyclic AMP (cAMP). Although the ubiquitous activating protein 2 (AP2) transcription factors TFAP2A
and TFAP2C may regulate hCG[} expression, it remains unclear how cAMP stimulates placenta-specific hCGf gene expression
and trophoblastic differentiation. Here we demonstrated that the placental transcription factor glial cells missing 1 (GCM1)
binds to a highly conserved promoter region in all six hCG[} paralogues by chromatin immunoprecipitation-on-chip (ChIP-
chip) analyses. We further showed that cAMP stimulates GCM1 and the CBP coactivator to activate the hCGf3 promoter through
a GCM1-binding site (GBS1), which also constitutes a previously identified AP2 site. Given that TFAP2C may compete with
GCM1 for GBS1, cAMP enhances the association between the hCG[3 promoter and GCM1 but not TFAP2C. Indeed, the hCG-
cAMP-protein kinase A (PKA) signaling pathway also stimulates Ser269 and Ser275 phosphorylation of GCM1, which recruits
CBP to mediate GCM1 acetylation and stabilization. Consequently, hCG stimulates the expression of GCM1 target genes, in-
cluding the fusogenic protein syncytin-1, to promote placental cell fusion. Our study reveals a positive feedback loop between
GCM1 and hCG regulating placental hCG expression and cell differentiation.

uccessful pregnancy requires a variety of hormones, growth

factors, and cytokines to regulate uterine decidualization, em-
bryo implantation, and pregnancy maintenance. For instance,
progesterone and estrogen steroid hormones from the ovary pre-
pare the uterine endometrium for embryo implantation. Human
chorionic gonadotropin (hCG) is a critical hormone for preg-
nancy maintenance in humans. hCG is a glycoprotein hormone
comprising  and B subunits. The hCGa subunit is shared with
other glycoprotein hormones, including thyroid-stimulating hor-
mone, follicle-stimulating hormone, and luteinizing hormone
(LH), whereas the hCGP subunit is specifically expressed in pla-
centa and is unique to hCG. While hCGa is encoded by a single
gene on chromosome 6, hCGf3 can be encoded by a gene cluster of
six (hCGP1, -2, -3, -5, -7, and -8) paralogues on chromosome 19
(1). Recent studies have suggested that the expression of hCGB5
and -8 may account for the majority of hCGR transcripts given
that all hCG paralogues share high sequence homology in their
promoter regions (2, 3).

hCG expression can be detected in early 6- to 8-cell embryos,
and this may serve as an embryonic signal for the rendering of
appropriate maternal physiology for pregnancy (1). After implan-
tation, the serum hCG level increases dramatically as pregnancy
proceeds, reaching its peak at 9 or 10 weeks of gestation, and then
decreases and remains at ~20% of the peak value until term (4).
One of the crucial hCG functions is to stimulate progesterone
synthesis from the corpus luteum in the early stage of gestation (5,
6). A G-protein-coupled receptor has been identified as the recep-
tor for hCG and LH. When hCG binds to its receptor, the coupled
G protein(s) activates adenylyl cyclase, leading to an increase in
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the concentration of intracellular cyclic AMP (cAMP) that acti-
vates protein kinase A (PKA) (5, 7, 8).

The expression profile of hCG during pregnancy is physiolog-
ically relevant to the rate of placental growth and the degree of
syncytiotrophoblast differentiation. Human placenta is com-
posed of villous tissues, of which the outer surface is a multinu-
cleated syncytiotrophoblast (STB) layer overlying mononucleated
cytotrophoblasts (CTBs) (9). Indeed, the latter may differentiate
and undergo cell-cell fusion to form a multinucleated STB layer,
which is a primary hCG producer and is responsible for gas and
nutrient exchange between fetus and mother. It has been known
that activation of the cAMP-PKA signaling pathway stimulates
trophoblastic differentiation in terms of hCG expression and CTB
cell fusion (10, 11). The observation that CTBs and the STB layer
express hCG and its receptor suggests that hCG may impose an
autocrine and/or a paracrine effect on trophoblastic differentia-
tion through cAMP and PKA (12). Shi et al. (13) showed that
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inhibition of PKA by H89 blocks hCG-induced trophoblastic dif-
ferentiation.

The mammalian glial cells missing (GCM) family of transcrip-
tion factors contains two members, GCM1 and GCM2, which are
essential for the development of placenta and parathyroid gland,
respectively (14-16). Human GCM1 is primarily expressed in pla-
centa, controls trophoblastic differentiation, and functions via the
transcriptional regulation of genes encoding the syncytin-1 and -2
fusogenic proteins, placental growth factor, and the HtrA4 serine
protease (17-20). Activation of cAMP signaling by the cAMP
stimulant forskolin (FSK) stimulates GCM1 activity as well the
expression of its target genes (21, 22). At the molecular level,
cAMP activates PKA to phosphorylate Ser269 and Ser275 on
GCM1, which recruits dual-specificity phosphatase 23 to dephos-
phorylate Ser322 (22, 23). Dephosphorylation of Ser322 prevents
FBW2-mediated GCM1 ubiquitination and facilitates interac-
tions between GCM1 and the CBP coactivator, resulting in GCM 1
acetylation and stabilization by CBP (24, 25).

Because hCG is an essential pregnancy hormone, the mecha-
nism of placenta-specific expression of hCGP genes has been a
subject of intensive studies. The promoter activity of hCGRB5 was
stimulated by 8-bromo-cAMP in human JEG-3 placental cells but
not hamster BHK fibroblast or INR1-G9 islet cells (26). It was later
reported that the activating protein 2 (AP2) transcription factors
TFAP2A and TFAP2C bind to GC-rich DNA sequences in the
cAMP-responsive region the of hCGB5 promoter (27-30). Subse-
quently, the Ets2 and Spl transcription factors were shown to
activate the above-mentioned hCGB5 promoter region (30-32).
As TFAP2A, TFAP2C, Ets2, and Sp1 are expressed in various types
of tissues and cells, it is difficult to reconcile their ubiquitous ex-
pression patterns with the cAMP-stimulated and placenta-specific
expression pattern of hCGp genes. In this study, we revisit this
issue and unravel positive regulatory circuitry between GCM1 and
hCG that is very likely responsible for the placenta-specific expres-
sion of hCG[ genes, the exponential rise of the hCG level, and fast
trophoblast differentiation in early pregnancy.

MATERIALS AND METHODS

Plasmid constructs. A DNA fragment encoding human GCM1 with an
N-terminal triple-hemagglutinin (HA) tag or a C-terminal FLAG tag was
subcloned into a pEF1 expression vector (Invitrogen, Carlsbad, CA) un-
der the control of the EF1 promoter to generate pHA-GCM1 or pGCM1-
FLAG. Plasmid pcDNA3-TFAP2C was kindly provided by Shoumo Bhat-
tacharya (University of Oxford, United Kingdom) and used for
construction of plasmid pTFAP2C-FLAG, which encodes human
TFAP2C with a C-terminal FLAG tag in the pEF1 vector. Plasmid
pCBP-HA was described previously (22). A DNA fragment encoding hu-
man luteinizing hormone/choriogonadotropin receptor (LH/CGR) with
an HA tag after the signaling peptide was subcloned into pEF1 to generate
pHA-LH/CGR. The pGL4hCGp reporter plasmid was constructed by
subcloning an hCGB5 genomic fragment from nucleotides —1674 to
+103 relative to the transcription start site into the pGL4 luciferase vector
(Promega, Madison, WI). Three potential GCM1-binding sites (GBS1 to
-3) in the pGL4hCGp reporter plasmid were individually mutated to gen-
erate the M1, M2, and M3 reporter plasmids. A genomic fragment con-
taining the 600 nucleotides upstream of the human GCM1 transcription
start site was subcloned into pE1bLUC to generate the pEIbLUCGCM1-
600 reporter plasmid. The p(GBS),E1bLuc reporter plasmid, which con-
tains four copies of the GBS derived from the syncytin-1 gene, was de-
scribed previously (22).

Cell culture, transfection, and lentivirus transduction. HepG2,
293T, BeWo, and JAR cells were obtained from the American Type Cul-
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ture Collection (Manassas, VA). BeWo31 cells were described previously
(25). HepG2, 293T, and JAR cells were maintained at 37°C in minimal
essential alpha medium with 10% fetal bovine serum (FBS), 100 pg/ml
streptomycin, and 100 U/ml penicillin. BeWo and BeWo31 cells were
maintained at 37°C in F-12K medium supplemented with 15% FBS and
the above-mentioned antibiotics. For transient expression, cells were
transfected with expression plasmids by using the Lipofectamine 2000
reagent (Invitrogen). For luciferase reporter assays, cells were har-
vested and analyzed with a commercial kit (Promega). Specific lucif-
erase activities were normalized by the protein concentration, which
was measured by using a bicinchoninic acid (BCA) protein assay kit
(Pierce, Rockford, IL).

Placental villous tissues were obtained from early or term placentas of
healthy women undergoing elective dilatation and curettage or scheduled
cesarean section with informed consent according to the study protocol
(CT-100058) approved by the Institutional Review Board of Cathay Gen-
eral Hospital of Taiwan. The placental tissues were either freshly fixed for
immunohistochemistry or subjected to explant culture in Iscove’s modi-
fied Dulbecco’s medium with 20% FBS, 2 mM L-glutamine, 100 pg/ml
streptomycin, 100 U/ml penicillin, and 0.25 pg/ml amphotericin B. Pri-
mary cytotrophoblast cells isolated from elective termination of midtri-
mester (21 weeks of gestation) uncomplicated pregnancies were pur-
chased from ScienCell Research Laboratories (Carlsbad, CA) and cultured
according to the supplier’s instructions.

For stable gene knockdown, BeWo or JAR cells were infected with
lentiviruses harboring lentiviral pLKO.1 short hairpin RNA (shRNA) ex-
pression plasmids (provided by the National RNAi Core Facility of Tai-
wan) containing a scramble sequence (5'-CCTAAGGTTAAGTCGCCCT
CG-3") or target sequences for GCM1 (5'-CCTCAGCAGAACTCACTA
AAT-3"), TFAP2A (5'-GCTGAATTTCTCAACCGACAA-3"), TFAP2C
(5'-CCTCAGCTCTACGTCTAAATA-3"), LH/CGR (5'-CCACTCTCTC
ACAAGTCTATA-3"),and hCGB (5'-CCGTGGCTCTCAGCTGTCAAT-
3'). Infected cells were subjected to antibiotic selection using 1 pg/ml of
puromycin; puromycin-resistant clones were pooled for studies. Rescue
of hCGP expression in GCM1 knockdown BeWo cells was conducted
with a recombinant lentivirus harboring a pCDH (SBI, Mountain View,
CA) expression cassette for RNA interference (RNAi)-resistant HA-
GCML1 (33).

ChIP-chip analysis. Chromatin immunoprecipitation-on-chip
(ChIP-chip) analysis in HA-GCM1-expressing BeWo31 cells was per-
formed as described previously (20). In brief, cells were treated with or
without 50 uM FSK for 24 h before being subjected to assays using normal
mouse IgG or HA antibody (Ab). The immunopurified genomic frag-
ments were amplified by ligation-mediated PCR, and the resulting ampli-
cons were fragmented and labeled for hybridization with human pro-
moter 1.0R array chips (Affymetrix), followed by data analysis using the
Partek software package (Partek, St. Louis, MO). Furthermore, RefSeq
mapping data were collected from the UCSC Genome Browser’s RefFlat
table, and the closest RefSeq 5" end for each ChIP region was identified.

Immunohistochemistry. For cellular localization of GCM1, TFAP2C,
and hCGp in vivo, early and term human placental biopsy specimens were
fixed in 4% paraformaldehyde, dehydrated, embedded in paraffin, and
sectioned at 5 wm. The sections were deparaffinized, rehydrated, and
subjected to immunostaining by incubation with normal rabbit/mouse
serum, rabbit anti-hCGR Ab (Dako, Glostrup, Denmark), mouse anti-
TFAP2C Ab (Santa Cruz Biotechnology, Santa Cruz, CA), and rabbit
anti-GCM1 Ab, respectively. The sections were then incubated sequen-
tially with biotinylated secondary Ab and horseradish peroxidase (HRP)-
conjugated streptavidin (Jackson ImmunoResearch, West Grove, PA).
Antigenic detection was performed by using an SK-4100 3,3’-diamino-
benzidine (DAB) peroxidase substrate kit (Vector Laboratories, Burlin-
game, CA), and the sections were further counterstained with hema-
toxylin.

Regulation of hCG[} expression. Placental explants were incubated
with a small interfering RNA (siRNA) duplex targeting GCM1 (5'-UUC
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AGAAUCAAAGUCGUCAGGUUCC-3" and 5'-GGAACCUGACGACU
UUGAUUCUGAA-3’) or Silencer Select negative-control siRNA1 (Invit-
rogen) and then subjected to immunoblotting with hCGB, GCM1, and
cytokeratin 7 (CK7; Millipore, Billerica, MA) Abs or quantitative real-
time PCR (qRT-PCR) analyses of GCM1 and hCG transcripts. BeWo
cells were treated with or without 50 uM FSK for different periods of time
to compare the effects of cAMP on hCGB, GCM1, and TFAP2 gene ex-
pression. BeWo cells were also treated with FSK with or without 20 uM
H89 for 24 h to assess the effect of H89 on FSK-stimulated GCM1 and
hCGR gene expression. BeWo cells stably expressing scramble, GCM1,
TFAP2A, and TFAP2C shRNAs were generated and treated with or with-
out FSK, followed by immunoblot analysis of the hCGR protein level.
Densitometric analysis of immunoblot band intensities was performed by
using the Image] program (http://imagej.nih.gov/ij/).

On the other hand, TFAP2C knockdown or GCM 1 knockdown BeWo
cells were transduced with lentiviruses harboring the pPCDH-HA-GCM1
or pCDH-TFAP2C-FLAG expression cassette in the presence of FSK to
examine whether GCM1 or TFAP2C complements the shortage of hCGR
expression due to TFAP2C or GCM1 knockdown. Regulation of GCM1
promoter activity by TEAP2C was studied in HepG2 cells transfected with
pTFAP2C-FLAG and the pEIbLUCGCM1-600 reporter plasmid. Regula-
tion of hCGB promoter activity by GCM1 or TFAP2C was studied by
using HepG2 cells transfected with pGL4hCG@ or its mutant (M1 to M3)
reporter plasmid plus different combinations of pHA-GCM1, pTFAP2C-
FLAG, and pCBP-HA in the presence or absence of FSK.

Because of low endogenous GCM1 activity, JAR cells were used for
gain-of-function experiments for GCM1-mediated hCGB gene ex-
pression. JAR cells were transfected with the indicated amounts of
pHA-GCMLI in the presence or absence of 20 wM H89, followed by
immunoblotting and qRT-PCR analyses of hCG[ protein and tran-
script levels. JAR cells stably expressing HA-GCM1 or GCM1 shRNA
were also generated with lentiviruses harboring the pPCDH-HA-GCM1
or pLKO.1-GCM1 expression cassette and subjected to immunoblot-
ting with hCGB Ab.

EMSA and ChIP analysis. The direct interaction between GBS1 and
GCM1 or TFAP2C was studied by an electrophoretic mobility shift assay
(EMSA). In brief, recombinant GCM1-FLAG and TFAP2C-FLAG pro-
teins were purified from 293T cells transfected with pGCM1-FLAG and
pTFAP2C-FLAG, respectively. A radiolabeled oligonucleotide probe har-
boring GBS1 (5'-GCACCTCCTGCGGGCCTATT-3") was incubated
with GCM1-FLAG or TFAP2C-FLAG alone or TFAP2C plus increasing
amounts of GCM1-FLAG. In a separate experiment, nuclear fractions of
BeWo cells treated with or without FSK were prepared and used for
EMSAs in the presence of GCM1 or TFAP2C Ab. The assay conditions
were described previously (17), and the reaction mixtures were analyzed
by electrophoresis on 5% nondenaturing polyacrylamide gels. The band
intensities were quantified by using the ImageJ program.

Associations of GCM1 or TFAP2C with the syncytin-1 and hCGf
promoters in BeWo or BeWo31 cells were measured by ChIP analysis with
HA, GCM1, and TFAP2C Abs. The primer sequences used for ChIP anal-
ysis of GBS1 in the hCGp gene are 5'-GCGGGGAAGGGACTAAG-3" and
5'-CCAACGAGGGATTCAGC-3’, and those used for ChIP analysis of
the proximal GBS in the syncytin-1 gene are 5'-CTCTCTGGAGAGTGA
ATTACTGAGTC-3" and 5'-CCTGTCTCTCAGTTGCAAGATAAT
TGC-3'.

Immunofluorescence. For colocalization of hCGB and GCM1, JAR
cells were transfected with the pHA-GCM1 expression plasmid. At 48 h
posttransfection, cells were fixed, sequentially stained with mouse anti-
hCGp Ab (Santa Cruz Biotechnology) and Cy2-labeled anti-mouse IgG
(Jackson ImmunoResearch), and then stained with tetramethylrhod-
amine isothiocyanate (TRITC)-labeled anti-HA Ab (Sigma, St. Louis,
MO). Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI).
Immunofluorescence was examined under a Leica TCS SP5 confocal mi-
croscope (Leica, Wetzlar, Germany).
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Immunoassays of cAMP and hCGf3. Because commercial hCG prep-
arations from urine of pregnant women may be contaminated with a
growth factor(s) such as epidermal growth factor (EGF) (34), three dif-
ferent commercial hCG proteins, no. 1 (catalogue number GWB-791987;
GenWay, San Diego, CA), no. 2 (catalogue number GC10; Sigma), and
no. 3 (catalogue number C0434; Sigma), were screened for tyrosine phos-
phorylation of EGF receptor (EGFR) in 293T cells, and no EGFR activa-
tion was detected (data not shown). Unless otherwise indicated, the no. 1
commercial hCG protein was used for the most part in this study. The
levels of intracellular cAMP induced by hCG were measured by using a
cAMP direct immunoassay kit (BioVision, Mountain View, CA) accord-
ing to the manufacturer’s instructions. For quantitation of secretory
hCGB, the culture media were collected and secretory hCBf was mea-
sured with an Access Total hCG3 assay kit (Beckman Coulter, Miami, FL).

GCM1 phosphorylation and acetylation. To study the effect of hCG
on GCM1 modification, 293T cells were transfected with pPGCM1-FLAG
and pHA-LH/CGR for 24 h, followed by treatment with the above-de-
scribed commercial hCG proteins at 50 or 100 IU/ml. After 24 h, cells were
harvested for measurement of cAMP levels or subjected to coimmuno-
precipitation with a phosphor-specific Ab to Ser269 and Ser275 (p-
Ser269275-GCM1) and FLAG AD. In a separate experiment, cells were
subjected to coimmunoprecipitation with anti-acetylated lysine (Ac-K)
Ab (Cell Signaling, Beverly, MA) and FLAG Ab for analysis of GCM1
acetylation. The effect of hCG on GCM1 phosphorylation and acetylation
was also investigated by using BeWo31 cells and primary cytotrophoblast
cells. In brief, cells were treated with the indicated concentrations of hCG,
followed by coimmunoprecipitation with different combinations of
p-Ser269275-GCM1, Ac-K, HA, and GCM1 Abs. The p-Ser269275-
GCMI AD raised in guinea pigs was described previously (23). In a sepa-
rate experiment, BeWo31 cells were transfected with p(GBS),E1bLuc in
the presence or absence of hCG to study the effect of hCG on GCM1
transcriptional activity.

Regulation of GCM1 target gene expression by hCG. The regulation
of GCM1 and expression of its target genes by hCG signaling was investi-
gated by different approaches. First, JAR cells expressing scramble or LH/
CGR shRNA were transfected with the empty vector pEF1 or pHA-GCM1
for 48 h, followed by immunoblotting with hCG, HA, GCM1, and LH/
CGR Abs. Second, BeWo cells treated with 4 pug/ml normal IgG or LH/
CGR Ab for 72 h and BeWo cells stably expressing hCG shRNA were
subjected to immunoblotting with GCM1, hCG, syncytin-1, and HtrA4
Abs. Third, BeWo cells were mock treated or treated with 100 IU/ml hCG
or hCG plus 5 uM H89 for 4 or 7 days, followed by immunoblotting and
qRT-PCR analyses of GCM1 and the indicated GCM1 target genes. The
LH/CGR Ab was raised in rabbits against a synthetic oligopeptide corre-
sponding to amino acids 127 to 143 (LifeSpan Biosciences, Seattle, WA).

qRT-PCR. Cells were lysed by using a RealTime Ready cell lysis kit
(Roche Applied Science, Indianapolis, IN) and reverse transcribed, fol-
lowed by analysis of the indicated transcripts with LightCycler 480 real-
time PCR instrument II (Roche Applied Science). The sequences of the
primer sets for PCR analysis are as follows: 5'-CTGACAAGGCTTTTTT
CTTCACA-3" and 5'-CCAGACGGGACAGGTTT-3" for endogenous
GCM1, 5'-CCTCTCATCCTCATCAGCAAT-3" and 5'-TCGTCGTCCT
TGTAATCTGGT-3' for HA-GCM1, 5-CTGAGTCTCTGAGGTCACT
T-3" and 5'-TGATAGGATGCTGGGGT-3' for hCGp, 5'-CATTCCGCT
CCTGATGT-3" and 5'-AGTGGACTCTGAGGTGAC-3' for hCGa, 5'-G
TTGGACAAGATTGGGTTGA-3" and 5'-TTACACAGTTGCTGGGC-3'
for TEAP2C, 5'-GAAGGCCCTTCATAACCAATGA-3" and 5'-GATATT
TGGCTAAGGAGGTGATGTC-3' for syncytin-1, 5'-GTCAGCACCAAA
CAGCG-3" and 5'-GGAGATTCCATCAGTCACCC-3" for HtrA4, and
5'-AACTCCATCATGAAGTGTGACG-3" and 5'-GATCCACATCTGCT
GGAAGG-3' for B-actin.

Cell-cell fusion assay. Stimulation of cell-cell fusion by hCG was ex-
amined in scramble or GCM1 shRNA-expressing BeWo cells treated with
or without 100 IU/ml hCG for 96 h, followed by immunofluorescence
staining with E-cadherin Ab (BD Biosciences, San Jose, CA) and Alexa
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FIG 1 hCGB isatarget gene of GCM1. BeWo31 cells stably expressing HA-GCM1 were treated with 50 wM FSK for 24 h and then subjected to ChIP-chip analysis
using anti-HA Ab (positive) or normal mouse IgG (control). The immunopurified genomic fragments were amplified and labeled for hybridization to chips of
the human promoter 1.0R array. Note that significant hybridization signals were detected in the proximal promoter region of all six paralogues of the hCG[3 gene
cluster but not flanking genes such as KCNA7, NTF4, and LHB. The orientations of hCG@ paralogues are marked by arrowheads.

Fluor 546-conjugated goat anti-mouse IgG (Invitrogen) and nuclear
staining with DAPI. Images were captured by using a confocal microscope
as described above. Three microscopic fields per sample were randomly
selected for examination in each of three independent experiments.
Quantification of cell fusion was calculated as a fusion index of (N — S)/T,
where N is the number of nuclei in the syncytia, S is the number of syn-
cytia, and T is the total number of nuclei counted.

Statistical analysis. Statistical analysis of the data was performed by
using Student’s ¢ test or analysis of multiple variance (ANOVA) with a
Bonferroni post hoc test (see Fig. 4B and D and 5C and D). We also used
the Spearman rank correlation for testing trends in the data shown in Fig.
7C. A Pvalue of <0.05 was considered statistically significant. A P value of
>0.05 was considered to be of no statistical significance.

RESULTS

Expression of GCM1 and hCGp in placenta. Human GCM1 is a
novel placental transcription factor, and its target genes are very
likely responsible for the unique phenotypes in placenta. The tro-
phoblast-like BeWo cell line has been widely used as an in vitro
model for human trophoblasts. Accordingly, we performed ChIP-
chip experiments with FSK-treated BeWo31 cells, which are
BeWo cells stably expressing HA-tagged GCM1, and identified
hCGp as a candidate GCM1 target gene. As shown in Fig. 1, spe-
cific hybridization signals were detected in all members of the
hCGR gene cluster but not in flanking genes such as KCNA7 (po-
tassium voltage-gated channel), NTF4 (neurotrophin 4), and
LHB (luteinizing hormone 3 subunit). Given that the intensity of
hybridization signals and the gene orientation are different among
hCGp paralogues, HA-GCM!1 binding was localized to a similar
position in the proximal promoter regions of all hCGR paral-
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ogues, including the two pseudogenes hCGB1 and -2 (CGBI1 and
-21in Fig. 1). This observation is most likely due to a high degree of
sequence homology in the proximal promoter regions of all hLCGf3
paralogues. To support the ChIP-chip observations, we further
conducted ChIP analyses using normal rabbit IgG or GCM1 Ab in
BeWo cells treated with FSK. The genomic fragments immunopu-
rified by GCM1 Ab were subjected to TA cloning for sequencing.
Indeed, we detected an association of GCM1 with all members of
the hCGR gene cluster (see Fig. S1 in the supplemental material).

Because cAMP signaling is crucial for the activation of hCGR
expression, we tested whether GCM1 is involved in cAMP-in-
duced hCG gene expression. BeWo cells stably expressing scram-
ble or GCM1 shRNA were mock treated or treated with FSK, fol-
lowed by immunoblotting and qRT-PCR analyses of hCGf
protein and transcript levels. The hCGB protein levels in both
culture medium and whole-cell lysates were upregulated by FSK
in scramble control BeWo cells (Fig. 24, left). Correspondingly,
FSK treatment also increased the hCGf transcript level in scram-
ble control BeWo cells (Fig. 2A, right). In contrast, the stimulatory
effect of FSK on hCGp expression was significantly compromised
in GCM1 knockdown BeWo cells at both the protein and tran-
script levels (Fig. 2A). Moreover, treatment of term placental vil-
lous explants with GCM1 siRNA also decreased hCGp expression
(Fig. 2B). We further transduced GCM1 knockdown BeWo cells
with RNAi-resistant HA-GCM1-expressing lentiviruses and were
able to reinstate the stimulation of hCGp expression by FSK (Fig.
2C). Finally, immunohistochemistry indicated that both GCM1
and hCG are highly expressed in the syncytiotrophoblast layer of
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0.05; **, P < 0.01.

placentas at 8 weeks of gestation and full term (Fig. 2D). Taken
together, these results suggested that GCM1 is required for the
regulation of hCGp expression by cAMP in placenta.

GCM1 and TFAP2C are required for cAMP-stimulated
hCGP expression. We then compared the functional roles of
TFAP2A, TFAP2C, and GCM1 in the regulation of hCG expres-
sion. We reasoned that the expression level of a transcription fac-
tor might be correlated with that of hCG@ should the factor be
involved in the induction of hCGp expression by cAMP stimula-
tion. As shown in Fig. 3A, immunoblotting of BeWo cells treated
with FSK for different periods of time revealed that hCGR upregu-
lation is correlated with GCM1 but not with either TFAP2A or
TFAP2C. Notably, elevated GCM1 protein and transcript levels
were detected 4 h after FSK treatment, which occurred prior to the
rise of hCGp protein levels (i.e., 8 h after FSK treatment) (Fig. 3A,
left and middle). The upregulation of GCM1 and hCGf protein
and transcript levels by FSK treatment lasted for 24 h, the longest
treatment time in the present study (Fig. 3A, left and middle). Of
note, the PKA inhibitor H89 was able to suppress FSK-stimulated
GCM1 and hCGp expression (Fig. 3A, right).

As a complementary approach, loss-of-function experiments
were conducted in BeWo cells stably expressing TFAP2A,
TFAP2C, or GCM1 shRNA to compare its role in regulation of
hCG expression in response to cAMP stimulation. As expected,
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GCM1 knockdown impeded FSK-upregulated hCGR expression
(Fig. 3B). Interestingly, knockdown of TFAP2C but not of
TFAP2A also diminished the stimulation of GCM1 and hCGf
expression by FSK (Fig. 3B). The diminishment of GCM1 expres-
sion by TFAP2C knockdown was further confirmed at the tran-
scriptional level by qRT-PCR analysis (Fig. 3C). We transduced
TFAP2C knockdown BeWo cells with HA-GCM 1 -expressing len-
tiviruses and were able to restore FSK-upregulated hCGf expres-
sion (Fig. 3D, left). Moreover, transduction of GCM1 knockdown
BeWo cells with TFAP2C-FLAG-expressing lentiviruses failed to
reverse hCG[ expression in the presence of FSK (Fig. 3D, right).
These observations suggested that GCM 1 might be downstream of
TFAP2C in the control of hCG expression. To test this hypoth-
esis, we further tested whether TFAP2C regulates GCM1 pro-
moter activity by transient-expression assays. HepG2 cells, which
lack endogenous TFAP2C activity (27, 35), were transfected with
pTFAP2C-FLAG and pEIbLUCGCM1-600. As shown in Fig. 3E
(left), the luciferase activity directed by the 0.6-kb promoter re-
gion of the GCM1 gene in pE1bLUCGCM1-600 was stimulated by
TFAP2C-FLAG. A functional TEAP2C site (nucleotides —361 to
—351 relative to the transcriptional start site) was identified in the
GCM1 promoter, as the deletion of this site significantly reduced
TFAP2C-driven transactivation (Fig. 3E, right). In addition, the
expression pattern of TFAP2C was similar to that of GCM1 in
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trophoblasts of first-trimester and full-term placentas by immu-
nohistochemistry (Fig. 2D). Collectively, these results suggested
that TFAP2C is upstream of GCM1 and may indirectly modulate
hCGR gene expression through GCML.

Regulation of hCGf3 gene expression by GCM1. We then
studied how GCM1 regulates hCG at the transcriptional level.
To this end, we examined whether GCM1 regulates hCG pro-
moter activity in HepG2 cells, which do not express endogenous
GCM1 either. Our previous studies indicated that cAMP signaling
stimulates GCM1 activity by enhancing the interaction between
GCM1 and the transcriptional coactivator CBP (22). Therefore,
HepG2 cells were transfected with pGL4hCGf, pHA-GCM1, and
pCBP-HA in the presence or absence of FSK. While the luciferase
activity directed by pGL4hCG was marginally affected by GCM1
or CBP alone or both GCM1 and CBP in the absence of FSK, it was
significantly stimulated by both GCM1 and CBP in the presence of
FSK (Fig. 4A). As a control, we failed to detect any significant
effect of both TFAP2C and CBP on hCG promoter activity under
FSK treatment (Fig. 4B). We inspected the hCGP genomic se-
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quence and identified three potential GCM1-binding sites (GBS1
to -3) in its promoter region from nucleotides —1674 to +103
upstream of the transcription start site (Fig. 4C). Each of the three
potential GBSs was individually mutated in the pGL4hCGp re-
porter plasmid to generate the M1, M2, and M3 reporter con-
structs (Fig. 4C). By transient-expression assays, we observed that
GBS1 mutation dramatically diminishes the synergistic effect of
GCM1 and CBP on hCGp promoter activity under FSK treatment
(Fig. 4D). These results suggest that GCM1 and CBP are very likely
to upregulate hCG[ expression via GBS1 in response to cAMP
stimulation.

The above-mentioned GBS1 element (CTGCGGGC) is a
GCM1-responsive element crucial for hCG@ activation; it also
overlaps a previously reported TEAP2-binding site (AP2 [CCTG
CGGGC]) (27-30). To characterize the potential interplay be-
tween GCM1 and TFAP2C at GBS1, an EMSA was performed by
using recombinant GCM1-FLAG and TFAP2C-FLAG and an oli-
gonucleotide probe harboring the GBS1 and AP2 sequences. As
shown in Fig. 5A, both GCM1 and TFAP2C were able to bind the
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(compared with M1).

GBS1 probe. Interestingly, under a constant amount of TEAP2C,
the formation of the TFAP2C-GBS1 complex was decreased by
increasing amounts of GCM1 with a concomitant increase in
GCM1-GBS1 complex formation (a 2-fold increase, as deter-
mined by densitometry) (Fig. 5A). We also conducted EMSAs
using nuclear extracts from mock- and FSK-treated BeWo cells.
As expected, the amount of nuclear GCM1 but not TFAP2C was
stimulated by FSK treatment (Fig. 5B, left, lanes 3 and 6). Corre-
spondingly, the formation of the GCM1-GBS1 complex was in-
creased 2-fold with nuclear extracts of FSK-treated BeWo cells
(Fig. 5B, right). The associations between GCM1 and the hCGf
promoter were further compared in mock- and FSK-treated
BeWo31 cells by ChIP analysis. Using the syncytin-1 promoter as
a positive control, we observed that FSK treatment stimulates the
occupancy of GBS1 in the hCGR promoter and the proximal GBS
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in the syncytin-1 promoter by HA-GCM1 (Fig. 5C). We further
compared the efficiencies of binding of GCM1 and TFAP2C to the
hCGp and syncytin-1 promoters in BeWo cells treated with or
without FSK. Indeed, FSK treatment enhanced the association
between the hCGB promoter and GCM1 but not TFAP2C (Fig.
5D, left). As expected, the association between the syncytin-1 pro-
moter and GCM1 was also enhanced by FSK (Fig. 5D, right).
Therefore, given that GBS1 is a composite GBS/AP2 site, cAMP
enhances GCM1 binding to the hCGB promoter to upregulate
hCGP gene expression.

Regulation of GCM1 activity by hCG signaling. The regula-
tion of hCG expression by GCM1 was further investigated by
gain-of-function experiments in trophoblast-like JAR cells, which
exhibit lower endogenous GCM1 activity. Increasing amounts of
pHA-GCM1 were transfected into JAR cells, and a positive corre-
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lation between HA-GCM1 and hCG@ expression was observed in
a dose-dependent manner (Fig. 6A, left). Unexpectedly, the level
of endogenous GCM1 protein (Fig. 6A, left, bottom band) was
also elevated in HA-GCM1-expressing JAR cells in a dose-depen-
dent manner, given that its transcript level was not significantly
altered (Fig. 6C). This lower band was unlikely derived from in-
ternal translation or N-terminal truncation of HA-GCM1, as it
was not detected in HepG2 cells expressing HA-GCM1 (Fig. 6A,
right). The positive effect of HA-GCM1 on hCGf and endoge-
nous GCM1 expression was further blocked by H89 (Fig. 6A, mid-
dle). Moreover, immunofluorescence microscopy showed that
hCGP expression was upregulated in JAR cells expressing HA-
GCM1 (Fig. 6B), and qRT-PCR revealed correlated expression of
HA-GCM1 and hCGB mRNA (Fig. 6C). Stable HA-GCM1-ex-
pressing and GCM1 knockdown JAR cells were generated, respec-
tively. By immunoblotting or enzyme-linked immunosorbent as-
says (ELISAs), we confirmed that the level of hCGp secretion was
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increased by HA-GCM1 overexpression and decreased by GCM1
knockdown in JAR cells (Fig. 6D, right). In line with data from the
transient-expression experiments, the endogenous GCM1 protein
level was increased in HA-GCM1-expressing JAR cells (Fig. 6D,
left).

We speculated that the induction of hCGp expression by HA-
GCMLI results in elevated hCG production, which may impose a
paracrine and/or autocrine effect on the endogenous GCM1 pro-
tein level. To study whether hCG regulates GCM1 expression and
activity, we first tested whether GCM1 modification is regulated
by hCG signaling. To this end, 293T cells were transfected with
pGCM1-FLAG and pHA-LH/CGR, followed by treatment with or
without hCG. As expected, the intracellular cAMP level was in-
duced by hCG in pHA-LH/CGR-transfected but not mock-trans-
fected 293T cells (Fig. 7A, left). Our previous studies indicated
that cAMP activates PKA to phosphorylate GCM1 at Ser269 and
Ser275 (23). Indeed, enhanced Ser269 and Ser275 phosphoryla-
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tion in GCM1-FLAG was detected in 293T cells coexpressing
GCM1-FLAG and HA-LH/CGR that were treated with three dif-
ferent commercial hCG preparations (Fig. 7A, right). Phosphor-
ylation of the Ser269 and Ser275 residues promotes GCM1 acety-
lation and stabilization by CBP (23). Correspondingly, the
acetylation of GCM1-FLAG was also stimulated by hCG in 293T
cells coexpressing GCM1-FLAG and HA-LH/CGR (Fig. 7A,
right). We further demonstrated that hCG treatment stimulates
HA-GCM1 phosphorylation and acetylation in BeWo31 cells (Fig.
7B). Moreover, the transcriptional activity of GCM1 on the
p(GBS),E1bLuc reporter plasmid was stimulated by hCG, which
was counteracted by the PKA inhibitor H89 (Fig. 7C). Finally, we
demonstrated that hCG facilitates Ser269 and Ser275 phosphory-
lation of GCM1 in primary trophoblast cells prepared from hu-
man placentas (Fig. 7D). Our results support that GCM1 activity
is upregulated by hCG through GCM1 phosphorylation and acet-
ylation.

Regulation of GCM1 target gene expression and placental
cell differentiation by hCG. We then investigated the role of hCG
signaling in the control of GCM1 and GCM1 target gene expres-
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sion. Stable LH/CGR knockdown JAR cells were transfected with
or without pHA-GCML1, followed by immunoblot analysis with
GCM1 Ab. While HA-GCM1 expression in scramble control JAR
cells increased the endogenous GCM1 protein level, this positive
effect was compromised in LH/CGR knockdown cells (Fig. 8A).
Correspondingly, hCGB expression was decreased and barely
stimulated by HA-GCM1 in LH/CGR knockdown cells (Fig. 8A).
We further tested the effects of the hCG-LH/CGR signaling path-
way on GCML1 target gene expression in BeWo cells. Knockdown
of hCGp decreased the levels of the GCM1 protein and its target
genes, including HtrA4 and syncytin-1, in BeWo cells (Fig. 8B,
left). Likewise, the protein levels of GCM1, hCGB, HtrA4, and
syncytin-1 were decreased in BeWo cells treated with Ab against
the external N-terminal domain of LH/CGR (Fig. 8B, right). Fur-
thermore, the protein and transcript levels of GCM1 and its target
genes were measured in BeWo cells under hCG treatment for 4 or
7 days. As shown in Fig. 8C, the protein and transcript levels of
GCM1, hCGR, HtrA4, and syncytin-1 were upregulated by hCG.
The PKA inhibitor H89 counteracted the hCG-induced upregula-
tion of GCM1 and hCG proteins (Fig. 8D, left). Interestingly,
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by immunoblotting with p-Ser269275-GCM1 Ab.

H89 treatment significantly decreased the levels of hCGa, hCGB,
syncytin-1, and HtrA4 transcripts but not GCM1 transcripts in
BeWo cells treated with hCG for 4 days (Fig. 8D, right). Therefore,
H89 might block PKA-mediated phosphorylation and stabiliza-
tion of GCML1.

Consequently, we tested whether the hCG-GCM1 axis regu-
lates trophoblastic differentiation in terms of BeWo cell fusion. As
shown in Fig. 8E, immunofluorescence staining of cell surface
E-cadherin for distinguishing syncytia from unfused mononu-
cleated cells revealed that hCG significantly stimulated cell-cell
fusion in scramble shRNA-expressing BeWo cells (fusion index of
14.6% for treated cells versus 4.3% for untreated cells). In con-
trast, cell fusion events were not affected by hCG in GCM1 knock-
down BeWo cells (Fig. 8E). Taken together, the hCG-LH/CGR

206 mch.asm.org

Molecular and Cellular Biology

signaling pathway is required for autoregulation of GCM1 and
hCG in placental cell differentiation.

DISCUSSION

The hCGp subunit distinguishes hCG from the other glycoprotein
hormones and is encoded by a gene cluster specifically expressed
in placental trophoblasts. Notably, rising hCG levels are correlated
with the rapid proliferation and differentiation of syncytiotropho-
blasts in the early gestation stage. As hCG is essential for the main-
tenance of pregnancy, elucidation of the regulatory mechanism of
hCG expression in placenta is of crucial clinical importance. It has
long been known that cAMP signaling induces placental syncy-
tiotrophoblast differentiation and hCG expression. Previous stud-
ies indicated that AP2-binding sites in the promoters of the hCGa
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and hCGp genes are involved in the regulation of their expression
under cAMP stimulation (27, 29). Interestingly, some of these
AP2-binding sites have also been reported to be trophoblast-spe-
cific elements (TSEs). Steger et al. (36) reported a 56-kDa protein

in JEG-3 placental cells that binds TSEs in both the hCGa and
hCGp genes, and later on, the same group further identified
TFAP2C as the 56-kDa nuclear protein by affinity chromatogra-
phy with the hCGa TSE (29). On the other hand, Knofler et al.
(28) reported that TFAP2A is involved in the regulation of hCGf3
promoter activity. Given that TFAP2A and TFAP2C are abundant
in placental cells, evidence supporting a stimulating effect of
cAMP on TFAP2A or TFAP2C expression at the protein and tran-
script levels is scant or incoherent. In addition, the fact that
TFAP2A and TFAP2C are ubiquitously expressed in human tis-
sues further complicates the issue of how hCGR gene expression is
specifically regulated in placenta.

We revisited this issue and reasoned that the mechanism un-
derlying hCG3 gene expression and trophoblastic differentiation
should comply with the following aspects: first, the transcription
factor specifically drives hCG gene expression in placenta; sec-
ond, the activity of the transcription factor is stimulated by cAMP;
and third, target genes of the transcription factor are associated
with placental cell differentiation.

In the present study, we provided multiple lines of evidence
showing that GCML is responsible for cAMP-stimulated hCGB
gene expression in placenta. We demonstrated that cAMP induces
temporal changes in hCGp expression that are coordinated with
GCM1, but not TFAP2A or TFAP2C, expression. This notion is
substantiated by loss-of-function (i.e., RNA interference) experi-
ments showing that GCM1 knockdown impairs the stimulation of
hCGR expression by cAMP and by ChIP-chip experiments show-
ing that GCM1 recognizes a highly conserved promoter region in
all hCGp paralogues. We further attributed a key GCM1-respon-
sive element, GBS1, in the proximal promoters of all hCGf3 par-
alogues for GCM1-mediated hCGB promoter activation in re-
sponse to cAMP stimulation. Indeed, GBS1 harbors an AP2 site
and was also previously defined as the hCGB TSE. Given that
TFAP2C may compete with GCM1 for binding to GBS1 (or the
TSE), we demonstrated that the efficiency of binding of GCM1 to
GBS1 is enhanced under cAMP stimulation in EMSAs and ChIP
analyses (Fig. 5B to D). This notion can be attributed to the fact
that GCM1 expression and stability are upregulated by the cAMP-
PKA signaling pathway. Because GCM1 is specifically expressed in
trophoblasts, we believe that GCM1, but not TEAP2C or TFAP2A,
is the bona fide placental factor collaborating with CBP to modu-
late hCGR gene expression under cAMP stimulation.

Unexpectedly, the stimulation of GCM1 and hCGp expression
by cAMP in BeWo placental cells was impeded when TFAP2C was
knocked down. Because GCM1 overexpression counteracts the
observed negative effect of TFAP2C knockdown and TFAP2C reg-
ulates GCM1 promoter activity, it is very likely that TFAP2C
maintains the basal expression level of GCM1 in placenta and
thereby indirectly regulates hCGB gene expression through
GCM1. Gene-targeting studies have reported that TFAP2C may
be located upstream of Cdx2 and Eomes and is essential for the
development of extraembryonic tissues (37-39). Therefore,
TFAP2C may regulate placental development via genetic pro-
grams executed by key placental transcription factors, including
GCM1, Cdx2, and Eomes. TFAP2A has also been implicated in the
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regulation of hCGB gene expression. The facts that TFAP2A
knockdown fails to affect cAMP-induced hCGp expression in the
present study and that TFAP2A knockout mice exhibit defective
phenotypes irrelevant to placental development (40) indicate that
TFAP2 is unlikely to modulate hCGf3 gene expression in tropho-
blasts.

This study also demonstrated that hCG signaling may enhance
GCMLI stability and activity by promoting GCM1 phosphoryla-
tion and acetylation. Specifically, gain-of-function experiments
revealed that hCGf transcript and protein expression levels are
elevated in JAR cells expressing exogenous HA-GCM1. Interest-
ingly, the endogenous GCM1 protein level was also increased in
HA-GCM1-expressing JAR cells, given that the endogenous
GCML1 transcript level was not changed. We speculated that HA-
GCM1 expression imposes a posttranslational effect on endoge-
nous GCM1 expression through the hCG signaling pathway be-
cause the observed positive effect of HA-GCM1 is impaired by
LH/CGR knockdown. Moreover, hCGR knockdown or treatment
with LH/CGR Ab in BeWo cells decreases the expression of GCM1
and its target genes, further supporting that hCG regulates GCM1
activity. Indeed, this notion was corroborated by evidence that the
activation of LH/CGR by hCG elevates intracellular cAMP levels
to stimulate PKA-mediated Ser269 and Ser275 phosphorylation
of GCM1 in BeWo31 cells, primary trophoblast cells, and 293T
cells coexpressing LH/CGR and GCM1. Phosphorylation of
Ser269 and Ser275 enhances the interaction of GCM1 and CBP to
promote GCM1 acetylation and stabilization and transactivation
of GCM1 target genes (Fig. 8F).

The rapid proliferation and differentiation of trophoblastic
villi coincide with rising hCG levels during the first trimester of
gestation. In this scenario, hCG activates the cAMP-PKA signaling
pathway via its G-protein-coupled transmembrane receptor LH/
CGR to upregulate GCM1 expression and activity in placental
trophoblasts. On the other hand, hCG also stimulates hCGa gene
expression (Fig. 8C). Together with the transactivation of the
hCGp gene by GCM1, more hCG is produced and released to
further stimulate the expression of GCM1 and its target genes.
Consequently, the level of the syncytin-1 fusogenic protein is ele-
vated to mediate trophoblast fusion to meet physiological require-
ments in the early stage of placental development (Fig. 8F). There-
fore, our study reveals a positive feedback loop between GCM1
and hCG that regulates placental development and functions.
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