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Cyclic AMP (cAMP) signaling and the placental transcription factor glial cell missing 1 (GCM1) regulate
expression of syncytin-1 and -2 fusogenic proteins, which are critical for syncytiotrophoblast formation by
trophoblast fusion. We recently revealed a cAMP/protein kinase A (PKA)/CBP signaling pathway that activates
GCM1 by coordinating GCM1 phosphorylation and acetylation. In contrast, GCM1 activity is downregulated
by sumoylation of Lys156. How GCM1 sumoylation is regulated was unknown. Here, we identify a novel
PKA-independent cAMP signaling pathway as the critical regulator of GCM1 sumoylation. We show that
Epacl and Rapl, in response to cAMP, activate CaMKI to phosphorylate Ser47 in GCM1. This phosphory-
lation facilitates the interaction between GCM1 and the desumoylating enzyme SENP1 and thereby leads to
GCM1 desumoylation and activation. Using RNA interference (RNAi), we further demonstrate that 8-(4-
chlorophenylthio)-2’-O-Me-cAMP-AM (8-CPT-AM), an Epac activator, stimulates syncytin-1 and -2 gene
expression and cell fusion of placental BeWo cells in a GCM1-dependent manner. Importantly, the cell fusion
defect in GCM1-knockdown BeWo cells can be reversed and enhanced by the RNAi-resistant phosphomimetic
GCM1(S47D) mutant. Our study has identified a novel cAMP/Epacl/CaMKI/GCM1 signaling cascade that

stimulates trophoblast fusion through promoting GCM1 phosphorylation and desumoylation.

The syncytiotrophoblast in human placental villus is a multi-
nucleated cell layer that mediates gas and nutrient transport
between mother and fetus. Differentiation of the syncytiotro-
phoblast involves cell fusion of subjacent mononucleated cy-
totrophoblast cells. As the syncytiotrophoblast layer undergoes
apoptosis and sheds into circulation, replenishment with a new
syncytiotrophoblast layer is required to maintain its structural
and functional integrity. In this regard, cyclic AMP (cAMP) is
a key player for syncytiotrophoblast differentiation by stimu-
lating placental cell fusion and syncytin gene expression (4, 19,
24, 33). Stimulation of placental cell fusion by cAMP is sup-
pressed by the protein kinase A (PKA) inhibitor H89, indicat-
ing that PKA is a critical downstream effector of cAMP sig-
naling in the regulation of placental cell fusion (19).

The placental transcription factor GCM1 (also known as
GCMa) controls trophoblast fusion via transcriptional activa-
tion of two membrane fusogenic proteins, syncytin-1 and -2
(22, 38). An RNA interference (RNAI) study by Baczyk et al.
(2) has shown that GCM1 is required for the cAMP stimulant
forskolin to promote placental BeWo cell fusion. Indeed,
GCMI activity can be regulated by multiple posttranslational
modifications, which may be critical to fine-tune its activity in
the regulation of trophoblast fusion and syncytiotrophoblast
differentiation. GCML1 is a labile protein subject to ubiquitina-
tion via the F-box protein FBW2 when the Ser322 residue in
GCM1 is phosphorylated by glycogen synthase kinase 3f3
(GSK-3B) (7, 31, 36). Our recent studies have demonstrated
that PKA enhances the interaction between GCM1 and the
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dual-specificity phosphatase DUSP23, which facilitates Ser322
dephosphorylation and subsequently GCM1 acetylation by
CBP (3, 23). As a result, GCM1 is stabilized to transactivate
syncytin gene expression. These findings reveal an underlying
mechanism for stimulation of placental cell fusion and differ-
entiation by the cAMP/PKA signaling pathway.

Sumoylation is a reversible protein modification involving
the formation of an isopeptide bond between the C-terminal
glycine of small ubiquitin-like modifier (SUMO) and the
e-amino group of a lysine residue in the target protein (13, 16).
Desumoylation is carried out by several sentrin/SUMO-specific
proteases (SENPs) that constitute a family of cysteine pro-
teases with either an intact or a split catalytic domain at their
C terminus. Six mammalian SENPs (SENP1, -2, -3, -5, -6, and
-7) have been identified, exhibiting differential activities to-
ward SUMO1 to SUMO3 and functioning at different cellular
locations (20, 34). For example, SENP1 and SENP2 localize in
nuclear speckled foci and/or nuclear envelope and catalyze the
deconjugation of SUMO1 to SUMO3. SENP3 and SENP5
localize at nucleoli and preferentially catalyze the deconjuga-
tion of SUMO?2 and SUMO3. Interestingly, transgenic studies
have demonstrated that ablation of the mouse SENP1 gene
results in decreased maternal and fetal blood spaces and in-
creased trophoblast population in the labyrinthine layer of the
placenta (35). In addition, ablation of the mouse SENP2 gene
results in abnormal differentiation of placental trophoblast lin-
eages and defective cardiac development (8, 17). At the cellu-
lar and molecular levels, SENP1 has been shown to stabilize
HIFloa during hypoxia by preventing sumoylation-enhanced
HIFlo ubiquitination and degradation (6), whereas SENP2
can desumoylate a subunit of the polycomb repressive complex
1 to relieve the transcriptional repressive effect of the complex
on Gata4 and Gata6 genes (17).



Vor. 31, 2011

SUMO modification of proteins has a wide spectrum of
functional consequences, including modulation of transcrip-
tional activity, mediation of nuclear import, recruitment of
transcriptional regulators in nuclear domains, protection from
ubiquitination, and regulation of mitosis (13, 16). We have
previously shown that sumoylation of Lys156 on GCM1 im-
pairs its DNA-binding activity, suggesting that sumoylation
negatively regulates GCM1 activity (9). Nevertheless, whether
GCM1 sumoylation can be reversed by desumoylating enzymes
is not known.

Multiple effectors, including PKA, cyclic nucleotide-gated
ion channels, and Epac (exchange protein directly activated by
cAMP) proteins, have been identified as critical mediators of
cAMP signaling in many cellular activities (14). Interestingly,
Epacl and Epac2 proteins were identified as cAMP-binding
proteins with guanine nucleotide exchange factor (GEF) ac-
tivities for the small GTPases, Rapl and Rap2 (14, 18). The
N-terminal region of Epac proteins contains one or two cAMP-
binding domains, which have an autoinhibitory effect on their
catalytic GEF domain at the C-terminal region. Upon cAMP
binding, Epac proteins undergo a conformational change,
which relieves the autoinhibition and then activates Rap pro-
teins to regulate numerous cellular actions. For instance, Epac
and Rap proteins can activate CaMKII through phospholipase
Ce and protein kinase Ce in order to regulate Ca?* handling in
cardiac myocytes (25-27).

Given that multiple effectors can be involved in the trans-
duction of cAMP signaling, we reasoned that GCM1 activity
may be regulated through different effectors in the cAMP
signaling cascade that controls trophoblast cell fusion and dif-
ferentiation. We found here that cAMP-dependent activation
of Epacl and Rap1 but not PKA is able to activate CaMKI to
mediate Ser47 (S47) phosphorylation in GCM1. This phos-
phorylation enhances the interaction of GCM1 and SENP1
and consequently promotes GCM1 desumoylation and activa-
tion. RNA interference experiments further revealed that ac-
tivation of Epac by the Epac activator 8-(4-chlorophenylthio)-
2'-O-Me-cAMP-AM (8-CPT-AM) stimulates syncytin gene
expression and placental BeWo cell fusion in a GCM1-depen-
dent manner. Correspondingly, cell fusion defect in GCM1-
knockdown BeWo cells was reversed and enhanced by
the RNA interference (RNAi)-resistant phosphomimetic
GCM1(S47D) mutant. Therefore, GCM1 Ser47 phosphoryla-
tion and Lys156 desumoylation underlie the stimulation of
placental cell fusion by the cAMP/Epacl/CaMKI signaling
pathway. Our results reveal a second pathway of cAMP signal-
ing that coordinates GCM1 phosphorylation and desumoyla-
tion to increase GCM1 activity for trophoblast fusion.

MATERIALS AND METHODS

Plasmid constructs. The pHA-GCM1 and pGal4-GCM1-FLAG expression
plasmids and the p(GBS),E1BLuc reporter plasmid have been described previ-
ously (3). The pHA-GCM1 expression plasmids harboring a serine- or threonine-
to-alanine mutation in the CaMKI phosphorylation sites, Ser47, Thr174, Ser177,
Ser178, and Ser269, were constructed by two-step PCRs with designated primer
sets. Silent mutations were introduced into the region of the GCMI sequence
targeted by GCM1 short hairpin RNA (shRNA) (see below) in order to con-
struct RNAi-resistant pHA-GCM1 expression plasmids for wild-type HA-GCM1
and S47A and S47D mutants. The pCACaMKI-FLAG (where CA stands for
“constitutively active”) and pCAHA-CaMKI expression plasmids were con-
structed in a pEF1 expression vector (Invitrogen, Carlsbad, CA) to encode
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constitutively active forms of CaMKI (30) with a C-terminal triple FLAG and
an N-terminal triple hemagglutinin (HA) tag, respectively. Likewise, the
pDNCaMKI-FLAG and pCAEpacl-FLAG expression plasmids were con-
structed to encode a dominant negative form of CaMKI (32) with a C-ter-
minal triple FLAG tag and a constitutively active form of Epacl (12) with a
C-terminal triple FLAG tag, respectively.

Cell culture, transfection, and lentivirus transduction. 293T, JAR, and BeWo
cells were obtained from the American Type Culture Collection (Manassas, VA).
Villous cytotrophoblast cells from term placentas were prepared and cultured as
previously described (7). For transient expression, cells were transfected with the
indicated reporter and expression plasmids using the Lipofectamine 2000 re-
agent (Invitrogen). Luciferase assays were performed as previously described (5).
BeWo and JAR cells were infected with recombinant lentivirus strains harboring
empty, CAHA-CaMKI, and CAEpacl-FLAG expression cassettes. The infected
cells were subjected to antibiotic selection using 100 g/ml of puromycin, and the
puromycin-resistant clones were pooled for studies of interaction of GCM1 and
SENP1, GCM1 sumoylation, and Ser47 phosphorylation. For RNA interference,
pLKO.1-Puro shRNA expression plasmids harboring a scramble sequence (5'-
CCTAAGGTTAAGTCGCCCTCG-3', Addgene plasmid 1864) and sequences
for GCM1 (5'-CCTCAGCAGAACTCACTAAAT-3'), CaMKI (5'-GCTGGAT
GCTGTGAAATACCT-3"), Epacl (5'-GCAGGACTTCAACCGTATCAT-3'),
and Rapl (5'-GCTCTGACAGTTCAGTTTGTT-3") were acquired from the
National RNAi Core Facility of Taiwan.

GCM1 sumoylation and desumoylation. GCM1 sumoylation and desumoyla-
tion were studied as previously described (9). In brief, 293T cells were trans-
fected with different combinations of pHA-GCM1, pEGFP-SUMO1, pEGFP-
SUMO1-AA, pCACaMKI-FLAG, pSENP1-FLAG, and pSENP1-FLAGC603S
for 48 h. Cells were then harvested in lysis buffer containing 50 mM Tris-HCI (pH
8.0), 150 mM NaCl, 2 mM EDTA, 10% glycerol, 0.5% NP-40, 1 mM dithiothre-
itol (DTT), 5 mM NaF, 5 mM Na;VO,, 10 mM N-cthylmaleimide (NEM), 10
mM iodoacetamide (IAA), and a protease inhibitor cocktail (Sigma, St. Louis,
MO). Detection of sumoylated GCM1 was performed by consecutive immuno-
precipitation and immunoblotting with hemagglutinin (HA) monoclonal anti-
body (MADb) (Sigma). For in vitro desumoylation of GCM1, recombinant GCM1-
FLAG prepared from the baculovirus insect cell expression system (38) was first
incubated with recombinant SAE1/SAE2 (Boston Biochem, Cambridge, MA),
His-SUMO1 (Boston Biochem), and Ubc9 proteins at 37°C for 2.5 h. A portion
of the reaction mixture was then incubated with glutathione S-transferase (GST)-
SENP1 or GST-SENP1C603S at 37°C for 40 min, followed by immunoblotting with
FLAG MADb (Sigma).

Regulation of interaction between GCM1 and SENP1. To study the interaction
of GCM1 and SENP1 in vivo, 293T cells were transfected with different combi-
nations of pHA-GCM1, pHA-GCMIKI156R, pSENP1-FLAG, pSENP1C603S-
FLAG, and pCAHA-CaMKI for 48 h. Cells were then harvested in lysis buffer
for consecutive immunoprecipitation and immunoblotting with HA and FLAG
MADs. To study the interaction of endogenous GCM1 and SENP1 and regula-
tion of endogenous GCM1 sumoylation, mock JAR and BeWo cells and CAHA-
CaMKI-expressing JAR and BeWo cells were subjected to consecutive immu-
noprecipitation and immunoblotting using different combinations of GCMI1,
SENP1 (Santa Cruz Biotechnology, Santa Cruz, CA), and SUMOI1 (Invitrogen)
antibodies (Abs). Immunoblot band intensities were quantified using Image]
densitometry software (http://rsbweb.nih.gov/ij/).

Mapping the SENP1-interacting domain in GCM1. To map the GCM1 do-
main that interacts with SENP1, pulldown assays were performed. In brief, 293T
cells were transfected with pGal4-FLAG, full-length pGal4-GCM1-FLAG, or
the indicated deletion mutant pGal4-GCM1-FLAG plasmid. At 48 h posttrans-
fection, cells were harvested in the lysis buffer. The cell lysate was incubated with
GST or GST-SENP1 prebound to glutathione-conjugated agarose beads in lysis
buffer at 4°C for 4 h before washing three times with lysis buffer. The proteins
pulled down were analyzed by immunoblotting with FLAG MAb.

CaMKI-mediated GCM1 phosphorylation and mass spectrometry. In vitro
phosphorylation of GCM1 by CaMKI was performed by incubation of maltose
binding protein (MBP)-GCM1 with [y-**P]JATP and CACaMKI-FLAG, which
was immunopurified from 293T cells transfected with pCACaMKI-FLAG, at
30°C for 40 min. The reaction was analyzed by SDS-PAGE and autoradiography.
To identify the CaMKI sites in GCM1, the above-described reaction was scaled
up with nonradioactive ATP, and the phosphorylated MBP-GCM1 was subjected
to LTQ Orbitrap mass spectrometry analysis (Common Mass Spectrometry Fa-
cilities, Academia Sinica). In vivo phosphorylation of Ser47 in GCM1 was
studied in mock BeWo cells and BeWo cells stably expressing CAHA-CaMKI
or CAEpacl-FLAG by immunoprecipitation with Gal4 Ab (Santa Cruz Bio-
technology) or phosphor-Ser47-specific Ab (p-Ser47-GCM1 Ab), followed by
immunoblotting with GCM1 Ab. In a separate experiment, primary cytotro-
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phoblast cells were infected with recombinant lentivirus strains harboring empty,
CAHA-CaMKI, and CAEpacl-FLAG expression cassettes and subjected to the
above-mentioned analysis. The p-Ser47-GCM1 Ab was raised against chemically
synthesized phosphopeptide AKHIYSS(PO;)EDKNAQ in rabbits. A commer-
cial antibody against phosphor-Thr177 in CaMKI (Santa Cruz Biotechnology)
was used for analysis of CaMKI activation by Epacl and Rapl.

ChIP assay. BeWo cells were treated with or without 50 uM 8-CPT-AM for
24 h before being subjected to chromatin immunoprecipitation (ChIP) assay
using normal rabbit serum or GCM1 Ab. In a separate experiment, mock or
CAHA-CaMKI-expressing BeWo cells were directly subjected to ChIP assay
using the same antiserum and Ab. ChIP and PCR conditions and primer se-
quences for a specific region containing the proximal GCM1-binding sequence in
the syncytin-1 promoter have been described previously (38).

Immunofluorescence microscopy and cell-cell fusion analysis. For colocaliza-
tion analysis of GCM1 and SENP, 293T cells were transfected with pHA-GCM1
and the indicated expression plasmid encoding a green fluorescent protein
(GFP)-SENP fusion protein. After 48 h posttransfection, cells were fixed and
stained with HA MAD and then rhodamine-labeled anti-mouse IgG Ab. Nuclei
were stained by DAPI (4',6-diamidino-2-phenylindole). Immunofluorescence
was examined under a Zeiss laser scanning confocal microscope (LSM510). To
study the effect of 8-(4-chlorophenylthio)-2'-O-Me-cAMP-AM (abbreviated
8-CPT-AM in this study), which is an Epac activator, on GCM1-regulated pla-
cental cell fusion, BeWo cells stably expressing scramble or GCM1 shRNA were
treated with or without 50 pM 8-CPT-AM. After 24 h, cells were fixed and
subjected to immunostaining with anti-desmosomal protein MAb (Sigma) and
then Cy2-labeled anti-mouse IgG Ab (Jackson ImmunoResearch Laboratories,
West Grove, PA). Cell-cell fusions were examined under an Olympus micro-
scope (Tokyo, Japan) equipped with a cooled charge-coupled-device camera
(DP50). Four microscopic fields per sample were randomly selected for exami-
nation in each of three independent experiments. Quantification of cell-cell
fusion was calculated as the ratio of the number of nuclei in the syncytia to the
total number of nuclei counted in a randomly selected field. Images were pre-
pared for presentation using Adobe Photoshop version 7.0.

Quantitative real-time PCR. BeWo cells stably expressing scramble or GCM1
shRNA were treated with or without 8-CPT-AM. After 24 h, cells were harvested
for RNA isolation using RNeasy reagents (Qiagen, Hilden, Germany) and then
transcribed into ¢cDNA using SuperScript III reagents (Invitrogen) with an
oligo(dT),, primer. Quantification of the transcript levels of GCM1 target genes
was performed in the LightCycler system (Roche, Basel, Switzerland) using a
commercial SYBR green reaction reagent (Qiagen) and specific primer sets. The
sequences of primer sets were 5'-TGGAACAACTTCAGCACAGA-3' and 5'-
GCCATTCAAACAACGATAGG-3' for syncytin-1, 5'-CGACTCAGTGTAAA
CAGCCA-3" and 5'-CCACAGAAGCAAGACAAAGAAAAT-3" for syncy-
tin-2, and 5'-AACTCCATCATGAAGTGTGACG-3" and 5'-GATCCACATCT
GCTGGAAGG-3' for B-actin.

RESULTS

CaMKI is downstream of cAMP signaling in regulation of
GCM1 activity. To study signaling pathways regulating GCM1
activity, we tested the effects of a variety of kinase inhibitors,
including PD98059, SB203580, H89, and KN93, on GCM1 activ-
ity stimulated by forskolin in transient expression experiments. In
parallel, we also tested the effects of p38, Jun N-terminal protein
(JNK), extracellular signal-regulated (ERK), and CaMK kinases
on GCM1 activity. These screening studies suggested that CaMK
may regulate GCM1 activity (3) (data not shown). We then in-
vestigated whether CaMK plays an important role in the regula-
tion of GCM1 activity by cAMP signaling. To this end, 293T cells
were transfected with p(GBS),E1BLuc and pHAGCM1, fol-
lowed by treatment with or without forskolin, the CaMK inhibitor
KN93, and the PKA inhibitor H89. In accordance with our pre-
vious study (3), forskolin stimulated the transcriptional activity of
GCML1, which was counteracted by H89. Interestingly, the stim-
ulatory effect of forskolin was also counteracted by KN93 (Fig.
1A, left). Moreover, the stimulatory effect of forskolin was further
suppressed when cells were treated with both H89 and KN93
(Fig. 1A, left), suggesting that both PKA and CaMK are involved
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in the stimulation of GCM1 activity by forskolin. This observation
was unlikely due to differential expression of HA-GCM], as sim-
ilar levels of HA-GCM1 protein were detected among different
transfection groups (Fig. 1A, left). In addition, placental BeWo
cells were transfected with p(GBS),E1BLuc and treated with or
without forskolin, KN93, and H89. As shown in the right panel of
Fig. 1A, forskolin stimulated the transcriptional activity of endog-
enous GCM1, which was also suppressed by either KN93 or H89.
Likewise, cotreatment with H89 and KN93 further suppressed the
stimulatory effect of forskolin (Fig. 1A, right). In a complemen-
tary approach, constitutively active CaMKI (CACaMKI), -II, or
-IV was coexpressed with GCM1 in 293T cells in transient ex-
pression experiments. Indeed, both CACaMKI-FLAG and
CACaMKIV-FLAG were able to upregulate the transcriptional
activity of GCM1 (Fig. 1B). Because CaMKIV is barely expressed
in placenta based on its expressed sequence tag (EST) profile in
the UniGene database (http://www.ncbi.nlm.nih.gov/UniGene
/ESTProfileViewer.cgi?uglist=Hs.591269), we concentrated on
CaMKI for the rest of this study. Accordingly, we further dem-
onstrated that dominant negative (DN) CaMKI is able to sup-
press the stimulatory effect of forskolin on GCM1-mediated tran-
scriptional activation in 293T, JAR, and BeWo cells (Fig. 1C).
Taken together, these results suggest that CaMKI is involved in
the stimulation of GCM1 activity by cAMP signaling.

CaMKI facilitates GCM1 desumoylation by enhancing the
interaction of GCM1 and SENP1. We next investigated how
CaMKI regulates GCM1 activity. Because cAMP signaling,
acting by PKA and CBP, stabilizes GCM1, we first tested
whether CaMKI regulates the half-life of GCM1 and did not
observe any significant effect of CaMKI on GCM1 stability
(data not shown). Because GCM1 activity is negatively regu-
lated by sumoylation on Lys156 (9), we then tested whether
CaMKI regulates GCM1 sumoylation. In a transient expres-
sion study, sumoylation of HA-GCM1 was detected in 293T
cells coexpressing EGFP-SUMO1 but not the mutant EGFP-
SUMO1AA (Fig. 2A, compare lanes 2 and 3). Interestingly,
the level of sumoylated HA-GCM1 was decreased when
CACaMKI-FLAG was coexpressed (Fig. 2A, compare lanes 2,
4, and 5). As a control, coexpression of SENP1-FLAG but not
the enzyme-dead mutant SENP1C603S-FLAG abolished su-
moylation of HA-GCM1 (Fig. 2A, compare lanes 6 and 7).

Since CaMKI prevents GCM1 sumoylation, we tested
whether SENP is involved in this process. We focused on
SENP1 because immunofluorescence microscopy showed us
that GCM1 colocalizes with SENP1, but not with SENP2 and
-3, in the nucleus (Fig. 2B). Correspondingly, we demonstrated
that the level of sumoylated HA-GCM1 was significantly de-
creased when SENP1, but not SENP2 and -3, was coexpressed
in a transient expression study (Fig. 2C). To demonstrate that
GCML1 is an SENP1 substrate, we performed an in vitro de-
sumoylation assay by incubating sumoylated recombinant
GCMI1-FLAG with GST-SENP1 or GST-SENP1C603S. As
shown in Fig. 2D, GST-SENP1, but not GST-SENP1C603S,
was able to cleave SUMOI1 from GCMI1-FLAG. Because
GCM1 sumoylation is decreased in the presence of CaMKI, we
tested the possibility that CaMKI may regulate the interaction
between GCM1 and SENP1 and thereby promote GCM1 de-
sumoylation. Indeed, interaction between SENP1-FLAG and
HA-GCML1 was detected in 293T cells by coimmunoprecipita-
tion analysis (Fig. 2E, lane 2). Interestingly, coexpression of an
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FIG. 1. CaMKI is involved in the regulation of GCM1 activity by cAMP. (A) Stimulation of GCM1 transcriptional activity by forskolin (FSK)
is suppressed by KN93. 293T cells (left) were transfected with p(GBS),E1BLuc and pHA-GCM1, whereas BeWo cells (right) were transfected with
p(GBS),E1BLuc only. At 24 h posttransfection, cells were treated with or without 50 pM FSK, 6 uM KN93, and 3 uM H89 for an additional 24 h.
Cells were then harvested for a luciferase reporter assay. The protein levels of HA-GCMI1 and B-actin in transfected 293T cells were analyzed by
immunoblotting with HA and B-actin MAbs, respectively. (B) Stimulation of GCM1 transcriptional activity by CaMKI and -IV. 293T cells were
transfected with p(GBS),E1BLuc and pHA-GCM1 plus pCACaMKI-FLAG, pCACaMKII-FLAG, or pCACaMKIV-FLAG for 48 h and then
harvested for a luciferase reporter assay. The protein levels of HA-GCM1 and CACaMK-FLAG in transfected 293T cells were analyzed by
immunoblotting with HA and FLAG MAUbs, respectively. (C) Dominant negative CaMKI impedes the stimulation of GCM1 activity by FSK. 293T
cells were transfected with p(GBS),E1BLuc and pHA-GCMI1 plus pCACaMKI-FLAG (CA) or pDNCaMKI-FLAG (DN). JAR and BeWo cells
were transfected with the above-mentioned plasmids, except pHA-GCM1. At 24 h posttransfection, cells were treated with or without 50 pM FSK
for an additional 24 h. Cells were then harvested for a luciferase reporter assay. Mean values and the standard deviations (SD) obtained from three
independent experiments are presented in panels A to C.

N-terminally HA-tagged CACaMKI (CAHA-CaMKI) further and 6), and the interaction between SENP1C603S-FLAG and
enhanced the interaction between SENP1-FLAG and HA- HA-GCM1 (Fig. 2E, lanes 4 and 7). This enhancement
GCM1 (Fig. 2E, lanes 2 and 5). As a control, the dominant effect also enabled us to detect an interaction between
negative (DN) CaMKI decreased the interaction between SENP1C603S-FLAG and sumoylated HA-GCM1 (Fig. 2E, the
SENP1-FLAG and HA-GCM1 (data not shown). Of note, upper band in lane 7). Therefore, CaMKI enhances the inter-
CAHA-CaMKI also enhanced the interaction between action between GCM1 and SENP1 in a manner that does not
SENP1-FLAG and the mutant HA-GCM1K156R, which har- require GCM1 sumoylation or the enzyme activity of SENP1.
bors a lysine-to-arginine mutation on Lys156 (Fig. 2E, lanes 3 Because CaMKI downregulates GCM1 sumoylation via
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conjugated with EGFP-SUMOL. (B) Nuclear colocalization of GCM1 and SENP1. 293T cells were transfected with pHA-GCM1 and the indicated
expression plasmid encoding a GFP-SENP fusion protein for immunofluorescence microscopy as described in Materials and Methods. (C) In vivo
desumoylation of GCM1 by SENP1. 293T cells were transfected with different combinations of pHA-GCM1, pEGFP-SUMO1, and the indicated
pSENP-FLAG expression plasmid encoding SENP1, -2, or -3 for 48 h. Cells were harvested for analysis of HA-GCM1 sumoylation as described
for panel A. (D) In vitro desumoylation of GCM1 by SENP1. One microgram of GCM1-FLAG was subjected to in vitro sumoylation reaction as
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SENPI1, we tested whether SENP1 affects CaMKI-stimulated
GCM1 activity on p(GBS),E1BLuc in transient expression ex-
periments. As shown in the bottom panel of Fig. 2E, CaMKI
stimulated the transcriptional activity of GCM1, which was
enhanced by SENP1 and suppressed by SENP1C603S.

To study whether CaMKI regulates the interaction of
GCMI1 and SENP1 and thereby GCM1 desumoylation in pla-
cental cells, JAR and BeWo cells stably expressing CAHA-
CaMKI were established and subjected to coimmunoprecipi-
tation analysis. As shown in the top panel of Fig. 2F, an
interaction between endogenous GCM1 and SENP1 was de-
tected in the parental JAR and BeWo cells, which was further
enhanced upon expressing CAHA-CaMKI. As expected, no
interaction between GCM1 and SENP1 was detected in 293T
cells, which do not express GCM1 (Fig. 2F). Importantly, in
comparison with the parental cells, the level of sumoylated
GCM1 was significantly decreased in JAR and BeWo cells
expressing CAHA-CaMKI (Fig. 2F). Taken together, these
results suggest that CaMKI promotes GCM1 desumoylation by
enhancing the interaction between GCM1 and SENP1 in pla-
cental cells.

CaMKI mediates Ser47 phosphorylation in GCM1. We next
mapped the interaction domain in GCM1 for SENP1 by pull-
down analysis. GST or GST-SENP1 was incubated with cell
lysates prepared from 293T cells expressing Gal4-FLAG or
different Gal4-GCM1-FLAG proteins harboring full-length or
truncated GCM1. As shown in Fig. 3A, Gal4-GCM1-FLAG(1-
436), -(1-300), and -(1-220) were pulled down by GST-SENP1
(lanes 1, 3, and 4), suggesting that the N-terminal region of
amino acids 1 to 220 is the SENPIl-interacting domain in
GCML1. We further studied GCM1 phosphorylation by CaMKI
and identified the CaMKI phosphorylation sites in GCM1. In
vitro kinase assays were performed by incubation of MBP-
GCM1, [y-**PJATP, and CACaMKI-FLAG or DNCaMKI-
FLAG immunopurified from 293T cells transfected with
pCACaMKI-FLAG or pDNCaMKI-FLAG. As shown in Fig.
3B, GCM1 was phosphorylated by CACaMKI-FLAG but not
by DNCaMKI-FLAG, indicating that GCM1 is a CaMKI sub-
strate. The CaMKI phosphorylation sites in GCM1 were fur-
ther identified by mass spectrometry as Ser47, Thr174, Ser177,
Serl78, and Ser269 (Fig. 3B). Correspondingly, MBP-
GCM1(1-167) and -(167-349), MBP fusion proteins harboring
the identified phosphorylation sites, were phosphorylated by
CACaMKI-FLAG, whereas MBP-GCM1(349-436), which
does not contain any of the identified phosphorylation sites,
was not phosphorylated by CACaMKI-FLAG (data not
shown).

Subsequently, we studied the functional role of each CaMKI
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phosphorylation site by site-directed mutagenesis in transient
expression experiments. 293T cells were transfected with
p(GBS),E1BLuc, pCACaMKI-FLAG, and wild-type or mu-
tant pHAGCMI1 harboring a serine- or threonine-to-alanine
mutation on the individual CaMKI phosphorylation site. As
shown in Fig. 3C, the stimulatory effect of CACaMKI-FLAG
on GCMI1 transcriptional activity was significantly decreased in
cells expressing the HA-GCM1(S47A) mutant, suggesting that
Ser47 is a critical CaMKI phosphorylation site for CaMKI to
stimulate GCM1 activity. We further tested whether Ser47 is
required for CaMKI to enhance the interaction of GCM1 and
SENP1 by coimmunoprecipitation analysis. Indeed, CaMKI
enhanced the interaction between SENP1 and wild-type
GCM1 but not that of the GCM1(S47A) mutant (Fig. 3D,
lanes 5 and 6). As a control, CaMKI still enhanced the inter-
action between SENP1 and the GCM1(S177A) mutant (Fig.
3D, lanes 4 and 7). Therefore, Ser47, but not Serl77, is a
phosphorylation site critical for CaMKI to regulate the inter-
action of GCM1 and SENP1. We further studied the in vitro
interaction of GCM1 and SENP1 in pulldown assays by incu-
bating GST-SENP1 with MBP-GCM1 pretreated with or with-
out CaMKI. Compared with the mock-treated MBP-GCM1,
CaMKI-treated MBP-GCM1 bound strongly to SENP1 (Fig.
3E, top). Moreover, changing Ser47 into aspartic acid (S47D)
mimicked the enhancement effect of CaMKI on the interaction
between GCM1 and SENP1 in vivo (Fig. 3D, lanes 10 and 11)
and in vitro (Fig. 3E, lanes 5 and 6). Correspondingly, an in vivo
sumoylation assay indicated that the GCM1(S47A) mutant is
more resistant to desumoylation by SENP1 than the wild-type
GCM1 and the GCM1(S177A) mutant (Fig. 3F). Taken to-
gether, these results suggest that CaMKI mediates Ser47 phos-
phorylation to enhance the interaction of GCM1 and SENP1
and thereby GCM1 desumoylation.

Epac activates CaMKI to regulate the interaction of GCM1
and SENP1. We were curious about how cAMP signaling ac-
tivates CaMKI to regulate the interaction of GCM1 and
SENP1. As PKA is a key effector of the cAMP signaling path-
way, we first tested whether PKA is upstream of CaMKI in
promoting the interaction of GCM1 and SENP1. As shown in
Fig. 4A, expression of the catalytic subunit of PKA did not
affect the interaction of HA-GCM1 and SENP1-FLAG in
293T cells by coimmunoprecipitation analysis. We then tested
whether Epac, an exchange protein directly activated by cAMP
(14), regulates the interaction of GCM1 and SENP1. To this
end, 293T cells transiently expressing HA-GCM1 and SENP1-
FLAG were treated with or without the Epac activator 8-CPT-
AM, followed by coimmunoprecipitation analysis. Interest-
ingly, treatment with 8-CPT-AM, but not with the PKA

described in Materials and Methods, followed by incubation with 0.1 wg of GST-SENP1 or GST-SENP1(C603S) and then immunoblotting with
FLAG MAb. The arrow indicates GCM1-FLAG conjugated with His-SUMOI. (E) Interaction of GCM1 and SENP1 is stimulated by CaMKI.
293T cells were transfected with different combinations of pHA-GCM1, pHA-GCM1(K156R), pSENP1-FLAG, pSENP1(C603S)-FLAG, and
pCAHA-CaMKI for 48 h. Cells were harvested and subjected to immunoprecipitation and immunoblotting with FLAG and HA MAbs,
respectively. In a separate experiment, 293T cells were transfected with p(GBS),E1BLuc plus different combinations of pHA-GCM1, pSENP1-
FLAG, pSENP1(C603S)-FLAG, and pCAHA-CaMKI for 48 h. Cells were then harvested for a luciferase reporter assay. Fold induction was
calculated relative to the luciferase expression observed for p(GBS),E1BLuc alone. Mean values and the SD obtained from three independent
experiments are presented. (F) CaMKI enhances the interaction of GCM1 and SENP1 and promotes GCM1 desumoylation in placental cells.
Mock and CAHA-CaMKI-expressing JAR and BeWo cells were subjected to immunoprecipitation and immunoblotting with the indicated GCM1,
SENP1, and SUMO1 Abs. The number underneath each band in the immunoblot indicates the relative intensity of the corresponding band.
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FIG. 3. CaMKI mediates Ser47 phosphorylation in GCM1 to enhance the interaction between GCM1 and SENP1. (A) Mapping of SENP1-
interacting domain in GCM1. Matrix preloaded with 1 wg of GST or GST-SENP1 was incubated with cell lysates prepared from 293T cells
transiently expressing Gal4-FLAG or full-length or truncated Gal4-GCM1-FLAG in pulldown analysis, followed by immunoblotting with FLAG
MAD. Coomassie brilliant blue staining of GST and GST-SENP1 fusion proteins is presented in the bottom panel. (B) Identification of CaMKI
phosphorylation sites in GCM1. One microgram of MBP or MBP-GCM 1 was incubated with [y-**P]ATP and immunopurified CACaMKI-FLAG
or DNCaMKI-FLAG from 293T cells transfected with pCACaMKI-FLAG or pDNCaMKI-FLAG, followed by SDS-PAGE and autoradiography.
In a separate experiment, 4 ug of MBP-GCMI1 was incubated with ATP and immunopurified CACaMKI-FLAG for in vitro kinase reaction.
Phosphorylated MBP-GCM1 was then subjected to mass spectrometry analysis to identify the CaMKI phosphorylation sites in GCM1 as
underlined in the “peptide sequence” column of the table. (C) Serd7 is critical for stimulation of GCMI1 activity by CaMKI. 293T cells were
transfected with p(GBS),E1BLuc and pCACaMKI-FLAG plus pHA-GCMI1 encoding wild-type HA-GCM1 or HA-GCM1 mutants harboring a
serine- or threonine-to-alanine mutation in the CaMKI phosphorylation sites. Fold induction was calculated relative to the luciferase expression
observed for p(GBS),E1BLuc alone. Mean values and the SD obtained from three independent experiments are presented. (D) Ser47 phosphor-
ylation enhances the interaction of GCM1 and SENP1. 293T cells were transfected with pPCAHA-CaMKI and pSENP1-FLAG plus pHA-GCM1
encoding either wild-type HA-GCM1 or S47A, S177A, or S47D mutant HA-GCMI, followed by immunoprecipitation and immunoblotting with
FLAG and HA MAbs. (E) In vitro interaction of GCM1 and SENP1. Matrix preloaded with 0.5 ng of GST or GST-SENP1 was incubated with
1 pg of mock- or CaMKI-treated MBP or MBP-GCML1 in pulldown analysis, followed by immunoblotting with MBP MADb (top). In a separate
experiment, wild-type MBP-GCM1 and MBP-GCM1(S47D) were used as prey proteins in pulldown analyses (bottom). The number underneath
each band in the immunoblot indicates the relative intensity of the corresponding band. (F) Ser47 is critical for regulation of GCM1 desumoylation
by CaMKI. 293T cells were transfected with the indicated wild-type or mutant pHA-GCM1 expression plasmid, pPEGFP-SUMO1, pCACaMKI-
FLAG, and pSENP1-FLAG, followed by consecutive immunoprecipitation and immunoblotting with HA MAb. The arrow indicates the sumoy-
lated HA-GCM1(S47A).

activator 6-Bnz, stimulated the interaction between HA-
GCM1 and SENP1-FLAG (Fig. 4B). Importantly, the stimu-
latory effect of 8-CPT-AM on the interaction between HA-
GCM1 and SENP1-FLAG was abolished when Epacl or
CaMKI was knocked down by RNA interference (Fig. 4B).
Therefore, Epac proteins are involved in the CaMKI regula-
tion of the GCM1 and SENP1 interaction.

Because Epacl regulates Rap protein activity (14, 18), we

tested whether Rapl is also involved in regulation of the in-
teraction between GCM1 and SENP1. Activation of Rapl by
8-CTP-AM and Epacl was verified by pulldown assays using
GST fusion protein containing the Rap-binding domain of
RalGDS (data not shown). Interestingly, Rapl knockdown
also suppressed the interaction between HA-GCMI1 and
SENP1-FLAG stimulated by 8-CPT-AM (Fig. 4C). Because
Thr177 phosphorylation is required for CaMKI activity (30),
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FIG. 4. Epacl regulates the interaction of GCM1 and SENP1. (A) Interaction of GCM1 and SENP1 is independent of PKA. 293T cells were
transfected with pHA-GCM1 and pSENP1-FLAG plus or minus an expression plasmid encoding the catalytic subunit of PKA. At 48 h
posttransfection, cells were harvested for consecutive immunoprecipitation and immunoblotting with FLAG and HA MAbs. (B) Interaction of
GCM1 and SENPI1 is enhanced by Epacl. 293T cells were transfected with different combinations of pHA-GCM1, pSENP1-FLAG, and an
expression plasmid for scramble, Epacl, or CaMKI shRNA. At 24 h posttransfection, cells were treated with or without 50 wM 6-Bnz or 8-CPT-AM
for an additional 24 h. Cells were then harvested for consecutive immunoprecipitation and immunoblotting with FLAG and HA MAbs. The
knockdown efficiency of Epacl, CaMKI, and Rap1 genes was analyzed by immunoblotting with the indicated Abs. (C) Rapl knockdown impairs
the interaction of GCM1 and SENP1 stimulated by Eapcl. 293T cells were transfected with pHA-GCM1, pSENP1-FLAG, and an expression
plasmid for scramble or Rapl pshRNA. At 24 h posttransfection, cells were treated with or without 50 uM 8-CPT-AM for an additional 24 h. Cells
were then harvested for consecutive immunoprecipitation and immunoblotting with FLAG and HA MAbs. (D) Activation of CaMKI by Epacl.
293T cells were transfected with pHA-CaMKI and pEpacl-FLAG or pCAEpacl-FLAG. At 24 h posttransfection, cells were treated with or
without 50 uM 8-CPT-AM for an additional 24 h. Cells were then harvested for consecutive immunoprecipitation and immunoblotting with HA
MAD and p-T177-CaMKI Ab. (E) Stimulation of Ser47 phosphorylation by Epacl and CaMKI in placental cells. Mock BeWo cells and BeWo cells
stably expressing CAHA-CaMKI or CAEpacl-FLAG were subjected to immunoprecipitation with Gal4 or p-Ser47-GCM1 Ab, followed by
immunoblotting with GCM1 Ab. (F) Regulation of Ser47 phosphorylation and syncytin-1 expression by Epacl and CaMKI in placental cells.
Primary cytotrophoblast cells were infected with recombinant lentivirus strains harboring empty, CAHA-CaMKI, and CAEpacl-FLAG expression
cassettes. At 72 h postinfection, cells were harvested for immunoprecipitation and immunoblotting with the indicated Abs. The arrow and asterisk
indicate the positions of the Ser47-phosphorylated GCM1 and a nonspecific protein, respectively. The number underneath each band in the
immunoblot indicates the relative intensity of the corresponding band in panels B to F.

we further demonstrated that both 8-CPT-AM and Epacl
stimulate Thr177 phosphorylation in CaMKI (Fig. 4D, left).
Likewise, a constitutively active form of Epacl (CAEpacl) also
stimulated CaMKI activity, in terms of Thr177 phosphoryla-
tion (Fig. 4D, right). Therefore, these results indicate that

Epacl and Rapl activate CaMKI to stimulate the interaction
of GCM1 and SENPI1.

We next studied whether Ser47 phosphorylation in GCM1 is
stimulated by CaMKI and Epacl in placental cells. To this end,
an antibody against phosphorylated Ser47 in GCM1 (p-Ser47-
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FIG. 5. Regulation of placental cell fusion by Epacl. (A) Knockdown of GCM1 in BeWo placental cells. BeWo cells stably expressing scramble
or GCM1 shRNA were immunoblotted with GCM1 Ab and B-actin MAb, respectively. (B) GCM1 is required for stimulation of placental cell
fusion by 8-CPT-AM. BeWo cells stably expressing scramble or GCM1 shRNA were treated with or without 50 wM 8-CPT-AM for 24 h, followed
by immunofluorescence microscopy with a MAD against anti-desmosomal protein (green). Nuclei were stained by DAPI (blue). Syncytial margins
are marked with a stippled line. Quantification of cell fusion was performed as described in Materials and Methods. Mean values and the SD from
three independent experiments are presented. (C) Regulation of GCM1 target genes by 8-CPT-AM. BeWo cells expressing scramble or GCM1
shRNA were treated with or without 50 uM 8-CPT-AM for 24 h. Cells were harvested for quantitative real-time PCR analysis using designated
primer sets for syncytin-1 (Syn1) and -2 (Syn2). Mean values and the SD from three independent experiments are presented. (D) Association of
GCM1 with syncytin-1 promoter is stimulated by Epacl and CaMKI. BeWo cells were treated with or without 50 uM 8-CPT-AM for 24 h, followed
by ChIP analysis using normal rabbit serum (NS) or GCM1 Ab (top). In a separate experiment, mock and CAHA-CaMKI-expressing BeWo cells
were subjected to ChIP analysis using the same serum and Ab (bottom). (E) Stimulation of BeWo cell fusion by GCM1(S47D). GCM1-knockdown
BeWo cells were transduced with lentivirus harboring an expression cassette for RNAi-resistant wild-type HA-GCMI1 or the phosphomimetic
mutant HA-GCM1(S47D). Cells were subjected to cell-cell fusion analysis as described for panel A. Mean values and the SD of three independent
experiments are presented.

GCM1) was generated. Parental BeWo cells and BeWo cells
stably expressing CAHA-CaMKI or CAEpacl-FLAG were im-

with the increased GCM1 activity, the protein level of syncy-
tin-1 in the purified cytotrophoblast cells was increased in the

munoprecipitated using Gal4 or p-Ser47-GCM1 Ab, followed
by immunoblotting using GCM1 Ab. As shown in Fig. 4E,
Ser47 phosphorylation in GCM1 was specifically detected in
mock BeWo cells using p-Ser47-GCM1 Ab but not Gal4 Ab.
Importantly, a higher level of Ser47-phosphorylated GCM1
was detected in the CAHA-CaMKI- and CAEpacl-FLAG-
expressing BeWo cells than in the mock BeWo cells (Fig. 4E).
Stimulation of Ser47 phosphorylation in GCM1 by CAHA-
CaMKI and CAEpacl-FLAG was also observed in purified
cytotrophoblast cells from term placentas (Fig. 4F, left). In line

presence of CAHA-CaMKI or CAEpacl-FLAG (Fig. 4F,
right). Taken together, these results suggest that cCAMP signal-
ing activates CaMKI through Epacl and Rapl to facilitate
Ser47 phosphorylation and thereby the interaction between
GCM1 and SENPI.

Epac regulates placental cell fusion via GCM1. To look for
further evidence that Epacl regulates the function of GCM1,
we examined the effect of 8-CPT-AM on GCM1-dependent
cell-cell fusion of BeWo cells. BeWo cells expressing scramble
or GCM1 shRNA (Fig. 5A) were treated with or without
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8-CPT-AM, followed by immunostaining with an anti-desmo-
somal protein MAb. Increased cell-cell fusion events were ob-
served in the 8-CPT-AM-treated BeWo cells expressing scram-
ble shRNA compared with that in the mock-treated cells
(compare panels a and b in Fig. 5B). Interestingly, the stimu-
latory effect of 8-CPT-AM on cell-cell fusion was compromised
when GCM1 was knocked down in BeWo cells expressing
GCM1 shRNA (compare panels b and d in Fig. 5B). We also
studied the effect of 8-CPT-AM on expression of GCM1 target
gene products, syncytin-1 and -2, by quantitative real-time
PCR. As shown in Fig. 5C, treatment with 8-CPT-AM raised
the transcript levels of syncytin-1 and -2 in the BeWo cells
expressing scramble shRNA but not in the BeWo cells express-
ing GCM1 shRNA. Therefore, stimulation of syncytin-1 and -2
gene expression by 8-CPT-AM is also GCM1 dependent. Cor-
respondingly, ChIP analysis indicated that association of
GCM1 with the syncytin-1 promoter region is enhanced in
BeWo cells treated with 8-CPT-AM and in BeWo cells ex-
pressing CAHA-CaMKI (Fig. 5D). Because Ser47 is critical for
CaMKI to regulate GCM1 activity, we introduced RNAi-re-
sistant wild-type HA-GCM1 and HA-GCM1(S47A) and HA-
GCM1(S47D) mutants into GCM1-knockdown BeWo cells for
cell-cell fusion analysis. Quantitatively, cell-cell fusion was re-
versed by wild-type HA-GCM1, which was further enhanced by
the phosphomimetic HA-GCM1(S47D) mutant (Fig. SE).
Taken together, these results suggest that stimulation of pla-
cental cell fusion by cAMP can be accomplished by activation
of a cAMP/Epacl/CaMKI/GCM1 signaling pathway.

DISCUSSION

Physiological cell-cell fusion is required for fertilization of
egg and sperm and differentiation of myotubes, macrophages,
and the syncytiotrophoblast. Interestingly, the multinucleated
syncytiotrophoblast layer in a placental villus undergoes apop-
tosis and sheds into the maternal circulation, which under-
scores the need for a renewal mechanism to replenish the layer
during pregnancy. How is fusion of mononuclear cytotropho-
blasts into the overlying syncytiotrophoblast layer regulated?
Previous studies have demonstrated that cAMP stimulates cell-
cell fusion of cultured placental cells and expression of placen-
tal fusogenic proteins (19, 24, 33). Moreover, GCM1 is a crit-
ical regulator of placental cell fusion because (i) GCM1
knockout impairs syncytiotrophoblast differentiation in mouse
(1), (ii) GCM1 knockdown decreases the cell-cell fusion of
BeWo cells stimulated by forskolin (2), and (iii) GCM1 regu-
lates the expression of placental fusogenic proteins (22, 38).
These observations indicate that cAMP signaling may be cru-
cial for regulation of GCM1 activity to properly maintain a
functional syncytiotrophoblast layer in the outer surface of a
placental villus.

Indeed, GCM1 transcription is stimulated by forskolin (21)
and regulated by transcription factors such as CREB-I,
TORCI1, and OASIS (29). Recently, Delidaki et al. (11) have
further demonstrated that p38 mitogen-activated protein ki-
nase (MAPK) is involved in forskolin-stimulated transcription
of GCM1, syncytin-1, -2, MFSD2, and OASIS. Because the
syncytin-1 gene, the syncytin-2 gene, and its receptor the
MEFSD?2 gene are GCM1 target genes (22, 38), the aforemen-
tioned stimulation of syncytin-1, -2, and MFSD2 gene expres-
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sion by forskolin might be attributed to elevated GCM1 tran-
scription.

Here, we further identified a novel cAMP signaling pathway
that stimulates GCM1 activity and placental cell fusion via
Epacl but not PKA. Specifically, we demonstrated that cAMP
activates Epacl, leading to activation of CaMKI, which medi-
ates Ser47 phosphorylation in GCM1 to enhance the interac-
tion between GCM1 and SENP1. Consequently, GCM1 is de-
sumoylated to relieve the inhibition of its DNA-binding activity
by sumoylation, thereby elevating GCM1 activity to stimulate
placental cell fusion. Several lines of evidence support this
scenario. First, the CaMKI inhibitor KN93 inhibits the stimu-
latory effect of cAMP stimulant forskolin on GCM1 transcrip-
tional activity. Second, GCM1 steady-state sumoylation levels
are lowered by a constitutively active CaMKI, which also stim-
ulates the interaction of GCM1 and SENP1 in placental BeWo
and JAR cells. Third, the interaction between GCM1 and
SENP1 is not affected by the catalytic subunit of PKA or the
PKA activator 6-Bnz. Instead, the interaction is significantly
stimulated by the Epac activator 8-CPT-AM. Fourth, phos-
phorylation of Ser47 in GCM1 by CaMKI enhances the inter-
action between GCM1 and SENP1. Morecover, introduction of
the RNAi-resistant phosphomimetic mutant GCM1(S47D)
into GCM1-knockdown BeWo cells not only reversed cell fu-
sion defect but further enhanced cell-cell fusion. A recent
report published during the course of this study showed that
activation of Epac proteins by 8-CPT-AM promotes cell-cell
fusion of BeWo cells (37). Although Epacl and Rapl were
implicated as downstream effectors of 8-CPT-AM in that re-
port, the mechanism underlying Epac-stimulated cell fusion
was not clear. Therefore, the results of our present study reveal
more of the underpinnings of placental cell fusion stimulated
by the Epac pathway of cAMP signaling.

Structural studies suggested that sumoylation of Lys156 may
impose some steric interference at the DNA-binding surfaces
of GCM1 and thereby inhibit the DNA-binding activity of
GCM1 (9, 10). Serd7 is located in the turn linking the first
strand of B-sheet and a following a-helix and is most likely on
the outer surface of the GCM1 protein (10). It is feasible to
speculate that Ser47 is accessible to CaMKI for phosphoryla-
tion, and once phosphorylated, it facilitates the recruitment of
SENP1 to desumoylate Lys156. How Ser47 phosphorylation
affects the interaction between GCM1 and SENP1 is currently
not known. Whether it involves a conformational change or
something else is an intriguing question that warrants further
investigation.

The present study indicates that Epacl and Rapl are in-
volved in activation of CaMKI for Ser47 phosphorylation in
GCML1. Because phospholipase Ce and protein kinase Ce are
required for Epac and Rap proteins to activate CaMKII in
Ca?* handling in cardiac myocytes (25-27), we also tested
whether phospholipase C and protein kinase C are involved in
CaMKI-mediated Ser47 phosphorylation in the GCM1-knock-
down BeWo cells. Indeed, Ser47 phosphorylation in the RNAi-
resistant HA-GCM1 stimulated by 8-CPT-AM was suppressed
by KN93 and the Rap inhibitor GGTI298 but was not affected
by the phospholipase C inhibitor U73122 or the protein kinase
C inhibitor BISI (data not shown). These observations suggest
that neither phospholipase C nor protein kinase C is likely to
be involved in CaMKI activation by Epac. Therefore, just how
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FIG. 6. Regulation of GCM1 activity and placental cell fusion by
cAMP. GCMI regulates expression of syncytin-1 and -2 fusogenic
proteins to promote placental cell fusion. cCAMP may activate PKA to
mediate Ser269 and Ser275 phosphorylation in GCM1, which further
enhances the interaction of GCM1 and DUSP23, leading to Ser322
dephosphorylation by DUSP23. This prevents FBW2-mediated ubiq-
uitination and facilitates GCM1 acetylation and stabilization by CBP.
In addition, cAMP may activate Epacl and Rapl to upregulate
CaMKI activity, which mediates Ser47 phosphorylation. This enhances
the interaction of GCM1 and SENP1, leading to GCM1 desumoylation
by SENP1 and restoration of the DNA-binding activity of GCM1.
Therefore, cCAMP activates both PKA- and Epacl-dependent pathways
to increase GCM1 activity to promote placental cell fusion.

CaMKI is activated by Epacl and Rapl in the placenta re-
mains elusive.

cAMP signaling can be transduced by PKA, Epac proteins,
and cyclic nucleotide-gated ion channels for many cellular ac-
tivities. Interestingly, Epac may synergize with PKA to pro-
mote proliferation of thyroid PCCL3 cells in response to
cAMP elevation by thyroid-stimulating hormone (TSH) and to
accelerate adipocyte differentiation of 3T3-L1 cells treated
with forskolin or IBMX (3-isobutyl-1-methylxanthine) in con-
junction with dexamethasone and insulin (15, 28). Our previ-
ous studies have demonstrated that GCM1 activity is positively
regulated by different posttranslational modifications, which
can be coordinated in the cCAMP/PKA signaling pathway (3,
23). In this scenario, PKA phosphorylates Ser269 and Ser275
in GCM1 and enhances the recruitment of DUSP23 for Ser322
dephosphorylation, which prevents GCM1 degradation and
facilitates the interaction of GCM1 and CBP (Fig. 6). As a
result, CBP mediates GCM1 acetylation to further stabilize
GCM1, and the CBP-GCM1 complex transactivates syncytin
expression to promote placental cell fusion. Of note, we be-
lieve that p38 MAPK is not involved in the cCAMP/PKA sig-
naling pathway that upregulates GCM1 activity at the post-

MoL. CELL. BIOL.

translational level, because the p38 MAPK inhibitor SB 203580
does not significantly affect the transcriptional activity of
GCM1 stimulated by forskolin in transient expression experi-
ments (3). Together with the present study that demonstrates
upregulation of GCM1 activity by the cAMP/Epacl/CaMKI
signaling pathway, we now believe that cAMP signaling initi-
ates two separate signaling cascades to increase GCM1 stabil-
ity by protection of GCM1 from ubiquitination and to maintain
the DNA-binding activity of GCM1 by enhancement of GCM1
desumoylation (Fig. 6). Importantly, both events converge to
stimulate GCM1 activity in placental cells and promote pla-
cental cell fusion and differentiation.
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