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ABSTRACT

Connexin expression and gap junctional intercellular com-
munication (GJIC) mediated by connexin 43 (Cx43)/gap
junction A1 (GJA1) are required for cytotrophoblast fusion
into the syncytium, the outer functional layer of the human
placenta. Cx43 also impacts intracellular signaling through
protein-protein interactions. The transcription factor GCM1
and its downstream target ERVW-1/SYNCYTIN-1 are key
players in trophoblast fusion and exert their actions through
the ERVW-1 receptor SLC1A5/ASCT-2/RDR/ATB(0). To inves-
tigate the molecular role of the Cx43 protein and its interaction
with this fusogenic pathway, we utilized stable Cx43-trans-
fected cell lines established from the choriocarcinoma cell line
Jeg3: wild-type Jeg3, alphahCG/Cx43 (constitutive Cx43
expression), JpUHD/Cx43 (doxycyclin-inducible Cx43 expres-
sion), or JpUHD/trCx43 (doxycyclin-inducible Cx43 carbox-
yterminal deleted). We hypothesized that truncation of Cx43 at
its C-terminus would inhibit trophoblast fusion and protein
interaction with either ERVW-1 or SLC1A5. In the alphahCG/
Cx43 and JpUHD/Cx43 lines, stimulation with cAMP caused 1)
increase in GJA1 mRNA levels, 2) increase in percentage of
fused cells, and 3) downregulation of SLC1A5 expression. Cell
fusion was inhibited by GJIC blockade using carbenoxylone.
Neither Jeg3, which express low levels of Cx43, nor the
JpUHD/trCx43 cell line demonstrated cell fusion or downreg-
ulation of SLC1A5. However, GCM1 and ERVW-1 mRNAs were
upregulated by cAMP treatment in both Jeg3 and all Cx43 cell
lines. Silencing of GCM1 prevented the induction of GJA1
mRNA by forskolin in BeWo choriocarcinoma cells, demon-
strating that GCM1 is upstream of Cx43. All cell lines and first-
trimester villous explants also demonstrated coimmunopreci-
pitation of SLC1A5 and phosphorylated Cx43. Importantly,
SLC1A5 and Cx43 gap junction plaques colocalized in situ to
areas of fusing cytotrophoblast, as demonstrated by the loss of
E-cadherin staining in the plasma membrane in first-trimester
placenta. We conclude that Cx43-mediated GJIC and SLC1A5

interaction play important functional roles in trophoblast cell
fusion.

connexin 43 (Cx43), ERVW-1/SYNCYTIN-1, SLC1A5/ASCT-2/
RDR/ATB(0), syncytiotrophoblast, trophoblast fusion

INTRODUCTION

The syncytiotrophoblast layer of the human placenta is the
functional barrier and the site of numerous exchanges between
the maternal and fetal circulations. It is initially formed at the
time of implantation by the direct fusion of mononuclear
cytotrophoblast and subsequently maintained over the course
of the pregnancy by continuous fusion of cytotrophoblast with
the overlying syncytiotrophoblast [1]. This donation of
cytotrophoblastic cell contents is absolutely required for
syncytial health and function, because nuclear division does
not occur within the syncytiotrophoblast [2]. Trophoblast cell
fusion can be reproduced in vitro and is dependent on gap
junctional intercellular communication (GJIC) specifically
mediated by connexin 43 (Cx43)/gap junction A1 (GJA1) [3–5].

Gap junction channels formed from hexamers of connexin
proteins are responsible for direct intercellular communication
between adjacent cells. The direct exchange of small molecules,
ions, and second messengers, such as cAMP, cGMP, inositol
phosphate, and Ca2þ, between cells is thought to enable the
channels to control and coordinate cell growth [6, 7]. This is of
interest, because cytotrophoblast must exit the cell cycle to fuse
into the syncytium [8]. How gap junctions control the cell cycle is
not fully understood, because the Cx43 protein itself, indepen-
dent from gap junction channel formation, is able to affect growth
control as well as further cellular functions, such as adhesion and
migration [9–12]. Indeed, we have previously shown that stable
transfection and expression of Cx43 in the Jeg3 choriocarcinoma
cell line results in an inhibition of cell growth as compared to the
wild-type cells, whereas the truncated Cx43 (trCx43) protein
lacking the cytoplasmic tail of Cx43 has no effect [13]. It was
further demonstrated that this growth suppression was dependent
on the interaction of the Cx43 cytoplasmic tail with a CCN family
negative growth-regulating protein nephroblastoma overex-
pressed gene (NOV; CCN3) and a shift in its localization from
the nucleus to the cytoplasmic membrane [13]. However,
subsequent studies demonstrated that NOV is restricted to the
invasive extravillous trophoblast of the human placenta [14],
suggesting that an alternate pathway may mediate Cx43-driven
villous cytotrophoblast differentiation to the syncytiotrophoblast.
The carboxyterminus of Cx43 contains numerous phosphoryla-
tion sites for protein kinases [15]. Of particular interest, tight
junction protein (TJP) 1 binds in the last 20 amino acids of the
carboxyterminus [16] and is involved in the regulation of
trophoblast fusion and Cx43 protein expression [17].
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In the human placenta, the ‘‘precursor’’ cytotrophoblast
proliferates to form daughter cytotrophoblasts that are destined
for syncytial fusion [18, 19]. These postmitotic daughter
cytotrophoblast cells express the transcription factor glial cell
missing 1 (GCM1), a key mediator of trophoblast turnover and
syncytial formation [20, 21]. It has been proposed that the
fusogenic effects of GCM1 are mediated by upregulation of
the human endogenous retrovirus W (HERV-W) retroviral
envelope protein endogenous retrovirus W-1 (ERVW-1)/
SYNCYTIN-1 in cytotrophoblast [22, 23]. ERVW-1 in turn
mediates its effects by interacting with its receptor the solute
carrier family 1 member 5 (SLC1A5)/neutral amino acid
transporter (ASCT-2)/type D mammalian retrovirus receptor
(RDR)/amino acid transporter system B0 (ATB[0]), which is
expressed by the syncytiotrophoblast [22, 24, 25].

In the present study, we investigate the molecular
interactions between Cx43, GJIC, and the GCM1-ERVW-1-
SLC1A5 pathway during trophoblast cell fusion in vitro using
Jeg3 cell lines stably expressing both constitutive or inducible
Cx43 and using first-trimester placental villous tissue. To
discriminate whether the Cx43 protein itself affects cell-cell
fusion as a result of the intercellular exchange of molecules
through the channel or by intracellular signaling via the
carboxyterminus, we used a mutated form of Cx43 (trCx43)
that lacks the carboxyterminus. We have previously demon-
strated that trCx43 forms a functional gap junction channel and
mediates GJIC, as shown by immunofluorescence and calcein
dye transfer assay [13]. All cell lines were treated with cAMP
over a 72-h time course, and levels of cell fusion, GCM1,
ERVW-1, SLC1A5, and Cx43 expression were assessed. We
also investigated the interaction of Cx43 and SLC1A5 in the
cell lines and in vivo in first-trimester human placenta.

MATERIALS AND METHODS

Cell Lines

The human choriocarcinoma cell line Jeg3 (ATCC HTB-36) was purchased
from the American Type Culture Collection. Jeg3 cells were grown in
Minimum Essential Medium (MEM; Invitrogen) supplemented with 10% fetal
calf serum (FCS; certified tetracycline-free; Fisher Thermo Scientific), G418,
and amphotericin B at standard culture conditions of 378C and 5% CO2. Stable
Jeg3 clones expressing constitutive a-human chorionic gonadotropin (hCG)-
Cx43 (generated by ligation of the 900-bp human ahCG promoter fragment
into pBluescript SK(þ/�) via HindIII together with a 1.4-kb rat Cx43 fragment
by EcoRV/NotI restriction digestion), doxycycline-inducible full-length
JpUHD/Cx43, and doxycycline-inducible JpUHD/trCx43 (missing amino acids
259–382), were generated as previously described [13]. Plasmid expression
was maintained by selection for puromycin resistance 0.5 lg/ml puromycin
(Sigma), and Cx43 and Cx40 expression was induced in the JpUHD lines by
the addition of 1 lg/ml of Doxycycline HCL (Sigma) to the culture medium for
48 h before initiation of the experiment.

Tissue Collection and Culture

First-trimester placentas were collected following termination of pregnancy
with informed patient consent. All tissue collections were approved by the
Morgantaler Clinic (Toronto, ON, Canada) and the Research Ethics board of
Mount Sinai Hospital. Floating villous placental explants were examined under
a dissecting microscope and selected by the absence of extravillous trophoblast
columns. Explants were placed in tissue culture plates containing Dulbecco
modified Eagle medium/Ham F12 supplemented with 1% Insulin-Transferrin-
Selenium-A (Invitrogen) and cultured with or without 1 lM 8-bromo-cAMP
(Calbiochem) at 378C with 5% CO2 and 8% O2 for 24 h. Explants were
collected for protein extraction and immunoprecipitation as described below.

Two-Color Cell Fusion Assay

The two-color cell fusion assay was performed as previously described by
Borges et al. [26]. Briefly, confluent cells from each cell line were trypsinized,
centrifuged (80 3 g for 5 min), and counted before division of equal numbers

of cells into two tubes. Cells were then centrifuged again (80 3 g for 5 min) and
resuspended in serum-free medium to a final cell number of 1 3 106 cells/ml
and labeled with either 5 lM Cytotracker CMTMDR (red) in one tube or 5 lM
Cytotracker CMFDA (green; both from Molecular Probes, Invitrogen) in the
second tube. Labeled cells were washed in MEM with 10% FCS, counted, and
diluted to 1 3 105 cells/ml before seeding in six-well plates at a density of 1 3

105 green cells/well and 1 3 105 orange cells/well. Cells were allowed to adhere
for 6 h and then stimulated with 1 lM 8-bromo-cAMP with or without 125 lM
carbenoxylone (CBX; Sigma) or 125 lM glycyrrhizic acid (GZA; Sigma), its
inactive analog. Cell-cell fusion events were determined using a 1X51 inverted
fluorescent microscope (Olympus) to capture five random phase-contrast
images with matching fluorescent images per well over a 3-day time course at
24, 48, and 72 h. The fusion index was calculated as a percentage of nuclei in
double fluorescent cytoplasm/total nuclei per field of view. Data was assessed
by two independent investigators (Sabrina Pavri and Iskra Peltekova) blinded to
cell line and treatment group. All experiments were performed in triplicate
wells and as four independent experiments.

Northern Blot Analysis

Total RNA was isolated from confluent cell monolayers using Qiagen
RNeasy Kit (Qiagen). RNA was separated on 1% (wt/vol) agarose (Invitrogen)
gel containing 3.7% (vol/vol) formaldehyde (Fisher Thermo Scientific) in
MOPS (3-[N-morpholino]-propanesulfonic acid; Sigma), transferred in 0.1 M
sodium phosphate (Sigma) on to a nylon membrane (GeneScreen; NEN Life
Science Products, Inc.), and cross-linked by ultraviolet irradiation. Hybridiza-
tion at 558C and labeling of the specific probes with [a-32P]dCTP by using the
random hexamer-primed labeling system (GE Healthcare) were performed as
described previously [27]. The following probes were used: human GCM1 [20],
human ERVW-1 [26], and rat heart GJA1 cDNA fragment [27]. As a control,
the blots were rehybridized with a 18S rRNA-specific probe [28].
Subsequently, the membrane was washed to a final stringency of 30 mM
sodium phosphate/0.1% (wt/vol) sodium dodecyl sulfate. Probed membranes
were exposed to x-ray film (Kodak XAR; Eastman Kodak) with an intensifying
screen at �808C and analyzed by densitometry.

BeWo Cell Culture and Silencing of GCM1

The human choriocarcinoma cell line BeWo (passages 10–20) was
maintained in F12K medium (ATCC) supplemented with 10% fetal bovine
serum, 100 units/ml of penicillin, 100 units/ml of streptomycin, and 2.5 lg/ml
of fungizone (Invitrogen) in atmospheric O2/5% CO2 at 378C. Two double-
stranded siRNA oligonucleotides (21mer) named 201 and 815 against the
human GCM1 sequence (Qiagen) were used as described previously [21].
Confluent BeWo cells were transfected with 50 nM of a 1:1 cocktail of 201 and
815 GCM1 siRNA or nonsilencing control siRNA for 12 h before stimulation
with 50 lM forskolin and subsequent 48-h incubation. Experiments with
fluorescent-labeled siRNA established 80%–90% transfection efficiency (data
not shown). Toxicity of siRNA treatment was monitored with Human
Interferon Alpha ELISA kit (PBL Biomedical Laboratories).

Real-Time RT-PCR Analysis

The RNA samples from each cell line were column purified using RNeasy
Mini Kit (Qiagen) and treated with 2.5 ll of DNase I (2.73 Kunitz unit/ll;
Qiagen) to remove genomic DNA contamination. Real-time RT-PCR was
performed to detect the mRNA expression of SLC1A5 or GJA1 in control and
cAMP/forskolin-treated cells. A total of 1 lg of RNA was primed with random
hexamers to synthesize single-strand cDNAs in a total reaction volume of 50 ll
using the TaqMan Reverse Transcription Kit (Applied Biosystems). The
thermal cycling parameters of the reverse transcription were modified
according to the Applied Biosystems manual. Hexamer incubation at 258C
for 10 min and RT at 428C for 30 min were followed by reverse transcriptase
inactivation at 958C for 5 min. Then, 20 ng of cDNA from the previous step
were subjected to real-time RT-PCR using specific sets of primers for the gene
of interest, SLC1A5, and three housekeeping genes (SLC1A5: forward, 50-
CCGCTTCTTCAACTCCTTCAA-3 0; reverse, 5 0-ACCCACATCCTCC
ATCTCCA-30 [29]; GJA1: forward, 50-GGGGGATCCATGGGTGACTCGA
GC-30; reverse, 50-GGGAAGCTTCTAGATCTCCAGGTCAT-30; GCM1 [21],
HPRT: forward, 5 0-TGACA CTGGCAAAACAATGCA-3 0; reverse, 5 0-
GGTCCTTTTCACCAGCAAGCT-30; YWHAZ: forward, 50-ACTTTTGGTA
CATTGTGGCTTCAA-30; reverse, 50-CCGCCAGGACAAACCAGTAT-3 0;
and RN18S: forward, 50GCCAAAGCATTTGCCAAGAA-30; reverse, 50-
GGCATCCTTTATGGTCGGATC-30) in a total reaction volume of 25 ll
(Applied Biosystems). Real-time RT-PCR was performed in an optical 96-well
plate with an ABI PRISM 7900 HT Sequence Detection System (Applied
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Biosystems) using SYBR Green detection chemistry (Bio-Rad). The run
protocol was as follows: initial denaturation stage at 958C for 10 min, followed
by 40 cycles of amplification at 958C for 15 sec and 608C for 1 min. After PCR,
a dissociation curve was constructed by increasing temperature from 658C to
958C for detection of PCR product specificity. In addition, a no-template
control (H2O control) was analyzed for possible contamination in the master
mix. A cycle threshold (Ct) value was recorded for each sample. PCR reactions
were set up in triplicates, and the mean of the three Ct values was calculated.
An arithmetic formula from the comparative Ct method (see ABI User Bulletin
2, http://www3.appliedbiosystems.com/cms/groups/mcb_supportdocuments/
generaldocuments/cms_040980.pdf) was applied to the raw Ct values to
extract relative gene expression data as compared to the 24-h control sample in
each cell line. The SLC1A5, GJA1, or GCM1 mRNA level from each sample
was normalized to the geometric mean of the HPRT, YWHAZ, and ribosomal
RN18S mRNA. Validation experiments were performed to ensure the PCR
efficiencies between all primer sets were approximately equal.

Western Blot Analysis

Equal amounts of total proteins from each cell line treated with either
control serum-free medium or 1 lM 8-bromo-cAMP over a 48-h time course
were analyzed by Western blot analysis as previously described [30]. Briefly,
20 lg of proteins were added to 5 ll of 43 reducing loading buffer (1 mM b-
mercaptoethanol; Invitrogen) and boiled for 5 min. Proteins were run on a 10%
SDS-PAGE gel and transferred to a polyvinylidene fluoride (PVDF) membrane
(Millipore) overnight at 48C. Membranes were blocked with 10% nonfat milk
and 0.1% bovine serum albumin in Tris-buffered saline with Tween (TBS-T; 10
mM Tris [pH 7.5], 100 mM NaCl, and 0.1% Tween 20) for 1 h at room
temperature, followed by three 5-min TBS-T washes. Membranes were
incubated with either primary rabbit polyclonal anti-SLC1A5 antibody (1:5000;
Fisher Thermo Scientific) or rabbit polyclonal anti-Cx43 antibody (1:1000;
Invitrogen) in 5% milk overnight at 48C followed by three 5-min washes and a
1-h incubation with anti-rabbit-mouse horseradish peroxidase (HRP; 1:3000)-
linked secondary antibody (GE Healthcare) at room temperature. Antibody
reactions were detected using WesternC Chemiluminescence Detection Kit
(Bio-Rad) followed by detection of chemiluminescence using a Versa Doc 5
gel documentation machine (Bio-Rad). To ensure equal loading of the gel,
membranes were stripped and reprobed using a mouse monoclonal anti-
TUBULIN antibody (1:2000; Sigma). Band intensity and area was analyzed
using Quantity One 4.6.7 software (Bio-Rad).

In Vitro Coimmunoprecipitation

Total cell and villous explant proteins were extracted on ice in RIPA buffer
(100 mM Tris HCL [pH 7.6], 1% NP-40, 1 mM ethylenediaminetetra-acetic
acid, 1 mM ethyleneglycoltetra-acetic acid, 1 mM sodium vanadate, and 1 mM
sodium fluoride; Sigma) and protease inhibitor cocktail (Roche) from 48-h time
point control and cAMP-treated Jeg3, ahCG/Cx43, JpuHD/Cx43, and JpuHD/
trCx43 cell lines. Proteins were precleared by the addition of 20 ll of Protein A
Sepharose beads (Pharmacia) and a 2-h incubation at 48C. Supernatants were
collected and total protein concentration assessed before the addition of either 1
lg/ml of polyclonal rabbit anti-SLC1A5 antibody or 1 lg/ml of monoclonal
mouse anti-Cx43 antibody (Upstate Cell Signaling Solutions) against the
alpha1 domain of the Cx43 protein per 250 ll of 1 mg/ml of total protein per
sample and further 2-h incubation with rotation at 48C. Immunoprecipitation
was performed by the addition of 25 ll of Protein A Sepharose beads to each
tube and a further incubation with rotation at 48C overnight. Conjugated beads
were collected by centrifugation (4000 rpm for 15 min at 48C) and washed three
times for 2 min with RIPA buffer before addition of 25 ll of reducing 23 SDS
sample buffer (Invitrogen) and heating at 958C-1008C for 5 min. Associated
proteins were separated on 10% SDS PAGE gel and transferred to a PVDF
membrane (Fisher Thermo Scientific) followed by Western blot analysis with
either the monoclonal mouse anti-Cx43 antibody or a goat polyclonal anti-
SLC1A5 antibody (Santa Cruz Biotechnology, Inc.). Bands were detected
using either anti-mouse HRP antibody (1:3000; GE Healthcare) or anti-goat
HRP (1:2000; AbD Serotec) and ECL chemiluminescence exposed to x-ray
film (Kodak Scientific).

Triple Immunofluorescence

First-trimester placental biopsies were dehydrated in a 5%–20% sucrose
gradient (20 min in each) followed by a 20-min incubation in 20% sucrose and
50% OCT (Bayer) and then were cryoembedded in OCT. Triple-fluorescent
immunohistochemistry was performed on frozen sections (thickness, 10 lm)
that were air-dried and fixed in a 50%–90% ethanol gradient in PBS. Sections
were rehydrated through the ethanol gradient (2 min at each step) and washed

in PBS. Antigen retrieval was performed using 0.01% Triton X-100 for 10 min
at room temperature. Endogenous fluorescence was blocked by a 1-min
incubation in 1% Sudan Black (Sigma) in 70% ethanol followed by nonspecific
antigen blocking using 10% normal goat serum, 2% donkey serum (Jackson
ImmunoResearch), and 2% human serum (in house) for 1 h at room
temperature. Rabbit polyclonal anti-Cx43 antibody (1:100), goat polyclonal
anti-SLC1A5 antibody (0.5 lg/ml;), and mouse monoclonal E-cadherin
antibody (1:400; Abcam) were added in combination and incubated overnight
at 48C. Following two 5-min washes in PBS, goat anti-rabbit biotinylated
(1:300; DAKO), donkey anti-goat Alexa Fluor 546 (1:100; Invitrogen), and
donkey anti-mouse Alexa Fluor 488 antibodies were added for 1 h at room
temperature. Sections were washed and finally incubated with Streptavidin
Alexa Fluor 647 (1:1000; Invitrogen) with 40,6-diamidino-2-phneylindole
(DAPI; Vector Laboratories) counterstaining of nuclei. Negative controls were
performed using a combination of mouse and rabbit immunoglobulin (Ig) G or
goat IgG matching the concentration of primary antibodies or omission of the
first secondary antibody to control for cross-reactivity between the first primary
and the second secondary antibodies. Slides were mounted in Immu-Mount
(Fisher Thermo Scientific) and images captured using a Quorum Wave FX
spinning disk confocal system comprising a Leica DMI 6000B microscope with
a Yokoqawa Spinning Head and Image EM Hamematsu EMCCD camera and
Velocity imaging software (Improvision). DAPI images of fluorescent nuclei
were converted to white for presentation purposes.

Statistical Analysis

Statistical analysis of data was performed using GraphPad Prism (GraphPad
Software) on normally distributed data using a one way ANOVA with a
Dunnett multiple-comparison test. Data are presented as the mean 6 SD of at
least three independent experiments (error bars represent the SD in the figure
legend) performed in triplicate. P-values of less than 0.05 as compared with
respective controls are considered to be significant.

RESULTS

Deletion of the Cx43 Cytoplasmic Tail Prevents cAMP-
Mediated Cell Fusion

Wild-type Jeg3 cells maintained separation of the red and
green cytoplasmic dyes under both control (48 h) (Fig. 1A) and
cAMP-treated (48 h) (Fig. 1B) conditions. Constitutive
expression of Cx43 induced by the ahCG promoter resulted
in a small increase in cell-cell fusion under control conditions
by 48 h (seen by dissolution of the red dye between red cells in
Fig. 1C, arrow). In contrast, treatment with cAMP for 48 h
induced high levels of cell fusion across the culture, and mixing
of the two dyes was clearly observed, as indicated by red nuclei
surrounded by green cytoplasm (Fig. 1D, arrow). Doxycyclin
induction of Cx43 in the JpUHD/Cx43 line had little effect in
the control conditions, and dyes remained separate (48 h) (Fig.
1E). In contrast, 48 h stimulation with cAMP resulted in the
formation of syncytial colonies with loss of membranes
containing mixed red and green nuclei (Fig. 1F, arrows).
Induction of the trCx43 protein in the JpUHD/trCx43 cell line
resulted in the continued segregation of the dyes in both control
(Fig. 1G) and cAMP-treated (Fig. 1H) after 48 h. In our
experiments, a Jeg3 cell line transfected with Cx40 demon-
strated only endomitosis when stimulated with cAMP, as was
observed by the continued segregation of the dyes even after 96
h of treatment (Supplemental Fig. S1, I and J; all Supplemental
Data are available online at www.biolreprod.org).

Quantification of the fusion index of all cell lines over a 72-
h time course by two independent investigators comparing the
merged two-color images and the matching phase-contrast
images (Supplemental Fig. S1) demonstrated that the ahCG/
Cx43 line displayed a rapid response to cAMP stimulation,
because by 24 h of treatment, 58.98% 6 20.16% of the nuclei
were in fused compartments as compared to control cells at
23.47% 6 6.91% (P , 0.01, n¼ 4) (Fig. 2A). This percentage
did not significantly increase on further stimulation with cAMP
at either 48 or 72 h, although at both time points, a significantly
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higher percentage of fused cells was observed over that in the
corresponding control cells. The inducible JpUHD/Cx43 cell
line showed a more gradual response to cAMP that reached
significance at 72 h of treatment as compared to control cells
(48.19% 6 17.25% vs. 19.65% 6 10.79, P , 0.01, n ¼ 4).
Neither wild-type Jeg3 nor JpUHD/trCx43 cell lines showed
any cAMP-mediated increase in the percentage of fused cells
above control.

Fusion in the Full-Length Cx43 Lines Is Dependent on GJIC

As shown in Figure 2B, incubation of either the ahCG/Cx43
(48 h) or JpUHD/Cx43 (72 h) cell line with cAMP in the
presence of the GJIC blocker CBX (white hatched bars)
resulted in significant attenuation of the cAMP-mediated cell
fusion (P , 0.001, n ¼ 4, compared to cAMP alone). The

inactive analog GZA had no effect on cAMP-stimulated cell
fusion or in either cell line.

The GCM1 ERVW-1 Pathway Is Upstream of Cx43

Northern blot analysis of a 72-h time course of cAMP
stimulation demonstrated a strong upregulation of GCM1
mRNA levels by 24 h in wild-type Jeg3, ahCG/Cx43, JpUHD/
Cx43, and JpUHD/trCx43 lines (Fig. 3A). The elevation in
GCM1 was sustained across the 48- and 72-h time points as
compared to the respective controls at each time point. In
contrast, ERVW-1 mRNA levels were barely detectable at 24 h
but increased by 48 and 72 h of cAMP stimulation (Fig. 3A).
GJA1 mRNA levels were also strongly induced by cAMP
treatment in the ahCG/Cx43cell line and, to a lesser extent, in
the JpUHD/Cx43 and JpUHD/trCx43 cell lines as compared to
control time points (Supplemental Fig. S2). Northern blot
analysis was unable to detect GJA1 mRNA levels in the wild-
type Jeg3 cell line under either control or cAMP conditions
(Supplemental Fig. S2) [31]. To assess if GCM1 was acting to
upregulate Cx43, the fusogenic BeWo choriocarcinoma cell
was treated with forskolin (50 lM) in the presence of
scrambled control siRNA (50 nM) or a cocktail of two GCM1
siRNAs (50 nM). We have previously shown that this siGCM1
treatment is effective in inhibiting the forskolin induction of
GCM1 in placental explants [21]. Real-time RT-PCR analysis
of GJA1 mRNA levels showed that forskolin induced a robust
expression of GJA1 in the presence of scrambled nonsilencing
siRNA (P , 0.01, n¼ 4). In contrast, in the presence of GCM1
siRNA, no forskolin-mediated increase in GJA1 mRNA levels
was detected (Fig. 3B). Similar results were seen when GCM1
mRNA levels were assessed (Fig. 3B, inset).

Downregulation of SLC1A5 Only Occurs in Full-Length
Cx43 Cell Lines

Real-time RT-PCR analysis of SLC1A5 mRNA levels in the
Jeg3, ahCG/Cx43, JpUHD/Cx43, and JpUHD/trCx43 cell lines
demonstrated a time-dependent, significant decrease in SLC1A5
in the cAMP-treated ahCG/Cx43 and JpUHD/Cx43 cell lines
only (Fig. 4A). By 48 h of cAMP treatment, an 84.5% decrease
in SLC1A5 was observed in the ahCG/Cx43 cell line (P , 0.01,
n ¼3) and a 60.34% decrease in the JpUHD/Cx43 line (P ,
0.01, n ¼ 3) as compared to the respective 48-h controls. A
similar pattern of expression was observed at the protein level
(Fig. 4, B and C). The SLC1A5 antibody detected a 70-kDa
band in these cell lines, as observed in the representative
photomicrograph (Fig. 4B). This observation corresponds to the
molecular weight of SLC1A5 previously reported in brain
extracts [32]. When SLC1A5 protein levels were expressed
relative to those of the housekeeping protein a-TUBULIN, a
significant 37.22% decrease in SLC1A5 levels was observed by
48 h of cAMP treatment (P , 0.05, n¼ 3) (Fig. 4C). Similarly,
the JpUHD/Cx43 cell line showed a 74.16% decrease in
SLC1A5 following cAMP treatment compared to the 48-h
control samples (P , 0.01, n¼ 3). Neither the wild-type Jeg3
nor the JpUHD/trCx43 cell line showed any regulation of
SLC1A5 at either the mRNA or protein level.

In Vitro Interaction of SLC1A5 and Cx43 in Cx43 Cell Lines
and Villous Explants

Figure 5A presents a representative photomicrograph
showing immunoprecipitation of SLC1A5 in the wild-type
Jeg3, ahCG/Cx43, JpUHD/Cx43, and JpUHD/trCx43 cells
followed by Western blot analysis for Cx43 (n ¼ 3). The

FIG. 1. Cyclic AMP stimulates cell-cell fusion in full length Cx43-
expressing cell lines. Two-color cell fusion assay was performed using
wild-type Jeg3 (A and B), ahCG/Cx43 (C and D), JpUHD/Cx43 (E and F),
and JpUHD/trCx43 (G and H) cell lines. Cells were stimulated with
control serum-free medium (A, C, E, and F) or 1 lM 8-bromo-cAMP (B, D,
F, and H) for 48 h. Cell-cell fusion, indicated by the mixing of the red and
green dyes to give either red nuclei surrounded by green cytoplasm or
green nuclei surrounded by red cytoplasm, can be observed in the cAMP-
treated ahCG/Cx43 (fine arrows, D) and JpUHD/Cx43 (bold arrows, F)
cells. Bar ¼ 25 lm.
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monoclonal Cx43 antibody against the alpha1 domain of the
Cx43 protein identified three bands characteristic of Cx43 (P0)
and its phosphorylated forms (P1/P2) in the ahCG/Cx43,
JpUHD/Cx43, and JpUDH/trCx43 cell lines under both control
and cAMP-stimulated conditions. In the wild-type Jeg3 cells, a
single weak band corresponding to nonphosphorylated Cx43
was observed under control conditions. Treatment with cAMP
for 48 h increased the total P0 and P2 phosphorylated Cx43
band intensity in the wild-type Jeg3 and ahCG/Cx43 lines,
whereas P0, P1, and P2 bands increased in the JpUHD/Cx43
line. In contrast, cAMP had little effect on the levels of either
total or phosphorylated Cx43 in the JpUHD/trCx43 cell line (n
¼ 3). A direct Western blot of Cx43 levels using a polyclonal
Cx43 antibody in all cell lines showed that Jeg3 expressed a
very low level of Cx43 protein under both control and cAMP
conditions, whereas the Cx43-overexpressing lines had higher

levels of Cx43, which increased on treatment with cAMP (Fig.
5B, n ¼ 3). A cAMP-mediated increase in phosphorylated
Cx43 was only observed in the ahCG/Cx43 cell line (Fig. 5B).
The interaction of Cx43 and SLC1A5 was confirmed in both
the ahCG/Cx43 cell line and first-trimester villous explants
under control and cAMP-treated conditions by the reverse
immunoprecipitation of Cx43 followed by Western blot
analysis with a polyclonal goat anti-SLC1A5 antibody. A
single 45-kDa band was observed, which increased in intensity
in cAMP-treated villous explants (Fig. 5C, n ¼ 3).

In Situ Colocalization of Cx43 and SLC1A5 in Fusing

Cytotrophoblast

Triple immunofluorescent staining for SLC1A5 (red), E-
cadherin (green), and Cx43 (blue) in a 7-wk, first-trimester

FIG. 2. Time-dependent increase in fusion is inhibited by blockade of GJIC or deletion of the cytoplasmic tail in the Cx43 cell lines. A) Quantification of
the fusion events at 24 h (solid bars), 48 h (striped bars), and 72 h (spotted bars) in all cell lines under both control (black bars) and cAMP-treated
conditions (white bars). The ahCG/Cx43 cell line demonstrated a high fusion rate, with more than 50% of the culture fused by 24 h on treatment with
cAMP. This was maintained at both 48 and 72 h. The JpUHD/Cx43 line showed a slower rate of fusion, with only the 72-h cAMP-treated group showing a
significant increase above control. Neither the Jeg3 nor JpUHD/trCx43 cells showed any increase in cell-cell fusion when stimulated with cAMP. *P ,

0.05, **P , 0.01 in comparison to the respective control at each time point. B) Addition of the GJIC blocker 125 lM CBX to the ahCG/Cx43 (48 h) or
JpUHD/Cx43 (72 h) cell line totally blocked the cAMP-stimulated cell fusion (white hatched bars compared to white, P , 0.001). The inactive CBX analog
GZA (125 lM) had no effect on either cAMP-treated (white striped bars) or control conditions (gray striped bars). Different letters indicate significant
differences (P . 0.01, n¼ 4).
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placenta demonstrated that SLC1A5 was expressed across the
syncytiotrophoblast and cytotrophoblast, whereas the cytotro-
phoblast was defined by strong E-cadherin expression in the
plasma membrane (Fig. 6). At the site of fusion of a daughter
cytotrophoblast with the overlying syncytium, E-cadherin
staining was lost, and an increased density of Cx43 gap
junction plaques was observed colocalizing with SLC1A5 (Fig.
6A, arrows). In a quiescent area of the same placenta where no
cytotrophoblast fusion was observed and E-cadherin marked a
complete layer of underlying cytotrophoblast, low levels of
Cx43 were detected in the cytotrophoblast membranes (Fig.

6B). No staining was observed in the goat IgG control (Fig.
6C) or the dual mouse-rabbit IgG control (Fig. 6D).

DISCUSSION

In the present study, we demonstrate that the full-length
Cx43 protein is required for cAMP-stimulated trophoblast cell-
cell fusion. Moreover, the GJIC blocker CBX inhibits the
cAMP-mediated fusion in the full-length Cx43 cell lines,
suggesting dependency on Cx43-mediated GJIC. Although
CBX can also inhibit cell-cell communication via pannexins,
our data support the observations initially made by Cronier et
al. [4], in which heptanol-mediated blockade of GJIC inhibited
primary cytotrophoblast cell fusion. This GJIC was subse-
quently shown to be mediated by Cx43 [5] and regulated by
hCG [3], whereas administration of Cx43 antisense oligonu-
cleotides prevented primary cytotrophoblast fusion [33].
However, the present study adds further evidence to support
a pivotal role for the Cx43 cytoplasmic tail in the regulation of

FIG. 3. A) Cyclic AMP stimulates GCM1 and ERVW-1 expression.
Representative photomicrographs of Northern blot analysis of GCM1,
ERVW-1, and RN18S mRNA levels following control (�) or 1 lM cAMP
treatment (þ) for 24, 48, and 72 h in wild-type Jeg3, ahCG/Cx43, JpUHD/
Cx43, and JpUHD/trCx43 cell lines are shown. All probes detected a
single band in each case: GCM1, 4 kb; ERVW-1, 3 kb; and RN18S rRNA, 2
kb. All cell lines showed a strong upregulation of GCM1 by 24 h of cAMP
stimulation; ERVW-1 mRNA levels showed a slight increase at 24 h that
was more strongly detected by 48 and 72 h of cAMP stimulation. B)
GCM1 is upstream of Cx43. Real-time RT-PCR analysis of GJA1 mRNA
levels in BeWo choriocarcinoma cells demonstrated that stimulation with
50 lM forskolin in the presence of nonsilencing RNA resulted in the
upregulation of GJA1 mRNA levels. Silencing of GCM1 (inset) resulted in
the inhibition of forskolin-stimulated GJA1 expression. Data are expressed
relative to the level of GJA1 mRNA in the control samples and
standardized against the geometric mean of three housekeeping genes,
HPRT, YWHAZ, and RN18S rRNA. **P , 0.01, n ¼ 4.

FIG. 4. Downregulation of SLC1A5 by cAMP in full-length Cx43-
transfected cell lines. A) Real-time RT-PCR analysis of SLC1A5 mRNA
levels in wild-type Jeg3, ahCG/Cx43, JpUHD/Cx43, and JpUHD/trCx43
under control (black bars) and 1 lM cAMP treatment (white bars) for 48 h.
Stimulation with 1 lM cAMP resulted in the significant decrease in
SLC1A5 mRNA levels in the ahCG/Cx43 and JpUHD/Cx43 cell lines only.
Data are expressed relative to the level of SLC1A5 mRNA in the control
samples and standardized against the geometric mean of three house-
keeping genes, HPRT, YWHAZ, and 18S rRNA. B) Representative Western
blot analysis demonstrating a single 70-kDa band corresponding to ASCT-
2 protein. C) Stimulation with cAMP (þ; white bars) over the 48-h time
course resulted in the decrease in SLC1A5 levels in the ahCG/Cx43 and
JpUHD/Cx43 cell lines when results were standardized against the
housekeeping protein a-TUBULIN and expressed as the mean 6 SD. *P ,

0.05, **P , 0.01, n¼ 3.
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trophoblast cell fusion. The trCx43 protein, which is a
functional gap junction channel (although improperly gated)
that mediates cell-cell coupling and Lucifer yellow as well as
calcein dye transfer [13, 34, 35], did not enable cAMP-
mediated fusion in our experiments. These results suggest that
both GJIC and intracellular signaling via the carboxyterminus
of Cx43 play important roles in trophoblast cell fusion.

Interestingly, in our experiments, the constitutively express-
ing Cx43 line ahCG/Cx43 showed the most sensitivity to 8-
bromo-cAMP and the largest increase in the percentage of
fused cells. This can be explained by the fact that cAMP can
upregulate ahCG via its promoter [36] and, therefore, also
drives Cx43 expression in this cell line. Northern blot analysis
showed a high level of Cx43 mRNA in the cAMP-treated
samples over a 72-h time course (Supplemental Fig. S2). The
high expression level of Cx43 would thus result in increased
GJIC and efficient cell-cell fusion, as observed across the entire
culture by the extensive comixing of the green and red
cytoplasmic dyes. The two-color fusion assay has previously
been shown to be a robust and accurate method to quantify
syncytial formation [26]. Indeed, as those authors stated, this is
the only method able to discriminate whether a multinucleated
cell body arises from cell-cell fusion or from endomitosis, as

seen in our overexpressing Cx40 cell line (Supplemental Fig.
S1).

We further show that cAMP stimulation upregulates the
transcription factor GCM1 and its downstream effector
ERVW-1 in all of the Cx43-transfected and wild-type Jeg3
cell lines. The effects of cAMP on GCM1 and ERVW-1 are
mediated by the cAMP-dependent protein kinase A (PKA)
signaling pathway [37]. In primary trophoblast and BeWo
choriocarcinoma cells, cAMP is thought to contribute to
increased GCM1 expression via cAMP-responsive element
modulator (CREM) or cAMP-responsive element-binding
(CREB) transcription factor binding in the GCM1 promoter
and to increased GCM1 protein stability [37]. We have shown
that GCM1 acts as a molecular switch in the human placenta,
where it governs the differentiation of the cytotrophoblast from
a proliferating phenotype to the G0 cytotrophoblast cell that
fuses with the syncytiotrophoblast [20, 21]. Silencing of GCM1
leads to accelerated cytotrophoblast proliferation, whereas
forskolin induction of syncytialization leads to increased
GCM1 mRNA levels [21]. ERVW-1 mRNA levels are also
known to increase with the differentiation and fusion of
cytotrophoblast [38]. However, our present data demonstrate
that this cAMP-stimulated expression of GCM1 and ERVW-1

FIG. 5. Interaction of SLC1A5 and Cx43 in vitro. A) Representative Western blot of Cx43 levels in SLC1A5 immunoprecipitates from wild-type Jeg3,
ahCG/Cx43 JpUHD/Cx43, and JpUHD/trCx43 cell lines stimulated with control (�) or 1 lM cAMP (þ) for 48 h. The monoclonal Cx43 antibody against
the alpha domain of Cx43 recognized a specific 43-kDa band and two higher bands corresponding to phosphorylated Cx43. The nonspecific rabbit IgG
control for the immunoprecipitation showed no band (n¼ 3). B) Representative Western blot of Cx43 levels in wild-type Jeg3, ahCG/Cx43 JpUHD/Cx43,
and JpUHD/trCx43 cell lines stimulated with control (�) or 1 lM cAMP (þ) for 48 h. The polyclonal Cx43 antibody recognized a 43-kDa band that was
detected at very low levels in the wild-type Jeg3 and increased on cAMP treatment in the Cx43 cell lines as compared to the housekeeping protein a-
TUBULIN. C) Representative Western blot of SLC1A5 in Cx43 immunoprecipitates from ahCG/Cx43 cells and placental villous explants stimulated with
control (�) or 1 lM cAMP (þ) for 48 or 24 h, respectively. The polyclonal goat anti-SLC1A5 antibody detected a 45-kDa band in all samples, which
increased in intensity in cAMP-treated explants as compared to controls (n¼ 3).
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mRNA is not affected by expression of the different Cx43
constructs and occurs in both the fusing and nonfusing cell
lines. Thus, activation of this pathway may not be sufficient for
cell fusion. Moreover, we have shown that silencing of GCM1
in the naturally fusogenic cell line BeWo results in the
inhibition of forskolin-induced GJA1 mRNA expression.
Therefore, we conclude that GCM1 expression and function
is upstream of Cx43, but also that fully functional Cx43 GJIC
is essential for subsequent cell-cell fusion.

We also demonstrate that the cAMP-mediated fusion
observed in the full-length Cx43 lines correlates with the
downregulation of SLC1A5 at both the mRNA and protein
levels. This decrease in SLC1A5 levels was not observed in
either the nonfusing wild-type Jeg3 or JpUHD/trCx43 cell
lines. These results are similar to those reported by Kudo and
Boyd [39], who demonstrated decreased SLC1A5 mRNA levels
together with a concomitant decrease in amino acid transport
mediated by the ATB(0) transporter activity in forskolin-

stimulated BeWo cells. It is possible that SLC1A5 is
downregulated as a consequence of cell fusion rather than
preceding or even promoting fusion. Further experiments
would shed light on this matter. In the present study, triple
immunohistochemical analysis demonstrated that SLC1A5 was
expressed throughout the syncytiotrophoblast and cytotropho-
blast and colocalized with an increased level of Cx43 gap
junctions in the junction of the apical cytotrophoblast and basal
syncytiotrophoblast membrane at sites of active cytotropho-
blast cell fusion in first-trimester placenta. Cytotrophoblast
fusion was identified by the by loss of E-cadherin staining of
the apical cytotrophoblast membrane in fusing cells. The
syncytial expression pattern of SLC1A5 correlates well with
the reported localization of the neutral amino acid transporter
system in the human placenta [39–41]. We also observed
SLC1A5 expression at a low level in the cytotrophoblast,
similar to reports by Hayward et al. [42]. Those authors were
surprised by the lack of SLC1A5 in the syncytiotrophoblast

FIG. 6. Fusing cytotrophoblast demonstrates in situ colocalization of Cx43 and SLC1A5. Representative triple immunofluorescent images of SLC1A5
(red), E-cadherin (green), and Cx43 (blue) expression in first-trimester placental sections are shown. A) In areas of cell fusion shown by loss of E-cadherin,
Cx43 and SLC1A5 colocalize (arrows) to the junction of the apical membrane of the cytotrophoblast and the basal membrane of the syncytiotrophoblast.
B) In quiescent areas of the same placenta, no colocalization is observed, and Cx43 is restricted to the cytotrophoblast cell junctions. C) Nonspecific goat
IgG control. D) Nonspecific dual IgG controls of mouse and rabbit IgGs. Bar ¼ 25 lM.
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membrane, and we suggest that these differences may be
explained by the different antibodies used. In the present study,
the commercially available anti-SLC1A5 antibody used
detected a major 70-kDa band in the Cx43 cell line lysates
by Western blot analysis, whereas the study by Hayward et al.
used a rabbit antisera that detected two 45- and 53-kDa bands.
We also show that in quiescent areas of the same first-trimester
placenta, identified by a complete cytotrophoblast layer marked
by E-cadherin staining, low levels of Cx43 gap junctions were
restricted to the cytotrophoblast layer. This staining was shown
to be specific by the use of nonimmune rabbit, mouse, and goat
IgGs.

The colocalization of Cx43 and SLC1A5 was further
demonstrated by immunoprecipitation of SLC1A5 followed
by Western blot analysis with anti-Cx43 antibody. Interesting-
ly, cAMP mediated an increase in associated Cx43 P2 band in
the wild-type Jeg3 and P1 and P2 bands in the full-length Cx43
cell lines only. This is unsurprising, because the P1-P2 shift is
induced by the phosphorylation of numerous serine residues
within the carboxyterminal tail of Cx43 [43, 44], which are
missing in the JpUHD/trCx43 cell line. A direct Western blot
of Cx43 levels showed that Jeg3 cells express a low level of
Cx43 and that cAMP has no effect on upregulation of Cx43
levels (mRNA levels were undetectable by Northern blot
analysis) (Supplemental Fig. S2A). Thus, we suggest that the
levels of Cx43 in the wild-type Jeg3 are insufficient to
contribute to enough Cx43 gap junctions to initiate cell-cell
fusion. In contrast, in the overexpressing Cx43 cell lines, Cx43
mRNA and protein levels were upregulated by cAMP, and
phosphorylation was increased in the ahCG/Cx43 cell line.
Similar to the regulation of GCM1 and ERVW-1, the cAMP-
mediated increase in Cx43 phosphorylation is also mediated by
the PKA pathway and leads to increased Cx43 protein within
gap junction plaques in the plasma membrane [45, 46]. In
particular, the P2 isoform, which increased in association with
SLC1A5 in the present study, is associated with the G0/G1
phase of the cell cycle and with the scaffolding proteins TJP1
and TJP2 at the plasma membrane [47]. Thus, the immuno-
precipitation data support our finding of increased Cx43 gap
junctions associated with SLC1A5 in areas of cytotrophoblast
fusion. This interaction was confirmed by the reverse
immunoprecipitation of Cx43 followed by Western blot
analysis with SLC1A5 in both the ahCG/Cx43 cell line and
first-trimester placental villous explants. Interestingly, the level
of SLC1A5 bound to Cx43 was high in the control explants,
demonstrating in vivo interaction and correlating with the high
degree of fusion during this period of gestation, but it also
increased when treated with cAMP. We have previously shown
that cAMP treatment of placental explants depletes the
cytotrophoblast population and accelerates fusion into the
syncytiotrophoblast [21], thus correlating with an increased
association of SLC1A5 with Cx43 gap junctions.

Importantly, the TJP1 protein has also been demonstrated to
be functionally required for trophoblast cell fusion [17] and to
interact with the last 20 amino acids on the carboxyterminal tail
of Cx43 [16]. Silencing of TJP1 prevented primary term
trophoblast fusion and resulted in a decrease in Cx43 protein
expression, which was suggested to be due to the destabiliza-
tion of a supramolecular complex [17]. Our data demonstrating
the lack of fusion in the JpUHD/trCx43 cell line further
supports the critical role of this tight junction-gap junction
interaction in the stimulation of trophoblast fusion. Moreover,
we suggest that SLC1A5 may be another putative member of
this fusion supramolecule, yet its interaction with CX43 is not
mediated via the C-terminus but, rather, through the interaction
of the transmembrane domains of SLC1A5 and Cx43 in the

plasma membrane. It is possible that the formation of Cx43 gap
junctions spanning the cytotrophoblast apical membrane and
syncytiotrophoblast basal membrane preferentially sequester
SLC1A5 to the basal syncytiotrophoblast membrane and the
site of its interaction with ERVW-1.

In conclusion, our data support and extend the ERVW-1-
SLC1A5 interaction model of trophoblast cell fusion proposed
by Potgens et al. [25]. In this model, SLC1A5 is in excess to
ERVW-1 in the syncytiotrophoblast basal membrane until
activation of cell fusion when SLC1A5 decreases [25]. Our
data suggest the following modifications to this model: In
nonfusing regions of the placenta, SLC1A5 is in excess of
ERVW-1 until activation of PKA signaling in a differentiating
cytotrophoblast increases GCM1 and ERVW-1 and may
decrease SLC1A5. The PKA signaling also phosphorylates
Cx43, which induces gap junction plaque formation between
cytotrophoblast and syncytiotrophoblast and the association of
TJP1 with the cytoplasmic domain of Cx43. The interaction of
Cx43 and SLC1A5 in the syncytiotrophoblast basal membrane
subsequently brings SLC1A5 into proximity with ERVW-1
and stimulates cytotrophoblast fusion with the syncytium. Our
data demonstrate a critical, central role for Cx43 in mediating
both GJIC and protein-protein interaction with SLC1A5 to
stimulate trophoblast cell fusion.
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