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Introduction: The multinucleated syncytiotrophoblast is formed and maintained by cytotrophoblast cell
fusion and serves multiple functions to ensure a successful pregnancy. We have previously reported that
the proprotein convertase furin is required for trophoblast syncytialization by processing type 1 insulinlike growth factor receptor (IGF1R).
Methods: Utilizing trophoblast cell fusion models including induced fusion of choriocarcinoma BeWo
cells and spontaneous fusion of primary cultured term cytotrophoblast cells, the expression of furin was
evaluated by quantitative real-time PCR, Western blotting and immunoﬂuorescence. The key transcription factor regulating the FUR gene promoter and critical responsive elements were identiﬁed by
luciferase reporter assays, truncated mutants analysis, site-directed mutagenesis and ChIP.
Results: We demonstrated that the levels of FUR mRNA were signiﬁcantly stimulated by cAMP/PKA
signaling pathway during spontaneous fusion of cytotrophoblast cells and forskolin-induced fusion of
BeWo cells. cAMP-responsive element binding protein (CREB) was proven to be the key transcription
factor which regulated the FUR P1 promoter during forskolin-induced BeWo cell fusion, and two critical
cAMP-responsive elements (CREs) in the P1 promoter were further identiﬁed. Finally, we showed that
CREB mediated endogenous furin activation and that CREB siRNA attenuated forskolin-induced furin
expression and cell fusion in BeWo cells.
Discussion: This provides the ﬁrst evidence of the upstream regulator of furin during trophoblast cell
fusion.
Conclusions: The above results suggest that the FUR transcription is activated by CREB-dependent
stimulation of the FUR P1 promoter during human trophoblast syncytialization.
© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
The placenta is a transient and autonomous organ that contains
a specialized cell type, the trophoblast. The human villous cytotrophoblast (CTB) cells can function as progenitor cells and differentiate along two distinct pathways, i.e., one is to invade into the
uterine endometrium and form the extravillous cytotrophoblast
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(EVT) cells, and the other is to fuse together to produce a continuous layer of multinucleated syncytiotrophoblast (STB), a process
called syncytialization [1,2]. STB as the outer layer of placental villi
is maintained throughout gestation as the barrier between the
maternal circulation and the fetus, secreting important growth
factors and hormones and mediating gas, nutrient and waste exchange to maintain pregnancy [3,4]. A rapid understanding of the
molecular mechanisms governing syncytialization started from the
identiﬁcation of the endogenous retroviral envelope proteins,
syncytin-1 and syncytin-2 [5e7], the only fusogens identiﬁed so far
to be involved in syncytialization. Many other proteins, including
VEGF [8], insulin-like growth factor (IGF)-I and its receptors (IGF1R)
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[9,10], TGF-b [11] and TNF-a [12], have also been proven to regulate
trophoblast cell fusion. The above factors are synthesized as large
precursor molecules, and their activation occurs through endoproteolytic cleavage by proprotein convertases (PCs) [13e18].
The family of PCs has seven members known as PC1/3, PC2, PC4,
PC5/6, PC7, PACE4 and furin [19]. Furin is the ﬁrst identiﬁed PC and
has been proven to play important roles during mammalian
development [19e21]. Among the PCs, PC1/3, PC2 and PC4 exhibit
tissue-speciﬁc expression pattern, whereas furin, PACE-4, PC5/PC6
and PC7 are ubiquitously expressed [14,22]. However, the expression levels of furin vary among different tissue and cell types
[13,19,23] and different stages of cell differentiation [24], indicating
that precise regulation of spatial and temporal expression of furin is
important for development. As detailed previously, furin plays an
important role in processing important factors involved in
trophoblast syncytialization, including IGF-I, IGF1R [25,26] VEGF
[27] and syncytins [17,18]. More importantly, deletion of the FUR
gene in mice leads to early embryonic death at E10.5 due to
developmental defects and failure of allantois-chorion fusion [28],
a key step and a pre-requisite for trophoblast syncytialization. In a
previous study, we have demonstrated that cytotrophoblast cell
fusion and syncytialization are accompanied by elevated furin
expression [29]. By employing the forskolin (FSK)-induced
choriocarcinoma BeWo cell fusion model, spontaneous fusion
models of primary cultured cytotrophoblast cells and villous explants, and lentivirus-mediated placenta-speciﬁc knockdown
strategies, we have proved that furin is required for trophoblast
syncytialization, with IGF1R as a substrate [29]. Meanwhile, we also
found that the FUR mRNA was elevated during FSK-induced BeWo
cell fusion and spontaneous fusion of primary cytotrophoblast cells.
This prompted us to perform the present study to investigate how
this was achieved mechanistically.
It has been reported that at least three distinct promoters,
namely P1, P1A and P1B, direct the FUR transcriptional activation
[30]. The FUR transcripts differ in their 5’-ends but are all translated
from the same start codon located in exon II, producing identical
furin proteins. The P1A and P1B promoters contain multiple Sp1
binding sites characteristic of housekeeping genes [30]. The P1
promoter, as the major functional promoter, has TATA and CAAT
elements in its proximal region [30], and is transactivated in a
tissue- and differentiation-speciﬁc pattern by many different
transcriptional factors, such as CCAAT/enhancer binding protein b
(C/EBPb) [30], GATA binding protein 1 (GATA-1) [24], SMADs
[31,32], hypoxia-inducible factor-1 (HIF-1) [33] and caudal type
homeobox 2 (CDX2) [34]. P1A can also be the major functional
promoter in mediating Sox9-dependent transcriptional regulation
of the FUR in chondrogenesis [35]. We therefore set up to deﬁne
upstream regulators that drive the FUR transcriptional activation
and the dominancy of different promoters during trophoblast
differentiation.
Here, we present data proving that the FUR transcription is
increased by CREB-dependent stimulation of the FUR P1 promoter
during human trophoblast cell fusion. Firstly, we found that the FUR
mRNA was induced during spontaneous fusion of primary term
cytotrophoblast cells and FSK-induced BeWo cell fusion, and that
PKA signaling pathway was involved in this process. We then
analyzed the upstream regulatory sequences of the FUR promoters,
and identiﬁed several cis-acting elements, CREs. Luciferase reporter
studies led to the identiﬁcation of CREB, which functioned as the
trans-acting factor and activated the FUR transcription in response
to FSK in BeWo cells. By performing site-directed mutagenesis and
ChIP assays, we proved that CREB bound on CRE sites located at
nt 999 to 1009 and 1140 to 1151 within the FUR P1 promoter.
Finally, we showed that CREB mediated endogenous furin activation and FSK-induced cell fusion in BeWo cells.

Table 1
Oligonucleotide primers used for the constructs and mutagenesis.
A. The primers used for amplifying coding sequences of human basic leucine
zipper (bZIP)-type superfamily transcription factors and the human FUR
promoter sequences
Sequence

PCR primers (50 -30 )a

CREB

Forward: CCCAAGCTTTGAACGAAAGCAGTGACGGAG
Reverse: CGTTCTAGAAGGTTGTGGCCAAGCCAGTCCA
Forward: CCCAAGCTTCAGTTGATTATGGAA
GATTCCCAC
Reverse: CGTTCTAGACAGTTGTGCCCGTAGCTTCCT
Forward: AATGCGGCCGCCATGGCCCACCAG
CTAGAAAG
Reverse: CGTTCTAGAATCAACTTCCTGGGGTCGTG
Forward: CCCAAGCTTTTAAGCACATTCCTCGATTCC
Reverse: CGTTCTAGATGACGCTCCTGATATCCTC
Forward: CCCAAGCTTGCTCCTCTCTGCTATATGAA
Reverse: CGTTCTAGACAAGAGCCAAGAGAGATGTC
Forward: CCCAAGCTTTGCGCGGTGGCACGGGCGAGT
Reverse: CGTTCTAGATCACAGGCGGTCCATCCGGAA
Forward: CCGCTCGAGCACTGGAAGAGGTCCTGC
Reverse: CCCAAGCTTTGCAGCTGCAACAGTCAGGC
Forward: CCGCTCGAGCCCATTGTTGTGCTGGCATA
Reverse: CCCAAGCTTTGCAGCTGCAACAGTCAGGC
Forward: CCGCTCGAGTGTGTCCCAGGTACCTCCA
Reverse: CCCAAGCTTTGCAGCTGCAACAGTCAGGC

ATF1

ATF2

ATF4
ATF7
TORC1
pGL2-P1-2490/þ89
pGL2-P1-1279/þ89
pGL2-P1-427/þ89

B. The mutagenic oligonucleotides used to produce mutations in
the CREB core-binding sequences
The primers for
mutagenesis

Primers (50 -30 )b

192/-193 mutation

Forward: CTGGCTGACTTAATGCATTCCTTCC
GCCAGCTC
Reverse: GAGCTGGCGGAAGGAATGCATTAA
GTCAGCCAG
Forward: AGCAGCTAATGTTTAGTGCATAG
GGATGCGAC
Reverse: GTCGCATCCCTATGCACTAAACATTAGCTGCT
Forward: ACCACCATCCTGTGCAGTTCCCACTCCTC
Reverse: GAGGAGTGGGAACTGCACAGGATGGTGGT

1003/1004 mutation

1143/1144 mutation

a
Primers used for expression plasmids are designed from NCBI reference
sequence NM_134442, NM_005171, NM_001256090, NM_001675, NM_001130060,
and NM_001098482 for CREB, ATF1, ATF2, ATF4, ATF7, and TORC1, respectively.
b
Underlined characters represent mutagenesis sites.

2. Materials and methods
2.1. Cell culture
The human choriocarcinoma cell line BeWo (ATCC, Manassas, VA), which has
been widely used for mimicking trophoblast cell fusion in vitro [36], was grown in
Ham's Fe12K (Kaighn's) (Gibco, Carlsbad, MA)/DMEM (HyClone, Logan, UT) (1:1)
medium. Fusion of BeWo cells was induced by FSK (Sigma, St. Louis, MO) or 8bromo-cAMP (8-Br-cAMP) (Sigma) [37]. HEK293 cells were routinely grown in
DMEM (Hyclone). All media were supplemented with 10% FBS (HyClone), 100 units/
ml penicillin and 100 mg/ml streptomycin.
Primary cytotrophoblast cells isolated from term placentas can undergo spontaneous syncytialization in vitro [38]. Normal term placentas, which otherwise
would be discarded, were obtained after elective caesarean section from Beijing
Obstetrics and Gynecology Hospital, Afﬁliate of Capital University of Medical Sciences. Informed consent was obtained from each woman donating her placenta. The
use of these placentas for research was anonymized and approved by the Ethical
Committee and the Review Board of the Institute of Zoology, Chinese Academy of
Sciences and Beijing Obstetrics and Gynecology Hospital. Isolation of primary
cytotrophoblasts was performed using the method as previously described [29].
Brieﬂy, the villous tissues were minced ﬁnely and dissociated in DMEM containing
25 mM HEPES, 0.03% DNase I (Sigma) and 0.125% trypsin for 15 min at 37  C with
agitation for 4 times. After Percoll™ (GE Healthcare, Bio-sciences AB, Uppsala,
Sweden) density gradient centrifugation, more than 95% of the cells harvested were
cytotrophoblast cells, as indicated by positive staining of cytokeratin 7 (CK7)
(ab20206, Abcam, Cambridge, UK). Cells (2.0  106) were seeded in a 35-mm dish
and cultured in DMEM supplemented with 10% FBS, 100 units/ml penicillin and
100 mg/ml streptomycin at 37  C with 5% CO2. Two hours later, the dishes were
washed to remove dead cells and blood corpuscles. Cytotrophoblast cells that
spontaneously fused to form syncytium were conﬁrmed by immunostaining with Ecadherin (sc-71008, Santa Cruz, Paso Robles, CA) or the increase in the secretion of bsubunit of human chorionic gonadotropin (b-hCG, Z2108, ZETA corporation).
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2.2. Constructs
The human FUR promoter luciferase constructs pGL2-P1, pGL2-P1A and pGL2P1B [24,30] were kindly provided by Dr. Claire M. Dubois (University of Sherbrooke, Quebec, Canada). PKA catalytic and regulatory subunits expression plasmids
were kind gifts from Dr. Stanley Mcknight (University of Washington, Seattle, WA).
Expression plasmids of human c-Jun and c-Fos were kind provided by Dr. John E.
Coligan (NIAID, National Institutes of Health, USA). A plasmid expressing dominant
negative CREB (A-CREB) [39] was kindly provided by Dr. Charles Vinson (National
Cancer Institute, Bethesda, MD, USA). Coding sequences of human basic leucine
zipper (bZIP)-type superfamily transcription factors were ampliﬁed by PCR from the
cDNAs of human placental villi using the primers indicated in Table 1. The PCR
products were cut by HindIII and XbaI, and cloned into pCMV4 eukaryotic expression
vector. Different 5’-ﬂanking regions of the P1 promoter upstream of the transcription start site (þ1) and extending to the downstream non-coding part of exon II
(þ89) were ampliﬁed from pGL2-P1 to generate constructs of pGL2-P1-2490/þ89,
pGL2-P1-1279/þ89 and pGL2-P1-427/þ89 according to the distribution of CREB
binding sites using the primers in Table 1. All constructs were sequenced to conﬁrm
their identities. Plasmid pGL2-P1-1279/þ89 was subjected to site-directed mutagenesis to produce mutations in the CREB core-binding sequences using QuikChange® Lightning site-directed mutagenesis kit (Stratagene, La Jolla, CA). All
plasmids were sequenced to conﬁrm that only targeted mutations had occurred.
2.3. RNA interference
BeWo cells were transfected with 100 nM CREB siRNA (sense: 50 -GGCCUGCAAACAUUAACCATT-30 , antisense: 50 -UGGUUAAUGUUUGCAGGCCTT-30 ; GenePhama, Shanghai, China; Genebank ID for CREB: NM_004379) or control siRNA (a
universal negative control, GenePhama) with Lipofectamine™ 2000 (Invitrogen,
Carlsbad, CA) according to the manufacturer's instructions. The transfection efﬁciency was more than 90%, as conﬁrmed by detecting FITC-labeled siRNA
(Invitrogen).
2.4. RNA extraction, reverse transcription and quantitative real-time PCR
Total RNA was extracted using TRIzol reagent (Invitrogen) according to the
manufacturer's instructions. Reverse transcription was performed from 2 mg of total
RNA using Superscript II (Invitrogen) and an oligo-dT primer. Real-time PCR for the
human FUR was carried out using SYBR® Premix Ex Taq™ II (Tli RNaseH Plus) kit
(TaKaRa, Dalian, China) according to the instruction of the manufacturer on an ABI
Prism 7500 Real-Time PCR System (Applied Biosystems, Kirkland, PQ, Canada). The
following oligonucleotide primer sets were used. Human furin: forward, 50 -CTACACAGGGCACGGCATTG-30 and reverse, 50 -CCACACCTACACCACAGACAC-30 . GAPDH:
forward, 50 -TACGGCTACAGCAACAGGGT-30 and reverse, 50 -GGGTGCAGCGAACTTTATTG-30 .
2.5. Western blotting
Whole cell proteins were extracted with cell lysis buffer (4 mM EGTA, 3 mM
EDTA, pH 8.0, 125 mM NaF, 0.5 mM Na3VO4, 2.5 mg/ml aprotinin, 25 mg/ml trypsin
inhibitor, 25 mM PMSF, 0.5% NP40, 12.5 mM HEPES, 1 mM DTT). Protein concentrations were determined using Bradford protein assay by spectrophometry at
595 nm (Beckman DU530, Fullerton, CA). A hundred microgram of proteins was
subjected to Western blotting with primary antibodies against human furin (ab3467,
Abcam), b-hCG (ab54410, Abcam) or GAPDH (ab37187, Abcam), and horseradish
peroxidase-conjugated secondary antibodies. Signals were developed using SuperSignal West Pico Chemiluminescent Substrate kit (Thermo Fisher, Rockford, IL).
2.6. Immunoﬂuorescence
BeWo cells cultured on coverslips were ﬁxed for 10 min in ice-cold methanol
and permeabilized for 10 min with 0.1% Triton X-100 in PBS. After incubation with
blocking buffer (3% bovine serum albumin), cells were incubated with primary
antibodies against furin (Abcam) or CREB (#9197, Cell Signaling Technology, Danvers,
MA). Cells were washed with PBS and incubated with appropriate secondary antibody, anti-rabbit Alexa Flour 555 or anti-mouse Alexa Flour 647 (A-21429, A-21236,
Invitrogen), respectively. For staining of ﬁlamentous actin, cells were incubated with
FITC-labeled phalloidin (P5282, Sigma) at 3 units/ml dilution. Nuclei were counterstained with DAPI (Invitrogen). Slides were mounted with anti-fade mounting
medium (ProLong® Gold Antifade Mountant, P36934, Invitrogen) and analyzed by
confocal microscopy using a Carl Zeiss LSM 710 laser scanning microscope (Carl Zeiss
MicroImaging GmbH, Jena, Germany). The ratio of cell fusion was determined by
(NeS)/T, where N is the number of nuclei in the syncytia, S is the number of syncytia,
and T is the total number of nuclei. The cells in ﬁve randomly selected areas under
the microscope were counted.
2.7. Luciferase assay
One day prior to transfection, cells were plated at a density of 1.5  105 cells/well
in 24-well plates to reach 60 e 70% conﬂuence. Cells were co-transfected with
400 ng of the human FUR promoter reporter plasmid and 40 ng of the pCMVlacZ
control plasmid (a kind gift from Dr. Geoffrey L. Hammond at the University of
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British Columbia, Canada) [40] per well using Lipofectamine LTX (Invitrogen) according to the instructions of the manufacturer. For transactivation experiments of
b-ZIP family members, 100 ng plasmids per well were cotransfected. 48 h after
transfection, appropriate aliquots of cell extracts were used for measurements of the
activity of ﬁreﬂy luciferase using Dual-Luciferase® reporter assay system (Promega,
Madison, WI) by Synergy™ 4 Hybrid Microplate Reader (BioTek, Winooski, VT). To
correct for transfection efﬁciency, light units from the luciferase assay were
normalized by OD readings of b-galactosidase activities at 405 nm.
2.8. Lentivirus construction and production
Lentivirus vectors were produced as previously described [29]. In brief, cDNA
encoding human CREB was obtained from BeWo cells and cloned into a CSII-CMVMCS-IRES2-Venus vector (RIKEN BioResource Center, Ibaraki, Japan) by restrictive
enzymes NotI and BamHI. A 3  FLAG tag was added to N-terminus of CREB. The
lentiviral plasmid together with packaging plasmids (VSVG, pRSV-Rev, pMDL g/p
RRE) were co-transfected into HEK293 cells using Lipofectamine™ 2000 (Invitrogen) according to the manufacture's instruction. Cells were transfected in a 10-cm
dish and the virus was harvested by collecting the culture medium at 48 h and 72 h.
After spinning at 1000 g for 10 min to remove cell fragments, the medium was
ﬁltered through a 0.45 mm PVDF membrane (Merck Millipore, Darmstadt, Germany).
The titer of lentivirus was determined by transducing HT-1080 cells at different
dilutions using ﬂow cytometry as described previously [41]. The resultant lentiviruses encoding Flag-tagged CREB were used to infect BeWo cells.
2.9. Chromatin immunoprecipitation (ChIP)
ChIP was performed as described previously [42]. Brieﬂy, conﬂuent BeWo cells
96 h after infection were crosslinked with 1% formaldehyde for 10 min at room
temperature. This crosslink reaction was quenched with 0.125 M glycine for 5 min
and washed 3 times with PBS buffer. Cells were scraped in IP buffer [50 mM TriseHCl
(pH 7.5), 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.5% NP-40] with protease
inhibitor cocktail (Sigma). Nuclei were centrifuged down at 2, 500 g for 10 min and
the pellet was re-suspended in nuclear lysis buffer [50 mM TriseHCl (pH 8.0), 10 mM
EDTA, 1% SDS] with protease inhibitor cocktail (Sigma). The chromatin was sheared
to an average fragment length of 200e1000 bp by sonicating, centrifuged at 17, 000 g
for 10 min, and diluted with IP buffer. The chromatin was divided into 3 aliquots and
immunoprecipitated overnight at 4  C with mouse monoclonal antibody against
FLAG (F1804, Sigma), RNA polymerase II (05-623, Merck Millipore) and mouse IgG
(12-371, Merck Millipore), respectively. The immunoprecipitated complexes were
then incubated with 20 ml Dynabeads Protein G (Invitrogen) for 4 h at 4  C. The beads
were washed 3 times with wash buffer at 4  C. 10 percent of the lysate was kept to
verify the amount of DNA used for each immunoprecipitation. Immunoprecipitated
and input DNA were isolated using 10% Chelex-100 (BioRad Laboratories, Hercules,
CA). After boiling for 10 min at 99  C, proteinase K (100 mg/ml) was added and the
beads were incubated for 30 min at 55  C, followed by further boiling for 10 min.
Suspensions were centrifuged and supernatants containing the eluted DNA were
collected. Appropriate amount of supernatants or input DNA was subjected to realtime PCR ampliﬁcation with CRE1 primer, forward: 50 -CATAATTGTGGCAGCACTGG30 , reverse: 50 -CATATCTGGTCGCACTGGAA-30 ; CRE2 primer, forward: 50 -TCTGCGACAGTGGTTCTTTG-30 , reverse: 50 -CATTGCAGGATGTTCAGTCG-30 ; CRE3 primer, forward: 50 -CACCAACACGATGGAAAGTG-30 , reverse: 50 -CAAAGAACCACTGTCGCAGA-30 .
2.10. Statistical analysis
Data were analyzed using one-way ANOVA or paired-sample t-test, which was
performed by using the Statistical Package for Social Science (SPSS for Windows
package release 10.0; SPSS Inc., Chicago, IL). Results were expressed as the
means ± SD. P-values of <0.05 were considered signiﬁcant (*P < 0.05; **P < 0.01).

3. Results
3.1. Increased expression of endogenous FUR messages during
trophoblast cell fusion
We have previously used FSK-induced fusion of choriocarcinoma BeWo cells and spontaneous fusion of primary cultured
cytotrophoblast cells isolated from term placenta to show that
cytotrophoblast cell fusion and syncytialization are accompanied
by elevated furin protein expression [29]. Indeed, during spontaneous fusion of primary cytotrophoblast cells, a signiﬁcant increase
(P < 0.01) in the FUR mRNA levels was observed, with a maximal
5.7-fold increase at 72 h, as revealed by real-time RT-PCR analysis
(Fig. 1A, upper panel). Induction of b-hCG, a marker of trophoblast
cell fusion, during spontaneous trophoblast cell fusion was simultaneously monitored (Fig. 1A, lower panel). In BeWo cells, FSK
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Fig. 1. The FUR mRNA is upregulated during spontaneous fusion of human term cytotrophoblast cells and forskolin (FSK)-induced BeWo cell fusion. A, the FUR mRNA level was increased
during spontaneous fusion of primary cultured human term cytotrophoblast cells. B, in cultured BeWo cells, the FUR mRNA was induced by 48-h FSK treatment in a concentrationdependent manner. C, BeWo cells were treated with FSK alone or in combination with inhibitors of different signaling pathways for 48 h before subjected to Western blotting. H89
(5 mM), PKA inhibitor; U0126 (5 mM), MEK1/2 inhibitor; PD98059 (10 mM), ERK1/2 inhibitor; SB202190 (10 mM), p38 inhibitor. Only H89 attenuated FSK-induced upregulation of the furin
protein in BeWo cells. This was also conﬁrmed in primary term cytotrophoblast cells (D). E, in BeWo cells, the FUR mRNA was induced by both FSK (50 mM) and 8-bromo-cAMP (8-BrcAMP) (1 mM) treatment for 48 h. F and G, BeWo cells transfected with catalytic subunit of PKA (PKA-cat) and/or its regulatory subunit (PKA-reg) showed that PKA-cat induced furin
expression at both mRNA (F) and protein (G) levels, while PKA-reg inhibited this induction. The FUR mRNA levels were measured by quantitative real-time RT-PCR using GAPDH as an
internal control. Induction of b-subunit of human chorionic gonadotropin (b-hCG), a marker for trophoblast cell fusion, was simultaneously monitored by Western blotting using GAPDH
as the loading control. Data points are shown as the means ± SD of three independent experiments. *, P < 0.05. **, P < 0.01. NS, not signiﬁcant.
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treatment signiﬁcantly (P < 0.01) induced the FUR mRNA in a
concentration-dependent manner (Fig. 1B, upper panel), accompanied by increased production of b-hCG, as expected (Fig. 1B,
lower panel). In the above two models, multinucleated fused cells
were simultaneously monitored by immunoﬂuorescence staining
of E-cadherin [29]. We also detected a time-dependent increase of
the FUR mRNA upon treatment of 100 mM FSK for 24 and 48 h (data
not shown), in the context of similar induction of b-hCG [29].
3.2. Furin expression is stimulated by cAMP-PKA signaling pathway
during trophoblast cell fusion
Several signaling pathways have been reported to be involved
during trophoblast cell fusion, including PKA [43-45], ERK1/2
[43,46] and p38 MAPK [43,46,47] pathways. To identify upstream
signaling pathways that drive the upregulation of furin during FSKinduced fusion of BeWo cells, different inhibitors of these signaling
pathways were administrated upon FSK treatment. Our data
showed that H89, a PKA inhibitor, markedly inhibited FSK-induced
furin expression on the protein level, and simultaneously blocked
the abundant induction of b-hCG expression during BeWo cell
fusion (Fig. 1C). However, the MEK1/2 inhibitor U0126, ERK1/2 inhibitor PD98059, and p38 inhibitor SB202190 failed to inhibit the
upregulation of furin by FSK treatment, although restrained b-hCG
expression was observed (Fig. 1C). These results indicate that PKA
signaling pathway is involved in the upregulation of furin in BeWo
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cells and this may have a role in cell fusion. We further conﬁrmed
these data in primary term cytotrophoblast cells, where H89 was
also demonstrated to block the induction of both furin and b-hCG
during spontaneous fusion (P < 0.01, Fig. 1D). Meanwhile, treatment
with a PKA activator 8-Br-cAMP, a membrane-permeant cAMP
analog, for 48 h signiﬁcantly enhanced the FUR mRNA level as well
(P < 0.05, Fig. 1E). Moreover, we overexpressed PKA catalytic subunit with or without regulatory subunit in BeWo cells. PKA is
present in the cytoplasm as an inactive heterotetramer composed
of regulatory and catalytic subunits. Binding of cAMP to the regulatory subunits causes the release and nuclear translocation of the
catalytic subunits and subsequent activation of downstream transcriptional factors [48]. We found that overexpression of PKA catalytic subunit stimulated both furin mRNA (P < 0.05, Fig. 1F) and
protein expression (Fig. 1G). However, cotransfection of PKA catalytic subunit and regulatory subunit compromised furin upregulation (Fig. 1F, P > 0.05 and Fig. 1G).
3.3. The FUR promoter P1 is the major functional promoter during
FSK-induced BeWo cell fusion
Three distinct FUR promoters, P1, P1A and P1B, have been
identiﬁed [30] (Fig. 2A). We performed luciferase assays to investigate the activities of the three promoters in response to FSK
treatment. The results showed that P1B failed to be signiﬁcantly
induced, and that transcriptional activity from the P1 and P1A

Fig. 2. The FUR P1 promoter is the major functional promoter during FSK-induced BeWo cell fusion. A, a schematic diagram shows the three promoter regions of FUR, P1, P1A and
P1B. B, BeWo cells were transiently transfected with the P1, P1A and P1B promoter luciferase constructs, together with/without FSK treatment. Cell extracts were assayed for
luciferase activity after 48 h. C, the FUR P1 activity was induced by both FSK (50 mM) and 8-Br-cAMP (1 mM) treatment for 48 h. Relative luciferase activities in B and C are indicated
as relative ﬁreﬂy luciferase activities normalized by corresponding b-galactosidase activities. Data points are shown as the means ± SD of three independent experiments. *, P < 0.05
and **, P < 0.01 as compared to control.
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promoters was increased 6.3- (P < 0.01) and 1.6-fold (P < 0.05) by
FSK, respectively (Fig. 2B). Moreover, 8-Br-cAMP also signiﬁcantly
(P < 0.05) stimulated the activity of the P1 promoter (Fig. 2C).
Therefore, the FUR P1 promoter is the primary and essential regulatory sequence that drives the FUR transcriptional activation during BeWo cell fusion.
3.4. The bZIP-type transcription factor CREB positively regulates the
FUR P1 promoter
As previously reported, the P1 promoter starts from
nucleotide 3606 upstream of the transcription start site (þ1) and
extends to part of non-coding exon 1 (þ89) [24,30]. By computerassisted search for possible CRE binding elements, we identiﬁed
the presence of 8 putative CREs in the FUR P1 promoter (Fig. 3A).
These CREs are located between nt 52 to 63, 177 to 196, 702
to 713, 999 to 1009, 1140 to 1151, 1312 to 1323, 1624
to 1635 and 2197 to 2208 upstream of the transcriptional start
site, respectively (Fig. 3A). To investigate which sites are responsive
to FSK treatment, we generated three different 5’-truncated
(nt 427, 1279 or 2490 to þ89) mutants of the human FUR P1
promoter constructs and tested their relative luciferase activities
upon FSK treatment (Fig. 3B). Both 427/þ89 and 1279/þ89
fragments of the FUR P1 promoter showed an over 2-fold stimulation by FSK treatment (P < 0.01), while the 2490/þ89 fragment of
the FUR P1 promoter showed a lower induction (P < 0.05), which is
statistically lower compared to FSK-induced other regions (Fig. 3B).
This indicates that some transcriptional repressors may be located
between 1279 and 2490 of the P1 promoter and the 1279/þ89
fragment incorporates the major responsive CRE sites.
To further investigate the identity of the transcriptional factor(s)
that activates the FUR P1 promoter via the CRE, we cloned several
members of bZIP-type superfamily cDNA into pCMV4 eukaryotic
expression vector, cotransfected them individually or with different
combinations with the FUR P1 promoter luciferase reporter constructs in BeWo cells and HEK293 cells, and assessed their

transcriptional activities by luciferase assays. The results showed
that transient transfection of CREB, but not of other members
including ATF1, ATF2, ATF4, ATF7, c-jun and c-fos, resulted in a
marked (P < 0.01) increase in the transactivation of the FUR P1
promoter in BeWo cells (Fig. 4A). Notably, when co-transfecting
TORC1, a coactivator of CREB [49], with CREB, no signiﬁcant stimulation of the FUR P1 promoter was observed (Fig. 4A). This indicates that CREB stimulated the FUR P1 promoter activity in a
TORC1-independent manner during BeWo cell fusion. Similar results were observed in HEK293 cells (Fig. 4B). Furthermore, induction of the FUR P1 promoter activity by CREB was
concentration-dependent, with a maximal effect observed when
200 ng of CREB expression vector was cotransfected (P < 0.01,
Fig. 4C). Then we attempted to narrow down the CREB binding sites
on the P1 promoter by using 50 -truncated mutants. All three mutants including 427/þ89, -1279/þ89 and 2490/þ89 of the P1
promoter were signiﬁcantly (P < 0.05 or P < 0.01) induced by CREB
overexpression, while there were no apparent differences in the
induction folds among 1279/þ89, 2490/þ89 and 3606/þ89
fragments (Fig. 4D). This further indicates that the major CRE
binding sites responsive to CREB are located between 1279
and þ89 of the P1 promoter.
3.5. CREB binds at CREs located from nt 177 to 196, 999
to 1009 and 1140 to 1151 within the human FUR P1 promoter
We therefore utilized 1279/þ89 of the P1 promoter and
recruited A-CREB, a dominant negative inhibitor of CREB preventing DNA binding of wild-type CREB [39], and illustrated that ACREB inhibited the induction of the FUR P1 1279/þ89 activity by
CREB in both BeWo and HEK293 cells (Fig. 5A). To deﬁne the exact
binding sites of CREB from 1279 to þ89 of the FUR P1 promoter,
we selected three highly rated putative CRE sites, including CRE1
(177 to 196), CRE2 (999 to 1009) and CRE3 (1140 to 1151),
and performed site-directed mutagenesis on the backbone
of 1279/þ89 promoter reporter plasmid to disrupt the core

Fig. 3. The FUR P1 promoter 1279/þ89 plays the most important role in the upregulation of FUR mRNA during BeWo cell fusion. A, the schematic diagram of cAMP-responsive
element (CRE) elements in the P1 promoter. B, BeWo cells were transiently transfected with the full-length and truncated mutants of the P1 promoter luciferase constructs, together
with/without FSK treatment. Cell extracts were assayed for luciferase activity after 48 h. Relative luciferase activities are indicated as relative ﬁreﬂy luciferase activities normalized
by corresponding b-galactosidase activities. Data points are shown as the means ± SD of three independent experiments. *, P < 0.05 and **, P < 0.01 as compared to control.
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Fig. 4. CREB is an important transcriptional factor that induces FUR transcription during BeWo cell fusion. A, expression plasmids of b-ZIP type family members were co-transfected
with the FUR P1 promoter reporter plasmid in BeWo cells. Cell extracts were assayed for luciferase activity after 48 h. The luciferase activity was expressed as the fold induction
relative to the activity of the empty vector control. B, the experiment in (A) was similarly conducted in HEK293 cells. C, CREB (cAMP-responsive element binding protein) induced
the FUR P1 activity in a concentration-dependent manner in BeWo cells. D, the three 50 -truncated mutants of the P1 promoter including 427/þ89, -1279/þ89, 2490/þ89
fragments were signiﬁcantly induced by CREB cotransfection, and the induction of 1279/þ89 and 2490/þ89 promoters was comparable to that of 3606/þ89 promoter. Relative
luciferase activities in C and D are indicated as relative ﬁreﬂy luciferase activities normalized by corresponding b-galactosidase activities. Data points are shown as the means ± SD
of three independent experiments. *, P < 0.05 and **, P < 0.01 as compared to control.

binding sequences separately. Although mutation of core sequences of CRE1 at 192/193 (GT-TG) did not signiﬁcantly alter
CREB-induced promoter activity, mutations in both CRE2 (1003/
1004 AC-CA) and CRE3 (1143/1144 AC-CA) signiﬁcantly
inhibited CREB-dependent transcriptional activation (P < 0.01,
Fig. 5B). We further detected the in vivo binding of CREB with the
FUR P1 promoter using ChIP. ChIP analysis of BeWo cells infected

with lentiviruses encoding Flag-tagged CREB revealed the distinct
binding of CREB with CRE1, CRE2 and CRE3 (Fig. 5C). RNA polymerase II was used as the positive control for ChIP assay (data not
shown). Therefore, CREs located at nt 999 to 1009 and 1140
to 1151 are major CREB binding elements within the FUR P1
promoter, supported by both the luciferase reporter and ChIP
assays.
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Fig. 5. Identiﬁcation of CREB binding element in the FUR -1279/þ89 P1 promoter. A, luciferase assay showed that overexpression of CREB induced the FUR P11279/þ89 activity,
whereas A-CREB rescued the induction by CREB in both BeWo (left panel) and HEK293 (right panel) cells. B, site-directed mutagenesis was performed to disrupt the core sequence
of CRE in the FUR P11279/þ89 promoter. CREB1-induced promoter activity was blocked by mutations at 1003/-1004 and 1143/1144 bp in the FUR P11279/þ89 promoter. C,
ChIP analysis revealed the binding of CREB to the three potential CRE sites (CRE1, 177 to 196; CRE2, 999 to 1009; CRE3, 1140 to 1151) within the FUR P1 promoter. Relative
luciferase activities are indicated as relative ﬁreﬂy luciferase activities normalized by corresponding b-galactosidase activities or the fold inductions relative to the corresponding
control. Data points are shown as the means ± SD of three independent experiments. *, P < 0.05; **, P < 0.01; NS, not signiﬁcant.

3.6. CREB stimulates endogenous furin expression in FSK-induced
trophoblast BeWo cell fusion
Finally, to afﬁrm whether CREB could functionally induce
endogenous furin expression, we performed Western blotting and
immunoﬂuorescence analysis after manipulating CREB expression.
Overexpression of CREB in BeWo cells signiﬁcantly increased the
expression of furin protein, and this was inhibited by A-CREB
(Fig. 6A). CREB siRNA attenuated the induction of furin upon FSK
treatment at both mRNA (P > 0.05, Fig. 6B) and protein (Fig. 6C)

levels, as shown by real-time PCR and Western blotting, respectively. Further, as shown by immunoﬂuorescence assay, when
BeWo cells were treated with control siRNA or CREB siRNA, no
signiﬁcant inﬂuences were observed because of the low spontaneous fusion efﬁciency of BeWo cells (Fig. 6D). However, FSKtreated BeWo cells showed increased expression of both CREB
and furin in multinucleated fused cells. Notably, co-treatment with
FSK and CREB siRNA signiﬁcantly attenuated FSK-induced furin
expression as well as the number of multinucleated cells (P < 0.05,
Fig. 6D).
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4. Discussion
We have previously shown that furin is required for trophoblast
syncytialization via targeting and processing IGF1R [29]. In the
present study, we demonstrate for the ﬁrst time that the human
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FUR transcription is regulated by CREB-dependent stimulation of
the P1 promoter during human trophoblast cell fusion based on the
following lines of evidence. First, the FUR mRNA was elevated
during spontaneous fusion of primary term cytotrophoblast cells
and FSK-induced BeWo cell fusion, and the PKA signaling pathway

Fig. 6. CREB stimulates endogenous furin expression during FSK-induced BeWo cell fusion. A, overexpression of CREB in BeWo cells signiﬁcantly increased expression of furin
protein, and A-CREB rescued CREB-induced furin upregulation. B and C, CREB siRNA attenuated FSK-induced furin upregulation in BeWo cells at both mRNA (B) and protein (C)
levels, as revealed by real-time PCR and Western blotting analysis, respectively. D, immunoﬂuorescence study of BeWo cells treated with/without FSK and/or CREB siRNA. green,
FITC-phalloidin; red, CREB; grey, furin; blue, DAPI (nuclei). All the images are of the same magniﬁcation. Bar ¼ 20 mm. Three independent experiments were quantiﬁed by analyzing
the ratio of multinucleated cells in different treatment groups (lower panel). Data points are shown as the means ± SD of three independent experiments. *, P < 0.05; **, P < 0.01; NS,
not signiﬁcant.
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inhibitor H89 inhibited this process. Second, the FUR P1 promoter
was proven to be the major functional promoter in response to FSK
in BeWo cells. Third, based on luciferase reporter assays, sitedirected mutagenesis and ChIP, CREB was identiﬁed as the transacting factor that regulated the FUR transcription via binding to the
CREs at nt 999 to 1009 and 1140 to 1151 within the P1
promoter. Finally, CREB was involved in the endogenous furin
activation and FSK-induced cell fusion in BeWo cells.
It has been well established that treatment of cultured human
placental cells with FSK, an activator of adenylate cyclase, can
activate cAMP/PKA pathway and dramatically induce cell fusion
and the production of b-hCG [50,51]. Moreover, ERK1/2 and p38
MAPK signaling pathways are also important regulators of
trophoblast syncytialization [52,53], and there are interplays
among PKA and MAPK pathways in inducing hCG secretion and
expression of several fusogenic genes [43]. In the present study, we
found that among different inhibitors of PKA, ERK1/2 and p38
MAPK pathways, only H89 (the inhibitor of PKA pathway) blocked
the up-regulation of furin expression during FSK-induced syncytialization of BeWo cells. The function of PKA pathway in inducing
furin expression was also conﬁrmed in primary cultured term
cytotrophoblast cell fusion. We further observed the induction of
furin expression by treatment with a cAMP analog 8-Br-cAMP or by
overexpression of the PKA catalytic subunits, which was rescued by
simultaneous overexpression of the PKA regulatory subunits. The
signiﬁcance of the cAMP/PKA signaling pathway has been proven in
regulating the transcription and post-translational acetylation,
dephosphorylation and desumoylation of glial cells missing-1
(GCM1), which subsequently regulates syncytin expression and
controls human trophoblast cell differentiation along the syncytialization pathway as the master transcription factor [43,44,54e56].
Moreover, the cAMP/PKA pathway also regulates transcriptional
activities of many genes in the human trophoblast fusogenic machinery, including CYP17 [57], old astrocyte speciﬁcally induced
substance (OASIS) [43], human placental growth factor (PlGF) [58]
and the Rho GTPase family member RhoE [45], as well as the production and secretion of hCG [43,59] and progesterone [60] by the
syncytiotrophoblast.
Based on the ﬁnding that the cAMP/PKA pathway stimulated the
FUR transcription, we next asked how this was achieved mechanistically. In our study, of all three FUR promoters, P1, P1A and P1B
[30], we found the P1 promoter was the major promoter involved in
the FUR expression during FSK-induced BeWo cell fusion, consistent with its major function in other cell types [24,30]. PKA function
is mediated by bZIP-type superfamily transcription factors [61],
such as CREB homodimers [62] and CREB-ATF heterodimers [63],
which bind to conserved CREs (50 -TGACGTCA-30 ) [64,65]. Classiﬁcation of human bZIP-type proteins are based on their properties of
dimerization, which is mediated by a structure known as the
“leucine-zipper” motif [66]. CREB coordinates with other regulatory partners and as a transcriptional apparatus elicits different
functions in different tissues [67]. CREB/ATF and Fos/Jun family
members form selective cross-family heterodimers, and they can
be grouped into a superfamily of transcription factors [68],
including CREB, CRE modulator (CREM), ATF1, ATF2, ATF4, ATF6,
ATF7, OASIS, Jun, Fos, C/EBP, etc [69]. In trophoblast cells, CREB in
coordination with Ets-2 or OASIS regulates the expression of hCGa
[59] and GCM1 [70], respectively. CREB in coordination with ATF1,
c-Jun, CREB-binding protein (CBP), and p300 can stimulate the
activities of major histocompatibility complex class I G (HLA-G)
promoter [71]. CREB favors homodimerization [66], and TORC1 was
identiﬁed as a constitutive co-activator of CREB via a
phosphorylation-independent interaction [49]. In the present
study, we selected several members of CREB family and the activator TORC1 to investigate which is (are) the most effective

transcription factor(s) in regulating the FUR transcription by luciferase reporter studies. We failed to observe any transactivation of
the FUR P1 promoter in response to homodimers of ATF1, ATF2,
ATF4, ATF7, c-Jun and c-Fos, or heterodimers of ATF1-c-Jun, ATF2-cJun and ATF7-c-Fos. Moreover, TORC1 did not function as the coactivator of CREB. Therefore, only CREB, not the other b-ZIP type
family members, is involved in cAMP/PKA-activated FUR
transcription.
Furthermore, we attempted to deﬁne the binding element of
CREB in the FUR P1 promoter. By performing luciferase reporter
assay of truncated mutants of the FUR P1 promoter, we narrowed
down the P1 promoter region from nt 1279 to nt þ89, which was
most responsive to CREB transactivation. Next, we deﬁned the
essential CREs located from nt 999 to 1009 and 1140 to 1151
within the P1 promoter and demonstrated that they indeed interact
with CREB by luciferase reporter and ChIP assays. Finally, we
examined whether cell fusion and furin expression were responsive
to CREB manipulation. We demonstrated that CREB overexpression
in BeWo cells could induce endogenous furin expression, which
could be returned to control levels by A-CREB. Moreover, knockdown of endogenous CREB in BeWo cells led to signiﬁcantly
decreased endogenous furin mRNA and protein expression,
accompanied by compromised cell fusion. An exciting report in the
ﬁeld is that CREB also targets GCM1 via binding to CRE site at 1337
within the promoter, and that knockdown of endogenous CREB in
BeWo cells also decreases endogenous GCM1 expression [70].
Given that furin is the convertase in the processing of syncytins
[17,18], whether there is any regulatory loop among CREB, GCM1
and furin in trophoblast cells deserves to be further illustrated.
In conclusion, to our knowledge, we present data proving for the
ﬁrst time that CREB as a transcription factor downstream of cAMP/
PKA signaling pathway regulates furin expression via initiating its
promoter activation during trophoblast cell fusion. We also identify
the dominancy of the human FUR P1 promoter and two major
operative CRE sites within the P1 promoter. Further investigations
are required to understand this sequential signaling pathway in
placental development in vivo and the association of its dysregulation with pregnancy-related diseases.
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