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a b s t r a c t

Furin, a proprotein convertase (PC), is ubiquitously expressed and implicated in many physiological and
pathological processes. This study is aimed to identify the role of furin in human trophoblast invasion
and migration. Furin was found to be highly expressed in placental villi of both rhesus monkeys and
human beings during early pregnancy. Specifically, furin was found in trophoblast column and tropho-
blast shell, regions where highly invasive cytotrophoblast cells invade the maternal decidua during
human placentation. To determine whether furin plays any role in trophoblast invasion and migration,
we employed human extravillous HTR8/SVneo cells in Matrigel invasion and transwell migration assays.
Knocking-down furin expression by siRNA significantly inhibited invasion and migration of HTR8/SVneo
cells (P< 0.01), with corresponding decrease of matrix metalloproteinase-9 (MMP-9) activities. In
contrast, over-expression of furin markedly increased cell invasion and migration (P< 0.01), accompa-
nied by significant increase of MMP-9 activities. Furthermore, furin siRNA significantly increased the
levels of both tissue inhibitors of MMPs (TIMP)-1 and -2. Our results suggest that furin may play an
important role in the invasion and migration of human trophoblast cells during early pregnancy.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Trophoblast cell lineage, differentiated from the trophectoderm
layer of the blastocyst and destined to form the epithelial cells of
placenta, is the first cell type to be specified during mammalian
development [1]. Trophoblast of the placenta plays an important
role in feto-maternal communications during embryo implantation
and placentation. Three primary types of human placenta villous
cells have been identified, cytotrophoblasts (CTBs), syncytio-
trophoblast (STB) and extravillous trophoblasts (EVTs) [2,3]. Both
STB and EVTs are differentiated from CTBs, although through
different pathways. STB, the multinuclear syncytium on the outer
layer of placental villi, are the result of continuous fusion of
mononuclear CTB with existing multinucleated syncytium. The
syncytium produces high level of hormones including human
chorionic gonadotropin (hCG), progesterone and placental lactogen
essential for maintaining the pregnancy [4]. EVTs, including
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endovascular and interstitial EVTs, are invasive cells and they
penetrate the maternal decidua and myometrium thus establishing
the feto-maternal circulation and anchoring the embryo in the
uterus [5].

Mammalian proprotein convertases (PCs) are ubiquitously
expressed enzymes that cleave and activate many cytokines,
growth factors and their receptors, adhesion molecules, and matrix
metalloproteinase (MMPs) [6,7], PCs thus play important roles in
many physiological and pathological processes including embryo
implantation and placentation [8–10]. This family of proteins has
seven members known as PC1/3, PC2, furin, PC4, PC5/6, PACE4 and
PC7, which are encoded by genes PCSK1 to PCSK7 [6].

Furin, the first identified PC, has an essential role in embryo-
genesis [6]. Messenger RNA of furin was detected in both the
extraembryonic tissues and the proximal region of the embryo in
mice between E7.5 and E8.5, with strong expression in the extra-
embryonic mesoderm and the chorionic fold, which will form the
placenta [11]. Deletion of furin gene in mice leads to early embry-
onic death at E10.5 due to failure of allantois–chorion fusion, cardiac
ventral closure defects and hemodynamic insufficiency [11].

Recent studies have linked high expression of furin to tumor cell
malignancy. Many invasion-related proteins, including MMP-2,
membrane type MT1-MMP, and transforming growth factor (TGF)-
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b, are activated by furin [12–14]. Knockdown of furin in several
human cancers, including head and neck squamous carcinoma
(HNSCC) cells, colon adenocarcinoma and astrocytoma cells,
inhibits the invasive and migratory capacity of these cells [14,15].
Trophoblast invasion shares many similarities with the invasion of
tumor cells. However, invasion of trophoblast cells is strictly
controlled by many endocrine and paracrine factors [16,17].
Whether furin plays a role in trophoblast invasion and migration
remains to be determined.

The purpose of this study was to investigate the function of
proprotein convertase furin in human trophoblast invasion and
migration. Human and monkey placenta villi were used as models
to study the expression of furin during different stages of preg-
nancy. Human early extravillous trophoblast cell line HTR8/SVneo
was used to study the function of furin in trophoblast invasion and
migration. Our results suggest that furin is required for human
trophoblast invasion and migration during early pregnancy.

2. Materials and methods

2.1. Tissues collection

Human placental tissues were collected in accordance with the policy of Ethic
Committee of the Xuan Wu Hospital in Beijing. Informed consent was obtained from
each woman donating her placenta. Twenty-five normal human placentas at
different gestational stages (ten during the first trimester and fifteen during the
third trimester) were collected from women who undergone legal abortion or
normal delivery. All sample tissues were either fixed in 4% paraformaldehyde fol-
lowed by paraffin embedding (first trimester¼ 7, third trimester¼ 12) or stored at
�80 �C for protein extraction (first trimester¼ 3, third trimester¼ 3).

Animal care and handling were in accordance with the Policy on the Care and
Use of Animals of the Ethical Committee, State Key Laboratory of Reproductive
Biology, Institute of Zoology, Chinese Academy of Sciences. Proven fertile male and
female rhesus monkeys (Macaca mulatta) were housed in the Center for Medical
Primate, Institute of Medical Biology, Chinese Academy of Medical Sciences. Female
monkeys were allowed to cohabit with the male for 2 days from the anticipated time
of ovulation based on the records of the previous menstrual cycles. Prediction of
pregnancy was made on the basis of the presence of spermatozoa in vaginal smears
and the detection of monkey chorionic gonadotropin (mCG) in the urine. The
anticipated day of ovulation (Day 12 of the menstrual cycle) was designated as Day
0 of pregnancy. On estimated Day 35 of pregnancy, uteri were removed from
monkeys under ketamine hydrochloride anesthesia (n¼ 4). The implantation site
(including the placenta and maternal decidua) was excised, fixed in 4% para-
formaldehyde and processed for paraffin embedding.

2.2. Immunohistochemistry (IHC)

IHC was performed with a biotin–streptavidin– peroxidase (SP) and dia-
minobenzidine (DAB, Zhongshan Golden Bridge Corp., Beijing, China), as previ-
ously described [18]. Sections (5 mm) were deparaffinized and rehydrated in
xylene and gradients of ethanol. Slides were boiled in citrate buffer (10 mM
citrate sodium, 10 mM citric acid, pH 6.0) in a microwave oven at 92–98 �C for
15 min to retrieve antigen. The sections were then sequentially incubated with
3% H2O2 in methanol for 10 min to quench endogenous peroxidase and in
normal goat serum as the blocking solution for 20 min. Sections were incubated
with primary antibodies against furin (ab3467, Abcam, Cambridge, UK), CK7
(ab20206, Abcam, Cambridge, UK), CK8&18 (ZM0315, Zymed Lab Inc., CA) at 4 �C
overnight, and biotinylated secondary antibody. Sections were counterstained
with haematoxylin and mounted with histomount (Zymed Lab Inc., CA). Control
was performed by replacing the primary antibody with normal goat serum or
normal IgG.

2.3. Cell culture

HTR8/SVneo cell line represents the invasive extravillous trophoblast since it
expresses EVT markers in situ [19,20]. It has also been widely used as a model for the
first trimester EVT invasion and migration [18,21]. HTR8/SVneo cells used in this
study were a gift from Dr. Benjamin K Tsang (Department of Obstetrics & Gynecology
and Cellular & Molecular Medicine, University of Ottawa; Chronic Disease Program,
Ottawa Health Research Institute, Ottawa, ON, K1Y 4E9, Canada). Cells were grown
in RPMI 1640 medium (Gibco, MA) supplemented with 10% fetal bovine serum (FBS),
100 units/ml penicillin and 100 mg/ml streptomycin. Cells were cultured in 5% CO2/
95% air incubator at 37 �C. The phenotype of the cell line can be developmentally
controlled in vitro by changing the culture environment [22].
2.4. RNA interference and over-expression of furin

HTR8/SVneo cells were transfected with 100 nM furin siRNA (50-AUGAGUU-
GUCAUGAAG GCCCAGUCA-30; Invitrogen, MD; Genbank ID for furin: NM_002596),
control siRNA (a universal negative control; Invitrogen, MD) or FITC labeled positive
control siRNA (Invitrogen, MD) with Lipofectamine�2000 (Invitrogen, MD),
according to the manufacturer’s instructions. The transfection efficiency was more
then 90% by using FITC labeled positive control siRNA.

The full-length FLAG-tagged furin was subcloned into pcDNA3.1 (þ)-zeo vector
from pGEM7Zf(þ)/furin plasmid (a generous gift from Dr. Thomas Gary, Vollum
Institute, Oregon Health Sciences University, Portland, OR). HTR8/SVneo cells were
transfected with pcDNA3.1 empty vector or pcDNA3.1-furin and screened by Zeocin
(300 mg/ml; Invitrogen, MD) to generate the stably transfected cells.

2.5. Matrigel invasion assay

Invasion was performed in Matrigel (BD, MA)-coated transwell inserts (6.5 mm,
Costar, Cambridge, UK) containing polycarbonate filters with 8 mm pores, as previ-
ously reported [18]. Briefly, the inserts were pre-coated with 50 ml of 1 mg/ml
Matrigel matrix. 1�105 HTR8/SVneo cells in serum-free medium were plated in the
upper chamber, whereas medium with 10% fetal bovine serum was added to the
lower well. After incubating for 24 h, the cells on the Matrigel side of the inserts
were removed by cotton swab. The inserts were fixed in methanol and stained with
haematoxylin and eosin (Zhongshan Golden Bridge Corp, Beijing, China). The
number of invaded cells attached to the other side of the insert was counted under
a light microscope (Olympus IX51, Japan) in five random fields at a magnification of
�200. The experiment was performed in triplicates. Numbers of invasive cells under
different treatments were normalized to the control and expressed as means of
invasion percentage (%)� SD. Conditional culture medium was collected for gelati-
nolytic activity assay.

2.6. Transwell migration assay

The migratory ability of HTR8/SVneo cells was determined by their ability to
cross the 8 mm pores of migration chambers as previously reported [18]. In brief,
1.5�105 HTR8/SVneo cells/200 ml serum-free medium (RPMI 1640) were plated in
the upper transwell chambers, whereas medium with 10% fetal bovine serum was
added to the lower well. After incubating for 24 h, the cells on the upper side of the
inserts were removed by cotton swab. The inserts were fixed in methanol and
stained with haematoxylin and eosin (Zhongshan Golden Bridge Corp, Beijing,
China). The number of migrated cells attached to the other side of the insert was
counted under a light microscope (Olympus IX51, Japan) in five random fields at
a magnification of �200. The experiment was performed in triplicates. Numbers of
migrated cells under different treatments were normalized to the control and
expressed as means of migration percentage (%)� SD.

2.7. MTT assay

One day before transfection, 1�103 HTR8/SVneo cells were plated in 96-well
plate to reach 50–60% confluence. Transfection of furin siRNA was performed with
Lipofectamine�2000 (Invitrogen, MD). The culture medium was changed after 44 h
to 100 ml MTT reagent (3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium
bromide; Apllygen Corp. Beijing, China). The MTT reagent was gently removed 4 h
later and 100 ml DMSO (Dimethyl sulfoxide) was added in each well. The optical
density of each well was measured at 570 nm wavelengths (Beckman DU530, Full-
erton, CA). The experiment was performed in triplicates.

2.8. Acridine orange/ethidium bromide (AO/EB) staining

AO/EB staining [23] of HTR8/SVneo cells was performed to evaluate the cell
death pattern after treatments of control siRNA and furin siRNA. Twenty-five
microliter of cell suspension (1�106 cells/ml) was incubated with 1 ml of AO/EB
(Apllygen Corp. Beijing, China) solution. Ten microliter of cell suspension was placed
onto a microscopic slide covered by a coverslip. The number of apoptotic cells in 200
total cells was counted under a fluorescence microscope (Olympus IX51, Japan) in
three random fields at a magnification of �200.

2.9. Gelatin zymography

Gelatin zymography assay was performed as previously described [24]. Briefly,
conditioned medium was diluted in 4�sample buffer [8% SDS (w:v), 0.04% bromo-
phenol blue (w:v), 0.25 M Tris] and incubated at 37 �C for 30 min. Ten microgram of
total protein was electrophoresed through a 10% polyacrylamide gels containing
0.5 mg/ml gelatin (Difco Laboratories, Detroit, MI). After electrophoresis, the gel was
washed in 2.5% Triton X-100 and 50 mM Tris–HCl (pH 7.5) followed by incubation in
calcium assay buffer (50 mM Tris, 10 mM CaCl2, 1 mM ZnCl2, 1% Triton X-100, pH 7.5)
for 24 h at 37 �C. The gel was stained with Coomassie Brilliant Blue R250 in 50%
methanol and 10% acetic acid and destained in 10% acetic acid. Areas where gelatin
was degraded were seen as clear bands.
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2.10. Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA extraction was performed by using TRIzol reagent (Invitrogen, MD) as
advised by the manufacturer, and quantities of RNA were determined spectrophoto-
metrically at 260 nm. Two microgram of total RNA was reverse transcribed by using
Superscript II reverse transcriptase (Invitrogen, MD). Primers for PCR were shown as
followed: Furin (NM_002596): sense 50-TGAGCCATTCGTATGGCTACG-30 , antisense 50-
GGACACAGCTTTTCTGGTGCA-30; GAPDH (NM_002046): sense 50-AGCCACATCGCTCA-
GACA-30 , antisense 50-TGGACTCCACGACGTACT-30; TIMP-1 (NM_003254): sense 50-
GCTTCTGGCATCCTGTTGTT-30 , antisense 50-GCTTCTGGCATCCTGTTGTT-30; TIMP-2
(NM_003255): sense 50-AGCCACATCGCTCAGACA-30 , antisense 50-TGGACTCCAC-
GACGTACT-30 .

2.11. Western blotting

Whole cell proteins were extracted with whole 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). Culture
medium was concentrated using Microcon YM-3 Centrifugal Filter (Millipore Corp,
CA). Proteins were quantified by spectrophometry at 595 nm (Beckman DU530,
Fullerton, CA). A hundred microgram of cell extracts or proteins of culture medium
was subjected to SDS-PAGE. Separated proteins were transferred electrophoretically
onto a pure nitrocellulose blotting membrane (Pall Corporation, Pensacola, FL). After
being blocked with 5% skim milk, the membrane was sequentially incubated with
primary antibodies against furin (ab3467, Abcam, Cambridge, UK), TIMP-1 (SC5538,
Santa Cruz, CA), TIMP-2 (SC21735, Santa Cruz, CA), and GAPDH (ab37187, Abcam,
Cambridge, UK) overnight at 4 �C, and horseradish peroxidase-conjugated
secondary antibodies. Signals were developed using the Enhanced Chem-
iluminescence System (Pierce, Rockford, IL).

2.12. Statistical analysis

The bands from RT-PCR, Western blotting and gelatin zymography were quan-
tified by MetaView Image Analyzing System (Version 4.50; Universal Imaging Corp.,
Downingtown, PA). Results were expressed as means� SD. Statistical analyses
include one-way ANOVA and paired-samples t-Test, they were performed by using
the Statistical Package for Social Science (SPSS for Windows package release 10.0;
SPSS Inc., Chicago, IL) as indicated in Results and figure legends. P< 0.05 was
considered as statistically significant.

3. Results

3.1. Furin was highly expressed in the trophoblast column (TC) and
syncytiotrophoblast (STB) of human placental villi

To determine whether furin was differentially expressed in the
placental trophoblast cells of human beings during different stages of
pregnancy, immunohistochemistry and western blotting were
carried out. Extracts of placental villi from the first trimester and at
term were subjected to Western blotting. Expression of furin in the
term placental villi was significantly lower than that in the first
trimester (Fig. 1A and B; P< 0.01). To further characterize furin
expression in human pregnancy, we carried out immunohistochem-
ical experiments. In the first trimester, furin was mainly detected in
the trophoblast column (TC) and syncytiotrophoblast (STB), but was
weakly detected in cytotrophoblast (CTB) (Fig. 1C and D). In term
pregnancy, furin was weakly expressed in the placental villi (data not
shown). In addition, furinwas detected in the EVTcells in the maternal
decidua but not in maternal tissues (Fig. 1G). Cytoketatin 7 (CK7) was
a positive marker for TC, CTB and EVT in this study (Fig. 1E, F and H).

3.2. Furin was highly expressed in the trophoblast column (TC) and
trophoblast shell (TS) of placental villi of rhesus monkeys

We also carried out immunohistochemical experiments using
rhesus monkey feto-maternal interface (including placental and
endometrial tissues) at Day 35 of pregnancy, equivalent to first
trimester in human pregnancy (gestational duration of rhesus
monkey is 165 days). In order to characterize different cell types of
placenta villi, cytokeratin 8&18 (CK8&18) immunostaining was
performed to identify TC and TS (Fig. 2B, E, F). Furin protein was
detected mainly in distal parts of cytotrophoblasts columns (Fig. 2A
and D) and in trophoblast shell (Fig. 2F) as well as STB. In contrast,
expression of furin in the placental cytotrophoblast cells and
maternal decidua was relatively low (Fig. 2A and D).

3.3. Furin promoted invasion and migration of HTR8/SVneo cells

High level of Furin in invasive cytotrophoblast cells (the distal
trophoblast column, trophoblast shell and EVTs in the maternal
decidua at term) suggests that furin may play a role in invasion and
migration of trophoblast cells. To test this hypothesis, we carried
out Matrigel cell invasion assay using HTR8/SVneo cells transfected
with scrambled siRNA (CON, control) or furin siRNA. SiRNA was
successfully transfected into HTR8/SVneo cells as evidenced that
90% of cells were FITC-positive (Fig. 3G), suggesting that 90% of the
cells carried FITC-conjugated positive siRNA after siRNA tranfec-
tion. HTR8/SVneo cells transfected with furin siRNA exhibited
significantly reduced invasion ability, measuring about 22% of that
by control siRNA-transfected cells (CON; P< 0.01, Fig. 3A and C).
The reduced invasion level was accompanied by diminishing furin
expression in these cells (Fig. 3D). On the other hand, HTR8/SVneo
cells stably transfected with pcDNA3.1-furin exhibited a 2.9-fold
increase in cell invasive ability as compared to that of cells stably
transfected with the empty vector (mock; P< 0.01, Fig. 3B and C).
Over-expression of furin was evident in cells transfected with
pcDNA-furin (Fig. 3E). Fig. 3F shows the ability of furin siRNA-
tranfected cells to invade through the filter and attach to the
underside of the filter. Immunocytochemistry of the cells on the
underside of the filter were carried out with furin antibody, results
showed that in control siRNA-treated cells, 100% of the cells were
furin-positive, while in the furin siRNA-treated group, only 10% of
cells were weakly stained by furin antibody (Fig. 3F).

To further determine the function of furin expression on
trophoblast cells, we carried out a transwell migration assay. Furin
siRNA decreased migration levels of HTR8/SVneo cells by about 2.8
folds as compared to control siRNA (CON; P< 0.01; Fig. 4A and C).
As expected, cells stably transfected with pcDNA3.1-furin exhibited
a 2.4-fold increase in cell migration as compared to cells stably
transfected with the empty vector (mock; P< 0.01; Fig. 4B and C).
Transfection efficiency of siRNA was about 90% as shown in Fig. 3G.
Confirmation of knockdown (Fig. 3D) or over-expression (Fig. 3E) of
furin after RNAi or over-expression was confirmed by RT-PCR and
Western blotting.

3.4. Proliferation of HTR8/SVneo cells was inhibited by furin siRNA

To investigate whether furin was associated with proliferation of
trophoblast cells, HTR8/SVneo cells transfected with control siRNA or
furin siRNA were subjected to an MTT assay. The results showed that
furin siRNA decreased proliferation of HTR8/SVneo cells as compared
to the control siRNA-treated group (CON, P< 0.05; Fig. 4D). We
further provided evidence to show that apoptosis of HTR8/SVneo
cells was not significantly affected by furin siRNA (P> 0.05; Fig. 4E).

3.5. Knocking-down furin markedly decreased the level of proMMP-9

The gelatinolytic activities of the major MMPs (MMP-2 and
MMP-9) are known to be involved in remodeling of extracellular
matrix during trophoblast invasion [25]. To determine whether
changing furin expression levels in HTR8/SVneo cells also affected
MMPs activities, we examined MMP-2 and -9 activities in cells
transfected with furin siRNA or furin-expression plasmid. Furin
siRNA significantly decreased, while over-expression of furin
significantly increased proMMP-9 activities (Fig. 5A and B; P< 0.01).
However, the level of proMMP-2 was not altered in these cells
(Fig. 5A and B).



Fig. 1. Furin was highly expressed in the invasive extravillous cytotrophoblasts (EVTs), trophoblast column (TC) and syncytiotrophoblast (STB) of human placental villi. A, Western
blotting showed the expression of furin proteins in the human placental villi from the first (n¼ 3) and the third (n¼ 3) trimesters. GAPDH was included as a loading control. B,
Statistical analysis of the Western blotting results in A. Furin was highly expressed in the placental villi at the first trimester as compared with those from the third trimester (**,
P< 0.01, t-Test). C–J, Immunostaining of furin in human placental villi in the first (n¼ 7) and the third (n¼ 12) trimesters. Furin was strongly stained in distal cytotrophoblasts of the
cell columns (TCs) and syncytiotrophoblast (STBs) of human placental villi during the first trimester (7–10 week, C and D). Furin was positively stained in EVT cells in the term
decidua (G,). E, F and H were CK7 (a marker for trophoblasts) staining of first and third trimester placenta villi. D and F were magnified picture of C and E, respectively. I and J were
negative controls of sections from the first trimester placenta using normal goat serum or normal IgG to replace the furin antibody, which displayed no positive staining. CTB,
cytotrophoblast; STB, syncytiotrophoblast; TC, trophoblast column; EVT, extravillous trophoblast; MD, maternal dedicua. Bar¼ 50 mm.



Fig. 2. Furin was highly expressed in the trophoblast column (TC) and trophoblast shell (TS) of placental villi of rhesus monkeys. Immunostaining showed that furin was mainly
distributed in the placental TC and TS in the placenta villi of rhesus monkeys on Day 35 of pregnancy (n¼ 4) (A). D and F were magnified pictures of indicated regions (d and f
respectively) in (A). Furin was highly expressed in the distal cytotrophoblasts in the cell columns (D). The trophoblast shell was also positively stained by furin antibody. CK8&18 was
used to define placental tissues (B), E and G were magnified pictures of indicated regions (e and g respectively) in (B). A negative control using normal goat serum to replace the
furin antibody displayed no positive staining (C). TC, trophoblast column; TS, trophoblast shell; MD, maternal decidua; Gla, gland. Bar¼ 50 mm.
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Fig. 3. Furin promoted invasion of HTR8/SVneo cells. Representative pictures of cells invaded through the Matrigel-coated filter and attached to the other side of the filter in
a Matrigel invasion assay were shown in A and B (P, pores on the filter). Furin siRNA significantly inhibited invasion of HTR8/SVneo cells (P< 0.01, t-Test; A). In contrast, over-
expression of furin significantly increased invasion of HTR8/SVneo cells (P< 0.01, t-Test; B). C was the number of invaded cells in a 200� random field. Confirmation of RNA
interference (D) or over-expression (E) of furin was shown by RT-PCR and Western blotting. GAPDH was used as an internal control in RT-PCR and a loading control in Western
blotting. F showed furin immunostaining of cells on the underside of the filter after control siRNA or furin siRNA treatment. While 100% of cells on the underside of the filter in the
CON siRNA treatment group were furin-positive, only about 10% of cells on the underside of the filter in the furin siRNA treatment group were furin-positive. Black arrows: furin-
positive cells; grey arrows: furin-negative cells. G was transfection efficiency of the siRNA. Left panel: a typical phase contrast photograph of the cells grown to sub-confluence. Right
panel: the same cells as in panel A were subjected to immunofluorescence observation showing FITC-positive cells. More than 90% of the cells were FITC-positive. CON, negative
control siRNA (scrambled siRNA); Mock, pcDNA3.1 empty vector; V-furin, pcDNA3.1-furin (n¼ 3). Bar¼ 50 mm.



Fig. 4. Furin promoted migration of HTR8/SVneo cells. Representative pictures of cells invaded through the filter and attached to the other side of the filter in a cell migration assay
were shown in A and B (P, pores on the filter). Bar¼ 50 mm. Furin siRNA significantly inhibited migration of HTR8/SVneo cells (P< 0.01, t-Test; A). In contrast, over-expression of furin
significantly increased migration of HTR8/SVneo cells (P< 0.01, t-Test; B). C is the number of invaded cells in a 200� random field. D, furin siRNA decreased proliferation of HTR8/SVneo
cells based on an MTT assay (P< 0.05, t-Test). E, furin had no significant effect on apoptosis of HTR8/SVneo cells (P> 0.05, t-Test). CON, negative control siRNA (scrambled siRNA); Mock,
pcDNA3.1 empty vector; V-furin, pcDNA3.1-furin (n¼ 3). Confirmation of RNA interference or over-expression of furin was shown by RT-PCR and Western blotting as shown in Fig. 3.
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3.6. Knocking-down furin induced expression of TIMP-1 and -2

In contrast to MMPs, tissue inhibitors of matrix metal-
loproteinases (TIMP-1 and -2) are known to antagonize trophoblast
cell invasion [25,26]. We therefore examined the possibility that
influencing furin expression in HTR8/SVneo cells may also affect
expression of TIMP-1 and -2. Cells were transfected with furin
siRNA then cultured in serum-free medium for 48 h. Conditioned
culture medium was collected for detection of secreted TIMP-1 and
-2, and the corresponding cell extracts were used for detection of
TIMP-1 and -2 mRNAs. Furin siRNA significantly increased secretion
of both TIMP-1 and -2 (Fig. 5D and E), but had no significant effect
on the messenger RNA levels of TIMP-1 and -2 (Fig. 5C).

4. Discussion

During human pregnancy, trophoblast cells invade into the
uterine endometrium and its vasculature, affix the fetus, remodel
the maternal spiral arteries and finally establish the communication
between the fetus and the mother [27,28]. This process is regulated
by a series of proteins including MMPs, epithelial growth factor
family, adhesion molecules and TGF-b superfamily [29,30], whose



Fig. 5. The effect of furin on the activities of MMP-2 and -9 and expression of TIMP-1 and -2. A, HTR8/SVneo cells were transfected with furin siRNA or pcDNA3.1-furin. Total
proteins were extracted and Western blotting (WB) was performed to detect expression of furin (A). Serum-free culture medium was collected for gelatin zymography (GZ) assay
(A). B is a statistical assay of the zymographic results in A. Furin siRNA decreased, while over-expression of furin increased the activities of proMMP-9 (P< 0.01, t-Test; A and B).
Activities of MMP-2 were not significantly affected by furin (A and B). HTR8/SVneo cells transfected with furin siRNA were subjected to total RNA and protein extraction. RT-PCR was
performed to detect expression of TIMP-1, TIMP-2, furin and GAPDH (an internal control) (C). Serum-free culture medium was collected for Western blotting assay (D). E was
a statistical assay of the Western blotting results. Furin siRNA increased protein level of both TIMP-1 and TIMP-2 (P< 0.01, t-Test; D and E), but exerted no significant influence on
the mRNA levels of these genes. CON, control siRNA; Mock, pcDNA3.1 empty vector; V-furin, pcDNA3.1-furin.
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precursors are processed by furin. In the present study, we found
furin was prominently expressed in human placenta, and expres-
sion of furin was significantly higher during the first trimester as
compared to that from the third trimester (Fig. 1), suggesting an
important function of furin in the placentation during early preg-
nancy. In the mouse model, strong expression of furin mRNA is
found in chorion and extraembryonic tissues which form the main
part of placenta [11]. Furin-null mice die at E10.5 [11], which
further proves that furin plays an important role in placentation.

Trophoblast invasion shares many similarities with the inva-
sion of tumor cells, over-expression of furin has been found to
promote the metastasis of many cancer cells [14,15]. In this
respect, the high expression of furin in extravillous trophoblast
cells at early stage of pregnancy implies a role of furin in
trophoblast invasion and migration. This notion is further sup-
ported by the in vitro functional study. Down-regulation of furin
significantly suppressed the invasion and migration abilities of
HTR8/SVneo cells. Correspondingly, over-expression of furin
increased the invasion and migration capacity of the cells. It is
worth noting that furin siRNA also inhibited proliferation but not
apoptosis of HTR8/SVneo cells.

Furin was also highly expressed in syncytiotrophoblast (STB) of
human placental villi during early pregnancy suggesting a role of
furin in syncytiolization (Fig. 1A). Cell fusion is the representative
characteristic of syncytiolization. Many molecules, which could
either trigger or impair cell fusion, have been identified [31].
Among these molecules, syncytin 1 and 2, encoded by an envelope
gene of an endogenous retrovirus of the HERV-W family [32], are
up-regulated during syncytiolization. It has been reported that
furin is involved in processing both syncytin 1 and 2 [33]. Further
mechanisms whereby furin regulates syncytins are currently under
investigation.

Matrix metalloproteinases (MMPs), especially MMP-2 and MMP-
9, participate in trophoblast invasion and placental development
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[25]. It is intriguing that altering furin expression only influenced
expression of MMP-9 but not MMP-2 (Fig. 5). On the other hand,
cellular MMP-9 is mainly detected in chorion laeve trophoblast and
STB of placenta [34], an expression pattern similar to that of furin as
reported here. In contrast, MMP-2 is found mainly in amnion
mesenchymal cells [34]. Co-localization of MMP-9 and furin in
epithelial cells at least would argue that in vivo MMP-9 is a more
important target for furin during trophoblast invasion. Interestingly,
others have reported that inhibition of furin resulted in decreased
secretion of MMP-9 but not MMP-2 in breast cancer cells MDA-MB-
231 [35], and over-expression of furin induced expression of MMP-9
in human head and neck cancer cells SCC 12 and SCC 15 [36].

In the present study, we found both TIMP-1 and -2 were
increased in the conditioned culture medium of cells transfected
with furin siRNA, suggesting that these two inhibitors may be
responsible for the observed decrease of secreted MMP-9 activity
found in the same conditioned medium. TIMP-1 has been reported
to inhibit MMP-9 by binding to the proenzyme form or by directly
inhibiting the gelatinolytic activity [37]. There are no PCs cleavage
sites in TIMP proteins, suggesting that there should be some indi-
rect mechanisms involved in the regulation of TIMPs by furin. Nour
et al. reported that the cysteine-rich domain of PC5 and PACE4
functions as a membrane anchor and interacts with TIMPs, espe-
cially TIMP-2 [38]. Given that furin has a similar cysteine-rich
domain, it may functionally anchor TIMPs on the cell surface of
HTR8/SVneo cells. The loss of furin may therefore release TIMPs
into the conditioned medium. The elevated levels of TIMPs in the
conditioned medium suggest that they are at least partially
responsible for the reduction of MMPs in HTR8/SVneo cells trans-
fected with furin-specific siRNA.

The histology and ultrastructure of the rhesus monkey placenta
are similar to that of human beings [39]. One major difference is
primate extravillous trophoblast cells invade into the maternal
decidua much shallower as compared to human beings [40].
Furthermore, many parts of human preimplantation embryo
development are recapitulated in rhesus monkey embryos [41,42].
For example, the initiation of the expression of chorionic gonado-
tropin genes [43]. It is impossible to collect the feto-maternal
interface of human beings during early pregnancy for ethical
reasons, primates thus provide an important way to define the
mechanisms that contribute to the success of early pregnancy.
Although differences exist, many important growth factors,
hormones and cytokines are expressed in similar patterns between
primate and human placentas, i.e., the insulin like growth factors
(IGFs), their receptors and binding proteins [40]. In this study, we
have collected placental tissues of rhesus monkey on Day 35 of
pregnancy, which corresponds to the first trimester of human
pregnancy, and compared expression of furin in rhesus monkeys
and human placentas. The distribution profile of furin in the
placental villi of rhesus monkey shares similarities with that in
humans, with high level of expression in the invasive trophoblasts
(TC and TS) and STB, but absence in CTB, suggesting similar function
of furin during placentation in these two species.

Taken together, we have presented evidence supporting a role
for furin in promoting invasion and migration of HTR8/SVneo cells.
Up-regulation of MMP-9/TIMP-1 ratio by furin may be one of the
important mechanisms that control the invasive capacity of early
trophoblast cells. As such, furin must be an important regulator of
human placentation during early pregnancy.
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