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Abstract Invasiveness is a common feature of trophoblast
and tumors; however, while tumor invasion is uncontrolled,
trophoblast invasion is strictly regulated. Both trophoblast
and tumor cells express high levels of the immunomodu-
latory progesterone-induced blocking factor (PIBF), there-
fore, we aimed to test the possibility that PIBF might be
involved in invasion. To this aim, we used PIBF-silenced or
PIBF-treated trophoblast (HTR8/Svneo, and primary troph-
oblast) and tumor (HT-1080, A549, HCT116, PC3) cell
lines. Silencing of PIBF increased invasiveness as well as
MMP-2,-9 secretion of HTR8/SVneo, and decreased those
of HT-1080 cells. PIBF induced immediate STAT6 activa-
tion in both cell lines. Silencing of IL-4Ra abrogated all
the above effects of PIBF, suggesting that invasion-related
signaling by PIBF is initiated through the IL-4Ra/PIBF-
receptor complex. In HTR-8/SVneo, PIBF induced fast,
but transient Akt and ERK phosphorylation, whereas in
tumor cells, PIBF triggered sustained Akt, ERK, and late
STAT3 activation. The late signaling events might be due
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to indirect action of PIBF. PIBF induced the expression of
EGF and HB-EGF in HT-1080 cells. The STAT3-activating
effect of PIBF was reduced in HB-EGF-deficient HT-1080
cells, suggesting that PIBF-induced HB-EGF contributes to
late STAT3 activation. PIBF binds to the promoters of IL-6,
EGF, and HB-EGF; however, the protein profile of the pro-
tein/DNA complex is different in the two cell lines. We
conclude that in tumor cells, PIBF induces proteins, which
activate invasion signaling, while—based on our previous
data—PIBF might control trophoblast invasion by sup-
pressing proinvasive genes.

Keywords PIBF - Invasion - Tumor - Trophoblast -
Zebrafish

Abbreviations

BME Basement membrane extract

ECM Extracellular matrix

EGF Epidermal growth factor

EGFP Enhanced green fluorescent protein

Erk Extracellular signal-regulated protein kinase
Flil Friend leukemia integration 1

GPI Glycophosphatidylinositol

HB-EGF  Heparin-binding EGF-like growth factor
JAK Janus kinase

IL Interleukin

IL-4Ra Interleukin-4 receptor alpha
MAPK Mitogen-activated protein kinase
MMP Matrix metalloproteinase

NK Natural killer

PI-3K Phosphoinositide-3-kinase

PIBF Progesterone-induced blocking factor
PIBFR PIBF-receptor

PKC Protein kinase C

PIGF Placental growth factor
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sHB-EGF soluble HB-EGF

STAT Signal transducer and activator of transcription
SV40 Simian vacuolating virus 40

Tg Transgene

Th T helper

TIMP Tissue inhibitor of metalloproteinase
Introduction

The capacity to invade basal membranes and the extracel-
lular matrix (ECM) is a common feature of first-trimester
trophoblast and malignant tumors. However, while tumor
invasion is a pathological process characterized by imbal-
anced regulation of motility and proteolysis together with
unlimited metastatic capacity, trophoblast invasion is a
strictly controlled physiological event, restricted in time
to the implantation window, and localized in space to the
endometrium and the proximal third of the myometrium.
The smallest disturbances in the precise control of tropho-
blast invasion may lead to pathological pregnancies [1, 2].

Invasion is a multistep process, involving detachment of
primary cells, degradation of basal membranes and extra-
cellular matrix (ECM) components, and migration through
the eroded stromal tissue. Degradation of ECM is initi-
ated by proteolytic enzymes, e.g., matrix metalloprotein-
ases (MMPs). A variety of extracellular stimuli, including
cytokines, growth factors, and cell-ECM interactions regu-
lates the transcription of MMP genes via diverse pathways,
e.g., STAT3, Akt, and MAPK cascades [3].

Previously, we reported that progesterone-induced
blocking factor (PIBF) is secreted by maternal lymphocytes
and mediates the immunological effects of progesterone
during pregnancy [4, 5]. PIBF inhibits natural killer (NK)
cell activity and enhances Th2-type cytokine production
via the JAK1/STAT6 and PKC/Ca++ pathways [6, 7], thus
supporting the maintenance of pregnancy.

Progesterone plays a crucial role during implantation
via governing trophoblast invasion [8, 9]. Within the first-
trimester decidua, the expression pattern of PIBF coincides
with sites of trophoblast invasion and the most intense
PIBF staining appears at the extravillous trophoblast [10].
Early detection of PIBF may be related to premature troph-
oblast invasion possibly into an endometrium not yet pre-
pared for the trophoblast and might lead to early immune
rejection of the fetus [11].

It was recently shown that PIBF is up-regulated in undif-
ferentiated proliferating cells (e.g., trophoblast cells) as
well as in a set of malignancies [10—14]. Several breast
cancers over-express PIBF compared to normal breast tis-
sues [12]; moreover, MCF-7 breast carcinoma cells pro-
duce PIBF independently of progesterone [12]. The PIBFI
gene is located on the chromosomal region 13q21-q22,
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which has been implicated as a common site for somatic
deletions in a variety of malignant tumors [15]. Moreover,
the full-length form of PIBF is associated with the centro-
some [12] as a component of the pericentriolar satellites
[16], which are involved in cell cycle regulation. Further-
more, PIBF might facilitate tumor growth by suppressing
local antitumor immune responses [17].

Based on these data, we aimed to investigate the possible
involvement of PIBF in trophoblast and tumor invasion in
different cell lines. Neither of the available trophoblast cell
lines [18] represent the physiological conditions since these
are either choriocarcinoma-derived (e.g., JEG-3, BeWo,
JAR) or immortalized by transformation of human extravil-
lous trophoblast cells with the SV40 large T antigen (e.g.,
HTR-8/SVneo, SGHPL-4, HIPEC65). For studying differ-
ences between trophoblast and tumor invasion, we selected
the transformed HTR-8/SVneo cell line. HTR-8/SVneo
possesses progenitor-like characteristics [19]. Recent data
have demonstrated differences in gene expression pro-
files of integrins, proteases, hormones, and growth factors
between trophoblast cell lines, primary cytotrophoblast and
extravillous trophoblast cells; furthermore, neither of the
cell lines showed a close similarity to the primary tropho-
blast [20]. Therefore, we used freshly isolated primary
trophoblast cells to confirm our findings in HTR-8/SVneo.

Here, we report a novel role of PIBF in invasion-regu-
lation. We demonstrate for the first time that PIBF is able
to directly regulate gene expression; we show that PIBF
can bind the promoter region of IL-6, EGF, and HB-EGF
and induce or suppress transcription of these genes in cer-
tain tumor and trophoblast cells, respectively. The newly
induced proteins in tumor cells activate signaling pathways
that might be connected to altered MMP-9 and MMP-2
activity. We show that PIBF inhibits trophoblast invasive-
ness by down-regulating MMP-2 and MMP-9 activity
while facilitating tumor invasion by inducing MMP-2 and
MMP-9 genes, in an indirect manner.

Materials and methods
Cells and treatments

The immortalized human first-trimester extravillous troph-
oblast cell line HTR-8/SVneo was cultured in RPMI (Inv-
itrogen Life Technologies, Carlsbad, CA, USA) supple-
mented with 10 % fetal bovine serum (FBS). The HT-1080
fibrosarcoma, HCT-116 colorectal carcinoma, A549 lung
carcinoma, and PC-3 prostate cancer cell lines were main-
tained in DMEM (Invitrogen Life Technologies, Carlsbad,
CA, USA) supplemented with 10 % FBS.

Primary trophoblast cells were isolated from first-trimes-
ter human elective abortion material according to a method
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described earlier [21]. Informed consent was obtained from
all participants. Experiments were performed in accordance
with the ethical guidelines of the Declaration of Helsinki.
Approval from the Regional Ethical Committee at Univer-
sity of Pécs, Medical School was obtained.

After starving overnight, 6 x 10° cells were incubated at
37 °C for 5, 20, 60 min, 6 or 24 h with medium as a con-
trol or with recombinant human PIBF at a concentration of
100 ng/ml. The recombinant human PIBF was produced in
our laboratory as described earlier [22].

RNA interference

Oligonucleotides were pre-designed by Ambion (Austin,
TX, USA) to interfere with PIBF, IL-4Ra, or HB-EGF
mRNA. Diluted oligonucleotides were pre-incubated with
Oligofectamine (Invitrogen Life Technologies, Carlsbad,
CA, USA) for 20 min at room temperature then the mix-
tures were added dropwise to 3 x 10° cells in OptiMEM
(Invitrogen Life Technologies, Carlsbad, CA, USA). After
4 h at 37 °C, DMEM with 30 % FCS was added to the cul-
tures. Cells were lysed after 24, 48, or 72 h for Western-
blot analyses.

Invasion assay

Oris Cell Invasion and Detection Assay (Platypus Tech-
nologies, Madison, WI, USA) was performed according to
the manufacturer’s instructions. Briefly; basement mem-
brane extract (BME, 3 mg/ml) was applied on 96-well
plates and the latter populated with Cell Seeding Stop-
pers to restrict cell seeding to the outer annular regions
of the wells. Then wells were seeded with 75,000 cells.
After 24 h, stoppers were removed, resulting in a 2-mm-
diameter un-seeded region in the center of each well (i.e.,
the detection zone), and cells were overlaid with 12 mg/
ml BME containing 15 % FBS. After 72 h, cells were
labeled with calcein AM and the detection zone was ana-
lyzed using multiarea scan by an Olympus FluoView FV-
1000 confocal microscope. Cell invasion was assessed by
measuring the area of the detection zone in the scrambled
and knock-down images using ImageJ analysis software.
Invasion was determined by area closure, which was cal-
culated as follows: invaded area of detection zone/full
area of detection zone x 100.

Xenotransplantation

The Tg(flil:EGFP) zebrafish (Danio rerio) line was main-
tained in compliance with the local animal care regulations
and standard protocols of the University of Pécs. Approval
from the Regional Ethical Committee at the University of
Pécs, Medical School was obtained.

Fish were kept at 28 °C in aquaria with day/night light
cycles. Embryos were obtained using standard mating con-
ditions. The developing embryos were kept in an incubator
at constant temperatures.

Cells were stained with CM-Dil (Vybrant; Invitrogen
Life Technologies, Carlsbad, CA, USA) as described else-
where [23] and resuspended in PBS at a concentration of
10% cells per 50 1 and kept on ice before microinjection.
Forty-eight hours post-fertilization, zebrafish embryos
were dechorionated and anesthetized with tricaine (Sigma-
Aldrich, Steinheim, Germany). Approximately 100 cells
were injected into the yolk sac of the embryos using an
Eppendorf FemtoJet microinjector equipped with a glass
capillary (1 pm inner diameter). The approximate injec-
tion parameters were injection pressure = 140 kPa, holding
pressure = 25 kPa, injection time = 0.8 s. After injection,
embryos were incubated for 1 h at 31 °C and checked for
cell presence at 2-h post-transplantation. Fish with fluo-
rescent cells outside the implantation area were excluded
from further analysis. All other fish were incubated at
33 °C for 5 days. Disseminations of cells were monitored
by an Olympus FluoView FV-1000 confocal microscope.
Cell invasion within the zebrafish embryos was analyzed
by using Image] software. The area of disseminated cells
and area of cells remaining in the yolk sac was measured
and invasion index was calculated as follows: area of dis-
seminated cells/(area of disseminated cells + area of non-
disseminated cells) x 100.

Substrate zymography

Cell-conditioned media from the invasion assay were sub-
jected to electrophoresis under non-reducing conditions in
a 7.5 % SDS/polyacrylamide gel containing 1 mg/ml gela-
tin. After electrophoresis, gels were re-natured and stained
as described earlier [24]. Semi-quantification of bands was
performed by densitometry using ImageJ software.

Protein arrays

Cell lysates of PIBF-treated and PIBF-knock down HTR-
8/SVneo and HT-1080 cells were analyzed by proteome
profiler antibody array (Human Angiogenesis Array Kit, R
and D Systems, Minneapolis, MN, USA) according to the
manufacturer’s instructions. Array data on developed X-ray
film were quantitated with ImagelJ software.

Western blotting
Cell lysates were separated on 10 % SDS-PAGE and
transferred to nitrocellulose membrane at 54 mA over-

night. Membranes were blocked with TBS-Tween (pH
7.4) containing 5 % non-fat dried milk for an hour and
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incubated with rabbit polyclonal anti-human PIBF [19],
rabbit polyclonal phospho-specific (Tyr-641) anti-human
STAT6, or rabbit polyclonal phospho-specific (Ser473)
anti-human Akt antibodies (all from Santa Cruz Biotech-
nology Inc., Santa Cruz, CA, USA) in TBS-Tween with
3 % non-fat dried milk for an hour at room temperature,
rabbit anti-human phospho-STAT3 (Tyr705), rabbit anti-
human phospho-STAT3 (Ser727) or rabbit anti-human
phospho-p44/42 MAPK (Thr202/Tyr204) (all from Cell
Signaling Technology Inc., Danvers, MA, USA) antibod-
ies in TBS-Tween with 5 % BSA overnight at 4 °C or as
control with rabbit anti-human p-actin (Sigma-Aldrich,
Steinheim, Germany) in TBS-Tween with 3 % non-fat
dried milk for an hour. After washing, bound antibod-
ies were detected with 1:2,000 diluted horseradish per-
oxidase-conjugated anti-rabbit IgG (Dako, Glostrup,
Denmark), followed by development with ECL reagents
(Perkin Elmer Life Sciences, Waltham, MA, USA). Semi-
quantification of the bands was performed by densitom-
etry using ImageJ software.

Cytometric bead arrays

IL-6 concentrations were determined from the supernatants
of PIBF knock-down HTR-8/SVneo and HT-1080 cells by
cytometric bead array (CBA; BD Biosciences, San Diego,
CA, USA) according to the manufacturer’s instructions.

Quantitative real-time polymerase chain reaction
(qQRT-PCR)

HTR-8/SVneo and HT-1080 cells were seeded on six-well
plates. After silencing of PIBF, total RNA was isolated
using RNeasy Mini kit (Qiagen). One microgram of total
RNA was reverse-transcribed to cDNA using SuperScript
IT Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA).
Quantitative gene expression was performed for MMP-9
(Hs00234579_m1), TIMP-1 (Hs00171558_m1) and beta-
actin (Hs99999903_m1) in a total volume of 20 pl using
TaqgMan gene expression assays (Applied Biosystems,
Carlsbad, CA, USA) according to the manufacturer’s
instructions. All PCRs were carried out in triplicate. Rela-
tive expression levels were calculated using the AACT
method [25] after normalization to B-actin as endogenous
control.

Confocal microscopy

Cells were plated on poly-L-lysine-coated slides, then
fixed and permeabilized with acetone. After blocking,
cells were incubated with anti-PIBF (1:100) for 1 h at
room temperature, following incubation with Cy3-conju-
gated anti-rabbit-Ig (1:200) (Invitrogen Life Technologies,
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Carlsbad, CA, USA). Nuclei were stained by Hoechst
33258 (Sigma-Aldrich, Steinheim, Germany) then cells
were mounted with DABCO (Sigma-Aldrich, Steinheim,
Germany) and slides were closed by nail polish. Micro-
scopic analysis was performed with an Olympus FluoView
FV-1000 confocal microscope with 60x oil immer-
sion objective. Images were analyzed using the Olympus
FluoView 1.7 software.

Chromatin immunoprecipitation (ChIP)

Chromatin immunoprecipitation was performed accord-
ing to a method described elsewhere [26]. Protein/DNA
complexes were immunoprecipitated using rabbit poly-
clonal anti-PIBF antibodies. DNA was recovered using
Qiagen PCR Purification Kit (Qiagen). PCR was per-
formed with primers to the promoter regions of EGF
(5’-AGCGAGTTATCTCCTCTTTGGCAGT-3' and 5’-AC
AGAGCAAGGCAAAGGCTTAGAGA-3"), IL-6 (5'-CATA
ATCCCAGGCTTGGGGG-3' and 5'-GGTCGTCATTGAG
GCTAGCG-3'), PIGF (5'-GTCTGGACCTGCCGAGAG-3'
and 5-AGGTTCCCGAGCCGAGTT-3') and HB-EGF
(5’-TCCAGAAGACCCCTGCAAAA-3'and 5'-TCCCAGG
CTTCTGAGATTGG-3'). PCR products were separated on
1.5 % agarose gels and visualized with ethidium bromide
staining.

Statistical analysis

Statistical analysis was performed using Student’s ¢ test.
Data were presented as mean £+ SEM and p values of
<0.05 were considered as statistically significant.

Results
PIBF regulates invasiveness of trophoblast and tumor cells

The invasive potential of PIBF-silenced trophoblast (HTR-
8/SVneo and primary first-trimester human trophoblast)
and tumor cells (HT-1080, HCT-116, A549, PC-3) was
investigated. Quantitative analyses indicated that silenc-
ing of PIBF markedly increased the invasiveness of both
HTR8/SVneo and primary first-trimester trophoblast
cells (Fig. la, c), while the same treatment significantly
decreased the invasive behavior of the tumor cell lines
(Fig. 1b, c).

We selected the HT-1080 fibrosarcoma cell line to model
tumor invasion. Since PIBF affected the invasive behavior
of the immortalized HTR-8/SVneo cells and primary troph-
oblast cells in the same manner, we used the HTR-8/SVneo
trophoblast cells to further study the underlying molecular
mechanisms.
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Fig. 1 The effect of PIBF knock-down on invasiveness of trophoblast
and tumor cells. The HTR-8/SVneo trophoblast cell line and primary
trophoblast cells isolated from first-trimester abortion material (a) as
well as HT-1080 (fibrosarcoma), A549 (lung carcinoma), HCT-116
(colorectal cancer), PC-3 (prostate cancer) tumor cell lines (b) were
transfected with PIBF siRNA, or scrambled oligonucleotides (scr).
Wells were seeded with control (scr) or PIBF siRNA-treated cells.
Invasion of cells into the detection zones after 72 h is shown. Cells
were stained with calcein AM. Images were captured using multiarea
scan by a confocal microscope (bar 2 mm). ¢ Quantification of area

Invasion of PIBF-silenced trophoblast and tumor-cell
xenografts in zebrafish embryos

Zebrafish is a favored in vivo platform for studying tumor
development and progression because in the immunologi-
cally immature, transparent embryos human xenografts are
not rejected and dissemination of cancer cells can be easily
monitored in real time [27].

To confirm the differential role of PIBF in tropho-
blast and tumor invasion, fluorescent labeled, PIBF-
silenced trophoblast or tumor cells were microinjected
into the yolk sac of 2-day-old Tg(flil:EGFP) transgenic
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closure (%) calculated from measured areas of cell invasion at 72 h.
Data are presented as mean = SEM from 12 wells (HTR-8/SVneo,
HT-1080) or six wells (other cell lines and primary trophoblast cells)
per condition (asterisk indicates significant difference from scrambled
at p < 0.05). d The efficiency of PIBF knock down (KD) was con-
trolled by measuring PIBF levels (90-, 67-, 50-, and 34-kDa isoforms)
using Western blotting at each individual experiment. Statistical anal-
ysis of Western blots are shown as mean = SEM; asterisk indicates
significant difference from scrambled at p < 0.05

zebrafish embryos, exhibiting a green fluorescent vas-
culature; and their invasiveness was monitored by con-
focal microscopy. The survival rates of the embryos
were between 75 and 95 % (Table 1). Both cell types
invaded embryonic tissue, entered circulation, and dis-
seminated via the vessels within the embryos, from
the yolk sac towards the tail (Fig. 2). When PIBF-
silenced HTR-8/SVneo cells were transplanted, more
cells were disseminated within the zebrafish embryos
(invasion index 46.29 %) compared to the embryos
injected with the control HTR-8/SVneo cells (invasion
index 20.81 %) (Fig. 2a; Table 1), verifying that PIBF
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Table 1 In vivo invasion assay: xenotransplantations of HTR-8/SVneo and HT-1080 cells into 2-day-old zebrafish embryos

Microinjections Number of injected embryos Area of non-disseminated Area of disseminated Invasion index (%) p value
(analyzed) i: dead cells (mean, mm?) cells (mean, mm?)

HTR-8/Svneo

scr 20 (18) 71 0.01227 0.003225 20.81 0.0034
PIBF KD 20 (17) 12 0.008497 0.007323 46.29

HT-1080
scr 20 (14) +5 0.01815 0.03071 55.58 0.0024
PIBF KD 20 (17) 12 0.0476 0.000984 2.03

Number of embryos micro-injected and analyzed is shown in the table. If 2-h post-injection fluorescent cells were detected, the embryo was
excluded from further analysis. After micro-injection with scrambled HT-1080 cells, one embryo developed yolk sac edema and was thus not
analyzed. When HTR-8/SVneo cells were injected, survival rates of embryos were 95 % (scrambled, scr) and 90 % (PIBF knock down, KD);
when HT-1080 cells were transplanted, survival rates of embryos were 75 % (scr) and 90 % (PIBF KD). Invasion index was calculated in live
embryos at 5 days post-injection as follows: area of disseminated cells/area of total cells x 100

Fig. 2 Xenotransplantation of
HTR-8/SVneo: HTR-8/SVneo: PIBF KD
PIBF-silenced trophoblast (a) A . 8/SVneo: Ser 8/SVneo

and tumor (b) cells into the yolk \
sac of Tg(flil:EGFP) zebrafish

embryos. HTR-8/SVneo and *F]
HT-1080 cells were transfected e 3’ 2
with PIBF siRNA (PIBF KD) 3
or scrambled (scr) oligonucleo-
tides (control). The cells were
then labeled with Dil (shown as
red) and microinjected into the
yolk sac of 48-h post-fertiliza-
tion zebrafish embryos express-
ing EGFP under an endothelial
promoter (green vasculature).
Pictures were taken 5 days
post-injection. Cells invaded
the caudal part of zebrafish
embryos. Arrows indicate dis-
tant micrometastases

€
$
2

A

inhibits trophoblast invasion. PIBF knock-down tumor  to the scrambled-injected control group (invasion index
cells showed decreased invasive potential within the 55.58 %), confirming that PIBF facilitates tumor inva-
zebrafish embryos (invasion index 2.03 %) in contrast sion (Fig. 2b; Table 1).
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PIBF affects invasion of trophoblast and tumor cells by
modulating MMP-2 and MMP-9 activity

Matrix metalloproteinases (MMPs) and their inhibitors
(TIMPs) are the key mediators of both trophoblast and
tumor invasion. MMP-9 and MMP-2, named gelatinases,
cleave type IV collagen, the main component of basal lam-
ina [28, 29]. Therefore, we measured MMP-2 and MMP-9
activity in cell-conditioned media from the invasion assay
by substrate zymography. Silencing of PIBF resulted in
increased gelatinase activity in HTR-8/SVneo cells, while
PIBF knockdown HT-1080 cells showed reduced MMP-2
and MMP-9 activity (Fig. 3a, b).

In line with this, after 24 h, PIBF treatment MMP-9
expression increased in HT-1080 cells and decreased in HTR-
8/SVneo cells, whereas TIMP-1—an inhibitor of MMP-9—
was down-regulated in tumor and up-regulated in trophoblast
cells (protein array, Fig. 3c). We also analyzed the mRNA
expression of MMP-9 and TIMP-1 in HTR-8/SVneo and
HT-1080 cells after silencing of PIBF for 48 h by real-time
gPCR. MMP-9 mRNA was up-regulated in PIBF-silenced
HTR-8/SVneo cells and down-regulated in HT-1080 cells,
whereas TIMP-1 mRNA was down-regulated in HTR-
8/SVneo and up-regulated in HT-1080 cells (Fig. 3d).

Fig. 3 PIBF modulates
MMP-2 and MMP-9 activity. a
a Supernatants from the inva-

sion assay were subjected to

gelatin zymography to detect

MMP-2 and MMP-9 activity.

b Densitometric evaluation of

three separate zymograms. Data

are represented as mean &= SEM
(asterisk indicates significant

difference from the control at

p < 0.05). ¢ Changes in relative
expression of MMP-9 and

TIMP-1 in PIBF-treated (24 h) Scr
HTR-8/SVneo trophoblast and

HT-1080 fibrosarcoma cells

(protein array, n = 2). d The b
expression of MMP-9 and

TIMP-1 was also analyzed at 51
mRNA level in PIBF knock
down (KD) cells by real-time
PCR. Cells were analyzed at

48 h post-transfection with
siRNA. Changes in relative
mRNA levels are shown. Data
are represented as mean = SEM
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PIBF-induced signaling pathways in trophoblast and tumor
cells

In order to reveal the underlying mechanisms, we inves-
tigated the PIBF-induced signaling pathways in HTR-
8/SVneo trophoblast and HT-1080 tumor cells.

Earlier we showed that the PIBF receptor is a GPI-
anchored protein which upon ligation forms a temporary
association with the alpha chain of IL-4 receptor [7] and
activates STAT6 in peripheral lymphocytes. Therefore, we
investigated the involvement of IL-4Ra in PIBF-regulated
invasion. PIBF-induced STAT6 phosphorylation (Fig. 4a)
and silencing of IL-4Ra by siRNA abrogated the effect of
PIBF on invasion in both cell lines (Fig. 4b, c), suggest-
ing that IL-4Ra is involved in the PIBF-induced invasion-
related mechanism. Therefore, we focused on IL-4Ra-
associated signaling pathways.

Insulin receptor substrate (IRS), associated with IL-4Ra,
can activate the PI-3 K/Akt pathway and the MAPK cas-
cade [30, 31], that have been implicated in invasion and
tumorigenesis. In trophoblast cells, PIBF treatment resulted
in fast, transient phosphorylation of Akt and ERK, whereas
in the tumor cell line, PIBF treatment induced sustained
activation of these molecules (Fig. Sa, b).
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Fig. 4 PIBF signals via the a
IL-4Ro/PIBFR complex in

trophoblast and tumor cells. a
Serum-starved HTR-8/SVneo

HTR-8/SVneo

HT-1080

N |

pSTAT6

and HT-1080 cells were treated
with PIBF (100 ng/ml) for the

— — — — — “—

STAT6 — — — — — —

indicated time points. Total 0 5 20
STAT6 and phosphorylated
STATG levels were detected

by Western blotting. b Inva-
sion of control (scrambled,
scr), IL-4Ra, or PIBF siRNA
(KD)-treated HTR8/SVneo and
HT1080 cells. Invasion of cells
into the detection zones (2 mm)
after 72 h is shown. Cells

were stained with calcein AM.
Images were captured using
multiarea scan by a confocal
microscope. ¢ Quantification
of area closure (%) calculated
from measured areas of cell
invasion at 72 h. Data are
presented as mean = SEM from
12 wells per condition (asterisk
indicates significant difference
from scrambled at p < 0.05). d
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Since the STAT3 pathway is important in invasion sign-
aling [32-35], we also tested the effect of PIBF treatment
on STAT3 activation in the trophoblast and tumor cells. In
HTR-8/SVneo cells, 6- and 24-h PIBF treatment inhibited
activation of STAT3; while in HT-1080 cells, PIBF treat-
ment resulted in late STAT3 Ser727- and Tyr705-phospho-
rylation, suggesting an indirect role of PIBF in STAT3 acti-
vation (Fig. 5a, b).

PIBF-induced proteins are responsible for late signaling
events

The late signaling events may be attributed to indirect
effects of PIBF.

IL-6 activates STAT3 [36-38], therefore, we measured
secreted IL-6 levels in the supernatants of control and
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PIBF knock down HTR-8/SVneo and HT-1080 cells by
cytometric bead array. IL-6 production of PIBF-silenced
trophoblast cells increased, whereas that of PIBF knock
down tumor cells was reduced after 48 h (Fig. 6a). Lev-
els of secreted IL-6 in HTR-8/SVneo cells increased from
118.54 £ 20.06 to 200.03 £ 21.56 ng/ml after silencing of
PIBF. Levels of secreted IL-6 in HT-1080 cells decreased
from 288.99 £+ 35.7 to 179.22 + 15.87 ng/ml after PIBF
knock-down.

To further identify PIBF-regulated molecules, protein
array-detecting invasion and angiogenesis-related proteins
was performed on lysates of PIBF knock down and on
those of 24-h PIBF-treated HT-1080 cells (Fig. 6b, c). PIBF
treatment resulted in increased EGF and HB-EGF expres-
sion of the tumor cell line (Fig. 6b). Silencing of PIBF
reduced the expression of EGF and HB-EGF in HT-1080
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cells (Fig. 6¢). Either of these might account for the late
PIBF-induced signaling events.

To confirm that late STAT3 activation observed in the
tumor cells was indeed due to gene induction, we tested the
effect of PIBF treatment on STAT3 phosphorylation in HB-
EGF knock-down HT-1080 cells. In HB-EGF-silenced tumor
cells, the STAT3-activating effect of PIBF was decreased in
contrast to the PIBF-treated control (scrambled), suggesting
that PIBF-induced HB-EGF might contribute to late STAT3
activation in the tumor cells (Fig. 6d, e).

PIBF binds to the promoter of IL-6, EGF, and HB-EGF
The full-length PIBF contains leucine zippers, basic leu-

cine zipper (bZIP) domain, and nuclear localization sig-
nals (NLS), which enable the molecule to bind DNA and

modulate the transcription of genes [19]. To confirm that
PIBF enters the nucleus, we visualized the subcellular
localization of PIBF by confocal microscopy (Fig. 7a).
PIBF is present in the cytoplasm and nuclei of both HTR-
8/SVneo and HT-1080 cells.

To confirm that PIBF is capable of regulating the tran-
scription of IL-6, HB-EGF, and EGF, chromatin immuno-
precipitation (ChIP) was performed with anti-PIBF antibody.
This revealed that PIBF has the capacity to bind the pro-
moter of /IL-6, HB-EGF, and EGF in trophoblast and tumor
cells (Fig. 7b). However, the protein content of the protein/
DNA complex immunoprecipitated by anti-PIBF antibody
differed in HTR-8/SVneo and HT-1080 cells (Fig. 7c); in
trophoblast cells, the complex contained the 50- and 67-kDa
PIBF isoforms while in tumor cells the full-length PIBF was
also included in the DNA-binding complex.
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Fig. 6 PIBF-regulated proteins. a IL-6 secretion of PIBF knock-
down HTR-8/SVneo and HT-1080 cells (cytometric bead array).
Supernatants were analyzed at 48 h post-transfection with siRNA.
Data are represented as mean £ SEM of three separate experiments
(*p < 0.05). b EGF and HB-EGF expression in control and 24-h
PIBF-treated HTR-8/SVneo and HT-1080 cells in a protein array
(n = 2). ¢ EGF and HB-EGF expression in control (scrambled) and
PIBF knock-down HT-1080 cells in a protein array (n = 2). d The

Discussion

Both trophoblast and malignant tumors are invasive,
and share the same underlying signaling pathways (i.e.,
PI-3 K/Akt, MAPK, FAK, ROCK, STAT3) and mediators
(i.e., MMPs and TIMPs) [39]. However, in contrast to the
unlimited invasive capacity of tumors, trophoblast invasion
is under strict spatiotemporal control. We aimed to identify
differences between regulatory mechanisms of invasion in
tumor cells and trophoblast cells. Our data indicate that
PIBF activates or inhibits the transcription of invasion-
related genes, in a tissue-specific manner.

PIBF-mediated regulation of invasiveness was initiated
through the IL-4Ro/PIBF-receptor complex. Silencing of
IL-4Ra affected invasion of trophoblast and tumor cells in
a manner similar to PIBF deficiency. Earlier data from our
laboratory suggest that PIBF inhibits trophoblast invasion
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PIBF

effect of 24 h PIBF treatment on STAT?3 activation in control (Scr)
and HB-EGF knock down HT-1080 cells. Upper panel Western blot
for phospho-STAT3 (Tyr). Lower panel mean + SEM of densitograms
from three separate experiments (asterisk p < 0.05). e Efficiency of
HB-EGF knock down was analyzed by Western blotting. Statistical
analysis of Western blots is shown as mean + SEM; asterisk indicates
significant difference from scrambled at p < 0.05

by down-regulating invasion-promoting genes, e.g., leptin
[40]. Furthermore, Akt and ERK, which were rapidly but
transiently phosphorylated in PIBF-treated trophoblast,
are both involved in promoting (rather than inhibiting)
invasion. Therefore, though the involvement of IL-4Ra is
crucial, IL-4-dependent signaling is unlikely to account
for PIBF-induced down-regulation of invasive genes. We
hypothesize that the role of the IL-4Ra/PIBF complex
would be rather to internalize [41] and allow PIBF to enter
the nucleus and initiate transcription. The PIBF-induced
proteins would be responsible for late signaling events, i.e.,
inhibition of STAT3 in trophoblast cells and induction of
late Akt, ERK, and STAT3 phosphorylation in tumor cells.
Various cytokines and growth factors, e.g., EGF, IL-6
signal through the PI-3 K/Akt, JAK/STAT, and MAPK, etc.,
pathways. These pathways are frequently altered in differ-
ent cancers and promote tumor cell invasion by inducing
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Fig. 7 PIBF binds to the promoter of IL-6, HB-EGF, and EGF. a
Subcellular localization of PIBF in HTR-8/SVneo and HT-1080 cells.
(1) Cells were labeled with anti-PIBF antibody, and reacted with anti-
rabbit Ig-Cy3 (shown as red). Nuclei were counterstained with Hoe-
chst (shown as blue). Merged images taken by confocal microscope.
(2) Control, without anti-PIBF antibody. b PCR of non-immunopre-

)L J

HTR-8/SVneo HT-1080

HT-1080

cipitated (input) and PIBF or control IgG immunoprecipitated DNA
from ChIP assay of HTR-8/SVneo and HT-1080 cells, using primers
to the promoter of IL-6, HB-EGF, EGF, and PIGF. PIGF ChIP was
used as a negative control. ¢ Detection of PIBF isoforms by Western
blotting on the eluted protein/DNA complex immunoprecipitated by
anti-PIBF

& _(PIBF
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Fig. 8 Transcriptional regulation of tumor invasion by PIBF. PIBF
activates not only the Jak1/STAT6 pathway but also the PI-3 K/Akt
and ERK cascades through the IL-4Ro/PIBFR complex. Moreover,
PIBF is able to enter the nucleus where it binds the promoter regions
of EGF, IL-6, and HB-EGF and induces their transcription. The

expressed and secreted EGF then binds its own receptor and further
triggers the PI-3 K/Akt, MAPK, and Jak/STAT3 pathways, result-
ing in proliferation, survival, and increased MMP-9 expression, thus
increased invasive behavior. (ECM extracellular matrix)
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cell motility and altering MMP expression [34, 35, 42, 43].
Moreover, these pathways are continuously active in many
transformed cells since they continuously produce both
growth factors and their receptors, thereby providing an
auto-stimulatory growth impulse [44, 45].

Among other proteins, IL-6, EGF, and HB-EGF were
differentially regulated by PIBF in trophoblast and tumor
cells.

EGF is expressed by both decidual and trophoblast
cells, and induces differentiation, invasion, and prolifera-
tion of the latter. Qiu et al. [46] reported that EGF increases
MMP-9 through the PI-3 K/Akt and MAPK pathways in
HTR-8/SVneo cells. In JEG-3, EGF induces the expression
of MMP-9 through the activation of p38MAPK and ERK
signaling pathways [47]. Haslinger et al. [48] demonstrated
that in SGHPL-5 trophoblast cells, PI-3 K/Akt signaling
is required for trophoblast migration involving the down-
stream effector mTORC1. The JAK/STAT system is asso-
ciated with mTOR signaling; mTORC1 mediates human
trophoblast proliferation and invasion through regulation of
matrix remodeling enzymes (e.g., MMP-2,-9, uPA, PAI-1)
and requires STAT3 Ser-phosphorylation [49]. Based on the
above-mentioned data, it is plausible that PIBF, via down-
regulating EGF, negatively regulates trophoblast inva-
sion. Inhibited STAT3 phosphorylation after PIBF treat-
ment (6, 24 h) might be the result of suppressed EGF thus
AUTHOR: Sentence not clear in meaning; please revise
accordingly.-->inhibited PI-3 K/Akt/mTOR pathway that
might lead to decreased expression of MMP-2 and MMP-9.

In HT-1080 fibrosarcoma cells, EGF induces the expres-
sion of MMP-9 through a Src-dependent mechanism [50].
In line with this, PIBF induced EGF in HT-1080 cells
might contribute to increased expression of MMP-9 and
increased invasiveness (Fig. 8).

HB-EGF is another member of the EGF family [51]
that, based on our data, is regulated by PIBF. HB-EGF has
a prominent role during the peri-implantation period [52].
HB-EGF promotes differentiation of trophoblast cells to
an invasive phenotype by inducing integrin switching [53],
thus required for successful invasion. HB-EGF is down-
regulated in pre-eclampsia, a disorder associated with shal-
low trophoblast invasion [53]. The membrane-anchored
pro-HB-EGF is cleaved by metalloproteinases in order to
release the soluble form of HB-EGF [54]. HB-EGF pro-
vokes differentiation of trophoblast cells to an invasive
phenotype through coordinate activation of PI-3 K/Akt,
ERK, MAPK14, and JNK pathways [55]. By downregulat-
ing HB-EGF in the trophoblast, PIBF might control physi-
ologic trophoblast invasion.

HB-EGF expression is also altered in different cancer
types (e.g., breast, colon, prostate, ovarian etc.,) [56]. HB-
EGF binding to EGFR/ErbB1 activates downstream sign-
aling that converges on PI-3 K/Akt and ERK cascades to
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promote survival and proliferation [56]. Thus, we hypoth-
esize that PIBF-induced HB-EGF might contribute to ele-
vated Akt and ERK levels found after 6- and 24-h PIBF
treatments in HT-1080 cells.

In our hands, the STAT3-activating effect of PIBF was
reduced in HB-EGF knock-down HT-1080 cells, sug-
gesting that, at least in part, HB-EGF was responsible for
late STAT3 activation. STAT3 promotes proliferation, cell
growth, invasion, and metastasis formation and inhibits
apoptosis in tumor cells [34, 35, 38].

The secretion of IL-6: another activator of STAT3 sign-
aling was induced by PIBF in the tumor and inhibited in
trophoblast cells. In primary extravillous trophoblast cells,
IL-6 phosphorylates STAT3 [57], which contributes to
invasiveness in this cell type [58]. Therefore, PIBF induced
IL-6 might be responsible for late Akt, ERK, and STAT3
phosphorylation in PIBF-treated tumor cells, while the lack
of STAT3 activation in the trophoblast might be attributed
to the inhibitory effect of PIBF on IL-6 production.

We recently showed that PIBF expression in the tropho-
blast is inversely related to invasiveness, as well as to lep-
tin and leptin receptor expression [40], suggesting that by
suppressing invasion-related genes, PIBF might act as an
intrinsic negative regulator of trophoblast invasion. In cho-
riocarcinoma, the loss of PIBF results in increased invasive
behavior [40] since the pro-invasive genes that are normally
suppressed by PIBF will be transcribed.

Our data allow the conclusion that PIBF facilitates inva-
sion in tumor cells by activating genes of molecules, e.g.,
EGF that initiate invasion signaling (Fig. 8). The secreted
proteins combine with their receptors and activate signaling
pathways, which in turn, might further trigger the expres-
sion of invasion-promoting molecules, e.g., MMP-9 and
MMP2.

We provided evidence that PIBF binds the promoter of
IL-6, EGF, and HB-EGF genes; however, in tumor cells,
the protein/DNA complex includes the full-length PIBF, in
addition to the 50- and 67-kDa PIBF isoforms found in the
trophoblast. Thus, we hypothesize that the different compo-
sition of the DNA-binding PIBF complex might explain the
differential regulation of trophoblast and tumor invasion by
PIBF.

Based on these data, PIBF might serve as a potential
therapeutic target to control tumor invasion.
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