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Abstract Previous research has reported that IGFBP7

functions as a tumor suppressor gene in different tumors,

but its role in the trophoblast has not been elucidated. In

this research, we studied the regulation mechanism of

IGFBP7 in trophoblast proliferation and invasion in HTR-8

and JEG-3 cell lines. We found that IGFBP7 was abun-

dantly expressed in normal human syncytiotrophoblast

tissue samples but that this was lacking in hydatidiform

moles. The proliferation and invasion capacities of HTR-8

and JEG-3 cells were significantly inhibited by recombi-

nant IGFBP7. Estrogen (E2) stimulated the expression of

IGFBP7 at a concentration of 5–10 ng/mL. This stimula-

tion was inhibited by the estrogen receptor antagonist

Fulvestrant (ICI182.780) and a TGFb-neutralizing anti-

body. In conclusion, our data reveals that estrogen stimu-

lates the expression of IGFBP7 through estrogen receptors

and TGFb. The expression of IGFBP7 could be stimulated

by TGFb in a dose-dependent manner and inhibited by

IFNc in HTR-8 and JEG-3 cells. IGFBP7 could also inhibit

the phosphorylation of ERK and the expression of PCNA,

MMP2 and MMP9 in HTR-8 and JEG-3 cells. These

findings suggest that IGFBP7 is a key regulator of

E2-induced trophoblast proliferation and invasion.

Keywords IGFBP7 � Estrogen � Trophoblast � Invasion �
Proliferation

Introduction

Insulin-like growth factor binding protein 7 (IGFBP7), also

known as IGFBP-related protein 1 (IGFBP-rP1), mac25,

and angiomodulin, is a 31-kDa secreted protein [1]. It

has an immunoglobulin domain and a kazal-type serine

protease inhibitor and follistatin-like domain. IGFBP7 is

down-regulated or methylated in gastric cancer [2], acute

leukemia [3], and colorectal cancer [4]. Recently, IGFBP7

has been identified as a mediator of BRAF V600E-induced

senescence in melanocytes and melanoma associated with

the MAPK pathway [5]. In addition, IGFBP7 functions as a

pivotal modulator of uterine receptivity. In the uterus

IGFBP7 is located in glandular epithelial cells and stromal

cells [6]. It is highly abundant during trophoblast invasion

and during the placental formation period. In vitro research

has revealed that IGFBP7 modulates decidualization in

endometrial stromal cells (ESC) [7, 8]. Our unpublished

data has also revealed IGFBP7 modulated ESC decidual-

ization in vivo. However, the role of IGFBP7 in the tro-

phoblast has not yet been elucidated. During embryo

implantation, the ESC decidualization and the trophoblast

invasion are tightly related [9–11], therefore the function

and the regulation of IGFBP7 in human trophoblast are of

interest to study.

In human pregnancy, the trophoblast plays an important

role in embryo implantation and placental formation.

Trophoblast cells develop from the trophectoderm and

differentiate into villous and extravillous trophoblasts

(EVTs) [12]. Chorionic villi, the basic functional and

structural components of the placenta, separate fetal from
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maternal blood [13]. A typical chorionic villous is com-

posed of two layers of cells. The inner layer is made of

cytotrophoblasts (CTBs), a type of monocyte with dynamic

proliferation. The outer layer is made of syncytiotropho-

blasts (STBs), a terminally differentiated syncytium [14].

STBs are differentiated from fused CTBs and function in

nutrient exchange and the synthesis of both steroid hor-

mones and polypeptide cytokines [15]. Interstitial CTBs

invade through the decidual stroma and one-third of the

myometrium [16]. Endovascular trophoblasts invade and

transform the maternal spiral arteries into the low resis-

tance vessels that are required to facilitate maternal-fetal

nutrient exchanges [17]. Pathological defects in tropho-

blasts may impair normal pregnancy. The hydatidiform

mole (HM), a type of gestational trophoblast disease

(GTD), is characterized by hydropic changes in the villi

and the presence of atypical hyperplastic trophoblasts [18].

It has been reported that the activation of oncogenes and

the inactivation of tumor suppressor genes may be involved

in the progress of GTD [19, 20]. Both complete HMs

(CHM) and partial HMs (PHMs) may develop into

malignant invasive moles [21]. Choriocarcinoma is char-

acterized as a malignant and metastatic type of cancer.

Nearly half of reported cases of choriocarcinoma origi-

nated from invasive moles [22].

During early pregnancy, multiple hormones and cyto-

kines which are produced by decidual stroma cells and

trophoblasts, such as estrogen [23] and transforming

growth factor-b (TGFb) [24], tightly regulate the differ-

entiation, proliferation, and invasion progress of the tro-

phoblast. Various signaling cascades, such as focal

adhesion kinase (FAK) [25, 26], mitogen-activated protein

kinases (MAPKs) [27], and phosphoinositide 3-kinase

(PI3K) [28] are also involved in the regulation of the

trophoblast.

In this study, we applied matrigel invasion assay and

cell proliferation assay to investigate the function of IG-

FBP7 in human trophoblast. Furthermore, we seek to dis-

cover the role of IGFBP7 regulation on the process of

human trophoblast proliferation and invasion.

Materials and Methods

Tissue Samples and Cell Lines

The tissue samples and an HTR-8/SV neo (HTR-8) cell line

were kind gifts from Prof. Hong-Mei Wang (Institution of

Zoology, Chinese Academy of Sciences). This study was

conducted according to the principles outlined in the decla-

ration of Helsinki. The hydatidiform mole samples were

obtained, with informed consent and the approval of the

Local Research Ethics Committee, from patients (N = 4)

who underwent curettage following diagnoses of molar

pregnancy. The human villi samples (N = 5) were obtained

from elective pregnancy terminations (gestational age

6–8 weeks). The samples were fixed in 4% paraformalde-

hyde overnight at 4�C to be used for immunohistochemistry.

The HTR-8 cell line was cultured in RPMI1640 medium

(Invitrogen, CA) supplemented with 10% fetal bovine

serum (FBS) (Invitrogen, CA). The JEG-3 cell line was

purchased from ATCC and cultured in Dulbecco’s Modi-

fied Eagle’s Medium/Nutrient Mixture F12 (DMEM/F12)

(Invitrogen, CA) supplemented with 10% FBS. These cell

lines were cultured in a germ-free, 5% CO2 incubator at

37�C. Cells were passaged using a 0.05% trypsin (Sigma-

Aldrich, St. Louis, MO) digestion and handled with care.

Immunohistochemistry

The sections of hydatidiform moles and villi (5 lm) were

blocked with 5% BSA at 37�C for 1 h and treated with 3%

H202 for 10 min to block endogenous peroxidase. The

tissue sections were then incubated with a rabbit anti-IG-

FBP7 antibody (sc-13095, Santa Cruz, CA) (200 lg/mL,

dilution 1:400) at 4�C overnight. The primary antibody was

detected by incubating the sample with goat-anti-rabbit

IgG conjugated horseradish peroxidase (KPL, Gaithers-

burg, Maryland) (dilution 1:200) at 37�C for 30 min. Di-

aminobenzidine tetrahydrochloride (DAB) (Sigma-Aldrich,

St. Louis, MO) was served to produce a color-changing

reaction. Sections were counterstained with hematoxylin

(Sigma-Aldrich, St. Louis, MO).

Interference of IGFBP7 and the IGFBP7 Incorporation

Assay

Short-interfering RNAs designed to inhibit IGFBP7 were

synthesized by Invitrogen. The following sequences were

used: IGFBP7 Seq1 Sense: 50-CCA AGG ACA UCU GGA

AUG UTT-30; Antisense: 50-ACA UUC CAG AUG UCC

UUG GTT-30; IGFBP7 Seq2 Sense: 50-GGG UCA CUA

UGG AGU UCA ATT-30; Antisense: 50-UUG AAC UCC

AUA GUG ACC CTT-30; IGFBP7 Seq3 Sense: 50-GCU

GGU AUC UCC UCU AAG UTT-30; Antisense: 50-ACU

UAG AGG AGA UAC CAG CTT-30; Negative control

(NC) Sense: 50-UUC UCC GAA CGU GUC ACG UTT-30;
Antisense: 50-ACG UGA CAC GUU CGG AGA ATT-30.
The HTR-8 and JEG-3 cells (1 9 105 cells/well) were

incubated in a six-well plate until they reaches 50–60%

confluence. Then HTR-8 and JEG-3 cells were transfected

with 50 pmol of IGFBP7 siRNAs pre-mixed with 5 ll

Lipofectamine 2000 (Invitrogen, CA). The interference

efficiency of IGFBP7 was validated using real-time PCR

24 h post transfection.
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Based on the efficiency validation, we chose to use seq 1

for further siRNA transfections. The transfected cells were

harvested for RNA extraction 24 h following transfection

and harvested for protein isolation 36 h after transfection.

When the HTR-8 and JEG-3 cells reached 50–60%

confluence in a six-well plate, the cells were cultured in

serum-free media for 24 h. Following culture, recombinant

human IGFBP7 (20 ng/mL) (Peprotech, Rocky Hill, NJ)

was incorporated into the culture media with 0.5% FBS for

24 h. The cells were harvested for RNA extraction and

protein isolation following 24 and 36 h of incubation,

respectively.

Invasion Assay

Before performing the invasion assay, cells were treated

with recombinant IGFBP7 protein or were transfected with

IGFBP7 siRNA for 24 h, as stated above. The Matrigel
TM

matrix (BD, Franklin Lakes, NJ) was thawed at 4�C and

diluted with serum-free media at a ratio of 1:5 (v/v). Then,

100 lL diluted matrix solidified in 24-well Transwell�

Permeable Support (Corning, NY) for 15 min at 37�C.

Cells were then plated (5 9 104 cells/well) on the upper

chambers of the plate using serum-free media. The bottom

wells were filled with media containing 10% FBS. Fol-

lowing 24 h of incubation at 37�C, the cells remaining in

the upper chambers were removed. The cells that invaded

through the matrix were stained with 0.05% crystal violet

solution for 5 min at room temperature and were photo-

graphed by Nikon Eclipse 80i microscope (Nikon, Japan).

The number of cells passing through the membrane of

each chamber was calculated from five randomly selected

areas.

Proliferation Assay

The cells (1 9 104 cells/well) were incubated overnight in

flat-bottomed, 96-well plates (Corning, NY) using 100 lL

of serum-free media to allow the cells to attach to the

bottom surface of the wells. After replacing serum-free

media with media containing 0.5% FBS, the wells were

divided into three groups. One group was supplemented

with 20 ng/mL of recombinant human IGFBP7 protein

(Peprotech, Rocky Hill, NJ) per well. Another group was

transfected with IGFBP7 siRNA in a proper dilution

determined by cell count. The third group was not treated.

After 36 h of treatments, 20 lL of CellTiter 96� AQueous

one solution reagent (Promega, Madison, WI) was added to

each well and incubated at 37�C for 2 h in the darkness.

The viability of the cells was determined by measuring the

absorbance of light at 490 nm using a Bio-Rad 3550 micro

plate reader (Bio-Rad, Hercules, CA).

RNA Extraction and Real-Time PCR

Total RNA was extracted using Trizol reagent (Invitrogen,

CA) and checked using an OD260/OD280 absorption ratio

on a Varian Cary 50 Bio UV–vis spectrophotometer

(Varian Inc., CA). RNA samples were reverse-transcribed

into cDNA using an M-MLV reverse transcriptase (Pro-

mega Corporation, Madison, WI). The real-time PCR

reactions were performed on a Rotor-gene Q (Qiagen,

Germany) instrument using SYBR Green PCR master mix

reagents (Takara Biotechnology, Japan) to quantify the

changes in IGFBP7 gene expression due to hormone and

cytokine treatments. The expression levels of IGFBP7,

matrix metalloproteinase 2 (MMP2), matrix metallopro-

teinase 9 (MMP9), and Proliferating Cell Nuclear Antigen

(PCNA) in IGFBP7 siRNA-treated and recombinant IG-

FBP7-incorporated cells were also determined. In brief, a

two-step PCR reaction was performed using the following

thermal cycling conditions: initial denaturation at 95�C for

10 s followed by 40 cycles of denaturation at 95�C for 10 s

with annealing and extension at 60�C for 60 s. GAPDH

served as an internal control. The relative quantification of

IGFBP7 expression was analyzed using the DDCt method.

The primers used are listed below:

IGFBP7: sense: AAGAGGCGGAAGGGTAAAGC; anti-

sense: AGGTGCCCTTGCTGACCTG;

PCNA: sense: TCCCACGTCTCTTTGGTGC; antisense:

TCTTCGGCCCTTAGTGTAATGAT;

MMP2: sense: CCGTCGCCCATCATCAAGTT; antisense:

CTGTCTGGGGCAGTCCAAAG;

MMP9: sense: GGGACGCAGACATCGTCATC; antisense:

TCGTCATCGTCGAAATGGGC;

GAPDH: sense: CATGAGAAGTATGACAACAGCCT;

antisense: AGTCCTTCCACGATACCAAAGT

Estrogen and its Receptor Antagonist Treatments

The HTR-8 and JEG-3 cells (1 9 105 cells/well) were

incubated in six-well plates (Corning, NY) 1 day before the

treatments and were cultured in 2 mL of serum-free media.

Estrogen (E2) (Sigma-Aldrich, St. Louis, MO) was added

to fresh media with 0.5% FBS at a concentrations of 0, 1, 5,

10, 50, and 100 ng/mL for 24 h. Cells without E2 sup-

plementation were used as negative controls (NCs). In

parallel wells, the E2 receptor antagonist Fulvestrant

(ICI182.780) (Sigma-Aldrich, St. Louis, MO) was added

into fresh media with 0.5% FBS at a concentration of

1 lM. After various periods of exposure to ICI182.780

(1 h, 2 h, 4 h, 8 h, and 24 h), E2 (5 ng/mL) was supple-

mented into the culture media for 24 h. Cells treated with

ICI182.780 alone for 48 h were used as treatment controls.

After each experiment, the HTR-8 and JEG-3 cells were
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collected and analyzed using real-time PCR and western

blotting.

Cytokines and E2 Treatments

The HTR-8 and JEG-3 cells (1 9 105 cells/well) were

incubated in six-well plates (Corning, NY) 1 day before

treatment initiation. The cells were cultured in 2 mL of

serum-free media. After removing the serum-free media

and adding media with 0.5% FBS, cells were treated with

the recombinant protein TGFb (Peprotech, Rocky Hill, NJ)

or interferon c (IFNc) (Peprotech, Rocky Hill, NJ) at

varying concentrations (0, 1, 5, 10, 50, 100 ng/mL) for

24 h. Cells were collected and analyzed using real-time

PCR and western blotting.

According to previous results, E2 (5 ng/mL) combined

with either a rabbit IgG control (final concentration: 20 lg/

mL) (R&D, Minneapolis, MN) or a rabbit anti-TGFb
neutralizing antibody (final concentration: 20 lg/mL)

(R&D, Minneapolis, MN) was supplemented into culture

medium for 24 h. Cells treated with anti-TGFb neutralizing

antibody alone and untreated cells were used as controls.

Western Blotting

Proteins from the various treatments of HTR-8 and JEG-3

cells were isolated using RIPA buffer, quantified using the

Bicinchoninic acid method and denatured in boiled water.

Proteins were separated on a polyacrylamide gel and

transferred onto a nitrocellulose membrane. Rabbit anti-

IGFBP7 (sc-13095, Santa Cruz, CA) (200 lg/mL, dilution

1:400), Rabbit anti-MMP9 (3852, Cell Signaling Tech-

nology, Boston, MA) (dilution 1:1000), Phospho-p44/42

MAPK (Erk1/2) (4370, Cell Signaling Technology, Bos-

ton, MA) (dilution 1:1,000), p44/42 MAPK (Erk1/2) (4695,

Cell Signaling Technology, Boston, MA) (dilution 1:1,000)

and mouse anti-b-Actin (sc-47778, Santa Cruz, CA)

(200 lg/mL, dilution 1:1,000) were used as primary anti-

bodies. The membranes were incubated with primary

antibodies overnight at 4�C and then blocked with 5%

skimmed milk for 1 h at 37�C. Next, the membranes were

incubated with secondary antibodies, Dylight
TM

700 labeled

goat-anti-mouse and Dylight
TM

800 labeled goat-anti-rabbit

(KPL, Gaithersburg, Maryland) (dilution 1:5,000), at 37�C

for 1 h. The fluorescent results were captured and quanti-

fied using the Odyssey infrared imaging system v3.0

(LI-COR, Lincoln, Nebraska) according to the manufac-

turer’s instructions.

Statistics

Each experiment was performed independently and in at

least three replicates. Statistical analysis was performed

using the independent-samples t test. All values were

presented as the mean ± SEM. A p-value of p \ 0.05 was

considered significant, and p \ 0.01 was considered suffi-

ciently significant.

Results

The Expression and Effect of IGFBP7 on the Human

Trophoblast

In human villi, IGFBP7 is primarily located in the STBs,

not in the CTBs (Fig. 1A a1, a2), which may be in

accordance with its function as a secreted protein. The

expression of IGFBP7 was attenuated in tissue taken from

hydatidiform moles (Fig. 1A b1, b2). The sequence1 siR-

NA for IGFBP7 showed the most effective interference of

IGFBP7 expression. The expression of IGFBP7 decreased

to 9.1% compared with NC in HTR-8, and to 19.1% of the

normal levels in JEG-3 (Fig. 1B). The HTR-8 and JEG-3

cells transfected with siRNA were marked as HTR-8 si-

IGFBP7 and JEG-3 siIGFBP7, respectively. After treat-

ment with IGFBP7, the numbers of HTR-8 and JEG-3 cells

that invaded through the matrigel were significantly

reduced (Fig. 1C). A decrease of 40.3% in the number of

invading cells was observed in HTR-8 treated with IGFBP7

compared with untreated HTR-8. The rate observed in

treated JEG-3 cells was 26.1% compared to baseline. In the

proliferation assay, the proliferation rates of the HTR-8 and

JEG-3 cells were significantly repressed through incorpo-

ration of the IGFBP7 protein (Fig. 1D). The inhibition rate

in HTR-8 was 35.3% after incorporation, whereas the JEG-

3 inhibition rate was 33.8%.

E2-Stimulated IGFBP7 Expression in an E2 Receptor-

Dependent Pathway

During early pregnancy, estrogen is known to be synthe-

sized in human placenta [29] and regulates human tropho-

blast differentiation and invasion [30]. Previous research has

revealed that the ESC decidualization is initialized by

estrogen [31]. In the same phase IGFBP7 is abundantly

expressed in ESC [7]. In trophoblast cell lines, a concen-

tration of 1 ng/mL E2 inhibited the expression of IGFBP7 in

HTR-8, but not JEG-3 cells. At a concentration of 5 ng/mL,

E2-stimulated IGFBP7 expression, increasing it by 1.7-fold

in HTR-8 cells and 1.9-fold in JEG-3 cells. However, the

stimulation effect became inhibitory at high concentrations

of E2 (50 ng/mL, 100 ng/mL). These cells were examined

using real-time PCR (Fig. 2a) and western blotting

(Fig. 2b). The E2 receptor antagonist treatment prior to E2

treatment abolished the stimulation effect induced by the

5 ng/mL E2 treatment (Fig. 2c, d). The expression of
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IGFBP7 in HTR-8 and JEG-3 cells was inhibited by long-

duration treatments ([4 h) with ICI182.780. These data

may indicate that E2-stimulated IGFBP7 expression

through an E2 receptor-dependent pathway.

TGFb Was Required for E2-Stimulated Expression

of IGFBP7

The mRNA (Fig. 3a) and protein (Fig. 3b) expression of

IGFBP7 were stimulated by TGFb. At a concentration

of 5 ng/mL, TGFb elevated the expression of IGFBP7 by

1.4-fold in HTR-8 cells and by 1.7-fold in JEG-3 cells. The

expression of IGFBP7 was elevated with the increasing

concentration of TGFb. At 100 ng/mL, TGFb increased

the expression of IGFBP7 by 3.3-fold in HTR-8 cells and

4.7-fold JEG-3 cells. These data may suggest that TGFb
stimulates the expression of IGFBP7 in a dose-dependent

manner. In Fig. 3c, d the expression of IGFBP7 in HTR-8

and JEG-3 cells was inhibited by the TGFb-neutralizing

antibody. The stimulation of IGFBP7 induced by E2 was

also abolished by the TGFb-neutralizing antibody.

IGFBP7 Altered the Phosphorylation of ERK

and the Expression of PCNA, MMP2 and MMP9

in HTR-8 and JEG-3 Cells

ERK was constitutively phosphorylated in HTR-8 and

JEG-3 cells. IGFBP7 attenuated the constitutional phos-

phorylation of ERK in HTR-8 and JEG-3 cells. The

interference of IGFBP7 in HTR-8 and JEG-3 cells did not

Fig. 1 Expression and effect of IGFBP7 on the trophoblast. A a1, a2
the expression of IGFBP7 in human villi (gestational age: 8 weeks)

IGFBP7 is primarily located in the syncytiotrophoblasts. b1, b2: The

expression of IGFBP7 in a complete hydatidiform mole sample

(gestational age: 8 weeks). The expression of IGFBP7 was attenuated

in tissue taken from hydatidiform moles. The bars indicated 200 lm

in a1, a2 and 25 lm in b1, b2, respectively. B The efficiency analysis

of IGFBP7 siRNAs using real-time PCR. Sequence 1 showed the

highest interference efficiency among the three sequences. C the

matrigel invasion assay. Images showed that the cells invaded through

the matrigel membrane at a magnification of 9200. A significant

decrease (p \ 0.05) in the number of invasive cells was found after

IGFBP7 incorporation into HTR-8 and JEG-3 cells. D The prolifer-

ation assay. The proliferation rates of HTR-8 and JEG-3 cells

incubated with IGFBP7 proteins were significantly inhibited com-

pared to the untreated cells (p \ 0.05). The interference of IGFBP7

did not alter the proliferation of HTR-8 and JEG-3 cells significantly

*p \ 0.05, **p \ 0.01
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influence ERK (Fig. 4a). Moreover, the mRNA expression

of PCNA, a cell proliferation marker, was also reduced to

75.1% in HTR-8 cells and to 73.3% in JEG-3 cells by

IGFBP7 incorporation. The interference of IGFBP7

increased the expression of PCNA mRNA by 1.3-fold in

HTR-8 cells and by 1.1-fold in JEG-3 cells (Fig. 4b).

MMP2 and MMP9 digest collagen type IV, which is the

major component of matrigel, to facilitate the trophoblast

invasion. Therefore, MMP2 and MMP9 are more important

than the other members in the MMP family in the invasion

assay of trophoblast cell lines. The expression of MMP9 in

HTR-8 and JEG-3 cells treated with IGFBP7 was signifi-

cantly repressed (Fig. 4c, d). After IGFBP7 treatment, the

expression of MMP9 mRNA was significantly reduced to

64.8% in HTR-8 cells and to 69.9% in JEG-3 cells,

whereas the expression of MMP2 mRNA was reduced to

87.1% in HTR-8 cells and to 90.6% in JEG-3 cells.

The Expression of IGFBP7 Was Inhibited by IFNc

Much of the IFNc is expressed by the cells of maternal

origin, and regulates the maternal immune balance [32].

During early pregnancy, IFNc is also found in human STBs

and EVTs [33], but its role in communication with

maternal side is not very clear [34]. We found that IFNc
significantly inhibited the expression of IGFBP7 in HTR-8

cells, as shown in Fig. 5a, b. The expression of IGFBP7

was reduced to 71.1% after treatment with 1 ng/mL of

IFNc, to 54.3% after treatment with 5 ng/mL of IFNc, to

43.4% after treatment with 10 ng/mL of IFNc, to 40.7%

Fig. 2 IGFBP7 expression in

E2-stimulated HTR-8 and JEG-

3 cells. a The expression of

IGFBP7 mRNA in HTR-8 and

JEG-3 cells. The horizontal axis
displays the concentration (ng/

mL) of E2. b The expression of

IGFBP7 protein in HTR-8 and

JEG-3 cells after treatment with

different concentrations of E2.

E2-stimulated IGFBP7

expression at the concentrations

of 5–10 ng/mL. C The

expression of IGFBP7 mRNA in

HTR-8 and JEG-3 cells after the

ICI182.780 treatment. d The

expression of IGFBP7 protein in

HTR-8 and JEG-3 cells after the

ICI 182.780 treatment. The

horizontal axis displays the time

(h) of the ICI182.780 treatment.

The untreated trophoblast cells

were set as NC. The expression

of IGFBP7 was inhibited by

ICI182.780 alone. ICI182.780

also abolished the stimulation

effect of IGFBP7 induced by

E2. *: a significant difference

(p \ 0.05) was observed when

compared with the negative

control
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after treatment with 50 ng/mL IFNc, and to 41.1% after

treatment with 100 ng/mL of IFNc. These findings may

suggest that IFNc inhibits the expression of IGFBP7 in a

dose-dependent manner. The dose-dependent inhibitory

effect of IFNc treatment was not observed in the JEG-3 cell

line.

Discussion

In this study, we have demonstrated the role of IGFBP7 in

the proliferation and invasion progress of human tropho-

blast cells for the first time. Furthermore, we have shown

that estrogen stimulated the expression of IGFBP7 through

estrogen receptors and TGFb. The expression of IGFBP7

could be stimulated by TGFb in a dose-dependent manner

and inhibited by IFNc in HTR-8 and JEG-3 cells. IGFBP7

could also inhibit the phosphorylation of ERK and the

expression of PCNA, MMP2 and MMP9 in HTR-8 and

JEG-3 cells.

As there is no report about IGFBP7 in human tropho-

blasts, we would like to investigate the expression profile at

first. Its localization in STBs is accordance with its func-

tion as a secreted protein. As HM is a probable step of

trophoblast developing into choriocarcinoma, the expres-

sion of IGFBP7 may be affected due to the pathological

Fig. 3 The effect of TGFb on E2-induced IGFBP7 expression in

HTR-8 and JEG-3 cells. a The expression of IGFBP7 mRNA in HTR-

8 and JEG-3 cells after treatment with different concentrations of

TGFb. b The expression of IGFBP7 protein in HTR-8 and JEG-3 cells

after treatment with different concentrations of TGFb treatment.

c The expression of IGFBP mRNA in HTR-8 after E2 and anti-TGFb

antibody treatments. E2 ? IgG represents the treatment with E2 and

the IgG control; E2 ? Ab represents the treatment with E2 and the

TGFb-neutralizing antibody; Ab represents the treatment with TGFb-

neutralizing antibody alone. d The expression of IGFBP protein in

JEG-3 cells after E2 and anti-TGFb antibody treatments *p \ 0.05,

**p \ 0.01
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changes. IGFBP7 was partially attenuated in STBs as

shown in Fig. 1. The differential expression profile of

IGFBP7 indicated it may play an instrumental role in the

physiological or pathological progress of human tropho-

blasts. Therefore, we applied matrigel invasion assay and

cell proliferation assay to investigate the function of IG-

FBP7 in human trophoblast. The molecules which play

pivotal roles in the trophoblast proliferation and invasion

are further investigated. The progress of the trophoblast

invading into maternal decidua is tightly restricted by

hormones and cytokines. In this research we focused on the

regulation of IGFBP7 by estrogen, TGFb, and IFNc.

We further performed our experiments in human tro-

phoblast cell lines. The cell lines used in this study are

widely used in research concerning the human trophoblast

in vitro [17]. The cell lines are used to investigate growth

factors or cytokines-induced gene expression in trophoblast

[35–37] and trophoblast invasion [38, 39]. JEG-3 cell line

is generated from malignant choriocarcinoma, while the

HTR-8/SVneo cell line is generated from human chorionic

villi from a first trimester placenta and is immortalized by

transfection with SV40 large T antigen. Although the non-

tumorigenic origination of the HTR-8 cells does not limit

its proliferation and invasion capacity, HTR-8 cells are

Fig. 4 The proliferation and invasion related molecules were altered

by IGFBP7 incorporation. a The phosphorylation alteration of ERK

after IGFBP7 treatments. The phosphorylation status of ERK was

attenuated after IGFBP7 incorporation, compared with constantly

phosphorylation status of ERK in HTR-8 and JEG-3 cells. b The

expression of PCNA in HTR-8 and JEG-3 cells after IGFBP7

treatments. The expression of PCNA was notably inhibited by

IGFBP7 incorporation in HTR-8 and JEG-3 cells. c The reduction of

MMP9 protein after IGFBP7 incorporation. d The reduction of the

mRNA expression of MMP9 and MMP2 after IGFBP7 incorporation

*p \ 0.05

Fig. 5 The effect of IFNc on

IGFBP7 in HTR-8 and JEG-3

cells. a The expression of

IGFBP7 mRNA in HTR-8 and

JEG-3 cells after treatment with

different concentrations of

IFNc. b The expression of

IGFBP7 protein in HTR-8 and

JEG-3 cells after treatment with

different concentrations of IFNc
*p \ 0.05
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different from tumorigenic trophoblast cell lines [40]. In

this research, we would like to investigate the role of IG-

FBP7 in both tumorigenic and non-tumorigenic tropho-

blasts. Comparison of these cell lines serves as a reliable

model for the investigation of the function and regulation

of IGFBP7 during trophoblast proliferation and invasion.

During a menstrual cycle, the highest peak of E2 reaches

as much as 60 nM [41]. Therefore, the concentrations of

E2 in the treatments are physiological. According to our

results, a proper dose of E2 (5–10 ng/mL) stimulated the

expression of IGFBP7, whereas neither a higher nor lower

dose had an inhibitory effect. It suggests that the tropho-

blast cell line is very sensitive to E2 levels. Previous

research has shown a similar dose-dependent regulation of

E2 in uterine receptivity. In a progesterone-primed uterus,

E2 within a very narrow range (*3 ng) extends the win-

dow of uterine receptivity. However, either a lower level

(*1.5 ng) or a higher level (10–25 ng) of E2 rapidly

closes that window [42]. The expression of IGFBP7 is

associated with the uterine receptivity. The induction of

IGFBP7 by E2 could be abolished by E2 receptor antag-

onist. This suggests E2 functions in an E2 receptor-

dependent manner. The stimulation of TGFb has been

reported in trophoblast cells treated with E2 [23]. We have

observed that the stimulation of IGFBP7 induced by E2

was abolished after neutralizing TGFb. These findings may

indicate that TGFb is required for the induction of IGFBP7

expression by E2.

TGFb stimulated the expression of IGFBP7 at either

physiological (1, 5, or 10 ng/mL) or supraphysiological (50

or 100 ng/mL) concentration in a dose-dependent manner

in both HTR-8 and JEG-3 cells. This stimulation of IG-

FBP7 induced by TGFb is consistent with previous studies

in C2 skeletal myogenic cells [43], human brain endothe-

lial cells [44], and prostate cancer cells [45]. TGFb
increases tissue inhibitors of metalloproteinases and blocks

the MMP activity by up-regulating plasminogen activator

inhibitor 1 (an activator of MMPs) in trophoblasts [46, 47].

Our results may have provided another possible pathway

for TGFb inhibition of MMPs via the regulation of

IGFBP7.

During pregnancy, IFNc plays a pivotal role in the reg-

ulation of cellular immunity and pregnancy-induced

remodeling of uterine decidua and vessels [48]. High level

of IFNc in decidua is usually associated with placental

pathology [34], while the research in choriocarcinoma

cell line reveals that trophoblastic cells seems to resist the

IFNc-induced apoptosis [49]. However, the relationship

between IGFBP7 and IFNc has been rarely studied. In our

study, we found that either physiological (1, 5, or 10 ng/mL)

or supraphysiological (50 or 100 ng/mL) concentration of

IFNc showed an inhibitory effect on IGFBP7 expression.

The increasing concentrations of IFNc gradually inhibited

the expression of IGFBP7 in HTR-8, but not JEG-3 cells.

The action of IFNc in JEG-3 cells also seemed to be resisted,

which is also confirmed in previous research [49]. The

physiological characteristics and phenotype of HTR-8 cells

are consistent with trophoblast cells [50], therefore it is more

sensitive in response to IFNc treatment than JEG-3 cells.

Interestingly, recent research into IFN-based anticancer

therapy has revealed that hepatocellular carcinoma cells in

which IGFBP7 is down-regulated are resistant to IFNa,

whereas cells transfected with IGFBP7 restore the sensi-

tivity to IFNa [51]. According to what we have found and

the relationship of IGFBP7 and IFNa, we postulated that

IGFBP7 might function as a responsive factor for IFN. The

action of IFNc requires the participation of IGFBP7, and

IFNc inhibits the expression of IGFBP7 in trophoblasts. The

exact mechanism in trophoblasts remains to be further

elucidated.

As a secreted protein located in STBs, IGFBP7 may

function in the autocrine or paracrine pathway. It is feasible

to treat cells with IGFBP7 recombinant protein in culture

medium. Targeted interference of IGFBP7 by siRNA

transfection inhibited the expression of IGFBP7 mRNA.

Considering the remarkably low expression level of IG-

FBP7 in HTR-8 and JEG-3 cells (data not shown), the

specific interference of IGFBP7 expression in HTR-8 and

JEG-3 cells did not show significant physiological differ-

ences in cell proliferation and invasion compared with

untreated cells. On the other hand, the viability of tro-

phoblast cells and the number of invasive trophoblast cells

were significantly reduced by IGFBP7 incorporation.

We observed that the constant phosphorylation of ERK

was notably inhibited after treatment with IGFBP7 protein.

We also reported that the expression of PCNA, MMP2 and

MMP9 in trophoblast cells were inhibited by IGFBP7

incorporation for the first time. MMP9 and MMP2 are both

expressed in trophoblasts and facilitate the trophoblast

invasion by degrading the extracellular matrix [52]. MMP9

is a prerequisite for trophoblast invasion and plays a more

important role than other MMPs [53]. The synthesis and

functions of MMP9 are stimulated by a variety of factors,

including IL-1, IL-6, LIF, and TNF-a, but not IGFBP1

[54]. PCNA, a protein associated with placental develop-

ment, is expressed in the cytotrophoblast. It is widely

recognized as a proliferation marker, and its highest

expression in late G1 and S phases of the cell cycle [55].

Phosphorylated ERK is required for cell proliferation, and

it regulates the G1-to-S transition by negatively regulating

the p27/Kip1 inhibitor [56]. The trophoblasts share several

features with malignant tumor cells. This association led to

a theory that the activation of oncogenes may transform the

trophoblast into an invasion phenotype. The deactivation of

tumor suppressor genes, such as IGFBP7, may lead to the

increased expression of MMPs. The MAPK/ERK system is
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extensively connected to most of the receptor-associated

kinases implicated in the transcriptional regulation of

MMP9 [57, 58]. The inhibition of MMP9 is likely induced

by the dephosphorylation of ERK which is caused by IG-

FBP7 incorporation in the trophoblast cell lines. This result

is consistent with the results of melanoma research [5].

Taken together, our results indicate that IGFBP7 is

expressed in normal trophoblast and attenuated in the

hydatidiform mole. E2 regulates IGFBP7 via ER and

TGFb. IGFBP7 plays an important role in the E2-induced

the proliferation and invasion of HTR-8 and JEG-3 cell

lines by regulating the phosphorylation of ERK and the

expression of PCNA, MMP2 and MMP9.
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