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PROBLEM: The objective of this study was to evaluate the possible
signal pathway of fibronectin (FN), vascular endothelial growth factor
(VEGF) and angiostatin (AS) on the expression of matrix
metalloproteinases (MMPs) in JEG-3 cells.

METHODS OF STUDY: JEG-3 cells were cultured and were
examined for the effect of FN, VEGF and AS on the expression of
MMPs by immunocytochemistry, gelatin zymography, Western blot
analysis and reverse transcription-polymerase chain reaction
(RT-PCR).

RESULTS: We found that up-regulation of the expression of MMPs
was induced by FN and VEGF through the focal adhesion kinase
(FAK)/mitogen-activated protein kinase (MAPK) and Flt-1/p38SAPK/
MAPKAPK?2 signaling pathways, respectively. Furthermore, AS
down-regulated the expression of MMPs through the integrin aV3/
FAK signaling pathway independent of the integrin-binding motif
Arg-Gly-Asp (RGD).

CONCLUSION: These data indicate that the expression of MMPs is
regulated by many independent factors (such as FN, VEGF and AS)
through different signaling pathways which influence the behavior of
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trophoblast cells.

INTRODUCTION

The implantation of the embryo is a mystery of
reproductive biology. There are striking similarities
between the embryo implantation and tumor metasta-
sis,!? including angiogenesis and common biochemical
mediators, such as the extracellular matrix (ECM),
ECM receptors (integrins), ECM degrading enzymes
including matrix metalloproteinases (MMPs) and their
inhibitors [tissue inhibitors of metalloproteinases
(TIMPs)].> The development of the placenta requires
a series of complex, coordinated interactions between
fetal-derived trophoblast cells and the maternal
uterus.* The invasion of trophoblast cells into the
maternal endometrium is one of the key events in
human placentation. The process can be viewed as a
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series of distinct events and is greatly influenced by the
factors present in the uterine microenvironment that
includes hormones, growth factors and cytokines.’

Fibronectin (FN), one of the main components of the
ECM, plays a pivotal role in the process of trophoblast
cells invasion. The effects of ECM [FN, laminin (LN)
and vitronectin (VN)] proteins on the expression of
MMP-2 and -9 have been investigated.®® But the
signaling pathway through which FN is induced in the
trophoblast-like JEG-3 cells, is still unclear.

Vascular endothelial growth factor (VEGF) is a
homodimer glycoprotein (34,000-42,000 MW) with
potent angiogenic properties because of its mitogenic
and migration-stimulating effects on vascular endo-
thelial cells. VEGF has two known receptors: the fms-
like tyrosine kinase (FIt)-1 (of which membrane-bound,
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as well as several soluble isoforms, are in existence) and
the kinase insert domain-containing region (KDR)
receptor.”!'? To date, VEGF has been shown to induce
angiogenesis and to be involved in embryo implantation
through its receptors in many experimental situa-
tions.'"12

Angiostatin (AS), a 38,000-MW fragment encom-
passing the kringle region of plasminogen, has been
identified and characterized as a potent inhibitor of
neovascularization.'? It has been reported that AS
binds to ATP synthase on the cell surface and that this
is related to AS’s anti-angiogenic effect (e.g. the down-
regulation of endothelial cell proliferation)." It has
been reported that integrin VB3 is a major receptor
for AS on bovine arterial endothelial (BAE) cells.'” Its
function and mechanism in the reproductive system,
however, is still uncertain.

The invasive ability of trophoblast cells is mediated
by matrix degradation enzymes, among which
MMPs (such as MMP-2 and -9) play major roles. Both
MMP-2 and -9 are able to degrade basement membrane
collagen IV (Col 1V), FN, LN, elastin, entactin, and
proteoglycans as well as gelatin (denatured Col IV).
Some studies on the regulation of the expression of
MMPs in human trophoblast cells have primarily
focused on the role of hormones and cytokines such as
hCG and interleukin-1B.'®'” The effect of FN, VEGF
and AS on the expression of MMPs and the signaling
pathway involved has not been well elucidated.

In this work, we have analyzed the molecular mech-
anism whereby FN, AS and VEGF regulate MMPs in
JEG-3 cells. We found that the expression of MMPs was
up-regulated by FN and VEGF, but is down-regulated
by AS through a different signaling pathway.

MATERIALS AND METHODS

Reagents

Polyclonal anti-MMP-2, anti-MMP-9, anti-phos-
pho-p42MAPK = anti-p42MAPK - anti-phospho-FAK,
anti-FAK, anti-phospho-MAPKAPK2 and anti-

MAPKAPK?2 antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Mono-
clonal anti-integrin aV3 antibodies were purchased
from Santa Cruz Biotechnology too. VEGF, placenta
growth factor (PIGF), U0126, SB203580 and echista-
tin were purchased from Sigma Chemical Co (St Louis,
MO, USA). AS was isolated in the Department of
Biochemistry and Molecular Biology, the Fourth
Military Medical University, China.'® Antisense
FAK ODN (3"-TTT TCT TAC CGT CGA CGA
ATA GAA-Y) and sense-FAK oligodeoxynucleotide
(ODN) (5-AAA AGA ATG GCA GCT GCT TAT
CTT-3')® were synthesized by the SBS Biological
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Company (Beijing, China). Enhanced chemilumines-
cence (ECL) kits were obtained from Amersham
(Arlington Heights, IL, USA).

Cell Line

The choriocarcinoma cell line JEG-3 was provided by
Dr Piao Yunshang and Dr Wang Yanling (State Key
Laboratory of Reproductive Biology, Institute of
Zoology, CAS, Beijing). JEG-3 cells were plated at
1-2 x 10° cells with 1 mL Dulbecco’s modified eagle’s
medium (DMEM) (Gibco-BRL, Gaithersburg, MD,
USA) supplemented with 2 mm sodium pyruvate and
2 mu glutamine in 24-well dishes."”

Different Treatments of JEG-3 Cells

Nonstimulated cells as a negative control; FN, cells
cultured in 10 pg/mL FN-coated well; AS, cells were
treated with 10 pg/mL AS; VEGF, cells were treated
with 10 ng/mL. VEGF; PIGF, cells were treated with
10 ng/mL PIGF; FN + U0126, cells cultured in 10 pg/
mL FN-coated well combined with 20 um U0126;
FN + S-FAK, cells cultured in 10 pg/mL FN-coated
well combined with 2 mm sense-FAK ODN; FN + A-
FAK, cells cultured in 10 pg/mL FN-coated well
combined with 2 mm antisense-FAK ODN; AS +
echistatin, cells were treated with 10 ug/mL AS and
10 ng/mL echistatin; AS + A-FAK, cells were treated
with 10 pg/mL AS and 2 mm antisense-FAK ODN;
AS + S-FAK, cells were treated with 10 pg/mL AS and
2 mm sense-FAK ODN; AS + VEGF, cells were trea-
ted with 10 ng/mL VEGF and 10 pg/mL AS; AS +
U0126, cells were treated with 10 pg/mL AS and 20 um
U0126; VEGF + SB203580, cells were treated with
10 ng/mL VEGF and 10 mm SB203580; VEGF + anti-
Flt-1, cells were treated with 10 ng/mL. VEGF and
10 pg/mL anti-Flt-1.

Immunocytochemistry

JEG-3 cells were cultured in chamber slides (Nunc,
Roskilde, Denmark). After 24 h in culture, JEG-3 cells
were fixed for 30 min in freshly prepared 4% parafor-
maldehyde (PFA, Sigma) containing 0.2% Triton
X-100. After rinsing several times in 0.01 m phos-
phate-buffered saline (PBS) (pH 7.4), the slides were
incubated in 5% bovine serum albumin (BSA) for
45 min at room temperature to block nonspecific
binding sites. Then the BSA solution was aspirated
with filter paper, and the slides were incubated with the
primary antibody diluted 1:500 in PBS at 4°C over-
night. After rinsing in PBS, the slides were incubated
for 60 min in FITC-conjugated secondary antibody
(Sigma), diluted 1:500 in PBS at 37°C, then after a
second rinsing in PBS, the slides were incubated for
60 min in propidium iodide (PI) (Sigma). Finally, the
slides were viewed under a fluorescent microscope
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(Leica, Heidelberg, Germany). Parallel experiments
were performed with JEG-3 cells using pre-immune
IgG as a negative control.

Gelatin Zymography

The presence of gelatinolytic MMPs in media was
detected by gelatin zymography.”>?' The harvested
culture media were standardized according to the pro-
tein content of cell lysates, which was measured accord-
ing to the method of Bradford. Thus, 10-20 puL medium,
equivalent to 6 pg protein of cell lysates, was loaded
onto each lane for zymography. The medium was mixed
5:1 (v:v) with a sample buffer and then applied to gels for
electrophoresis without boiling under nonreducing
conditions in 15% acrylamide gel co-polymerized with
1 mg/mL gelatin (Sigma). After electrophoresis, the gels
were washed at room temperature for 1 hr in 2.5%
Triton X-100, 50 mm Tris—HCI, at pH 7.5, to remove
sodium dodecyl sulfate (SDS) and incubated at 37°C for
2-3 days in buffer (150 mm NaCl, 5 mm CaCl,, and
50 mm Tris—HCI, pH 7.6). Thereafter, gels were stained
for 60 min with 0.1% (w:v) Coomassie brilliant blue
R-2501in 30% (v:v) isopropyl alcohol, 10% glacial acetic
acid and destained in 10% (v:v) methanol and, 5% (v:v)
glacial acetic acid. Gelatinolytic activities were detected
as clear bands on a uniformed blue background. Gels
were photographed and the band intensitiecs were
quantified by densitometry of the negatives on a protein
disulfide isomerase (PDI) protein plus DNA Imageware
System (Huntington Station, NY, USA).

Western Blot Analysis

Proteins obtained from cell lysates were boiled in SDS/
B-mercaptoethanol sample buffer and about 10 pg
proteins were loaded onto each lane of the 12%
acrylamide-PAGE gels. The proteins were separated
by electrophoresis and the proteins in the gels were
blotted onto nylon membrane by -electrophoretic
transfer in 25 mm Tris, 192 mm glycine buffer, pH
8.3. Blots were blocked in 10% milk for 1 hr. Primary
antibodies were diluted 1:500 (to a final concentration
of 2 ug/ml IgG) in Tween20/tris-buffered saline
(TTBS) (30 mm Tris, pH 7.4, 150 mm NaCl, 0.1%
Tween20). After incubation with the primary antibod-
ies overnight at 4°C, the blots were washed 4x 15 min
in TTBS, then, incubated for 1 hr in second antibodies
(Sigma) diluted 1:5000 in TTBS. The blots were then
washed 4x 15 min in TTBS and 2X 15 min in tris-
buffered saline (TBS) after which the bands were
visualized by enhanced chemiluminescence.

Reverse Transcription-Polymerase Chain Reaction

RNA isolated from JEG-3 cells was subjected to a
reverse transcription-polymerase chain reaction (RT-
PCR). One microgram of RNA was reverse transcribed

(RT) by oligo(dT) priming and Avian myeloblastosis
virus (AMYV) reverse transcriptase (Promega Corpora-
tion, Madison, WI, USA). PCR amplification was
carried out on 5 pL of the RT product from JEG-3.
PCR cycles were as follows: 95°C, 5 min followed by 35
cycles for cell samples of denaturation (94°C, 30 s),
annealing (53°C, 30 s) and extending (72°C, 30 s). Ten
microliters of the PCR products were visualized under
ultraviolet light on 1.5% agarose gels containing 1pug/mL
ethidium bromide (EB). The relative density of the
mRNA signals was calculated as the ratios of mRNA
signal to B-actin signal. To confirm the amplification of
the required cDNA sequence using the PCR primers and
conditions described, PCR products were sequenced
(data not shown). PCR primers were the following:
B-actin upper: 5-GTG GGG CGC CCC AGG CAC
CA-3’, B-actin lower: 5-CTT CCT TAT TGT CAC
GCA CGA TTT C-3/, the expected fragment size is
540 bp. MMP-2 upper: 5-CAC CTA CAC CAA GAA
CTT CC-3’, MMP-2 lower: 5-AAC ACA GCC TTC
TCC TCC TG-3’; the expected fragment size is 332 bp.
MMP-9 upper: 5-TTG AGT CCG GCA GAC AAT
CC-3", MMP-9 lower: 5-CCT TAT CCA CGC GAA
TGA CG-3, the expected fragment size is 433 bp.*?

Statistics

Experimental variables were tested in duplicate or
triplicate cultures. One-way ANOVA was used for
statistical evaluation of data, and significance of the
differences between groups was determined by
Dunnett’s or Scheffe’s test as appropriate, with
P < 0.05 considered significant.

RESULTS

Expression Levels of MM Ps and Enzyme Activity
were Up-regulated by FN and VEGF,

but is Down-regulated by AS

Production of MMP-2 and -9 protein, mRNA and
proteolytic activity in JEG-3 cells, in the presence of
10 pg/mL FN, 10 ng/mL VEGF or 10 pg/mL AS,
were detected by Western blot, RT-PCR and gelatin
zymography respectively. Our results showed that
10 pg/mL FN moderately up-regulated the MMP-2
and -9 mRNA, protein and their proteolytic activity
(P < 0.01 and P < 0.01 respectively). At the same
time, the expression levels of MMPs levels and their
activity was significantly increased by VEGF
(P < 0.001; P < 0.001); but is dramatically decreased
by angiostatin (P < 0.01; P < 0.01) (Fig. 1).

FN-induced Signal Transduction
Treatment with 10 ng/mL FN stimulated the phos-
phorylation of focal adhesion kinase (FAK) and

AMERICAN JOURNAL OF REPRODUCTIVE IMMUNOLOGY VOL. 50, 2003



276 / ZHANG ET AL.

—MMP-9

=

. eial s
ot i bt i - -2

(©) (D)25 *hk

0O.D. Values/pixel

—MMP-2

—B-actin

MMP-2 mBDA

2min 5min 10 min 15min 30min 1 hr 2 hr 3hr

MMP-9 mBDA

Fig. 1. Western blot of MMP-2, -9 and
i B-actin protein expression (A). Gelatin zy-
mography analysis of MMP-2 and -9 (B).
RT-PCR products of MMP-2, -9 and
B-actin mRNA (C). Densitometric analysis
of MMP-2 and -9 mRNA expression (D).
‘C’ represents control group: DMEM
medium without any growth factors;
‘A’ represents DMEM + 10 pg/mL AS;
‘V’ represents DMEM + 10 ng/mL VEGF;
‘F’ represents JEG-3 cells cultured in 10 pg/
mL FN-coated well; *P < 0.05;
*¥*P < 0.01; ¥***P < 0.001.
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p42/p44 mitogen-activated protein kinase (MAPK),
extracellular regulating kinase (ERK) in JEG-3 cells
(Fig. 2). Interestingly, FN-induced activation of
MAPK appeared immediately after treatment, exerting
its maximal effects 30 min after treatment. FN-induced
activation of FAK appeared after only 5 min of
treatment.

Our results showed that FN combined with 20 pm
U0126 (specific inhibitor of MEK1) or 2 mm anti-FAK
ODN significantly neutralized the effect of FN on
MMP-2 mRNA and the activation of p42MAPK
(P < 0.001). However, sense-FAK ODN had no
effect on FN (Fig. 3). Therefore, we speculated that
FN-induced the expression of MMPs in JEG-3 cells
through the FAK and p42MAPK pathways.

AS-induced Signal Transduction
Treatment with 10 pg/mL AS stimulated the phos-
phorylation of focal adhesion kinase (FAK) in JEG-3

© BLACKWELL MUNKSGAARD, 2003
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Fig. 2. FN-induced phosphorylation of
FAK and p42MAPK JEG-3 cells were cul-
tured in a 10-pg/mL FN-coated well for
various times, and Western blots were pre-
pared from cell lysates. A Western blot was
probed with an anti-phospho-FAK (top) or
anti-phospho-p42MAPX (middle), and then
with anti-FAK (bottom).

cells. AS-induced activation of FAK appeared only
after 5 min of treatment, exerting its maximal effects at
45 min (Fig. 4).

Production of «VB3 integrin protein in JEG-3 cells
was detected by immunocytochemistry (Fig. 5). As
evidenced by confocal immunofluoresence microgra-
phy, cells stained with antibodies against oV[3
integrin displayed intense staining of their membrane
and cytoplasm, indicating that these JEG-3 cells had
deposits of aVPB3 integrin. The nuclei were stained
red by PI. aVB3 integrin showed green fluorescence.
A yellow color represented the overlap of green and
red. The negative control showed PI staining only
(Fig. 5).

Interestingly, AS combined with 10 pg/mL echist-
atin or 2 mm anti-FAK ODN significantly neutral-
ized the effect of AS on MMP-2 mRNA expression
(P <0.01 or P < 0.05) (Fig. 6). But sense-FAK
ODN had no effect on AS. Strikingly, Arg-Gly-Asp
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Fig. 3. FN-induced signaling pathway. (A) (©) ol
A Western blot was probed with an anti- -
phospho-p42MAPK (top) and then with 5 - —— Oc
anti-ERK1/2 (bottom). (B) A RT-PCR was PIFN
probed with MMP-2 primers (top) and then 451
with B-actin primers (bottom). Densitomet- 4+ T BEFN + S-FAK
ric analysis of P-MAPK protein and MMP- — L =
2 mRNA expression. (C) C, non-stimulated % 3'2 ? == BFN + A-FAK
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FN-coated well; FN + S-FAK, cells cul- % 25 F %: — KIFN + L0126
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Fig. 4. FAK activation by AS. JEG-3 cells S 06
were treated with 10 png/mL AS for various g 04 }
times, and Western blots were prepared a -
from cell lysates. (A) A Western blot was O o2}
probed with an anti-phospho-FAK (top)
and then with anti-FAK (bottom). Densi- 0
tometric analysis of P-FAK protein 5min 10min  15min 30 min 45 min 1 hr 2 hr
expression (B). P-FAK
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Fig. 5. Expression of aVP3 integrin in the
JEG-3 cells. Slides with JEG-3 were labeled
with anti-aVB3 Integrin, and secondary
antibody with anti-rabbit-FITC-conjugated
IgG, and then labeled with propidium
iodide (PI), as detailed in Materials and
Methods [(PI staining of the nucleus (red),
immunolabeling of proteins (green)]. The
yellow color represents the overlap of green
and red. Positive for oVB3 integrin
(A, bar =20 um) was observed. Pre-
immuno IgG as a negative control
(B) (bar = 10 pm).

B . [] Non-stimulated
1 cells
| FN

_ B AS Fig. 6. RT-PCR  products of MMP-2
.%’ 08 | (A, top) and P-actin (A, bottom) mRNA
& AS + A-FAK ODN expression. Non-stimulated cells as a
.15) 0.6 L negative control; ‘AS’ represents
< ' . . DMEM + 10 pg/mL AS; ‘AS + echista-
g [I]] AS + Echistatin tin” represents DMEM + 10 ng/mL echist-
A 04 r atin + 10 pg/mL  AS; ‘AS + A-FAK
© ODN’ represents DMEM + 10 pg/mL an-
02} giostatin + 2 mm antisense-FAK ODN;
‘FN’ represents JEG-3 cells cultured in
10 pg/mL  FN-coated well; densitometric
0 analysis of MMP-2 mRNA expression

MMP-2 mRNA

(RGD) blocked the effect of AS-induced down-
regulation of MMP-2 in a dose-dependant manner
(Fig. 7). Furthermore, anti-FAK ODN and oVf3
integrin specific inhibitor, echistatin, significantly
decreased the effect of AS on MMP-2 and -9
(P < 0.05 P < 0.05 P < 0.01; P <0.001) (Figs 8
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(B). *P < 0.05; **P < 0.01.

and 9), but MEKI1 specific inhibitor, U0126, and
sense-FAK ODN had no effect on AS (Figs 8 and
9). Therefore, we speculated that the AS-induced
down-regulation of MMPs through the oVP3 inte-
grin/FAK pathway and RGD is a kind of antagonist
of AS.
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Fig. 7. RGD is a kind of antagonist of =
angiostatin in JEG-3 cells. (A) RT-PCR X 08
product of MMP-2 mRNA (top) and %“
B-actin mRNA (bottom). ‘AS’ represents ,c_:; 06 I
10 pg/mL AS; ‘FN’ represents JEG-3 cul- >
tured in a 10 pg/mL FN precoated well; Q 04 |
AS + 1 mm RGD, 10 pg/mL AS plus 1 mm o
RGD; AS + 10 mm RGD, 10 pg/mL AS 5
plus 10 mm RGD; AS + 20 mu RGD, 02
10 pg/mL AS plus 20 mm RGD. Densito- 0

o H AS

OFN

N AS + ImM RGD
B AS + 10 mM RGD
[A AS + 20 mM RGD

w
W

metric analysis of MMP-2 mRNA expres-
sion (B). **P < 0.01; ***P < 0.001.

VEGF-induced Signal Transduction is Affected by AS
Production of KDR and Flt-1 protein in JEG-3
cells was detected by immunocytochemistry
(Fig. 10). As evidenced by confocal immuno-
fluoresence micrography, cells stained with anti-
bodies against Flt-1 had intense staining of their
cytoplasm, indicating that these JEG-3 cells had
cellular deposits of Fltl (Fig. 10A). The nuclei were
stained red by the PI, FIt-1 showed green fluores-
cence. A yellow color represented the overlap of
green and red. But there is no KDR production in
JEG-3 cells (Fig. 10B).

PIGF has been demonstrated to bind Flt-1 with high
affinity, but not KDR/FIlk-1.%° In our study, treatment
with 10 ng/mL PIGF or 10 ng/mL VEGF both
up-regulated MMP-2 mRNA expression (Fig. 11).
Therefore, we speculated that there is FlIt-1 but no
KDR expression in the JEG-3 cells.

Treatment with 10 ng/mL VEGF stimulates the
phosphorylation of p385AP% and MAPKAPK2
(Fig. 12), which is a down-stream kinase of
p3854PK In addition, anti-Flt-1 and p385AF¥ speci-
fic inhibitor, SB203580, dramatically decreased the
effect of VEGF on MMP-9 (P < 0.001) (Fig.9).
Thus we speculated that VEGF-induced the up-

MMP-2 mRNA

regulation of MMPs through the Flt-1/MAPKAPK?2
pathway.

Interestingly, AS down-regulated protein expression
of VEGF and Flt-1 in a dose-dependent manner in
JEG-3 cells (Fig. 13). Furthermore, AS significantly
diminished VEGF induced the activation of p385APK
and MAPKAPK2 (P < 0.001 and P < 0.001)
(Fig. 14).

DISCUSSION

Human implantation and subsequent placental devel-
opment requires a series of complex and coordinated
interactions between the fetal-derived trophoblast cells
and the maternal uterus. As the trophoblast cells
migrate through the decidual stroma, they are con-
fronted with various basement membranes and matrix
substrates. The invasive ability of trophoblast cells is
mediated by matrix degradation enzymes, such as
MMPs. MMP-2 and -9 play important roles in this
process. Many factors (such as steroid hormones and
cytokines) are involved in the regulation of the
expression of MMPs.?%**27 In our current study, we
found that FN and VEGF up-regulated the expression
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Fig. 8. Effect of AS on MMP-2 protein expression by AS-induced signaling pathway. (A) A Western blot was probed with anti-MMP-2 (top)
and then with B-actin (bottom). (B) Densitometric analysis of MMP-2 mRNA expression. DMEM medium without any growth factors as
control group; FN (JEG-3 cells cultured in a 10 pg/mL FN precoated well), AS (10 pg/mL AS), AS + U0126 (10 pg/mL AS + 10 mm U0126),
AS + sense-FAK ODN (10 pg/mL AS + 2 mm sense-FAK ODN), AS + Echistatin (10 pg/mL AS + 10 ng/mL echistatin) and
AS + antisense-FAK ODN (10 pg/mL AS + 2 mwm antisense FAK ODN) treatment respectively. *P < 0.05.

of MMP-2 and -9, whereas AS down-regulated the
expression of MMPs in the trophoblast-like JEG-3
cells.

AS, the N-terminal four kringles (K1-4) of plasmi-
nogen, blocks tumor-mediated angiogenesis and has
great therapeutic potential. It has been shown that
BAE cells adhere to AS in an integrin-dependant
manner and that integrins aVB3, a9f 1, and to a lesser
extent a4pB1, specifically binds to AS. Integrin oVp3
have been shown to be a predominant receptor for AS
on BAE cells. In the current study, we found that
integrin oV B3 might be a receptor of AS in JEG-3 cells,
as a function-blocking inhibitor of integrin aVB3 (i.e.
echistatin) effectively blocks the effect of AS on the
expression of MMPs.

© BLACKWELL MUNKSGAARD, 2003

The interaction of cells with ECM proteins generates
intracellular signals important for the growth, survival,
and migration of cells. The integrin family of trans-
membrane receptors has long been recognized for their
structural roles in linking ECM proteins with the
cellular actin cytoskeleton in the regulation of cell
shape and tissue architecture. Recent developments
within the field of integrin biology have shown that
integrin receptors can initiate signal transduction
events that affect many aspects of cell growth.?*°

The FAK protein is a nonreceptor and nonmem-
brane associated PTK which does not contain Src
homology 2 (SH2) or SH3 protein interaction
domains.*® FAK and its role in linking integrin
receptors to intracellular signaling pathways play a



Fig. 9. Effect of AS and VEGF on MMP-9
protein expression via different signaling
pathways. (A) A Western blot was probed
with anti-MMP-9 (top) and then with B-
actin (bottom). Densitometric analysis of
MMP-9 protein expression (B). C (DMEM
medium without any growth factors), AS
(10 pg/mL AS), AS + U0126 (10 pg/mL
AS + 10 mm  UO0126), AS + anti-FAK
ODN (10 pg/mL AS + 2 mm antisense
FAK ODN), VEGF (10 ng/mL VEGF),
VEGF + anti-Flt-1 (10 ng/mL VEGF +
10 pg/mL anti-Flt-1 IgG), AS + Echistatin
(10 pg/mL AS + 10 ng/mL echistatin) and
VEGF + SB203580 (10 ng/mL VEGF +
10 mm SB203580) treatment respectively.
**pP < 0.01; ***P < 0.001.

pivotal role in cells. In this study, the FAK signaling
pathway was found to play two different roles in the
effect of AS and FN. On the one hand, FN, one of the
ECM proteins, binding to its receptor integrin, acti-
vates the phosphorylation of FAK. This enables FAK
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to function within a network of integrin-stimulated
signaling pathways leading to the activation of targets
such as the ERK/MAPK pathways. Ultimately, the
expression of the MMPs gene is up-regulated by FN
through the FAK/MAPK signaling pathway. On the

10 1im

r

Fig. 10. Expression of Flt-1, but not KDR in the JEG-3 cells. Slides with JEG-3 were labeled with anti-Flt-1 or KDR, secondary antibody anti-
rabbit-FITC-conjugated IgG, and then with PI respectively, as detailed in Materials and Methods [PI staining of the nucleus (red), immu-
nolabeling of matrix proteins (green)]. The yellow color represents the overlap of green and red. A positive reaction for Flt-1 (A, bar = 20 pm;
B, bar = 50 um) and a negative reaction for KDR (B) were observed (bar = 10 pm).
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Fig. 11. RT-PCR products of MMP-2 (A, top) and MMP-9 (A,
middle) mRNA expression. ‘C’ represents control group:
DMEM medium without any growth factors. ‘PIGF’ represents
DMEM + 10 ng/mL PIGF. ‘VEGF’ represents DMEM + 10 ng/
mL VEGF. ‘FN’ represents JEG-3 cells cultured in 10 pg/mL FN-
coated well. Densitometric analysis of MMP-2 and -9 mRNA ex-
pression (B). ¥*P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 12. Temporal-dependent p38 and MAPKAPK2 activation in
response to VEGF in JEG-3 cells. Cell lysates were prepared from
JEG-3 cells after treatment with 10 ng/mL VEGF. A Western blot was
probed with anti-phospho-p38 (top), anti-phospho-MAPKAPK?2
(middle) and then with anti-total MPKAPK?2 (bottom).

<—p-MAPKAPK2

other hand, AS binding to its receptor, integrin
aVB3, activated the phosphorylation of FAK and
down-regulated the expression of MMPs in JEG-3
cells. Interestingly, as treatment with the AS-neut-
ralizing RGD counteracted this effect, AS induced
the expression of MMPs and activation of FAK

© BLACKWELL MUNKSGAARD, 2003
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Fig. 13. VEGF and Flt-1 is down-regulated by AS. A Western blot
was probed with an anti-VEGF (top) or anti-Flt-1 (middle) and
then with anti-f -actin (bottom). Nonstimulated cells as a negative
control.

independent of the integrin-binding motif RGD in
JEG-3 cells. Therefore, we speculate that RGD acts
as an antagonist of AS, binding to integrin oVB3 in
the JEG-3 cells.

There is a strikingly similarity between the endo-
thelial and trophoblast cells. Endothelial cells degrade
the basal lamina and invade the underlying interstitial
space, where they proliferate and eventually regroup
to form patent capillaries. Trophoblast cells degrade
ECM and invade the uterine endometrium, where
they proliferate and eventually connect tightly with
the maternal uterus. Both VEGF and AS are involved
in angiogenesis with endothelial cells as the central
players. On the other hand, VEGF is one of the
angiogenic mitogens which stimulate endothelial cell
proliferation,®’ whereas, AS is one of the antiangio-
genic factors which inhibit endothelial cell prolifer-
ation. It has been reported that AS reduced the
phosphorylation of the MAPKs ERK-1 and -2
transiently in human dermal microvascular cells, but
not in human vascular smooth muscle cells or human
dermal fibroblasts.>> In this study, we detected the
effect of VEGF and AS in the trophoblast-like cell,
JEG-3.

To date, five VEGF splice variants of 121, 145, 165,
189, and 206 amino acids have been identified in
human tissues. Two laboratories reported that
VEGF ¢s is capable of binding to both Flt-1 and
Flk-1. Flt-1 but not KDR tyrosine kinase is a
receptor for the PIGF in the trophoblast cells.”
In our study, treatment with 10 ng/mL PIGF
up-regulated MMP-2 mRNA expression (Fig. 11).
Furthermore, immunocytochemistry revealed that
JEG-3 cells had cellular deposits of Flt-1, but not
KDR, suggesting that there is only FIt-1 (but no
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Fig. 14. Angiostatin blocked the VEGF induced p38 and MAP-
KAPK?2 signaling pathway in JEG-3 cells. (A) A Western blot was
probed with anti phospho-p38 (top) and anti-phospho-MAPKAPK?2
(middle) and then with anti-MAPKAPK?2 (bottom). Densitometric
analysis of P-p38 and P-MAPKAPK-2 protein expression (B). Non-
stimulated cells as a negative control; ‘AS’ represents 10 pg/mL angi-
ostatin; ‘VEGF’ represents 10 ng/mL VEGF and ‘AS + VEGF
represents 10 pg/mL angiostatin + 10 ng/mL VEGF.***P < 0.001.

KDR) expression in JEG-3 cells. Unlike the effect of
VEGF 45 in endothelial cells, VEGF 45 binding to its
Flt-1 but not KDR/FIk-1 receptor up-regulated the
expression of MMPs through the p385APK)
MPKAPK?2 signaling pathway, leading to MMPs
degrading the ECM substrate. U0126 had no effect on

more, AS blocked the activation of MAPKAPK2, the
substrate of p385AFX and the up-regulation of the
expression of MMPs by VEGF.

A variety of factors have been identified that
regulate the expression of MMPs. Many of these
factors have already been shown to influence key
functions of human trophoblast cells. For example,
leukaemia inhibitory factor (LIF), tumor necrosis
factor (TNF), transforming growth factor beta
(TGF-p), interleukin-1 and -6 (IL-1, IL-6) and insu-
lin-like growth factor binding protein (IGFBP-1) as
well as trophoblastic factors such as hCG and leptin
have been found to markedly influenced the secretion
and/or activation of MMP-2 and -9. Most cytokines
influence cell behavior by modulating the phosphory-
lation of transcription factors. Among these transcrip-
tion factors two oncogene products (Jun and Fos) have
been found to be activated by TNF or phorbol ester
and promote the synthesis of MMP-9.%* In this study,
we added VEGF and AS to this list. Taken together,
these findings reveal that the expression of MMPs and
the behavior of trophoblast cells are regulated by many
independent factors, that is, FN binding to integrin
regulates MMP expression through the FAK /p42MAPK
signaling pathway. VEGF binding to its receptor Flt-1
but not KDR regulates the expression of MMPs
through the p385APX/ MAPKAPK2 signaling pathway.
AS binding to integrin aVP3 regulates the expression
of MMPs through the FAK signaling pathway inde-
pendent of the integrin-binfing motif RGD. AS
blocked activation of p385*F¥ and MAPKAPK2 by
VEGEF (Fig. 15).

Acknowledgements

This work was supported in part by the Special
Funds for Major State Basic Research Project (Grant
No. G1999055903), the NSFC (Grant No. 30170357),
the CAS Knowledge Innovation Program (to

VEGF¢s in this study (data not shown). Further- E.-K.D.).

g - Integrln
Fig. 15. Proposed intracellular signaling _\f“\t S r’D I.. I,..L
actions of FN, VEGF and AS on MMP :‘ B @ ﬁl -] T
expression in JEG-3 cells. FN binding to WA )‘\ j — Outside i
integrin  regulates MMPs  expression — i] ] —H -ﬂ— = e Ce
through the FAK /p42MAPX signaling path- | . In51de LG
way. VEGF binding to its receptor Flt-1 but ' ( )
not KDR regulates the expression of MMPs P-FAK
through the p38S*PK/MAPKAPK?2 signa- | —
ling pathway. AS binding to integrin aVp3 L
regulates the expression of MMPs through p42MAPK
the FAK singling pathway independent of g /-f““_“'é\ _ VEGF
the integrin-binding motif RGD. AS " MMPs Angiostatin B
blocked activation of p385AFX and MAP- ( gene / Fibronectin @

KAPK?2 by VEGF.

AMERICAN JOURNAL OF REPRODUCTIVE IMMUNOLOGY VOL. 50, 2003



284 / ZHANG ET AL.

REFERENCES

10.

11.

12.

13.

14.

15.

16.

. Benirschke K, Kaufmann P: Pathology of the Human

Placenta. Semin. Cell Biol 1993; 4:183-188.

McCawley LJ, Matrisian LM: Matrix metalloproteinas-
es: multifunctional contributors to tumor progression.
Mol Med Today 2000; 6:149—-156.

Vegh GL, Selcuk TZ, Fulop V, Genest DR, Mok SC,
Berkowitz RS: Matrix metalloproteinases and their
inhibitors in gestational trophoblastic diseases and nor-
mal placenta. Gynecol Oncol 1999; 75:248-253.

Bischof P, Meisser A, Campana A: Mechanisms of
endometrial control of trophoblast invasion. J Reprod
Fertil Suppl 2000; 55:65-71.

Fisher SJ, Damsky CH: Human cytotrophoblast inva-
sion. Semin Cell Biol 1993; 4:183-188.

Tie GD, Cao YJ, Zhao XX, Duan EK: Induction of
matrix metalloproteinase-9 and -2 activity in mouse
blastocyst by fibronectin—integrin interaction. Chin Sci
Bull 2000; 45:1266—-1270.

Xu P, Wang YL, Piao YS, Bai SX, Xiao ZJ, Jia YL, Luo
SY, Zhuang LZ: Effect of matrix proteins on the
expression of matrix metalloproteinase-2, -9 and -14 and
tissue inhibitors of metalloproteinases in human cyto-
trophoblast cells during the first trimester. Biol Reprod
2001; 65:240-246.

Zhang J, Tie GD, Cao YJ, Duan EK: Effect of fibro-
nectin and leukaemia inhibitory factor on matrix met-
alloproteinases in mouse blastocyst. Chin Sci Bull 2001;
46:1296-1299.

Athanassiades A, Hamilton GS, Lala PK: Vascular
endothelial growth fator stimulate proliferation but not
migration or invasiveness in human extravillous
trophoblast. Biol Reprod 1998; 59:643-654.

Houck KA, Ferrara N, Winer J, Cachione SG, Li B,
Leung DW: The vascular endothelial growth factor
family: identification of a fourth molecular species and
characterization of alternative splicing of RNA. Mol
Endocrinol 1991; 5:1806-1814.

Zhang J, Wang L, Cai LQ, Cao YJ, Duan EK: The
expression and function of VEGF at embryo implanta-
tion “window” in the mouse. Chin Sci Bull 2001; 46:409—
411.

Li SM, Cao YJ, Zhang J, Tian YQ, Zheng X, Duan EK:
Effects of vascular endothelial growth factor on MMPs
during embryo implantation in mice. Chin Sci Bull 2002;
47:2071-2074.

O’Reilly MS, Holmgren L, Shing Y: Angiostatin: a novel
angiogenesis inhibitor that mediates the suppression of
metastases by a Lewis lung carcinoma. Cell 1994;
79:315-328.

Moser TL, Stack MS, Asplin I, Enghild JJ, Hojrup P,
Everitt L, Hubchak S, Schnaper HW, Pizzo SV: Angiost-
atin binds ATP synthase on the surface of human endot-
helial cells. Proc Natl Acad Sci USA 1999; 96:2811-2816.

Traui T, Miles LA, Takada Y: Specific interaction of
angiostatin with integrin alpha(v)beta(3) in endothelial
cells. J Biol Chem 2001; 276:39,562-39,568.

Yagel S, Geva TE, Solomon H, Shimonovitz S, Reich R,
Finci-Yeheskel Z, Mayer M, Milwidsky A: High levels of
human chorionic gonadotropin retard first trimester
trophoblast invasion in vitro by decreasing urokinase
plasminogen activator and collagenase activities. J Clin
Endocrino Metab 1993; 77:1506-1511.

© BLACKWELL MUNKSGAARD, 2003

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Librach CL, Feigenbaum SL, Bass KE, Cui TY, Veras-
tas N, Sadovsky Y, Quigley JP, French DL, Fisher SJ:
Interleukin-1p regulates human cytotrophoblast metal-
loproteinase activity and invasion in vitro. J Biol Chem
1994; 269:17,125-17,131.

Li FY, He P, Liu XP, Zhang YQ, Zhang JH, Yang DM,
Yao LB: Single-step method to prepare native angiost-
atin from human plasma. Progr Biochem Biophys 2000;
27:325-327.

Zhang J, Cao YJ, Zhao YG, Sang QX, Duan EK:
Expression of matrix metalloproteinase-26 and tissue
inhibitor of metalloproteinase-4 in human normal cy-
totrophoblast cells and a choriocarcinoma cell line, JEG-
3. Mol Hum Reprod 2002; 8:659-666.

Behrenftsen O, Alexander CM, Werb Z: Metallopro-
teinases mediate extracellular matrix degradation by cells
from mouse blastocyst outgrowths. Development 1992;
114:447-456.

Brenner CA, Adler RR, Rappollee DA, Pedersen RA,
Werb Z: Genes for extracellular matrix-degrading met-
alloproteinases and their inhibitor, TIMP, are expressed
during early mammalian development. Genes Devel
1989; 3:848-859.

Bany BM, Harvey MB, Schultz GA: Expression of
matrix metalloproteinases 2 and 9 in the mouse uterus
during implantation and oil-induced decidualization.
J Reprod Fertil 2000; 120:125-134.

Sawano A, Takahashi T, Yamaguchi S, Aonuma M,
Shibuya M: Flt-1 but not KDR/FIk-1 tyrosine kinase is a
receptor for placental growth factor, which is related to
vascular endothelial growth factor. Cell Growth Differ
1996; 7:213-221.

Wang XQ, Liu Y, Duan EK, Zeng GQ, Zhu ZM: Effect
of blocking LeY oligosaccharide on cell surface to
MMPs secreted by blastocysts and epithelial cells in
mouse in vitro. Chin Sci Bull 1998; 43:1461-1465.
Zhang J, Tie GD, Cao YJ, Duan EK: Effect of fibro-
nectin and leukaemia inhibitory factor on matrix met-
alloproteinases in mouse blastocyst. Chin Sci Bull 2001;
46:1296-1299.

Bischof P: Endocrine, paracrine and autocrine regulation
of trophoblastic metalloproteinases. Early Pregnancy
2001; 5:30-31.

Harvey MB, Leco KIJ, Arcellana-Panlilio MY, Zhang X,
Edwards DR, Schultz GA: Roles of growth factors
during peri-implantation development. Hum Reprod
1995; 10:712-718.

Aplin AE, Howe A, Alahari SK, Juliano RL: Signal
transduction and signal modulation by cell adhesion
receptors: the role of integrins, cadherins, immunoglob-
ulin-cell adhesion molecules, and selectins. Pharmacol
Rev 1998; 50:197-263.

Giancotti FG: Integrin signaling: specificity and control
of cell survival and cell cycle progression. Curr Opin Cell
Biol 1997; 9:691-700.

Schaller MD, Borgman CA, Cobb BS, Vines RR,
Reynolds AB, Parsons JT: ppl25FAK a structurally
distinctive protein-tyrosine kinase associated with focal
adhesions. Proc Natl Acad Sci USA 1992; 89:5192—
5196.

Ferrara N, Houck K, Jakeman L: Molecular and bio-
logical properties of the vascular endothelial growth
factor family of proteins. Endocrinol Rev 1992; 13:18—
32.



FIBRONECTIN, VEGF AND ANGIOSTATIN IN JEG-3 CELL / 285

32. Alexander R, Guenter DE, Helene S: Angiostatin
diminishes activation of the mitogen-activated protein
kinases ERK-1 and ERK-2 in human dermal microvas-
cular endothelial cells. J Vasc Res 1999; 36:28-34.

33. Bischof P, Meisser A, Campana A: Paracrine and
autocrine regulators of trophoblast invasion — a review.
Placenta 2000; 21(Suppl A):S55-60.

AMERICAN JOURNAL OF REPRODUCTIVE IMMUNOLOGY VOL. 50, 2003



