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The Role of SDF-1/CXCR4 Axis in Ovarian Cancer Metastasis”
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Summary: This study was aimed to explore the role of stromal-derived factor 1 (SDF-1)/CXC
chemokine receptor 4 (CXCR4) axis in mediating the metastasis of ovarian cancer cells through acti-
vation of extracellular signal-regulated kinase-1/2 (ERK-1/2) signaling pathway. A highly metastatic
ovarian cancer cell line, SKOV3, was used in the study. Intracellular calcium mobilization was de-
tected by using laser scanning confocal fluorescence microscopy. Western blotting was used to detect
the phosphorylation of ERK1/2 in SDF-lo-treated SKOV3 cells. Adhesion capability and matrix
metalloproteinase (MMP) activity of ovarian cancer cells after exposure to SDF-10 were measured by
adhesion assay and gelatin zymography. The results showed that SDF-1a induced rapid intracellular
calcium mobilization in SKOV3 cells, as well as the phosphorylation of ERK-1/2. The adhesion of
ovarian cancer cells to fibronectin and collagen IV was increased after SDF-la treatment. An in-
hibitor of ERK-1/2 signaling, PD98059, could antagonize such effects of SDF-1a. SDF-1a could also
increase the secretion of active MMP-2 and MMP-9. It was concluded that the SDF-1/CXCR4 axis
played a critical role in the metastasis of human ovarian cancer by increasing the adhesion capability
of cancer cells and the activity of MMP-2 and MMP-9 via ERK1/2 signaling pathway.

Key words: ovarian cancer; metastasis; CXC chemokine receptor 4; stromal-derived factor 1; ex-
tracellular signal-regulated kinase-1/2

Metastasis is a complex event involving many factors
that can potentially affect tumor adhesion and extracellular
matrix (ECM) degradation, of which, chemokines attract
more attention'!. The membranous CXC chemokine re-
ceptor 4 (CXCR4) and its ligand stromal-derived factor-1
(SDF-1, namely CXCL12) are members of chemokine
family. Studies have demonstrated that SDF-1/CXCR4
plays a critical role in embryo development, immune re-
sponse, inflammatory reaction, hematopoietic system
modulation, HIV infection and angiogenesis>*. Moreover,
SDF-1/CXCR4 pathway has been recently reported to be
imp%sicg?ted in the metastatic process of various malignan-
cies ™.

Complex chemokine network exists in ovarian can-
cer. However, whether or how SDF-1/CXCR4 biological
axis plays a role in ovarian cancer remains unclear. It had
been reported that CXCR4 was the only one of the 14
chemokine receptors investigated that could be expressed
on a subset of ovarian tumor cells!'®. In addition,
SDF-1/CXCR4 axis might influence the spread of
epithelial ovarian cancer!'” ', Porcile ef al reported that
there may exist an important ‘“cross-talk” between
SDF-1/CXCR4 and EGFR intracellular pathway that
maﬁz]link signals of cell proliferation in ovarian can-
cer .

In this study, we investigated the effects of
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SDF-1/CXCR4 on cell-matrix adhesion and MMP activ-
ity in ovarian cancer, observed the roles of the two
chemokines in ovarian cancer metastasis, and prelimi-
narily discussed the mechanism.

1 MATERIALS AND METHODS

1.1 Materials

Rabbit anti-extracellular signal-regulated kinase
(ERK)-1 pAb, mouse anti-p-ERK mAb and rabbit
anti-B-actin pAb were provided by Santa Cruz Biotech-
nology Inc., USA. Goat anti-rabbit horseradish peroxi-
dase IgG and goat anti-murine horseradish peroxidase
IgG were bought from Pierce Co., USA. Recombinant
human SDF-1 was from Peprotech Co., UK.
MAPK/ERK kinase-1 (MEK-1) inhibitor, PD98059, was
from Promega Co., USA. Purified human plasma fi-
bronectin (FN), laminin (LN), collagen IV (COL), and
Fluo-3AM were purchased from Sigma Chemical Co.,
USA.
1.2 Cell Culture

A highly metastatic ovarian cancer cell line,
SKOV3, was cultured in DMEM supplemented with
10% heat-inactivated fetal bovine serum (FBS). All the
cells were subcultured after brief treatment with trypsin,
and grew in a 5% CO, humidified atmosphere at 37°C.
The culture medium was displaced every 3 days.
1.3 Calcium Mobilization Assay

SKOV3 cells were seeded onto the coverslips in a
culture dish, and incubated with Fluo-3AM working so-
lution (the final concentration of Fluo-3AM: 10 umol/L)
at 37°C for 30 min to reach 90% confluence. The cells
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were washed thrice with Ca*'/Mg*'-free phos-
phate-buffered saline to remove extracellular Fluo-3AM,
and re-cultured in DMEM. The fluorescence signals
were detected by using laser scanning confocal fluores-
cence microscopy (OLYMPUS, Japan). SDF-la at the
concentration of 50200 ng/mL was added to each well.
An argon laser was used to excite Fluo-3AM at 488 nm
and fluorescence was emitted at 530 nm. Intracellular
calcium changes were defined as fluorescence intensity
(FI).
1.4 Western Blot Analysis

SKOV3 cells were serum-starved in DMEM+0.1%
BSA+1% penicillin-streptomycin overnight, then ex-
posed to SDF-1a (100 ng/mL) for different time lengths
(0-30 min). The cells were washed with 1 XPBS, lysed
with lysis buffer for 20 min at 4°C, and centrifuged at 14
000 r/min for 15 min at 4°C. The protein concentration
of cell lysates was measured by using the Bradford pro-
tein assay. Proteins were re-suspended in 2 Xreducing
sample buffer, denatured at 100°C for 10 min, and then
separated by 12% SDS-PAGE. The protein bands were
transferred to nitrocellulose membranes at 90 mA for 90
min at 4°C. Blots were blocked with TBST containing
5% nonfat dry milk for 2 h at room temperature, and
probed with the following antibodies: (1) rabbit
anti-ERK-1 pAb (1:400); and (2) mouse anti-p-ERK
mAb (1:400). Rabbit anti-ERK-1 pAb was used in con-
junction with goat anti-rabbit horseradish peroxidase at
1:1000 dilution, and mouse anti-p-ERK mAb was used to
react with goat anti-murine horseradish peroxidase at
1:1000 dilution. Protein concentration equivalence was
confirmed after probing by amido black staining and
B-actin antibody. After washing with TBST buffer, im-
munoreactive protein bands were detected using Quan-
tity One Software (Bio-Rad, USA).
1.5 ECM Coating and Adhesion Assay

FN and LN (1 mg/mL) were diluted to the concen-
tration of 50 pg/mL with PBS. COL at 2 mg/mL was
diluted to 50 pg/mL with PBS. The 96-well
flat-bottomed plates were coated with FN, LN and COL
(40 pL each well) respectively at room temperature over-
night. Wells were washed with PBS, incubated with 2%
BSA at 37°C for 2 h to block nonspecific binding of cells
to the plastic. Briefly, SKOV3 cells were detached by
trypsinization, washed in PBS, suspended in DMEM and
seeded into ECM-coated 96-well plates. Experimental
wells contained SDF-1a (0200 ng/mL). For ERK inhi-
bition, cells were pretreated with PD98059 (30 umol/L)
for 15 min at 37°C prior to incubation with SDF-1a.
Then the cells were incubated for 2 h at 37°C in 5%
CO,/95% air to allow cell attachment. Afterwards, the
cells were washed gently with PBS 3 times to remove
detached cells. Then 200 uL. FBS (20%) and 20 pL of
stock MTT solution (5 mg/mL) were added, and
co-cultured with cells at 37°C for 4 h. The culture me-
dium was carefully removed after the addition of 200 pL
of DMSO to each well and vibration of culture wells for
10 min. The absorbance (4) of each sample was meas-
ured at a wavelength of 490 nm with a microtiter plate
reader. Cell-free culture medium served as negative con-
trol, and each assay was performed in triplicate.
1.6 Gelatin Zymograph

MMPs were assessed under non-reducing condi-

tions by using a modified SDS-PAGE. SKOV3 cells
were incubated with SDF-la (0-600 ng/mL) in se-
rum-free medium for 24 h, and then conditioned media
were collected and stored at —70°C until analysis. Condi-
tioned media were diluted with non-reducing sample
buffer. The proteins from the conditioned media were
separated by SDS-PAGE by using 10% (w/v) acrylamide
gels containing 0.1% (w/v) gelatin at 120 V, 4°C for 3 h.
After the gel was washed for 2X45 min at room tem-
perature with 2.5% Triton X-100 to remove SDS and to
allow the electrophoresed enzymes to renature, the gel
was washed for 2X20 min at room temperature in de-
veloping buffer, and then incubated in incubation buffer
at 37°C for 42 h. Gelatinases were identified by staining
the gels with 0.25% (w/v) Coomassie brilliant blue
R-250 and destaining with 10% (w/v) methanol and 5%
(w/v) acetic acid. Prestained standard high-range protein
marker was used to determine the molecular weight of
the gelatinase. Enzymatic activity was characterized by
the presence of clear zones in a background of blue
staining. Gelatinolytic bands were quantified by gel
scanning and densitometry with the aid of Quantity One
Software (Bio-Rad, USA).
1.7 Statistical Analysis

The data were expressed as X+s. Multiple group
comparison was performed by using ANOVA. Two-
group comparison was conducted by using Student’s ¢
test. All statistical analyses were performed with SPSS
12.0 software package. A P<0.05 was considered statis-
tically significant.

2 RESULTS

2.1 Intracellular Calcium Mobilization in Ovarian
Cancer Cells

SDF-1a at the concentration of 50-200 ng/mL in-
duced a rapid and robust mobilization of intracellular
calcium in SKOV3 cells (fig. 1A). The concentration of
intracellular calcium was quickly elevated after SDF-1a
was added, and the result was recorded as a pulse wave.
The peak was followed by a quite long plateau and af-
terward returned to the resting level at 470 s.
Well-distributed green fluorescence was observed in the
cells when intracellular calcium was rapidly increased
(fig. 1B).
2.2 Activation of ERK-1/2 in SKOV3 Cells

Western blot showed that phosphorylated ERK-1/2
(phosph-ERK-1/2) was found in SKOV3 cells after
5-min exposure to SDF-1a (fig. 2). There was a gradual
increase in the ratio of phospho-ERK to total ERK at
different time points from 0 to 30 min.
2.3 The Results of Cell Adhesion Assay

SDF-1la treatment (50-200 ng/mL) augmented
SKOV3 cell adhesion to COL and FN, but not to laminin
(LN). And PD98059 reduced SDF-1a-mediated SKOV3
cell adhesion to FN and COL (fig. 3A and B).
2.4 The Effects of SDF-la on the Activation of
MMP-2 and MMP-9

Gelatin zymography revealed that with the increases
in the concentrations of SDF-1a, active MMP-2 (62 kD)
and MMP-9 (92 kD) were increased (fig. 4). Densitome-
try showed that differently active MMP-2 (62 kD) and
MMP-9 (92 kD) were induced by SDF-1a.
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Fig. 1 The dynamic changes of intracellular calcium in SKOV3 cells at different time points after SDF-1a (200 ng/mL) treatment (A)
(SDF-1a was added at the time (20 s) as indicated by the arrow), and the fluorescent picture of the cells when intracellular

calcium was rapidly increased (B)
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Fig. 2 ERK-1/2 phosphorylation in SKOV3 cells treated with SDF-1a (100 ng/mL) for different pe-
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Fig. 3 Increased cell adhesion of SKOV3 cells to COL (A) and FN (B) after SDF-1a at different concentrations was added and the
antagonizing effects of PD98059 (asterisks indicative of the statistically significant differences when compared with
FN+SDF-1a or COL+SDF-1a)
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Fig. 4 The increased activity of MMP-9 (92 kD) and MMP-2
(62 kD) in SKOV3 cells treated with different concen-
trations of SDF-1a

3 DISCUSSION

Tumor metastasis was once viewed as a passive
consequence of a single tumor cell simply “escaping”
from a primary tumor and traveling great distances
through draining lymph nodes and blood, lodging in
small blood vessels and thereby forming micrometasta-
sis!". Some findings, however, have demonstrated that
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tumor metastasis is an active process involving multiple
molecular and cellular mechanisms!'* *!. The interaction
between tumor cells and stroma is crucial for tumor me-
tastasis''°.

Increased cell migration and invasion are major
features of malignant tumor. The results of this study
suggested that cell signaling induced by binding of
SDF-1a to CXCR4 leads to the activation of MAPK sig-
naling pathways, and increased cell-matrix adhesion and
secretion of active MMP-2 and MMP-9 into the local
environment. From this, we speculate that the
SDF-1/CXCR4 biological axis plays a critical role in
mediating ovarian cancer migration and invasion, and
blocking this process can become one of the promising
biological treatment options for ovarian cancer.

Chemotactic SDF-1 gradients have been implicated
in organ-specific metastasis as important determinants.
The findings by Muller et a/ first provided new insights
into the potential mechanisms of SDF-1 related to the
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organ-specific metastases of breast cancer'”. Kryczek et
al showed that human ovarian epithelial tumor cells ex-
pressed high levels of SDF-1!""). Some reports indicated
that the expression of the chemokine SDF-1 was related
to the mali%nant transformation of the ovarian surface
epithelial'® ™. Moreover, recently, Jiang et al reported
that CXCR4 could be an independent Prognostic factor
for epithelial ovarian cancer patients!®. Nevertheless,
the specific mechanism of ovarian cancer metastasis re-
mains poorly understood.

Previous studies have shown that SDF-1 induced
adhesion of most circulating lymphocytes and CD34"
progenitor cells'"”. Binding of SDF-1 to CXCR4 has
been shown to activate ERK and phosphatidylinositol
3-OH kinase (PI3K), induce mobilization of Ca*" and
phosphorylate focal adhesion components including Crk
and paxillin in several cancer cell lines®”. In-
tegrin-mediated binding to ECM ligands is known to be
up-regulated by chemokines or cytokines via intracellu-
lar activation pathways. Adhesion of lymphocytes,
CD34" stems cells, as well as prostate carcinoma cells to
ECM proteins or endothelia is stimulated by SDF-1,
likely through activation of integrins or other cell surface
molecules. ERK phosphorylation has been associated
with cell adhesion and invasion via downstream signal-
ing events, including phosphorylation of Ser/Thr residues
on paxillin and activation of the myosin light chain.
SDF-1 was recently found to up-regulate B1 integrin ex-
pression in ovarian carcinoma cells!'". Brand ef al dem-
onstrated that CXCR4 activation results in the migration
of intestinal epithelial cells, which could be blocked us-
ing MEK-1 inhibitors PD98059!*!!.

In this study, the intracellular calcium flux of ovar-
ian cancer cells was increased with the concentration of
SDF-1a. The capability of the ovarian cancer cell lines to
elicit an intracellular calcium flux and to migrate in re-
sponse to SDF-la indicated the functionality of the
CXCR4 cell surface receptors. The SDF-1/CXCR4 axis
could have some effects.

Several research groups have shown that SDF-1 can
activate MAP kinases such as ERK-1/2 that plays an
important role in regulation of cell proliferation and mi-
gration””. The MAPK pathways are thought to be acti-
vated via PI3ky and can lead to a variety of cell-type
specific effects and gene induction. ERK1 and ERK2 are
important components of this MAPK cascade. In this
study, ERK phosphorylation of human ovarian cancer
cells was found by Western blot after SDF-1a treatment,
suggesting that the MAPK pathway was activated by
SDF-1/CXCRA4.

In addition, we examined the effects of SDF-1a on
ovarian cancer cell adhesion to ECM proteins such as
COL, FN and LN, which is an integral part of the metas-
tasis process. Our results showed that the activation of
ERK signaling pathways by SDF-1 led to the increased
adhesion of ovarian cancer cells to FN and COL. Previ-
ously, it was shown that ovarian cancer chemotaxis to-

ward SDF-1a is mediated by the ERK signaling pathway.

Thus, we examined the role of ERK in SDF-1-mediated
ovarian cancer cell adhesion. Blockage of MEK with
PD98059 markedly decreased the SDF-1a-induced adhe-
sion of ovarian cancer cells to FN and COL. These re-
sults suggested that SDF-1a binding to CXCR4 on ovar-

ian cancer cells stimulated a signaling cascade involving
ERK phosphorylation, which led to the increased cell
adhesion and migration.

Many proteinases are capable of degrading ECM
components. MMPs have extracellular matrix-degrading
activity, and are involved in cancer progression. The
increase in MMP activity contributes to the acquisition
of malignant properties. SDF-1 has been shown to induce
the secretion of latent MMPs in several cell types, in-
cluding cancer cells'”’!. Up-regulation of MMP secretion
represents an important step in the ability for tumor cells
to invade and metastasize.

We examined the effects of SDF-1 on MMP secre-
tion in ovarian cancer cells, and found that active
MMP-9 (92 kD) and MMP-2 (62 kD) existed in the su-
pernatant of SKOV3 cells. We observed that SDF-1
treatment increased the release of MMP-9 and MMP-2.
The active MMP-2 (62 kD), and MMP-9 (92 kD) were
increased with the concentration of SDF-la, as con-
firmed by densitometry. Moreover, when the concentra-
tion of SDF-1a was up to 400 ng/mL, the levels of active
MMP-2 and MMP-9 reached the peak. The SDF-la
ligand promoted migration and adhesion processes of
ovarian cancer cells. The expression of the chemokine
receptor CXCR4 could drive the migration of tumor cells
across lymphatic and vascular system corresponding to
an active form of MMP-9 and MMP-2, as described by
other authors*'

The present study suggested that the SDF-1/CXCR4
axis plays a role in ovarian cancer tumor progression.
SDF-1o may induce events as following: intracellular
calcium mobilization; phosphorylation of mito-
gen-activated ERK1/2; adhesion to COL and FN; in-
creased secretion of MMP-2 and MMP-9. The MEK
inhibitor, PD98059, blocked, at least in part, the re-
sponses of SKOV3 cells to SDF-la. In conclusion,
SDF-1/CXCR4 biological axis could contribute to the
metastasis of ovarian cancer cells by increasing the cell
adhesion and secretion of MMPs by activating ERK-1/2
pathway.
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