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Abstract
Targeting of the PI3K (phosphoinositide3-kinase)/Akt/mTOR pathway in human ovarian cancer
cells is a promising novel therapeutic strategy. We investigated the effects of cisplatin and the
PI3K inhibitor LY294002 on invasion, migration and the expression of essential matrix
metalloproteinases (MMPs) in ovarian cancer cells. SKOV3, OVCAR5 and IGROV1 human
ovarian cancer cell lines were treated with cisplatin, LY294002 and a combination of both drugs.
Invasion and migration of treated cells was assessed using Matrigel and uncoated PET membrane
assays. Expression levels of pro-MMP2, MMP2, TIMP1, TIMP2 and MT1-MMP were determined
using Western Blotting. Gel zymography was used to quantitate the functional levels of active
MMP2. All three cell lines showed significantly reduced invasion and migration after treatment
with cisplatin, LY294002, and the combination of both drugs compared to untreated controls. In
SKOV3 cells, cisplatin alone and in combination with LY294002 resulted in a 6.3 and 7.1-fold
reduction in the total amount of activated MMP2. TIMP1 expression decreased by 5.0, 6.6 and
28.4-fold with cisplatin, LY294002 and the combination respectively (p<0.05). In contrast, only
cisplatin and the combination of both drugs resulted in a significant, 3.7 and 5.1-fold reduction in
the level of TIMP2. Expression levels of MT1-MMP remained unchanged. These observations
were corroborated in IGROV1 cell lines that showed similar changes of activated MMP2 and
TIMP2 expression, but no significant decrease in TIMP1 levels. Our data suggests that inhibition
of ovarian cancer cell motility is mediated via down-regulation of activated MMP2, TIMP1 and
TIMP2 expression under these treatment conditions.
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Introduction
The oncogenic PI3K (phosphoinositide3-kinase)/Akt/mammalian target of rapamycin
(mTOR) pathway plays an important role in various cancers, including human ovarian
cancer (Crijns et al. 2006; Philp et al. 2001). Activation of PI3K by various growth factors
like platelet derived growth factor (PDGF) or insulin growth factor (IGF) results in an
increase of intracellular, membrane bound phosphatidylinositol-(3,4)-diphosphate (PIP2)
and phosphatidylinositol-(3,4,5)-triphosphate (PIP3). The accumulation of PIP3 recruits the
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proto-oncogene Akt to the cell membrane, where it is phosphorylated by PIP3-dependent
kinases (PDKs) at Thr308 and Ser473 for full activation. Phosphorylated Akt (pAkt) is
released from the membrane and elicits downstream effects mainly by phosphorylating
signal transduction proteins like BAD, Caspase 9 and mTOR (Bellacosa et al. 2005).
Activation of these downstream signals leads to an increase in cell proliferation,
invasiveness, drug resistance and neo-angiogenesis (Altomare and Testa 2005).

Activation of the PI3K/Akt/mTOR pathway in ovarian cancer has been demonstrated in
several studies (Yuan et al. 2000). High levels of pAkt in human ovarian cancer tissue is
found in about 50% of papillary serous ovarian cancers and in up to 70–80% of
endometrioid and clear cell adenocarcinomas of the ovary (Campbell et al. 2004; Wang et
al. 2005). Various genetic aberrations in the PI3K/Akt/mTOR pathway have been described
in ovarian cancer, including increased copy numbers of the PIK3CA gene which encodes the
p110α subunit of PI3K, and mutations within the PTEN gene (Levine et al. 2005).

Cis-Dichlorodiammine platinum (II) or cisplatin has emerged as a major chemotherapeutic
agent in the treatment of ovarian cancer. The antineoplastic effects of cisplatin are mediated
by the covalent formation of DNA intra-and inter-strand as well as DNA-protein crosslinks
(Jamieson and Lippard 1999; Loehrer and Einhorn 1984). In addition, cisplatin has been
shown to activate pro-apoptotic pathways through mitochondrial (Cullen et al. 2007) and
Fas-associated mechanisms (Friesen et al. 1999), and exert anti-invasive mechanisms which
are still incompletely understood (Ramer et al. 2007).

Matrix-metalloproteinases (MMPs) are zinc-dependent endopeptidases with the ability to
degrade various extracellular matrix proteins. MMPs are involved in the cleavage of cell
surface receptors, the release of apoptotic ligands such as the FAS ligand, and have emerged
as key regulators of cancer cell invasion and metastasis (Curran and Murray 2000;
Stamenkovic 2000). MMP2 (Gelatinase A) degrades Type IV collagen, an integral part of
the basement membrane, and is assumed to play a key role in the metastatic process
(Bjorklund and Koivunen 2005; Hornebeck et al. 2002). MMP2 is present in the cell as an
inactive proenzyme (pro-MMP2) that is activated by membrane-type matrix-
metalloproteinase 1 (MT1-MMP) (Strongin et al. 1995). This activation requires the
presence of tissue inhibitor of matrix metalloproteinase-2 (TIMP2) (Butler et al. 1998; Jo et
al. 2000).

TIMPs are the naturally occurring inhibitors of MMPs. Several studies have highlighted the
dual functions of TIMP2 in regulating pro-MMP2 processing and inhibition of the active
enzyme (Butler et al. 1998; English et al. 2006; Jo et al. 2000). In contrast, TIMP1 has
emerged as a key MMP2 inhibitor with several studies demonstrating a correlation between
elevated TIMP1 levels and diminished MMP2 activity and invasiveness (Khokha et al.
1992; Park et al. 2005; Ramer and Hinz 2008). In addition, TIMP1 and TIMP2 are able to
modulate cell growth (Corcoran and Stetler-Stevenson 1995; Hayakawa et al. 1992). TIMP1
in particular can act as a potent serum mitogen that promotes cell survival and suppresses
apoptosis in breast epithelial cells (Li et al. 1999). These functions are distinct from their
MMP inhibiting activity (O'Shea et al. 1992).

Recent evidence suggests that PI3K/Akt/mTOR signaling is involved in the regulation of
invasion and metastasis in several tumor models including ovarian cancer (Park et al. 2001).
Activation of PI3K has been shown to increase MMP2 activity and cell motility (Furuya et
al. 2006; Vasko et al. 2004). Treatment of several ovarian cancer cell lines with the PI3K
inhibitor LY294002 significantly decreased gonadotropin-induced MMP2/MMP9 secretion
in one study (Choi et al. 2006). In vivo, the PI3K inhibitor LY294002 has been found to
block metastatic spread and decrease cell motility of thyroid tumors in a mouse model of
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thyroid cancer (Furuya et al. 2007). In addition, PI3K inhibition was shown to decrease
TIMP1 mRNA abundance and protein content in immortalized human trophoblast cell lines
(Qiu et al. 2004), human leukemic cell lines and erythroid progenitor cells (Kadri et al.
2000). In contrast, LY294002 failed to alter TIMP2 protein content in EGF (epidermal
growth factor) stimulated trophoblast cells (Qiu et al. 2004).

Inhibition of PI3K pathway signaling using PI3K or mTOR inhibitors has been shown to
sensitize ovarian cancer cell lines to the apoptosis-inducing effect of platinum compounds
(Altomare et al. 2004; Winograd-Katz and Levitzki 2006, Westfall, 2005 #63). In addition,
activation of the PI3K/Akt/mTOR pathway in ovarian cancer cell lines contributes to
cisplatin resistance (Lee et al. 2005).

The present study investigates the mechanisms underlying the cisplatin and PI3K mediated
inhibition on invasion and migration of human ovarian cancer cells. We demonstrate that the
expression levels of MMP2, TIMP1 and TIMP2 are decreased by cisplatin and the PI3K/
Akt/mTOR pathway.

Materials and Methods
Materials

The PI3K inhibitor LY294002 (2-(4-Morpholinyl)-8-phenyl-1(4H)-benzopyran-4-one
hydrochloride) and cis-Dichlorodiammine platinum (II) (cisplatin) were obtained from
Sigma-Aldrich Corp. (St. Louis, MO). The MMP2/MMP9 gelatin zymography standard was
acquired from Chemicon (Temecula, CA) and activated for 1 hour at 37°C in a Tris-buffered
solution of 1mM APMA (Sigma-Aldrich Corp. St. Louis, MO) prior to each experiment.

Cell culture and treatment
SKOV-3 ovarian cancer cells were purchased from the American Type Culture Collection
(Manassas, VA). IGROV1 cells were obtained from the National Cancer Institute (Bethesda,
Maryland). OVCAR5 cells were a kind gift from Timothy Lane (Department of Obstetrics
and Gynecology, David Geffen School of Medicine at UCLA). All cell lines were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich Corp. St. Louis, MO)
with 5mM L-Glutamine, 25 mM HEPES buffer, 10% fetal bovine serum (FBS), 100 units/
mL penicillin G, and 100 µg/mL streptomycin in a humidified atmosphere of 5% CO2 and
95% air at 37°C. For monolayer cultures, the cell lines were maintained on tissue culture
dishes (Falcon, Becton Dickinson, Franklin Lakes, NJ).

Cell Invasion and Migration Assays
Invasion and migration assays were performed using a dual chamber system. 2.5 × 105 cells
were plated in serum free DMEM onto a BD Falcon ™ Cell Culture insert with transparent
PET membranes (8.0 µm pores, Falcon, Becton Dickinson, Franklin Lakes, NJ). The cells
were treated with 10 or 20 µg/ml cisplatin, 20µM LY294002, or a combination of 10 or 20
µg/ml cisplatin and 20µM LY294002 added to the upper chamber. To assess invasion,
membranes were coated with 10 µg of BD Matrigel ™ (BD Biosciences, Franklin Lakes,
NJ). The bottom chamber was filled with DMEM containing 10% FBS as a chemoattractant.
For invasion assays, cells were incubated for 48 hours at 37°C, the non-invasive cells were
removed from the upper chamber, and filters were fixed with 100% methanol and stained
with a 0.05% Crystal Violet solution. The number of invading cells was manually counted
as the sum of 3 randomly selected fields at a 40 X magnification. The same experimental
design was used for migration experiments except that membranes were not coated with BD
Matrigel and cells were incubated for 24 hours. All experiments were performed in
triplicates.
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Cell Proliferation and Viability Assays
SKOV3, IGROV1 and OVCAR cells were seeded in tissue culture treated 48-well micro
titer plates (2.5 × 105 per well) and treated with cisplatin 24 hours later. Cell proliferation
was assessed via cell counting on a Vi-CELL Cell Viability Analyzer (Beckman Coulter) at
24 and 48 hours. The percentage of viable cells (trypan blue exclusion) was divided by the
number of total cells to yield viability ratios 24 and 48 hours after treatment.

Antibodies
MMP2 and TIMP1 antibodies were purchased from Calbiochem (San Diego, CA), TIMP2,
and MT1-MMP antibodies were acquired from R&D Systems (Minneapolis, MN).
Antibodies against phospho-4E-BP1 (T37/46), phospho-Akt (S473), Akt (total), PTEN,
phospho-S6, S6, HRP-linked goat anti-mouse antibody, and HRP-linked goat anti-rabbit
antibody were purchased from Cell Signaling (Beverly, MA). β-actin antibodies, HRP-
linked donkey anti-mouse, and HRP-linked donkey anti-rabbit were obtained from Santa
Cruz Biotechnologies (Santa Cruz, CA).

Western Blotting
To investigate the regulation of MMP2, TIMP1, TIMP2, and MT1-MMP proteins, SKOV3
and IGROV1 cells were treated with 10 or 20 µg/ml cisplatin, 20µM LY294002, or a
combination of 10 or 20 µg/ml cisplatin and 20µM LY294002. Following treatment for 24
hours, conditioned medium was collected and centrifuged at 4°C. The supernatant was used
for immunoblotting and zymography. The cell pellet from the same experiment was lysed in
ice-cold cell lysis buffer (Cell Signaling Technology, Inc. Beverly, MA) supplemented with
1 mM AEBSF. Total protein lysate was separated by electrophoresis under reducing
conditions on 10% SDS-polyacrylamide gels. For analysis of conditioned media, ice-cold
conditioned media was obtained and clarified by centrifugation to remove cells and debris.
The clarified conditioned media was concentrated 10 to 20 fold using Centricon®
Centrifugal Filters with Ultracel YM-10 membranes (Millipore Corporation Billerica, MA).
10 µg of protein was electrophoresed under reducing conditions on 12% SDS-
polyacrylamide gels. After electrotransferring the proteins to PVDF membranes (Millipore
Corporation Billerica, MA), the membranes were immunoblotted using specific primary
antibodies at 4°C overnight. The signals were detected with horseradish peroxidase–
conjugated secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA) for 1 hour and
visualized using the enhanced chemiluminescence ECL Plus ™ system (GE Healthcare
Barrington, IL) and Typhoon ™ 9400 Scanner (GE Healthcare Barrington, IL). The image
analysis and quantification were performed using ImageQuantTM TL software (GE
Healthcare Barrington, IL). The experiments were repeated up to three times.

Gel Zymography
SKOV3 and IGROV1 cells were treated with 10 or 20 µg/ml cisplatin, 20µM LY294002, or
a combination of 10 or 20 µg/ml cisplatin and 20µM LY294002. The medium was harvested
and clarified by centrifugation to remove cells and debris. The clarified conditioned media
was concentrated 10 to 40 fold using Centricon® Centrifugal Filters with Ultracell YM-30
membranes (Millipore Corporation Billerica, MA) at 4°C and 4000 rpm. 10 µg of protein
was electrophoresed under non-reducing conditions on 10% SDS-polyacrylamide gels
containing 1 mg/ml of gelatin Type A from porcine skin (Sigma-Aldrich Corp. St. Louis,
MO). The gels were washed twice in 2.5% (v/v) Triton X-100 at room temperature before
incubation in 50mM Tris-HCl (pH 7.6), 10mM CaCl2, 50mM NaCl and 0.05% Brij35
overnight at 37°C. The gels were stained with 0.5% Coomassie Brilliant Blue R-250 for at
least 1 hour and destained with methanol/acetic acid to reveal zones of gelatinase activity.
The gels were analyzed using the Typhoon ™ 9400 Scanner (GE Healthcare Barrington,

Karam et al. Page 4

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



IL). Image quantification was performed using ImageQuant ™ TL software (GE Healthcare
Barrington, IL)..

Statistical Analysis
Differences in invasion, migration, protein and enzyme levels between groups were
analyzed using 1 way ANOVA GraphPad Prism 5.00 (GraphPad Software, San Diego CA).
Results were considered significant when p<0.05.

Results
Cisplatin Inhibits Invasion and Migration

To rule out the possibility that the decrease in invasion and migration was caused by
considerable unspecific, cisplatin or LY294002 induced cell toxicity, we assessed cell
proliferation and cell viability following treatment of cells under conditions used for
migration and invasion assays. The viability decreased slightly with cisplatin treatment
(−7.4%, −14.8%, −29.6% at 24 hours; −25.7, −17.8% and −19.0% at 48 hours in SKOV3,
IGROV1 and OVCAR5 cells respectively). Similarly, PI3K inhibition alone using
LY294002 did result in only minor changes in cell viability (+0.475%, −13.2%, −1.77% at
24 hours; −3.15%, −21.4%, −5.03% at 48 hours in SKOV3, IGROV1 and OVCAR5 cells
respectively). The combination treatment with cisplatin and LY 294002 resulted in 24.1%,
28.9% and 28.0% decrease in cell viability at 24 hours, and a 30.8%, 17.5%, and 16.9%
decrease in SKOV3, IGROV1 and OVCAR5 cells respectively. Overall, the changes in cell
viability were considered modest and insufficient to account for the significant decrease in
cell migration and invasion under these treatment conditions.

We assessed the effect of cisplatin, LY294002, or a combination of both agents on invasion
and migration of SKOV3, OVCAR5, and IGROV1 human ovarian cancer cells, the results
were normalized to the respective viability ratios for each cell line, therapy and exposure
time. Figure 1A shows photomicrographs of a representative invasion experiment in SKOV3
cells. Treatment of SKOV3 cells with 20 µg/ml cisplatin or 20µM LY294002 resulted in a
statistically significant 7.67 (95% CI 3.01 to 19.5, p<0.001) and 5.64 (95% CI, 2.85 to 11.2,
p<0.001) fold reduction in the number of invading SKOV3 cells compared to untreated
controls at 48 hours (Figure 1A,B). Combination treatment with cisplatin and LY294002
resulted in a 28.5 fold reduction in invasion (95% CI 10.4 to 78.0, p<0.001). Similar results
were obtained in migration assays. Cisplatin, LY294002 and combination treatment resulted
in a 2.00 (1.18 to 3.37, p<0.01), 1.72 (1.18 to 2.52, p<0.01), and 3.52 (1.91 to 6.51, p<0.001
fold) reduction in the number of migrating SKOV3 cells at 24 hours (Figure 1C). IGROV1
cells showed a 3.02 (2.01 to 4.53, p<0.001), 3.53 (2.35 to 5.29, p<0.001), and 15.4 (10.3 to
23.2, p<0.001) fold reduction in invasion, and a 2.43 (1.39 to 4.25, p<0.01), 1.07 (0.61 to
1.87, p=NS), and 2.41 (1.38 to 4.22, p<0.01) fold reduction in migration. Similarly, in
OVCAR5 cells, invasion was reduced by 1.43 (0.94 to 2.20, p=NS), 1.84 (1.20 to 2.82,
p<0.01), and 3.78 (2.47 to 5.79, p<0.001) fold, and migration decreased by 1.60 (1.13 to
2.27, p<0.01), 1.60 (1.21 to 2.13, p<0.01), and 2.69 (1.90 to 3.81, p<0.001) fold under the
respective treatment conditions.

LY294002 Inhibits Akt Phosphorylation and Activation of Downstream Effectors
In order to confirm that LY294002 decreases PI3K/Akt/mTOR pathway signaling, SKOV3,
IGROV1 and OVCAR5 cells were incubated with 20 µM LY294002. Protein lysates were
subjected to immunoblotting for the PI3K/Akt/mTOR pathway related proteins pAkt, total
Akt, p4EBP1, pS6 and total S6. LY294002 caused a marked decrease in the levels of pAkt
in all three cell lines (Figure 2A and 2B). In addition, levels of pS6 and p4E-BP1 as two of
the main downstream targets of mTOR were significantly reduced. Total levels of Akt and
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S6 remained unchanged. This data suggests that LY294002 is an effective inhibitor of PI3K/
Akt/mTOR pathway signaling in the cell lines examined.

We observed differences in relative pAkt and pS6 levels between cell lines that are at least
partially attributed to different mutations in oncogenic pathway related genes. IGROV1 cells
contain a heterozygous deletion mutation in the PTEN gene that results in constitutively
increased pAkt levels due to the lack of PTEN phosphatase activity. SKOV3 cells harbor an
activating mutation (H1047R) in the PIK3CA gene, which encodes for the catalytic p110α
subunit of PI3K and results in continuous phosphorylation of Akt. OVCAR5 cells contain an
activating mutation (G12V) in the K-ras gene (G12V) but lack known pAkt activating
mutations in PI3K pathway related genes.

Effect of Cisplatin and LY294002 on Expression of MMP2
We investigated the molecular mechanisms underlying the decrease in cell migration and
invasion in SKOV3 and IGROV1 cells. Gel zymography of conditioned cell culture medium
was performed to assess cisplatin and PI3K inhibition induced changes in MMP2 activation.
Treatment of SKOV3 cells with cisplatin, or the combination of cisplatin and LY294002
was associated with a 6.3 (1.91 to 20.0, p <0.01), and 7.1 (2.14 to 25.1, p<0.01) fold
decrease in the level of the fully activated 62 kDa MMP2 respectively (Figure 3A,C). PI3K
inhibition alone using LY294002 reduced levels of active MMP2, but this effect was not
statistically significant (mean ratio of active MMP2 in LY294002 treated cell to control =
2.34, 0.69 to 7.76). These results were corroborated in IGROV1 cells (Figure 3A, B). Levels
of pro-MMP2 did not change with any of the treatment conditions. The mean ratio of pro-
MMP2 in the treated cells to control SKOV3 cells was 1.45 (0.82 to 2.57) for cisplatin, 1.08
(0.62 to 1.91 for LY294002, and 1.62 (0.83 to 2.88) for cisplatin and LY294002. Similarly,
pro-MMP2 protein levels remained unchanged in IGROV1 cells under these treatment
conditions (Figure 3A, C).

Cisplatin and LY294002 Decrease Levels of TIMP1 and TIMP2
We further investigated possible mechanisms of MMP2 down-regulation by cisplatin and
PI3K inhibition. The classical model for cell surface activation of MMP2 involves the
formation of a trimolecular complex comprised of MT1-MMP, TIMP2 and pro-MMP2
(Strongin et al. 1995). The transmembrane protein MT1-MMP interacts with TIMP2 in
order to bind the 72 kDa pro-MMP2. Pro-MMP2 is initially cleaved to an intermediate form
by a nearby free MT1-MMP molecule and subsequently converted into the fully active 62
kDa MMP2 (Atkinson et al. 1995). The binding of a second TIMP2 molecule or a TIMP1
molecule to MMP2 prevents its full activation.

We investigated whether cisplatin or LY294002 treatment of SKOV3 and IGROV1 cells
induces changes in the expression of TIMP1 and TIMP2. Conditioned media from treated
SKOV3 and IGROV1 cells was subjected to immunoblotting. Cisplatin, LY294002 and the
combination of cisplatin and LY294002 induced a significant 4.9 (1.18 to 20.9, p<0.05), 6.5
(1.55 to 27.5, p<0.05), and 28.4 (6.75 to 115, p<0.001) fold decrease in the level of TIMP1
expression in SKOV3 respectively. Conversely, treatment of IGROV1 cells with cisplatin,
and the combination of cisplatin and LY294002 did not result in a significant reduction of
TIMP1 levels with 1.05 (0.72 to 1.95), and 1.22 (0.8 to 2.62) fold decrease respectively,
treatment with LY294002 alone paradoxically resulted in a marginally significant 2.05 fold
(1.09 to 19.2 fold p<0.05) decrease in the level of the protein (Figure 4A, B). Treatment of
SKOV3 cells with cisplatin and the combination of cisplatin and LY294002 resulted in a 3.7
(1.66 to 8.43, p<0.01) and 5.1 (2.26 to 11.5, p<0.001) fold decrease in the level of TIMP2
protein respectively. In contrast, treatment with LY294002 alone did not result in a
significant decrease in the level of TIMP2 (mean ratio of treated to control cells = 1.43 (0.64
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to 3.23). IGROV1 cells showed a similar reduction in TIMP2 levels under treatment with
cisplatin, LY294002 or the combination of both drugs with a 1.98 fold decrease (1.25 to
4.74 fold, P<0.01), 1.55 fold decrease (1.06 to 2.84 fold, P<0.05) and 1.57 fold decrease
(1.08 to 2.92 fold, P<0.05) respectively (Figure 4A, C).

We further determined whether the observed decrease in pro-MMP2 activation induced by
cisplatin and PI3K inhibition could potentially be explained by changes in the level of MT1-
MMP expression. Protein lysates of control, cisplatin, LY294002 and combination treated
SKOV3 and IGROV1 cells were subjected to immunoblotting for MT1-MMP. No
significant changes in the levels of activated MT1-MMP were detected under any treatment
condition. In SKOV3 cells, the mean ratio of activated MT1-MMP in treated cells to control
was 0.86 (0.58 to 1.27, cisplatin), 1.05 (0.71 to 1.55, LY294002), and 1.04 (0.70 to 1.54,
cisplatin and LY294002). IGROV1 cells showed slightly reduced MT1-MMP levels
resulting in a 1.67 ( 1.03 to 4.35), 1.82, (1.09 to 5.56) and 1.79 fold decrease (1.08 to 5.26)
for treatment with cisplatin, LY294002 or the combination of both drugs respectively
(Figure 5).

Discussion
Our study demonstrates that cisplatin and inhibition of PI3K/Akt/mTOR signaling have a
profound effect on invasion and migration of human ovarian cancer cells. In addition, we
demonstrate significant changes in the expression levels of several matrix-
metalloproteinases and their inhibitors induced by cisplatin and PI3K inhibition.

Previously published studies have demonstrated that cisplatin effects the motility of various
cell lines, including developing granules cells (Pisu et al. 2005), phagocytes (Fumarulo et al.
1985; Reddy and Chatterjee 1999), and human osteosarcoma cells (Fukaya et al. 2005).
Similarly, inhibition of PI3K using LY294002 has been found to block metastatic spread
and decrease cell motility, for example, in a murine thyroid cancer model (Furuya et al.
2007). Our data is consistent with these observations. Cisplatin, LY294002 and the
combination of both drugs inhibited invasion and migration of SKOV3, IGROV1 and
OVCAR5 in our in vitro model system. The number of cells migrating was found to be
consistently lower in IGROV1 cells compared to SKOV3 and OVCAR5 cells, an effect that
is likely related to cell line specific differences in migratory potential. The concentrations of
cisplatin utilized in our study are clinically relevant, since similar levels are achievable in
patients receiving intravenous infusions of cisplatin (Holding et al. 1991).

The effect of PI3K inhibition alone is expected to be most pronounced in cell lines with
activated PI3K/Akt/mTOR signaling. In our study, the motility of all three cell lines was
decreased by LY294002 alone. This is an interesting observation since only SKOV3 and
IGROV1 cells have constitutive active PI3K/Akt/mTOR pathway signaling due to activating
mutations while OVCAR5 cells harbor a mutation in K-ras (K-ras G12V). The role of Akt in
the control of invasion and migration of cancer cells has been subject to some controversy.
Several studies have shown that Akt activation enhance tumor proliferation and suppress
cell death (Vanhaesebroeck et al. 2001; Vivanco and Sawyers 2002). In contrast, others have
demonstrated that pAkt is able to suppress tumor cell migration and/or metastasis by
promoting the breakdown of pro-tumorigenic tuberous sclerosis complex 2 (TSC2) or
inhibiting the transcriptional activity of NFAT (nuclear factor of activated T cells) (Liu et al.
2006; Wyszomierski and Yu 2005; Yoeli-Lerner et al. 2005).

Multiple molecular mechanisms regulate invasion and migration in human ovarian cancer
cells. MMP2 plays a key role in this process, and its activity is regulated by complex
protein-protein interactions on the posttranslational level (Brown et al. 1990; Overall and
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Sodek 1990; Overall et al. 1991). Our findings support this concept, since cisplatin, PI3K
inhibition alone, and the combination of cisplatin and PI3K inhibition all resulted in a
decrease in the amount of active MMP2, but no changes in the levels of MMP2 pro-enzyme.
The parallel decrease in TIMP2 protein expression with cisplatin and combination treatment
suggests an important role of TIMP2 in regulation of cisplatin and PI3K mediated regulation
of MMP2 in ovarian cancer cells. This observation is consistent with previously published
data demonstrating that TIMP2 overexpression protects neoplastic cells from cisplatin-
induced apoptosis while enhancing MMP2 expression in ovarian cancer cell lines (Kim et al.
2006).

TIMP1 has been shown to regulate MMP2 activity. Several studies have demonstrated a
correlation between elevated TIMP1 levels and diminished MMP2 activity and invasiveness
(Khokha et al. 1992; Park et al. 2005; Ramer and Hinz 2008). Our findings show that
cisplatin treatment in SKOV3 cells significantly decreases TIMP1 expression,. In IGROV1
cells, TIMP1 levels remained unchanged. In contrast, Ramer et al demonstrated that
cisplatin increases the expression of TIMP1 in HeLa human cervical carcinoma cells (Ramer
et al. 2007). Several mechanisms might explain these contrasting observations. First, the
effects of cisplatin on TIMP1 expression might be cell line specific. Second, TIMP1 has
anti-apoptotic properties and hence its decrease could contribute to the cytotoxic effects of
cisplatin (Hayakawa et al. 1992; Li et al. 1999). TIMP1 also plays an important role in the
activation as well as the inhibition of MMP9 (Kolkenbrock et al. 1995). However, we could
not demonstrate any significant MMP9 activity in our ovarian cancer cell lines again
suggesting a more important role for MMP2 in these models. In addition, MMP2 activation
is highly dependent on TIMP2 as has been shown in a TIMP2 knock-out model (English et
al. 2006). The variable effects of treatment on TIMP1 as opposed to a consistent decrease in
TIMP2 levels underscores the greater importance of TIMP2 in the activation of MMP2 as
opposed to the more limited role of TIMP1 in our ovarian cancer models.

Conclusions
Our results suggest that cisplatin and PI3K inhibition decrease human ovarian cancer cell
invasion and migration by affecting MMP2, TIMP1 and TIMP2 expression. The
combination of PI3K or mTOR inhibition with cytotoxic chemotherapy has been described
as a novel therapeutic clinical strategy for ovarian cancer patients, but the mechanism of this
treatment approach needs to be further elucidated.
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Figure 1.
Migration and invasion of cisplatin (Cis), LY294002 (LY) and combination treated SKOV3,
IGROV1 and OVCAR5 cells. (a) Photomicrograph of SKOV3 cells invading through
Matrigel-coated membranes stained with Crystal violet. (b) Mean number of invaded cells
normalized to their respective viability ratio ± SEM under different treatment conditions. (c)
Mean number of migrated cells normalized to their respective viability ratio ± SEM under
different treatment conditions. * p < 0.05, ** p < 0.01, *** p < 0.001 by 1 way ANOVA. (d)
Ratio of viable over total tumor cells as determined using a Vi-CELL Cell Viability
Analyzer at 24 and 48 hours of incubation under treatment conditions.
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Figure 2.
Inhibition of pAkt signaling by LY294002 in SKOV3, IGROV1 and OVCAR5 cells. (a)
Western blot analysis of control and LY294002 treated SKOV3, IGROV1 and OVCAR5
cell lysates using antibodies against pAkt, Akt and its downstream effectors pS6, S6 and
p4E-BP1. β-actin was used to control for equal protein loading. (b) The relative amounts of
activated pAkt and pS6 protein were determined by densitometric analysis of their
respective band intensities in each cell line.
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Figure 3.
MMP2 activity by gelatin zymography of conditioned medium from treated SKOV3 and
IGROV1 cells. (a) Gelatin zymography for MMP2. The upper band corresponds to the 72
kDa proform MMP2 gelatinase, the lower band represents the 62 kDa activated form. (b),
(c) Densitometric analysis of pro-MMP2 and MMP2 activity. The value of MMP2 and pro-
MMP2 activity is shown as percent of untreated control cells. * p < 0.05, ** p < 0.01, *** p
< 0.001 by 1 way ANOVA.
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Figure 4.
Expression of TIMP1 and TIMP2 in SKOV3 and IGROV1 cells treated with cisplatin (Cis),
LY294002 (LY) or combination. (a) Western blot analysis of conditioned media from
control and treated SKOV3 and IGROV1. (b), (c) Densitometric analysis of TIMP1 and
TIMP2 band intensities. The value of TIMP1 and TIMP2 protein levels is shown as percent
of control cells. * p < 0.05, ** p < 0.01, *** p < 0.001 by 1 way ANOVA.
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Figure 5.
MT1-MMP levels in SKOV3 and IGROV1 cells treated with cisplatin (Cis), LY294002
(LY) or the combination express similar levels of MT1-MMP. (a) Western blot of cell
lysates from treated SKOV3 and IGROV1 cells using antibodies against MT1-MMP. (b)
Densitometric analysis of MT1-MMP band intensities. The value of MT1-MMP protein
levels in treated SKOV3 and IGROV1 cells is shown as percent of the control value.
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