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The role of the vitronectin receptor (�v�3-integrin) as
a tumor promoter seems well established, and, con-
sequently, therapies that block this integrin are cur-
rently in clinical testing. We undertook the current
study to determine whether �v�3-integrin is an appro-
priate target in ovarian cancer treatment. Expression
of �3-integrin in SKOV3ip1 ovarian cancer cells led to
the overexpression of �v�3-integrin on the cell sur-
face and increased adhesion. However, �v�3-integrin-
overexpressing cells showed impaired invasion, pro-
tease expression, and colony formation. These results
were recapitulated in xenograft studies: �v�3-inte-
grin-expressing cells showed increased adhesion to
mouse peritoneum, but the overall number of meta-
static nodules (105 versus 68 tumors) and tumor
weight were significantly lower than those in the pa-
rental SKOV3ip1 cells. The �v�3-integrin-overexpress-
ing cells had a decreased proliferation rate mediated
by inhibition of cyclin B1 and induction of phospho-
Cdc2 and p53 expression, consistent with a G2M cell
cycle arrest. Confirming the above results, inhibition
of �3-integrin in cultured or primary OvCa cells de-
creased adhesion but increased invasion and prolif-
eration. Patients with tumors expressing high �3-in-
tegrin had significantly better disease-free and overall
survival (52 months versus 27 months, P < 0.05). This
study shows that �v�3-integrin expression on tumor
cells actually slows tumor progression and acts as a
tumor suppressor. Therefore, the vitronectin recep-

tor might not be an appropriate therapeutic target in
ovarian cancer. (Am J Pathol 2009, 175:2184–2196; DOI:

10.2353/ajpath.2009.090028)

Ovarian cancer is the leading cause of death from pelvic
gynecologic cancer in women living in industrialized
countries.1 It generally begins with the malignant trans-
formation of the ovarian surface epithelium, a single con-
tinuous layer of epithelial cells surrounding the ovary,
although recently an origin in the distal fallopian tube has
been emphasized.2,3 The metastasis of ovarian tumors
differs from that of other epithelial malignancies in that
ovarian cancer spreads predominantly within the abdom-
inal cavity and rarely to distant sites. The most common
metastatic sites of ovarian cancer are the infracolic
omentum, the peritoneal surfaces (e.g., diaphragm and
the small bowel mesentery), and the surface of the ab-
dominal organs inside the peritoneal cavity (e.g., sigmoid
and bladder serosa). These sites are all covered by
mesothelium and therefore possess a microenvironment
similar to that of the ovary.4 It is worthy of note that the
mesothelial and ovarian epithelial cells share a common
embryologic origin in the coelomic mesothelium.

An early step in peritoneal metastasis is the binding of
ovarian cancer cells to mesothelial cells and exposed
proteins of the extracellular matrix (ECM) via cell surface-
based integrins.5 Integrins are a group of transmem-
brane glycoproteins consisting of �- and �-subunits,
which are integrated across the plasma membrane and
provide a link between the ECM and the cytoskeletal
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molecules within the cells. On interaction of the cell with its
extracellular environment, integrins mediate cell adhesion
and migration and activate intracellular signaling pathways
modulating cell survival and apoptosis.5 Altered expression
of integrins, in the form of down- or up-regulated expres-
sion, has been detected in the majority of malignant tumors
but varies considerably according to the origin of the neo-
plasm. One of the most diversely functional integrins that is
consistently overexpressed in epithelial tumors is �v�3-inte-
grin, the classic vitronectin receptor. High expression of
�v�3-integrin and �3-integrin correlates with metastasis to
the bone in breast cancer,6 defines the conversion from
radial to vertical growth in melanoma,7 and is clearly in-
volved in tumor angiogenesis because it is highly ex-
pressed on endothelial cells.8

However, the tumor-promoting role of �v�3-integrins
has been challenged by studies in which �v�3-integrin
expression leads to suppression,9,10 rather than en-
hancement of tumor growth. Expression of �3-integrin
leading to overexpression of �v�3-integrin in human ras
transformed astrocytes impairs the colonization of the
brain by tumor cells and slows tumor growth. The �v�3-
integrin-overexpressing tumors have a defective vascu-
lature with fewer pericytes, leading to hypoxia.11 �3-Inte-
grin has been shown to be consistently overexpressed in
some ovarian cancer cell lines and primary ovarian can-
cer cells.12–14 Carreiras et al15 evaluated the expression of
�3-integrin in 19 human ovarian tumors and found that it is
more highly expressed in well differentiated cancers than it
is in high-grade cancers. This finding was confirmed by the
same group in a larger study of 38 patients.16 The expres-
sion of �3-integrin is clearly not limited to ovarian cancer.
Borderline tumors17 and normal ovarian epithelial cells also
express �3-integrin and, indeed, require it for migration18

and adhesion to fibronectin.14

Although these studies have characterized the expres-
sion pattern of �v�3-integrin on tumor and endothelial
cells in vitro and defined its function in adhesion and in
angiogenesis,14,19 it is not clear how its expression con-
tributes to ovarian tumor biology. However, because ad-
hesion is the first step of ovarian cancer metastasis,3

clinical trials in ovarian cancer using the �v�3-integrin
inhibitors20 are being considered. Therefore, our aim was
to gain a broader understanding of the role of �v�3-
integrin overexpression in ovarian cancer both in vitro and
in vivo. Although our results confirm that �3-integrin in-
creases adhesion of ovarian tumor cells, it also shows
that it significantly suppresses tumor growth and metas-
tasis. These effects are mediated by a reduced prolifer-
ation rate caused by an arrest in the G2M phase of the
cell cycle and increased apoptosis. Consistent with the
data obtained from cell lines, we found that patients with
high �3-integrin expression have an improved prognosis.

Materials and Methods

Reagents and Cell Lines

The human ovarian cancer cell line SKOV3ip1 was first
described by Dr. J. Price,21 and CaOV3 was first de-

scribed by Dr. T. Strobel and Dr. S. A. Cannistra.13 The
human primary ovarian cancer cells, MONTY-1, were
established from an omental metastasis of a patient with
ovarian cancer, and passages 4 to 7 were used for
experiments. The �3-integrin antibody (N-20) for immu-
noblotting was purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). The �v�3-integrin functional block-
ing antibody (LM 609) and the �3-integrin antibodies for
immunoblotting (B3A) and immunohistochemistry (SAP)
were from Chemicon International (Billerica, MA). The con-
trol and the �3-integrin small interfering RNAs (siRNAs)
were purchased from Ambion (Austin, TX). Phospho-Cdc2
antibodies (catalog no. 4539) were from Cell Signaling
Technology, Inc. (Danvers, MA). Fibronectin and vitronec-
tin were purchased from BD Biosciences (Bedford, MA).
Matrigel and the �-actin (CP01) and p53 (Ab-7) antibod-
ies were purchased from EMD Biosciences (San Diego,
CA). The Ki-67 (Sp6) antibody was from LabVision (Fre-
mont, CA). The urokinase antibody (rabbit polyclonal)
was from Abcam Inc. (Cambridge, MA).

Transfections

SKOV3ip1 cells were stably transfected with empty vec-
tor, pBabe-puro, and the pBabe-puro-�3-integrin plas-
mid22 using the SuperFect transfection reagent (Qiagen,
Valencia, CA). Twenty-four hours after transfection, the
medium was changed, and cells were selected with 0.5
�g/ml puromycin for 14 days. Resistant clones were
picked for expansion and characterization. �3-Integrin
expression was determined by Western blot, flow cytom-
etry, confocal microscopy, and RT-PCR and confirmed
periodically. CAOV3 and MONTY-1 cells were trans-
fected with a validated sequence of siRNAs targeting
�3-integrin. A nonspecific (scrambled sequence) siRNA
was used as negative control. CAOV3 (5 � 105) and
MONTY-1 (2 � 105) cells were transfected in a six-well
plate using the siPORT NeoFX transfection reagent (Am-
bion), and knockdown of �3-integrin was confirmed by
immunoblotting.

Adhesion Assays of Ovarian Cancer Cells to
Fibroblasts, the Three-Dimensional Omentum
Culture, Human Omentum, and In Vivo to
Mouse Abdominal Organs

Specimens of human omentum were obtained from pa-
tients undergoing surgery for benign conditions by S.D.Y.
or E.L. Informed consent was obtained before surgery
and the study was approved by the institutional review
board of the University of Chicago. Primary human me-
sothelial cells (HPMCs) and human primary fibroblasts
(HPFs) were isolated from the omentum, and purification
was verified by vimentin, keratin 8 (CAM5.2), and prolyl-
hydroxylase immunohistochemistry as described previ-
ously.4,23 Primary mesothelial and fibroblast cells at early
passages (1 to 3) were used for the experiments to
minimize dedifferentiation and modification of the original
phenotype. In brief, the three-dimensional (3D) omentum
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culture was assembled by plating 2000 primary fibroblast
cells/well along with collagen in a 96-well culture plate.
On polymerization, 10,000 primary mesothelial cells were
added to the culture and incubated at 37°C until a con-
fluent layer of mesothelial cells formed. For the adhesion
assay to the 3D omentum culture, SKOV3ip1 and
SKOV3ip1 �3-integrin cells were fluorescently labeled
with 5-chloromethylfluoroscein diacetate (green) (Invitro-
gen, Carlsbad, CA) at 37°C. Then 50,000 cancer cells
were added to the 3D culture and incubated at 37°C for
2 hours. Cells were then washed in PBS and fixed in 10%
formalin. The number of adherent cells was quantified by
measuring the fluorescent intensity (excitation 488 nm,
emission 528 nm) with a fluorescence spectrophotometer
(Synergy HT) by using a standard curve of cells in each
experiment. Samples were run in triplicate.

For adhesion assays to full human omentum, tissue
was cut into 6-mm circular disks and placed in full growth
media, and 100,000 fluorescently labeled SKOV3ip1 and
SKOV3ip1 �3-integrin cells were added on top of the
omentum. After incubation at 37°C for 2 hours, omental
disks were washed in PBS and digested in 5% nonyl
phenoxylpolyethoxylethanol (NP-40) for 30 minutes at
37°C. Cells removed during digestion were placed in a
24-well plate, and the total fluorescent intensity per well was
quantified. Adhesion assays were run in quadruplicate.

To study early adhesion to mouse peritoneum in vivo,
SKOV3ip1 and SKOV3ip1 �3-integrin cells were fluores-
cently labeled and 4 � 106 cells/ml were injected into the
peritoneal cavity of female athymic nude mice (Harlan,
Indianapolis, IN). After 4 hours, mice were sacrificed, and
full-thickness peritoneum and omentum were excised.
After the specimens were gently washed in PBS to re-
move nonadherent cells, the tissue was lysed with 1 ml of
1% NP-40 and the fluorescence was measured.23

Invasion Assay through Matrigel and 3D
Omentum Culture

Fifty thousand cells (unlabeled for Matrigel and fluores-
cently labeled for 3D omentum culture) were plated on each
well of a 24-well transwell plate (8-�m pore size) precoated
with 50 �g of Matrigel or the 3D culture assembled with
4000 HPFs and 20,000 HPMCs.24 The bottom of the trans-
well was filled with 400 �l of full growth media. After incu-
bation at 37°C, membranes were washed in PBS, and the
cells and matrix were scraped off using a Q-tip. For the
Matrigel invasion assay, the membrane was fixed in meth-
anol, stained in Giemsa, and dried. For the 3D culture, the
membrane was fixed in formalin. The number of invading
cells was quantified in five high power fields by bright-field
and fluorescent microscopy using a Leica Axiovert 200
microscope equipped with a digital camera. Each experi-
ment was conducted in triplicate.

Colony Formation Assay

To study anchorage-independent growth, six-well plates
were layered with 1.5 ml of 0.5% agarose in Dulbecco’s
modified Eagle’s medium with 10% fetal bovine serum,

and penicillin-streptomycin. Subsequently, SKOV3ip1,
SKOV3ip1 pBabe-puro, or SKOV3ip1 �3-integrin cells
(5000 cells/well) were mixed in 0.35% agarose in com-
plete medium and plated over the base agar and incu-
bated at 37°C at 95% humidity and 5% CO2. Colonies
were stained with 0.005% crystal violet and counted after
incubation for 5 weeks.

Western Blot Analysis

SKOV3ip1, SKOV3ip1 pBabe-puro, and SKOV3ip1 �3-
integrin cells were plated in six-well plates. At 70% con-
fluence, cells were centrifuged and lysed in ice-cold
RIPA buffer.25 An equal amount (20 �g) of cell extract
was separated by 10% SDS-polyacrylamide gel electro-
phoresis, transferred to nitrocellulose membranes, and
blocked with 5% milk. Membranes were incubated with
the respective antibodies: goat anti �3-integrin (1:2000),
mouse anti-cyclin B1 (1:1000), and mouse anti-actin (1:
10,000) for 1 hour at room temperature or overnight at
4°C. The blots were incubated with secondary horserad-
ish peroxidase-conjugated IgG or IgM and visualized
with enhanced chemiluminescence reagents.

Proliferation Assay

The proliferation of ovarian cancer cells was measured
using the CyQuant cell proliferation assay kit (Molecular
Probes, Eugene, OR) as described.26

Cell Cycle Analysis and Annexin V/Propidium
Iodide Binding Assay

Apoptosis was determined in cells by staining them with
both annexin V-fluorescein isothiocyanate antibody and
propidium iodide followed by flow cytometry. In brief,
medium was removed, and cells were washed twice with
PBS, removed from the plate with a cell scraper, and
incubated in binding buffer (10 mmol/L HEPES, 140
mmol/L NaCl, 5 mmol/L KCl, 1 mmol/L MgCl2, and 1.8
mmol/L CaCl2, pH 7.4) containing annexin V-fluorescein
isothiocyanate (25 �g/ml) and propidium iodide (25
�g/ml) for 30 minutes. Cells were washed three times in
binding buffer, and staining was quantified using a
FACSCalibur flow cytometer (BD Biosciences).

Cell cycle analysis was performed after the cells were
scraped off the plate, washed twice with PBS, and fixed in
70% ethanol for 30 minutes. Cells were then washed again
with PBS, and aliquots of 100,000 cells were resuspended
in 0.5 ml of propidium iodide/RNase Staining Buffer (catalog
number 550825, BD Biosciences) and incubated for 30
minutes at room temperature. Samples were analyzed by
flow cytometry using a FACSCalibur flow cytometer.

Animal Experiments

Female athymic nude mice of at least 20 g were housed
in filtered-air laminar-flow cabinets. Procedures involving
animals and their care were approved by the Institutional
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Committee on Animal Care, University of Chicago.
SKOV3ip1 cells (1 � 106) were suspended in a volume of
500 �l of PBS and injected intraperitoneally (i.p.). Thirty-
two days after injection, mice were sacrificed, and the
tumor colonies were counted, dissected, collected, and
weighed together as described previously.24,26

For the treatment study, SKOV3ip1 and SKOV3ip1 �3-
integrin cells (1 � 106) were injected into the peritoneal
cavity of female athymic nude mice and 10 days after
injection, paclitaxel (3 mg/kg/mouse) was injected once a
week for 3 weeks (10 mice/group). The mice were sacri-
ficed after 32 days. Thirty-two days has been established in
this model as the time when there are a significant number
of i.p. metastases.24 Tumor tissue was fixed in 10% PBS-
buffered formalin for Ki-67 immunohistochemistry.

Animal data were analyzed by an unpaired, two-tailed
Student’s t-test of significance, assuming equal variance
of the test and the control populations at the P � 0.05
level of significance.

Quantitative Real-Time PCR

Quantitative real-time RT-PCR was performed using the
Prism7500 TaqMan PCR detector with the following
probes from Applied Biosystems (Foster City, CA): �v-inte-
grin (Hs00233808_m1), �3-integrin (Hs01001475_m1), and
glyceraldehyde-3-phosphate dehydrogenase (Hs00266705_
gl). RNA was extracted using TRIzol and was transcribed
into cDNA using a High Capacity cDNA Kit (Applied
Biosystems). Relative levels of mRNA gene expression
were calculated using the 2���CT method as described
previously.27

Patients, Tissue Microarray, and
Immunohistochemistry

Tissue blocks from 62 patients with International Feder-
ation of Gynecology and Obstetrics (FIGO) stage I to IV
advanced ovarian cancer who had undergone surgery
performed by a gynecologic oncologist at the University
of Chicago were selected for the study after institutional
review board approval was obtained. Samples of tissue
sections were stained with H&E, and 1.5-mm cores were
punched from donor blocks, inserted into a recipient
block, and stained with H&E. The presence of tumor was
confirmed by a gynecologic pathologist (A.M.). Demo-
graphic and histopathologic data were collected as pre-
viously reported.24,26

Tissue microarray slides were deparaffinized in xylene
and hydrated with alcohol before being placed for 2
minutes in 0.4 N hydrochloric acid at 45°C followed by 5
minutes in pepsin at 50°C. Incubation with the antibody
against �3-integrin was done with a 1:100 dilution. The
slides were stained using the Envision avidin-biotin-free
detection system and counterstained with hematoxylin.
Immunoscoring was done using the cellular image anal-
ysis system ACIS (Clarient, Aliso Viejo, CA). Within the
tissue core the most representative tumor area of stan-
dardized size was selected at �100 magnification, and
the fraction of positively stained cells and the intensity of

the staining were read with the ACIS. The staining inten-
sity in this area was measured if the area contained more
than 2% epithelial cells. Staining intensity was used as a
continuous variable, and samples were categorized as
being positive or negative split on the median of the
dataset. Overall and progression-free survival estimates
were computed using the Kaplan-Meier method, and
comparisons between groups were analyzed using the
log-rank test.

Mouse tumors were formalin-fixed and paraffin sec-
tions were stained with H&E and counterstained with
eosin. Immunohistochemical analysis was performed
with antibodies against Ki-67 (1:100) and CD31 (1:50)
(Sigma-Aldrich, St. Louis, MO).

Results

Overexpression of �3-Integrin Increases Cancer
Cell Adhesion

Previous studies have shown that �v�3-integrin expres-
sion can either suppress or enhance the growth of human
tumors, but its role in ovarian cancer has not been eluci-
dated. To clarify the role of �3-integrin overexpression in
ovarian cancer metastasis, SKOV3ip1 cells were stably
transfected either with the empty pBabe-puro vector
(control) or the pBabe-puro �3-integrin expression plas-
mid, and after puromycin selection, were examined for
expression of �3-integrin. Immunoblotting for �3-integrin
showed higher expression in the �3-integrin transfected
cell clones compared with pBabe-puro transfected
SKOV3ip1 cells (Figure 1A). In addition, primary ovarian
cancer cells (MONTY-1) expressed high levels of �3-
integrin. We know that �3-integrin heterodimerizes only with
�v-integrin on the epithelial cell surface,5 but there is cur-
rently no antibody that effectively detects the �v�3-integrin
heterodimer through immunoblotting. With the most com-
monly used antibody against �v�3-integrin, LM-609, for im-
munofluorescence (Figure 1B) and fluorescence-activated
cell sorting (data not shown), we found that the expression
of �3-integrin led to the surface expression of �v�3-inte-
grin heterodimers, whereas minimal �v�3-integrin could
be detected in the parental and vector control SKOV3ip1
cells. The high expression of �3-integrin protein was mir-
rored by an increase in steady-state �3-integrin mRNA
(Figure 1C). Of note, the microscopic appearance of the
stable �3-integrin-overexpressing cells did not differ from
that of the parental cell line (Figure 1D). Because �3-
integrin only heterodimerizes with �v-integrin on epithelial
cells, the biologic effects of �3-integrin overexpression
were treated as if they were a consequence of �v�3-
integrin overexpression as reported previously.6,7,11,28,29

CaOV3 ovarian cancer cells and a primary ovarian can-
cer cell line (MONTY-1), which express �3-integrin con-
stitutively, were used to study the effects of its inhibition
(Figures 1A and 2A).

Ovarian tumor cells detach from the primary tumor and
metastasize to the peritoneal surfaces and to organs within
the abdominal cavity. These organs are covered by me-
sothelium, which is composed of a monolayer of mesothelial
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cells, resting on a collagen- and vitronectin-rich basement
membrane that is interspersed with fibroblasts.30,31 Be-
cause cancer cell adhesion is the first step in ovarian can-
cer metastasis, we investigated the effects of �v�3-integrin
overexpression on the adhesion (Figure 2) and invasion
(Figure 3) of ovarian cancer cells. To strengthen our results,
we investigated the effects of inhibiting �3-integrin using a
functional blocking antibody or siRNA (Figure 2A). �3-Inte-
grin overexpression increased the adhesion of cancer cells
to the �v�3-integrin ligands, fibronectin (P � 0.001) and
vitronectin (P � 0.001) (Figure 2B). Blocking �3-integrin
expression in cancer cells significantly reduced adhesion to
the ECM components (Figure 2B).

To investigate the contribution of the cellular compo-
nents of the mesothelium to the adhesion of �3-integrin
stably transfected cells, we extracted the cellular com-
ponents of the mesothelium—HPMCs and HPFs. We then
tested them individually as well as in an organotypic 3D
culture,23,31 in which the two cell types are combined
within a collagen ECM that mimics the histologic appear-
ance of human omentum. Overexpression of �3-integrin
increased cancer cell adhesion to mesothelial cells (P �
0.002), fibroblasts (P � 0.001), and the 3D omentum
culture (P � 0.002) (Figure 2C). Functionally blocking
�3-integrin decreased adhesion of CaOV3 cells to HPMCs
(P � 0.010), HPFs (P � 0.001), and the 3D culture (P �
0.001), respectively. In addition, knocking down �3-inte-
grin expression significantly decreased adhesion of
CaOV3 and MONTY-1 cells to HPMCs, HPFs, and the 3D
culture, respectively (Figure 2C).

To verify the applicability of these in vitro results in vivo,
SKOV3ip1 and SKOV3ip1 �v�3-integrin cells were in-
jected i.p. into nude mice. Adhesion was evaluated after
4 hours,24 the period of time required for ovarian cancer
cells to attach to the peritoneum and the omentum, as
described previously.23 The results (Figure 2D) show that
the �3-integrin-overexpressing SKOV3ip1 cells attach

more efficiently to mouse omentum and peritoneum than
the parental SKOV3ip1 cells (41,661 SKOV3ip1 �v�3-
integrin cells versus 23,653 SKOV3ip1 cells, P � 0.008).
Next, in vivo studies were done with CaOV3 and
MONTY-1 cells silenced for �3-integrin expression. Ad-
hesion was significantly reduced in �3-integrin siRNA
transfected cells compared with control siRNA trans-
fected cells (P � 0.036 and P � 0.050).

To mimic the human in vivo situation as closely as
possible, normal full-thickness human omentum was ob-
tained from patients undergoing surgery for benign con-
ditions. Addition of fluorescently labeled SKOV3ip1 �v�3-
integrin cells to human omentum (Figure 2E) showed
2.4-fold higher tumor cell adhesion compared with that
for the parental cells (P � 0.005). As expected, inhibition
(siRNA and antibody) of �3-integrin in CaOV3 and
MONTY-1 cells significantly decreased ovarian cancer
cell adhesion to the omentum (Figure 2E).

�v�3-Integrin Overexpression Decreases Cancer
Cell Invasion and In Vivo Tumor Growth

Given the increased adhesive ability of ovarian cancer
cells overexpressing �v�3-integrin, we sought to deter-
mine whether these cells are also more invasive. There-
fore, invasion into Matrigel or the 3D-culture was com-
pared between �v�3-integrin-overexpressing SKOV3ip1,
parental, and vector control cells. Cells were added onto
the Matrigel-coated wells or the 3D culture and incubated
for 24 hours, and the number of invading cells was
counted. Contrary to our expectations, �v�3-integrin
overexpression inhibited cell invasion compared with pa-
rental and vector control cells (P � 0.038 and P � 0.050)
respectively (Figure 3A). This decrease was paralleled by
a decrease in the expression of the serine protease uroki-
nase and its receptor, urokinase plasminogen activator

Figure 1. Overexpression of �V�3-integrin in an
ovarian cancer cell line. A: Western blot.
SKOV3ip1 cells transfected with pBabe-puro-�3-
integrin or with empty pBabe-puro (vector con-
trol) and primary ovarian cancer (OvCa,
MONTY-1) cells were harvested. Cell lysates
were resolved by SDS-polyacrylamide gel elec-
trophoresis and immunoblotted with anti-�3 an-
tibody. The membrane was stripped and re-
probed with �-actin. B: Immunofluorescence.
Cells were plated on chamber slides and stained
by indirect immunofluorescence using a monoclo-
nal antibody against �v�3-integrin followed by an
Alexa 488-conjugated goat anti-mouse secondary
antibody. The nucleus was counterstained with
4,6-diamidino-2-phenylindole (Dapi). The experi-
ment was repeated twice. C: Quantitative real-time
RT-PCR. Total RNA was extracted from cells and
the relative expression of �3-integrin normalized to
glyceraldehyde-3-phosphate dehydrogenase was
measured using TaqMan quantitative real-time RT-
PCR. D: Phase contrast image of SKOV3ip1 cells.
Significant differences: **P � 0.01.
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Figure 2. Overexpression of �3-integrin increases adhesion of SKOV3ip1 cells in vitro and in vivo. A: Western blot. Parental SKOV3ip1, SKOV3ip1 transfected
with pBabe-puro-�3-integrin or CaOV3 were harvested. CaOV3 and primary OvCa (MONTY-1) cells were transfected with control or �3-integrin siRNA and
harvested 72 hours later. Cell lysates were resolved by SDS-polyacrylamide gel electrophoresis and immunoblotted with anti-�3 antibody. In vitro (B, C, and E)
and in vivo (D) adhesion assays. Three sets of cells were tested: first, parental SKOV3ip1, vector control SKOV3ip1, or �3-integrin overexpressing SKOV3ip1 cells;
second, CaOV3 and MONTY-1 cells treated with control or �3-integrin functional blocking antibodies; and third, CaOV3 and MONTY-1 cells treated with control
or �3-integrin siRNA. B: Ovarian cancer cells (50,000) were fluorescently labeled and added to the indicated ECM components. Adhesion was measured by
washing the plates and the number of adherent cells was quantified by measuring fluorescence intensity and use of a standard curve of appropriate cells. Each
bar represents the mean of three wells and SD. Each graph is representative of at least three independent experiments. C: Ovarian cancer cells (50,000) were
labeled fluorescently and plated onto 96-well plates coated with HPMCs, HPFs, or a 3D culture of HPFs grown in collagen and covered by a confluent layer of
mesothelial cells. Each bar represents the average and SD of the means of three independent experiments. D: SKOV3ip1 cells were fluorescently labeled and 4 �
106 cells were injected i.p. into nude mice (n � 3). The mice were sacrificed after 4 hours, omentum and peritoneum were lysed with NP-40 and fluorescence
was measured. CAOV3 and MONTY-1 cells were incubated with blocking antibody (LM 609) and 100 nmol/L of siRNA for 72 hours. Cells were injected i.p. into
nude mice (n � 3) for the in vivo adhesion assay. Each bar represents the mean and SD of three wells. Each graph is representative of at least three independent
experiments. E: Ovarian cancer cells (100,000) were added to a piece of human omentum. After incubation for 2 hours, the human omentum was washed with
PBS, adherent cells on the omentum were lysed with NP-40, and total fluorescence intensity was measured with a fluorescence spectrophotometer. Each bar
represents the average and SD of three independent experiments. Statistical significance was determined using an unpaired, two-tailed Student’s t-test. Significant
differences: *P � 0.05; **P � 0.01.
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receptor (Figure 3B), but not of matrix metalloproteinase-
2/9 (data not shown). Conversely, inhibition (siRNA and
antibody) of �3-integrin in CaOV3 and MONTY-1 cells
increased invasion (Figure 3C). We further studied the
effect of �v�3-integrin expression on anchorage-indepen-
dent growth of SKOV3ip1 cells in soft agar, as a marker of
their transformation and tumorigenic potential. As shown
in Figure 3D, SKOV3ip1 �3-integrin-overexpressing cells
showed a 72% and 61% reduction in colony number
compared with the parental and vector control SKOV3ip1
cells (P � 0.008 and P � 0.012) respectively. Taken to-
gether, these results suggest that the expression of �v�3-
integrin promotes cell adhesion but decreases invasion and
the anchorage-independent growth of ovarian cancer cells.

We next investigated whether the effect of �v�3-inte-
grin on in vitro invasion translated into impaired tumor
growth and metastasis in vivo. �v�3-Integrin-overexpress-
ing SKOV3ip1 and SKOV3ip1 parental cells were injected
i.p. into nude mice, which were sacrificed 32 days later.
The numbers of visible metastases were counted, and the
tumors were weighed. The tumor distribution within the ab-
dominal cavities of mice injected with either of the cell
lines resembled the clinical appearance of human ovar-
ian cancer with multiple tumors on the peritoneal surface,
a large omental tumor, and involvement of the small

bowel mesentery and the ovaries. However, across two
independent studies, injection of the �v�3-integrin-over-
expressing cells resulted in 35% fewer intra-abdominal
metastases and tumors that weighed on average 53%
less than those with injection of the parental SKOV3ip1
cells (Figure 4, A and B) These results confirm the soft
agar findings (Figure 3D), which had indicated that cells
expressing �v�3-integrin are less tumorigenic.

�v�3-Integrin Overexpression Induces G2M
Phase Cell Cycle Arrest

To further understand the mechanism by which �3-inte-
grin affects tumor growth, proliferation was studied. The
proliferation of SKOV3ip1 �v�3-integrin-overexpressing
cells was 32% less than that of vector control cells (P �
0.0078) (Figure 5A). Inhibition of �3-integrin (siRNA, an-
tibody) in CaOV3 and MONTY-1 cell lines increased their
proliferation rate (Figure 5A).

These findings were validated in vivo with tumors from
the xenograft experiment (Figure 4). Tumors from control
mice showed twice as many Ki-67-positive cells (P �
0.002) (Figure 5B), a finding that is in line with the obser-
vation that the parental SKOV3ip1 cells produced larger

Figure 3. �3-Integrin overexpression reduces invasion of SKOV3ip1 cells and colony formation. A: Invasion assays
were performed using a Matrigel or 3D culture-coated Boyden chamber. Equal numbers (5 � 104) of fluorescently-
labeled cells were placed on the top chamber and allowed to invade for 24 hours. Invading cells were photographed
and counted. Columns are the mean of three experiments. B: Western blot. Lysates from vector control and
�3-integrin-overexpressing SKOV3ip1 cells were resolved by SDS-polyacrylamide gel electrophoresis and immu-
noblotted with an antibody against urokinase or the urokinase receptor. The blots were stripped and reprobed for
�-actin. C: CaOV3 and MONTY-1 cells were silenced for �3-integrin expression using siRNA and blocking antibody.
Invasion assays were performed using Matrigel or 3D culture-coated Boyden chamber as described above. Each bar
represents the average and SD of the means of three independent experiments. D: Anchorage-independent
malignant growth was determined using a soft agar assay. Cells (20,000) were plated onto agar in six-well plates,
and colonies were counted under the microscope after 21 days. The data are representative of three independent
experiments. The columns represent the mean from six different wells. Statistical significance was determined using
an unpaired, two-tailed Student’s t-test. Significant differences: *P � 0.05; **P � 0.01.
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tumors. These findings suggest that the expression of
�3-integrin suppresses cell proliferation in vivo and in
vitro, thus explaining, at least in part, the reduced tumor
growth of SKOV3ip1 �v�3-integrin cells.

To understand the mechanism by which �v�3-integrin
impairs cell proliferation, the distribution of cells in differ-
ent cell cycle phases was analyzed. The G1 and S
phases of the cell cycle were not affected by �v�3-inte-
grin overexpression, because the proportions of cells in
G1/S phases were similar (Figure 6A) and cyclin D1 pro-
tein expression was comparable in the two cell clones
(Figure 6B). However, overexpression of �v�3-integrin in
SKOV3ip1 cells resulted in a marked accumulation of
cells in the G2/M phase compared with that in the paren-
tal line (37% versus 18%, P � 0.005) (Figure 6A). Tran-
sition into mitosis at the G2/M checkpoint is regulated by
association of cyclin B1 with cdc2.26 Phosphorylation of
cdc2 at Tyr-15 leads to its inactivation and degradation of
cyclin B1, resulting in a G2/M block. To understand how

�v�3-integrin overexpression leads to the G2/M phase
cell cycle arrest, cyclin B1 and cdc2 levels were com-
pared in both cell lines. SKOV3ip1 �v�3-integrin cells
show increased cdc2 Tyr-15 phosphorylation but de-
creased levels of cyclin B1 compared with the parental
cells (Figure 6C). The G2/M checkpoint is regulated by
p53 through cyclin B1.32 Immunoblotting for p53 shows
that p53 was up-regulated in �v�3-integrin-overexpress-
ing cells (Figure 6C),23 a finding consistent with a block in
the G2 phase of the cell cycle.

Paclitaxel chemotherapy, which is the standard of care
for first-line treatment of ovarian cancer, acts by stabilizing
microtubules forming in the M phase of the cell cycle.33

Therefore, given the G2 arrest on �v�3-integrin overexpres-
sion, we hypothesized that the tumor inhibitory effect of
paclitaxel as a mitotic inhibitor would be reduced in cells
locked in the G2 phase. Indeed, paclitaxel treatment 10
days after injection of the tumor cells reduced the mean
number of metastases by 87.2% in mice injected with
SKOV3ip1 cells (P � 0.005), whereas in mice injected with
�3-integrin-overexpressing SKOV3ip1 cells the reduction
was only 61.7% (P � 0.05) (Figure 6D). The difference in
paclitaxel response between �v�3-integrin-overexpressing
cells and parental cells was significant (P � 0.05), suggest-
ing that �v�3-integrin expression makes cells partially resis-
tant to the effect of paclitaxel.

�3-Integrin Overexpression Is a Marker for a
Favorable Progression in Ovarian Cancer

The above in vitro and in vivo experiments show that
�3-integrin overexpression increases adhesion but re-
duces invasion and tumor dissemination. To determine
the net result of these effects in patients, we evaluated
�3-integrin expression by immunohistochemistry, using a
tissue microarray assembled from ovarian tissue of pa-
tients with invasive ovarian cancer (FIGO stage I to IV)
who underwent tumor cytoreductive surgery at the Uni-
versity of Chicago. The tissue microarray was stained
with an antibody against �3-integrin, and the slides were
read with an automatic imaging system. The staining
intensity was used to dichotomize the results at the me-
dian, and survival curves were calculated. Patients with
high (n � 32) �3-integrin expression had a significantly
better prognosis than those with low (n � 32) �3-integrin
expression (P � 0.021). The median overall survival with
high �3-integrin expression was 52 months, whereas it
was 27 months in patients with low �3-integrin expression
(Figure 7A). There was also a statistically significant differ-
ence in progression-free survival between patients whose
tumors had high or low �3-integrin expression (P � 0.05)
(Figure 7B). In addition, the size of the residual tumor left at
the end of surgery was a statistically significant predictor of
overall and progression-free survival, as has been reported
previously (Table 1).34

Discussion

Although the role of �v�3-integrin as a tumor promoter
seemed well established,6–8,35–37 recent studies sug-

Figure 4. Effect of �3-integrin overexpression on tumor weight and metas-
tasis in vivo. A and B: SKOV3ip1 �3-integrin and control cells (1.0 � 106)
were suspended in 500 �l of PBS and injected i.p. into nude mice (n � 10).
After 32 days, the animals were sacrificed, and the tumors counted, excised,
and weighed. The number of tumor metastases (A) and tumor weight (B) was
determined. Each point represents an individual animal and the horizontal
bar is the mean � SD. Statistical significance was determined using an
unpaired, two-tailed Student’s t-test. Significant differences: **P � 0.005. Each
graph is representative of two independent experiments with five mice in
each group (n � 10).
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gested that �3-integrin may actually inhibit tumor pro-
gression.11,28,38 In our current study, we analyzed the
effect of �v�3-integrin overexpression in an ovarian can-
cer cell line and human ovarian cancer tumors to under-
stand the role of �v�3-integrin in ovarian cancer.
SKOV3ip1 �v�3-integrin cells, CaOv3, and a primary

ovarian cancer cell line adhered efficiently to both full
human omentum and peritoneum, which is consistent
with the role of �v�3-integrin as an adhesion receptor.5

Adhesion was mediated by an overall improved ability of
the cells to attach to both the cellular components (ie,
mesothelial cells and fibroblasts) and the ECM compo-

Figure 5. �3-Integrin overexpression reduces proliferation.
A: Proliferation (in vitro). An equal number of cells were
seeded and grown on a 96-well plate, followed by washing
and freezing. The frozen cells were lysed and stained with a
fluorescent dye that intercalates into DNA, and fluorescence
was measured using a spectrophotometer. CaOV3 and
MONTY-1 cells were silenced for �3 expression using siRNA
and functional blocking antibody, and the proliferation assay
was performed. Statistical significance was determined using
an unpaired, two-tailed Student’s t-test. Significant differences:
*P � 0.05; **P � 0.01. Each bar represents the mean � SD and
is representative of three independent experiments. B: Prolif-
eration (in vivo). SKOV3ip1 tumors collected at the conclusion
of the animal study in Figure 4 were stained with a Ki-67
antibody. Representative sections at �100 final magnification
are shown. The mean percentage of Ki-67-positive cells was
analyzed from at least 3 slides per group.

Figure 6. �3-Integrin overexpression induces a
G2 phase cell cycle arrest. A: Fluorescence-acti-
vated cell sorter analysis. Cell cycle phases were
determined by staining of cells with propidium
iodide, followed by flow cytometry. Expression
of �3-integrin caused a significant increase in the
number of cells in the G2/M phase of the cell
cycle. B and C: Western blot. SKOV3ip1 or
SKOV3ip1 �3-integrin was lysed and 30 �l of
lysates were subjected to immunoblotting with
antibodies against cyclin D1, cyclin B1, phospho
(p)-Cdc2, total Cdc2, or p53. �-Actin was used as
an internal loading control. D: Effect of pacli-
taxel on tumor growth in �3-integrin-overex-
pressing cells. Mice (n � 10) were injected with
�3-integrin SKOV3ip1 or control cells. Ten days
after the injection, paclitaxel (3 mg/kg) was in-
jected once a week for 3 weeks. At autopsy,
tumors were counted, excised, and weighed.
Each point represents an individual animal and
the horizontal bar is the mean � SD. Statistical
significance was determined using an unpaired,
two-tailed Student’s t-test. Significant differences:
*P � 0.05; **P � 0.005. Each bar represents the
mean � SD (n � 10).
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nents (ie, fibronectin and vitronectin) of the human omen-
tum and peritoneum. These data could be seen as indi-
cating that �v�3-integrin-expressing cells are more
aggressive and metastatic. However, �v�3-integrin-over-
expressing cells also showed impaired collagen and Ma-
trigel invasion and colony formation. These findings were
recapitulated in xenograft studies: �v�3-integrin-overex-
pressing cells showed increased adhesion to mouse
peritoneum in vivo within 1 day (Figure 2E), but after 32
days the overall number of metastatic nodules and tumor
weight were significantly lower in these mice (Figure 4),
suggesting that tumors expressing �v�3-integrin tend to
be less aggressive.

The reduced tumor load of SKOV3ip1 �3-integrin-in-
jected mice is, at least in part, caused by a reduction in
serine protease expression, an increase in apoptosis
(data not shown), and a reduction in the proliferation rate.
The reduced DNA content is caused by an arrest in the
G2 phase of the cell cycle on �v�3-integrin overexpres-
sion. This conclusion is supported by (i) the fluores-
cence-activated cell sorter analysis showing a higher
proportion of �v�3-integrin cells in the G2/M phase com-
pared with that in parental cells, (ii) a low expression of
cyclin B1, and (iii) a high expression of both p53- and
tyrosine 15-phosphorylated cdc215 in �v�3-integrin-ex-
pressing cells, and (iv) the observation that �v�3-integrin-

overexpressing cells are less susceptible to the inhibitory
effect of paclitaxel. Two known p53-dependent pathways
can contribute to a G2 cell cycle arrest. The p53 tran-
scription factor can inhibit cyclin B1 promoter activity and
decrease the intracellular level of cyclin B1, thereby reg-
ulating the G2 checkpoint.32 Alternatively, p53 inhibits
G2/M progression through the 14-3-3 protein family.39

The 14-3-3� isoform can prevent entry into mitosis
through inactivation of cdc25C, a phosphatase that acti-
vates cdc2 through dephosphorylation on tyrosine 15.40

In �v�3-integrin-overexpressing cells both mechanisms
could mediate the G2 arrest, because p53 up-regulation
is paralleled by cdc2 Tyr-15 phosphorylation and a loss
of cyclin B1. In addition to the effect of p53 on the cell
cycle, induction of p53 by �v�3-integrin could also be
responsible for the higher apoptosis rate in the �v�3-
integrin clones (data not shown), because p53 is a known
apoptosis regulator.41

The tumor inhibitory effect of �v�3-integrin expression
is mediated not only by a reduction in proliferation and
increased apoptosis but also through inhibition of uroki-
nase and its receptor, which are important for ECM
cleavage42 and tumor cell invasion and are up-regu-
lated in ovarian cancers.43 �v�3-Integrin probably reg-
ulates urokinase transcriptionally, because we showed
previously that in Chinese hamster ovary cells �v�3-inte-

Figure 7. �3-Integrin overexpression is a prognostic marker in ovarian cancer. A: Representative immunohistochemical pictures of two different ovarian cancers
stained using an anti-human �3-integrin antibody. B: �3-Integrin overexpression correlates with a good prognosis in patients with ovarian cancer. Kaplan-Meier
curves of progression-free survival (left) and overall survival (right).
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grin expression can inhibit urokinase44 and its receptor22

through a PEA3 transcription factor binding site. We did
not find an induction of matrix metalloproteinase-2/9 ac-
tivity by �v�3-integrin, which is counter to the results of a
previous publication in which ligation of �v�3-integrin was
found to induce matrix metalloproteinase-2 activity in
melanoma cells.35

Initial studies on the role of �v�3-integrin in tumor biol-
ogy suggested a tumor-promoting role, but recently sev-
eral reports have shown that �3-integrin actually de-
creases tumorigenicity and angiogenesis.11,28,38 These
findings require a re-evaluation of the function of �3-
integrin in epithelial tumors. Convincing evidence that
�v�3-integrin promotes tumor progression is limited to
studies of melanoma progression and bone metastasis
from epithelial tumors (e.g., breast and prostate can-
cers). Several investigators have shown that �v�3-integrin
participates in the bone tropism of epithelial cancer
cells.6,36,37 For example, overexpression of �v�3-integrin
in MDA-MB-231 breast cancer cells promoted bone me-
tastases and bone destruction, which could be inhibited
with an �v�3-integrin antagonist.36 A tumorigenic role of
�v�3-integrin in melanomas is supported by two studies

showing that ligation of �v�3-integrin stimulates inva-
sion35 and that �3-integrin overexpression mediates the
transition from the radial growth phase to the more ag-
gressive vertical growth phase of primary human cutane-
ous melanomas.7 However, Danen et al38 found that
transfection of �3-integrin inhibited the invasion and me-
tastasis of melanoma cells. This study was the first to
suggest a tumor inhibitory role for �3-integrin. Later, a
growth-suppressive effect of �3-integrin was described in
a study of rat glioblastoma cells overexpressing ras, in
which cotransfection of �3-integrin inhibited tumor forma-
tion and tumor growth.11 The decreased tumor load was
explained by the ability of �v�3-integrin-expressing cells
to recruit tumor necrosis factor-�-secreting, apoptosis-
inducing macrophages, thus suggesting a mechanism
by which �v�3-integrin-expressing cells promote mac-
rophage-mediated tumor clearance.29 �v�3-Integrin was
also, at first, thought to enhance angiogenesis,8 but then
a genetic study clearly showed that mice lacking �3-
integrin show enhanced angiogenesis and tumor
growth.28 While this article was under review, Reynolds et
al10 showed that nanomolar concentrations of RGD-mi-
metic �v�3/�v�5-integrin inhibitors enhance tumor growth
and tumor angiogenesis in preclinical xenograft models.
Together with our data, their results suggest that, in some
cancers, �v�3-integrin is actually a tumor suppressor re-
ceptor. This suggestion is strongly supported by our
finding that patients with �3-integrin-overexpressing tu-
mors have significantly better disease-free and overall
survival. These data may have important implications,
because �v�3-integrin inhibitors are now being consid-
ered for the treatment of solid tumors, including ovarian
cancer. Currently, there are three classes of integrin in-
hibitors in preclinical and clinical development: a mono-
clonal antibody targeting the extracellular domain of the
�v�3-integrin heterodimer (etaracizumab [Abegrin, previ-
ously named Vitaxin or MEDI-522],45 synthetic peptides
containing an RGD sequence [EMD121974, cilengit-
ide],20,46 and peptidomimetics [S247, Pfizer, New York,
NY]).47 Based on our data examining the role of �v�3-
integrin on ovarian tumor cells and our review of the
current literature, we are concerned that blocking �3-
integrin could be detrimental and actually accelerate the
growth of some cancer cell types.

In summary, the view of �v�3-integrin as a tumor-pro-
moting adhesion receptor and the therapeutic implica-
tions of this view, should be reassessed. Several studies,
including ours, now show that, when expressed on tumor
cells, �v�3-integrin can be a marker for a less aggressive
cancer cell population and therefore, may not be an
appropriate target for inhibition.
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