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ABSTRACT

Epithelial ovarian cancer (EOC) is the most fatal gynecologic cancer in the 
U.S., resulting in >14,000 deaths/year. Most women are diagnosed at late stage 
with widely disseminated intra-peritoneal metastatic disease, resulting in a 5-year 
survival rate of <30%. EOCs spread via direct extension and exfoliation into the 
peritoneal cavity, adhesion to peritoneal mesothelial cells, mesothelial cell retraction 
to expose sub-mseothelial matrix and anchoring in the type I collagen-rich matrix to 
generate secondary lesions. As a molecular-level understanding of EOC metastasis 
may identify novel therapeutic targets, the current study evaluated the expression 
and activity of integrin-linked kinase (ILK), a Ser/Thr protein kinase activated upon 
integrin-mediated adhesion. Results show that ILK is co-expressed in EOC with the 
pro-metastatic enzyme membrane type 1 matrix metalloproteinase (MT1-MMP) and 
catalyzed phosphorylation of the cytoplasmic tail of the proteinase. Downregulation 
of ILK expression or activity reduced adhesion to and invasion of collagen gels and 
organotypic meso-mimetic cultures. As an initial early event in EOC metastasis is 
integrin-mediated adhesion, these results suggest that further evaluation of ILK 
inhibitors as anti-metastatic agents in EOC is warranted.

INTRODUCTION

Epithelial ovarian cancer (EOC) is one of the most 
common gynecologic malignancies, generally developing 
in women over the age of forty [1, 2]. EOC symptoms are 
usually vague, and with no sufficiently accurate population-
level screening test currently available, early diagnosis is 
often difficult. When women with EOC are diagnosed prior 
to metastatic dissemination, the overall 5-year survival rate 
is 92%; however, nearly 85% of women are diagnosed 
with metastasis already present, decreasing the survival 
rate to less than 30%. As mortality is directly related to 
the prevalence of metastatic disease, a molecular-level 
understanding of EOC metastasis is warranted.

Ovarian cancers spread predominantly through direct 
extension into the peritoneal cavity and by detachment or 
exfoliation from primary tumor on the ovary or fallopian 

tube, facilitating intra-peritoneal dissemination. Metastasizing 
cells initially adhere to the single layer of mesothelial 
cells lining the peritoneal cavity, whereupon they induce 
mesothelial cell retraction and exposure of the underlying 
extracellular matrix (ECM) to enable metastatic anchoring 
in the interstitial type I collagen-rich sub-mesothelial matrix 
[3]. Indeed, both in vitro studies and micrographs of excised 
human peritoneum-associated tumors have shown that the 
metastases are attached to connective tissue directly beneath 
the mesothelial cell layer (sub-mesothelial ECM) and that 
mesothelial cells are not present directly under the tumor 
mass. Metastases are most commonly found within the 
omentum, the peritoneum, the diaphragm, and bowel surfaces 
[4]. This complex process of detachment, adhesion, and sub-
mesothelial anchoring provides multiple potential targets for 
therapeutic intervention.

Adhesion of EOC cells to the sub-mesothelial collagen 
matrix is mediated by integrins, a family of transmembrane 
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glycoproteins which regulate many cell-cell and cell-matrix 
adhesive interactions [5-8]. Integrins are comprised of a 
functionally linked α and β subunit, the cytoplasmic domains 
of which make important contributions to various aspects of 
overall integrin function [9-11]. In ovarian tissues, α2, α3, 
αv, β1 and β3 integrin subunits are highly expressed [12-14]. 
Expression of β1 integrin has been directly correlated with 
shorter overall survival in women with EOC [15]. Moreover, 
cDNA microarray studies have shown that β1 integrin 
engagement also regulates expression of multiple gene 
products that contribute to metastatic successes, specifically 
membrane type 1 matrix metalloproteinase (MT1-MMP, 
MMP14) [7, 16].

A yeast two-hybrid screen identified integrin-linked 
kinase (ILK) as a binding partner of the cytoplasmic 
domains of β1 and β3 integrins [17-18]. ILK is a serine/
threonine protein kinase that regulates integrin-mediated 
cell adhesion and provides a molecular scaffold for the 
assembly of signaling molecules, physically linking ECM 
proteins and growth factors via integrins and receptor 
tyrosine kinases to the actin cytoskeleton [19-20]. Cellular 
processes facilitated by ILK activity include integrin 
relocation to focal adhesion sites, increased invasion of 
ECM, decreased cell-cell adhesion, and the suppression 
of anoikis [20-21]. ILK activity is positively regulated in 
a PI3K-dependent manner by both cell-ECM interactions 
and growth factor receptors [21-23]. Once activated, ILK 
directly phosphorylates several key signaling molecules, 
including protein kinase B (Akt) at Ser473 and glycogen 
synthase kinase 3β (GSK3β), to affect cell survival, cell 
cycle, cell adhesion and ECM modification [24]. Previous 
studies have shown that ILK expression is enhanced in 
advanced ovarian tumors compared to benign ovarian 
tumors and normal ovarian epithelium [25]. Inhibition of 
ILK has been shown to induce apoptosis and cell cycle 
arrest, making ILK an attractive therapeutic target for 
cancer treatment [26].

Many of the extracellular events responsible for 
the regulation of metastatic cell behavior occur at the cell 
membrane and are controlled by pericellular proteolysis. 
Matrix metalloproteinases (MMPs) are zinc-dependent 
extracellular matrix degrading proteases that facilitate 
proteolysis at the cell surface to directly influence cell 
behavior [27-31]. Enhanced expression of MMPs is crucial 
to tissue remodeling and has been widely implicated in 
tumor invasion, metastasis, and angiogenesis [27-32]. These 
observations have prompted considerable interest in utilizing 
MMP inhibitors in large scale cancer clinical trials, but most 
have shown limited efficacy and treatment failure, attributed 
to the broad spectrum nature of most compounds [33-34]. 
Membrane type 1 matrix metalloproteinase (MT1-MMP or 
MMP-14) is a transmembrane collagenase that is not detected 
in normal ovarian surface epithelium nor in benign ovarian 
tumors, but is widely expressed in ovarian carcinomas of 
all histologic types, with enhanced expression in metastases 
relative to primary tumors [16, 35-37]. High expression 

of MT1-MMP has been linked with decreased survival in 
EOC patients [38-36]. MT1-MMP activity at the EOC cell 
surface is implicated in a number of pro-metastatic events, 
including induction of cell-matrix detachment and metastatic 
shed, promotion of multi-cellular aggregate formation, 
invasion of the collagen-rich sub-mesothelial matrix, and 
proliferation within a physically constrained 3-dimensional 
matrix microenvironment [6, 39-41]. The MT1-MMP 
transmembrane domain consists of a stretch of hydrophobic 
amino acids that traverse the cell membrane, and a short 
(20 amino acid) cytoplasmic tail [42]. Localization of active 
MT1-MMP to the plasma membrane facilitates modification 
of the pericellular micro-environment. In addition to control 
of proteinase activity via inhibitors, MT1-MMP activity at 
the cell surface is regulated through phosphorylation of its 
cytoplasmic tail and numerous studies have demonstrated 
cytoplasmic tail involvement in intracellular signaling, 
intermolecular interactions, and cellular responses [40, 41, 
43, 44]. The objective of the current study was to evaluate 
the expression of ILK and MT1-MMP in ovarian cancer 
cells and tissues and to examine the effect of ILK inhibition 
on pro-metastatic ovarian cancer cell behavior.

RESULTS

ILK and MT1-MMP are co-expressed in human 
ovarian tumor tissues and cells

It has previously been reported that expression of 
ILK correlates with the progression of ovarian cancer, with 
enhanced expression found in high-grade human tumors 
compared to weak staining in low-grade lesions [25]. To 
determine whether ILK and MT1-MMP immunoreactivity 
are similarly localized in ovarian cancer, serial sections of 
a tumor tissue microarray were subjected to IHC analysis 
for either ILK or MT1-MMP. Representative examples 
of positive staining are shown in Figure 1A and 1B, 
respectively. From this TMA, 39% of the cores stained 
positively for ILK (graded as ‘moderate’ or ‘strong’). Of 
the ILK positive cores, 53% also stained positively for 
MT1-MMP. Co-expression of ILK and MT1-MMP was 
confirmed in a panel of ovarian cancer cell lines using real 
time quantitative PCR analysis (Figure 1G). As DOV13 
cells exhibited the highest expression of MT1-MMP, 
immunofluorescence microscopy was used to examine 
protein expression. As shown in Figure 1C-1F, both ILK and 
MT1-MMP proteins were expressed, with co-localization 
observed at various points on the cell membrane. Co-
localization of ILK and MT1-MMP, together with previous 
studies showing phosphorylation of Thr567 of the MT1-
MMP cytoplasmic tail [40, 41, 43], suggest that MT1-MMP 
may be an ILK substrate. To examine this possibility, cell 
lysates were immuno-precipitated with antibodies directed 
against MT1-MMP and the resulting precipitates probed 
with antibodies directed against MT1-MMP (Figure 1H, 
upper panel), phospho-Thr (Figure 1H, middle panel) or 
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ILK (Figure 1H, lower panel). Results show the presence of 
MT1-MMP/ILK complexes containing Thr-phosphorylated 
MT1-MMP.

Modulation of ILK expression and/or activity 
alters ovarian cancer cell behavior

To examine the contribution of ILK to cellular 
events that are impacted by MT1-MMP, ILK expression 
and/or activity were modulated. Initial attempts to 
overexpress wild-type and constitutively active ILK 
resulted in significant cellular toxicity (not shown). As 
an alternative approach, siRNA-based silencing of ILK 
expression and small molecule inhibition of ILK activity 
were utilized. Real time quantitative PCR analysis 

revealed significant suppression of ILK mRNA in cells 
transfected with ILK siRNA compared to non-targeted 
siRNA control (NTC-siRNA) at 24 hours (p=0.050, data 
not shown) and 48 hours (Figure 2A). Down-regulation at 
the protein level was also demonstrated via western blot 
analysis (Figure 2B, top panel). Loss of ILK was further 
confirmed by examining phosphorylation of AKT in cells 
plated on type I collagen as a surrogate measure of ILK 
kinase activity. Reduced levels of pAkt-Ser473 are apparent 
when ILK is silenced using siRNA (Figure 2B, center 
panel). It should be noted that non-transfected control 
cells and NTC-siRNA cells behaved interchangeably 
throughout these studies. Similarly, treatment of cells 
with the ILK inhibitor QLT0267 also blocks AKT-Ser473 
phosphorylation in a dose-dependent manner (Figure 2C).

Figure 1: Expression of ILK and MT1-MMP in human ovarian carcinoma tissues and cells. A, B. Microarrayed cores 
of ovarian adenocarcinoma were subjected to immunohistochemical analyses for ILK (A) or MT1-MMP (B) as described in Materials 
and Methods. 20x magnification. C-F. Fluorescence co-localization of ILK and MT1-MMP in DOV13 human ovarian cancer cells. 
Subconfluent monolayers of cells were seeded onto collagen type I coated coverslips and processed for immunofluorescence. (C) ILK 
(red), (D) MT1-MMP (green), (E, F) representative merged images. G. Quantitative real time PCR analysis of ILK and MT1-MMP in 
ovarian cancer cells. The comparative CT method was used to determine average relative quantitation. Results represent the mean of a 
minimum of three independent experiments. H. Immunoprecipitation of MT1-MMP. Cell lysates were subjected to immunoprecipitation 
with anti-MT1-MMP antibody (designated ‘MT1’) or control IgG and protein G beads. Immunoprecipitates were electrophoresed on 9% 
polyacrylamide gels and subject to western blotting using anti-MT1-MMP (upper panel), anti-phospho-TXR antibodies (middle panel) or 
anti-ILK antibodies (lower panel), followed by secondary antibodies and enhanced chemiluminescent detection.
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Figure 2: Regulation of ILK expression and activity. A. siRNA-mediated silencing of ILK expression as confirmed using 
quantitative real time PCR analysis of ILK levels as described in Materials and Methods. Results are expressed relative to non-targeting 
control siRNA (NTC) and represent the mean of a minimum of three independent experiments. A Mann-Whitney U test was employed to 
determine statistical significance between NTC siRNA and ILK-siRNA as indicated. No difference between untreated and NTC siRNA was 
detected at any time point (0 h, p=0.479; 48 h, p=0.487). A significant difference is observed comparing either untreated or NTC-siRNA 
with ILK-siRNA at 48 h (p<.001 in both cases). B. Western blot analysis showing expression of ILK (upper panel) in cells transfected 
with NTC-siRNA or ILK-siRNA as indicated. In the middle panel, cell lysate was probed with the ILK downstream mediator phospho-
AKT-Ser473. Lower panel is probed with GAPDH as a loading control. C. Western blot analysis showing inhibition of ILK activity using 
QLT0267, as determined by evaluating phosphorylation of AKT. Cells were treated with the ILK inhibitor QLT0267 or vehicle control, 
as indicated. Cell lysates were probed with antibodies directed against phospho-AKT-Ser473 (upper panel), total AKT (middle panel), or 
GAPDH (lower panel) as indicated.
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Multicellular aggregates (MCAs) function as a key 
metastatic unit for ovarian cancer and we have previously 
shown that ectopic or endogenous MT1-MMP expression 
leads to the formation of larger MCAs [40]. Comparison 
of MCAs formed by control cells or cells transfected with 
ILK siRNA show that downregulation of ILK expression 
disrupts MCA integrity, resulting in the formation of less 
cohesive MCAs (Figure 3A). Morphometric analysis of 
changes in MCA formation were quantitatively assessed 
by measuring the length (l) and width (w) of MCAs. 
Whereas control MCAs are quite spherical (l/w = 1.05 
+/- 0.02), MCAs formed from cells with ILK knockdown 
formed ellipsoids (l/w = 1.23 +/- 0.04). These results are 
consistent with previous data showing that MCAs form 
less efficiently when cells express a phospho-defective 
variant of MT1-MMP (T567A mutant) [40] and suggest 
that ILK-catalyzed MT1-MMP phosphorylation may 
modulate MCA dynamics. This effect is likely related to 
the inability of cells to spread efficiently in the absence 
of ILK activity, as shown in control experiments using 
cells treated with the ILK inhibitor QLT0267 (Figure 3B). 
These data show that while cell length remains similar, 
cells appear with elongated projections with very little 
cytoplasmic spreading.

ILK activity is stimulated by adhesion to the 
extracellular matrix [45] and ILK has been shown to 
regulate integrin-mediated cell adhesion, migration, and 
cytoskeletal reorganization. As collagen type I is the most 
abundant matrix protein in the sub-mesothelial stroma 
and is the preferred substrate for β1 integrin-mediated 

ovarian cell attachment during peritoneal metastasis 
[5-8, 46], the role of ILK in the attachment to and invasion 
of collagen type I was assessed. To evaluate adhesion 
to collagen, cells were incubated atop a collagen type 
I matrix, washed to remove non-adherent cells, and 
adherent cells were enumerated.Relative to controls, 
adhesion was significantly reduced by inhibition of ILK 
activity using the small molecule inhibitor QLT0267 
or by downregulation of ILK expression using siRNA 
(Figure 4A). Our lab and others have previously shown 
that MT1-MMP activity is necessary to support the type 
I collagen invasive phenotype by ovarian cancer cells 
[5, 16, 37, 40]. To examine the contribution of ILK activity 
to this process, cells were incubated in a transwell chamber 
containing a type I collagen gel and cells migrating through 
the 3-dimensional gel to the underside of the collagen 
coated membrane were enumerated. Inhibition of both 
ILK activity and ILK expression significantly impacted 
collagen invasive activity relative to parental cells (control) 
or cells transfected with a non-targeting control siRNA 
(NTC-siRNA) (Figure 4B). Cell viability was not altered 
by incubation for 24 h with the ILK inhibitor (not shown).

An initial early event in ovarian cancer metastasis 
is the adhesion of tumor cells to peritoneal mesothelial 
cells, leading to retraction of the mesothelial monolayer 
and exposure of the submesothelial ECM [3, 4, 47]. This 
process has been shown to involve β1 integrin mediated 
cell-cell adhesion [7-8]. To evaluate the effect of ILK 
silencing on ovarian cancer cell attachment to live meso-
mimetic organotypic cultures, human mesothelial cells 

Figure 3: Reduced ILK modulates MCA formation and cell spreading. A. MCAs were generated using the hanging drop 
method as described in Materials and Methods. Representative examples of two MCAs formed from NTC-siRNA control cells (control, 
upper panels) and ILK-knockdown cells (ILK-siRNA, lower panels) are shown. Scale bar, 400 um. B. Cells were plated on coverslips and 
incubated with vehicle (control, upper panel) or the ILK inhibitor QLT0267 (+QLT, lower panel, 25 uM) for 12 h prior to visualization with 
light microscopy.
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Figure 4: Effect of modified ILK expression and activity on adhesion to and invasion of type I collagen. A. Adhesion 
to type I collagen. Untreated control cells (control, black bar), cells treated with QLT0267 (25 uM, dark grey bar), cells transfected with 
non-targeting control siRNA (NTC-siRNA, light grey bar) or cells transfected with ILK-targeting siRNA (ILK-siRNA, white bar) were 
incubated in wells coated with type I collagen for 30 min prior to washing to remove unbound cells and quantitation of adherent cells. 
Results are depicted as the percentage of total cells seeded allowed to adhere overnight and represent the mean of three independent 
experiments. Statistical significance was determined using Mann-Whitney U tests and p values are indicated. B. Invasion of 3-dimensional 
collagen gels. Cells, defined as in (A), were seeded into transwells containing a 8 um pore filter overlaid with a 3-dimensional collagen 
gel as described in Materials and Methods. After incubation for 24 h, non-invading cells were scraped from the top of the filter, the filter 
was removed and stained. Invading cells adherent to the underside of the filter were enumerated. Results represent the percentage of cells 
migrated relative to total cells seeded and represent the mean of three independent experiments. Statistical significance was determined 
using Mann-Whitney U tests and p values are indicated.
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(LP9) were plated atop a collagen type I matrix and grown 
to confluency. Fluorescently labeled EOC cells were 
then seeded atop this mesothelial monolayer, incubated 
for 30 minutes, washed to remove non-adherent cells, 
and adherent cells were enumerated. Inhibition of ILK 
activity or expression significantly reduced ovarian cancer 
cell adhesion to the meso-mimetics (Figure 5A). MT1-
MMP activity enhances ovarian cancer cell penetration of 
meso-mimetic cultures [48]; however the effect of ILK 
on this process has not been previously examined. Using 
live meso-mimetic cultures generated atop 8μm porous 
membranes seated in the upper compartment of a transwell 
insert, invasive activity was evaluated. Reduction of ILK 
activity with QLT0267 or ILK expression with siRNA 
significantly inhibited ovarian cancer cell invasion of 
meso-mimetic cultures (Figure 5B).

DISCUSSION

A more detailed understanding of the molecular 
mechanisms integral to early events in ovarian cancer 
metastasis, namely adhesion and invasion, is key to creating 
successful anti-metastatic therapeutics. MT1-MMP, an 
extracellular matrix degrading protease localized to the cell 

surface, has been implicated in invasion and metastasis of 
a number of human tumor cells [6, 39-42]. MT1-MMP has 
not been detected in normal OSE nor in benign ovarian 
tumors, but is widely expressed in ovarian carcinomas, 
where its enzymatic activity is key in promoting the 
migration to and invasion of sub-mesothelial collagen 
matrices [5, 16, 35, 38]. There is evidence to suggest that 
MT1-MMP activity is regulated through phosphorylation 
of Thr567 on its cytoplasmic tail [40, 41]. Expression and 
activity of ILK, a serine/threonine kinase activated by 
integrin-mediated cell adhesion, is increased in several 
different cancer types [49]. Overexpression and constitutive 
ILK activation promotes tumor formation in transgenic 
mice and also provokes oncogenic cell transformation into 
anchorage-independent, highly migratory and invasive cells 
[50]. In ovarian cancer, studies have shown up-regulated 
ILK expression compared to benign tumors and normal 
ovarian epithelium; additionally, a direct relationship 
between ILK expression and ovarian tumor grade has been 
demonstrated [25]. EOC metastatic implantation is initiated 
via intraperitoneal adhesive events resulting from cell-cell 
and cell-matrix interaction to mesothelial cells and tissues. 
β1 integrin-mediated adhesion has been implicated as a key 
event in this process and ILK is activated by β1 integrin 

Figure 5: Effect of modified ILK expression and activity on adhesion to and invasion of live mesothelial cell monolayers 
or meso-mimetic cultures. A. Adhesion to mesothelial monolayers. Untreated control cells (control, black bar), cells treated with 
QLT0267 (25 uM, dark grey bar), cells transfected with non-targeting control siRNA (NTC-siRNA, light grey bar) or cells transfected 
with ILK-targeting siRNA (ILK-siRNA, white bar) were fluorescently labeled with CMFDA and incubated in wells containing a confluent 
monolayer of LP9 human peritoneal mesothelial cells for 30 min prior to washing to remove unbound cells and quantitation of adherent 
cells. Results are depicted as the percentage of total cells seeded allowed to adhere overnight and represent the mean of three independent 
experiments. Statistical significance was determined using Mann-Whitney U tests and p values are indicated. (Continued )
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adhesion, resulting in phosphorylation of cytoplasmic 
substrates that regulate key cellular processes. The current 
data support MT1-MMP as an additional ILK substrate 
and show that modulation of ILK expression and activity 
inhibit MT1-MMP-related pro-metastatic behaviors of 
ovarian cancer cells.

It has previously been reported that ILK is 
expressed in advanced ovarian cancers [25]. Our data 
confirm positive immunoreactivity for ILK in a subset 
of human ovarian tumor tissues. The staining of tumor 
tissue microarray serial sections for MT1-MMP revealed 
similar patterns of expression, with positive MT1-MMP 
immunoreactivity in approximately half of all tissues with 
positive ILK expression. Evaluation of ILK and MT1-
MMP mRNA levels in ovarian cancer cells supported the 
co-expression of ILK and MT1-MMP. Fluorescence co-
localization of the proteins at the cell membrane and co-
immunoprecipitation of Thr-phosphorylated MT1-MMP 
with ILK provide additional support for the hypothesis that 
ILK-MT1-MMP interactions may regulate ovarian cancer 

cell behavior. Indeed, similarly enhanced invasive activity 
was observed using MDA-MB-231 cells transfected to 
express a phospho-mimetic T567E mutant of MT1-MMP 
[41]. Results of the current study show that knockdown 
or pharmacologic inhibition of ILK in ovarian cancer 
cells also modulates MCA dynamics, inhibits adhesion 
to collagen and mesothelial cells, and blocks invasion of 
3-dimensional collagen gels as well as organotypic meso-
mimetic cultures. These data support ILK as a potential 
therapeutic target to impede ovarian cancer metastasis. It 
is currently unclear why ILK silencing resulted in larger 
effects on adhesion and invasion relative to ILK inhibitor 
treatment, but this could possibly be related to issues of 
inhibitor stability in aqueous solution. It should also be 
noted that, based on the current data, we can not rule out 
the possibility that Ser/Thr kinases in addition to ILK may 
phosphorylate MT1-MMP. For example, it has previously 
been reported that phorbol ester-stimulated activation 
of protein kinase C induced Thr567 phosphorylation 
of MT1-MMP, impacting the migration and invasion 

Figure 5: (Continued ) Effect of modified ILK expression and activity on adhesion to and invasion of live mesothelial 
cell monolayers or meso-mimetic cultures. B. Invasion of meso-mimetic cultures. Control cells transfected with non-targeting siRNA 
(NTC-siRNA, black bar), NTC-siRNA control cells treated with QLT0267 (NTC-siRNA+QLT, dark grey bar), or cells transfected with ILK-
targeting siRNA (ILK-siRNA, white bar) were fluorescently labeled with CMFDA and incubated in transwells containing organotypic meso-
mimetic cultures comprised of a confluent layer of LP9 human peritoneal mesothelial cells cultured atop a 3-dimensional type I collagen gel 
on a porous membrane [57-58]. After incubation for 24 h, cells were scraped from the top of the filter, the filter was removed and stained. 
Invading cells adherent to the underside of the filter were enumerated. Results represent the percentage of cells migrated relative to total cells 
seeded and represent the mean of three independent experiments. A Kruskal-Wallis test was used to find a significant mean difference among 
all three groups (p=0.007). Statistical significance between 2 groups was determined using Mann-Whitney U tests and p values are indicated.
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of fibrosarcoma cells [51]. Additional Ser/Thr kinases 
including Akt, GSK3β, and MEK are also prevalent in the 
ovarian tumor microenvironment and are activated by a 
variety of stimuli, raising the possibility that reversible 
phosphorylation of MT1-MMP may function as a control 
mechanism to regulate proteinase-dependent cellular 
functions.

Together with the results of the current study, 
recent reports demonstrate the potential efficacy of ILK 
inhibition in ovarian cancer. ILK expression was shown 
to be enhanced downstream of endothelin-1/endothelin 
A receptor signaling and inhibition of this signaling axis 
reduced tumor growth [52]. Silencing of ILK expres
sion using shRNA in ovarian cancer cells suppressed 
anti-apoptotic bcl-2 and increased pro-apoptotic bax 
expression, leading to enhanced apoptosis [53]. Depletion 
of ILK also delayed tumor formation in sub-cutaneous 
ovarian cancer xenograft models [50, 54]; however intra-
peritoneal tumor growth was not evaluated. In a breast 
cancer model, pharmacologic inhibition of ILK with 
QLT0267 was shown to be synergistic with docetaxel, 
demonstrating enhanced cytotoxic activity, significantly 
reduced tumor growth, and enhanced survival compared 
to either agent alone [55]. These results suggest that 
further evaluation of ILK inhibitors, either alone or in 
combination with standard chemotherapeutic agents, is 
warranted in intra-peritoneal xenograft models of ovarian 
cancer metastasis.

MATERIALS AND METHODS

Materials

Anti-ILK antibodies were purchased from Millipore 
(Billerica, MA) (for Western blotting), Abcam (Cambridge, 
MA) (for immunoprecipation), or Sigma-Aldrich (St. Louis, 
MO) (for immunofluorescence). Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) antibodies were purchased from 
Santa Cruz Biotechnology, Inc (Santa Cruz, CA). Antibodies 
directed against phospho-Akt(Ser473), total Akt, and 
phospho-Threonine (in the sequence phospho-Threonine-X-
Arginine) were purchased from Cell Signaling Technology 
(Beverly, MA). MT1-MMP antibodies were purchased 
from Epitomics (Burlingame, CA). Rat tail collagen type I 
was purchased from BD Biosciences (San Diego, CA). Cell 
culture media and additives were purchased from Gibco 
Invitrogen (Carlsbad, CA) unless otherwise stated. TaqMan 
materials (TaqMan Fast Universal PCR Master Mix and 
TaqMan Gene Expression Assay Mix) were purchased from 
Life Technologies, Inc (Carlsbad, CA). The EDTA-free 
Complete Protease Inhibitor and Halt Phosphatase Inhibitor 
cocktails used in modified RIPA buffer were purchased from 
Roche Diagnostics (Indianapolis, IN) and Thermo Scientific 
(Rockford, IL), respectively. Protein G Sepharose beads 
used in immunoprecipitation studies were purchased from 
Sigma-Aldrich (St. Louis, MO). Immobilon-P polyvinylidene 

membranes were purchased from Millipore (Billerica, MA). 
SuperSignal West Dura Chemiluminescent Substrate was 
purchased from Thermo Scientific (Rockford, IL). ILK 
inhibitor QLT0267 was a generous gift from Dr. Shoukat 
Dedhar (BC Cancer Research Centre, Vancouver, B. C.). All 
chemicals were analytical grade.

Cell lines and cell culture

Cells (DOV13, OVCA433, SKOV3 and ES2) 
were maintained in a humidified incubator under standard 
conditions (37°C with 5% CO2). Ovarian cancer cell lines 
DOV13 and OVCA433 were generously provided by Dr. 
Robert Bast, Jr. (M.D. Anderson Cancer Center, Houston, 
TX). ES2 and SKOV3 cells were obtained from ATCC. 
Cells were maintained in minimum essential media (MEM) 
supplemented with 10% fetal bovine serum (FBS), 1mM 
sodium pyruvate, 1mM non-essential amino acid, 50U/ml 
penicillin, and 50μg/ml streptomycin; DOV13 medium 
required an addition of 10μg/ml human recombinant 
insulin (Life Technologies, Inc., Carlsbad, CA). The human 
peritoneal mesothelial cell line LP9 was obtained from 
Coriell Aging Cell Repository (Coriell Institute, Camden, 
NJ). The LP9 cell line was maintained in 1:1 ratio Medium 
199 and Ham’s F12, supplemented with 15% FBS, 2mM 
glutamine, 1mM HEPES, 20mg/ml epidermal growth factor 
(R&D systems, Minneapolis, MN), 0.4μg/ml hydrocortisone, 
and 50U/ml penicillin, and 50μg/ml streptomycin.

Knockdown of ILK was completed using the ILK-
targeted TriFECTa™ Dicer-Substrate RNAi kit (Integrated 
DNA Technologies, San Diego, CA) and Lipofectamine® 
RNAiMAX transfection reagent (Life Technologies, Inc., 
Carlsbad, CA) according to manufacturers’ protocol. 
Briefly, a transfection cocktail (Opti-MEM, Lipofectamine® 
RNAiMAX and either ILK siRNA duplex or included 
non-targeting control siRNA) was placed in a cell culture 
vessel and incubated at room temperature for 5 minutes. 
Subconfluent DOV13 cells were trypsinized, neutralized, 
suspended in antibiotic-free media, and diluted to 2.5x105 
cells/ml. Upon incubation termination, 1ml of cell 
suspension was added to transfection cocktail and the entire 
solution incubated for 24 hours. After initial incubation, 
samples were again subjected to fresh transfection cocktail 
for an additional 24 hours. After this final incubation, 
samples were assessed to confirm knockdown and utilized 
immediately as described. For pharmacologic inhibition of 
ILK, cells were incubated with the ILK inhibitor QLT0267 
(dissolved in DMSO) at the indicated doses in serum-free 
media, or with vehicle-only control.

Western blotting and immunoprecipitation

Whole cell lysates from attached cultures were 
collected by the following process: the cell monolayer was 
washed twice with phosphate-buffered saline, treated with 
600μl modified RIPA lysis buffer (150mM NaCl; 50mM 
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Tris, pH 7.5; 20mM NaF; 10mM Na2P2O7; 5mM EDTA; 
1% Triton X-100; 0.1% SDS) containing protease inhibitor 
and/or phosphatase inhibitor cocktails as appropriate, for 
10 minutes at 4ºC, scraped for complete collection, and 
then passed through a 26⅝ gauge syringe 5 times. Protein 
concentration was measured using DC™ Protein Assay 
(Bio-Rad Laboratories, Inc., Hercules, CA). For western 
blotting of whole cell lysates, lysates were collected as 
described above and protein content standardized. Protein 
(20μg) was electrophoresed on 9% SDS-polyacrylamide 
gels and transferred to methanol-activated polyvinylidene 
membranes. After transfer, membranes were incubated 
with 3% BSA in TBST (150mM NaCl, 25mM Tris, 0.05% 
Tween 20) to block non-specific binding for 1 hour at 
room temperature. Primary antibodies were diluted as 
indicated in 3% BSA/TBST and incubated overnight at 
4ºC. After washing, the membranes were incubated with 
horseradish peroxidase-conjugated secondary antibodies 
for 1 hour at room temperature, and then visualized 
with enhanced chemiluminescence using ImageQuant™ 
LAS4000 (GE Healthcare Life Sciences, Pittsburgh, PA). 
For assessment of controls, membranes were stripped of 
antibody by washing for 1 hour at room temperature in 
an optimized stripping buffer (150mM NaCl; 100mM 
β-mercaptoethanol; 50mM Tris, pH 6.8; 1% SDS; 
0.02% NaN3), and then re-probed as appropriate for the 
control antibody. Samples were normalized to control 
antibody (GAPDH) and quantified using Multigauge v.2 
for densitometric analysis (FUJIFILM, Tokyo, Japan). 
The migration positions of proteins were evaluated 
for consistency with reported molecular weights as 
determined using the formula: Rf = migration of protein/
migration of dye front relative to a comparison the 
migration position of molecular weight standards plotted 
as Log Mwt vs Rf. Immunoprecipitation was performed as 
previously described [41].

Quantitative real time PCR (qPCR)

RNA was extracted from 106 cells (as indicated) 
using RNeasy Mini Kit (Qiagen, Valencia, CA) in 
accordance with the manufacturer’s instructions. cDNA was 
synthesized from 1-5μg of total RNA using RT2 First Strand 
Kit (Qiagen, Valencia, CA). Real time PCR was performed 
on a StepOnePlus™ Real-Time PCR System (Applied 
Biosystems, Foster City, CA). Detection of ILK was 
achieved using a specific Taqman Gene Expression Assay 
(Hs00199714_m1, Applied Biosystems, Foster City, CA) 
and conditions for amplification were as recommended by 
Applied Biosystems: an initial denaturation for 20 seconds 
at 95ºC followed by 40 cycles of 95ºC for 1 second and 
60ºC for 20 seconds. Taqman assay for housekeeping gene 
hypoxanthine ribosyltransferase (HPRT, Hs99999909_
m1, Applied Biosystems, Foster City, CA) was used for 
normalization. Conditions for amplification using the 
iTaq SYBR Green Supermix (Bio-Rad Laboratories, Inc., 

Hercules, CA) as a fluorescent reporter were as follows: 
an initial denaturation for 10 min at 95ºC followed by 
40 cycles of 95ºC for 15s and 60ºC for 30s. PCR primer 
specificity was determined via melting curves, where 
products were heated at 95ºC, cooled to 65ºC, and then 
slowly melted at 0.5ºC/s up to 95ºC. In some experiments 
GAPDH was used as an internal control in each reaction 
(Applied Biosystems, Foster City, CA). The comparative CT 
method (2-(ΔC

t
sample - ΔC

t
control)) was used to determine average 

relative quantitation.

Immunohistochemistry and immunofluorescence

Immunohistochemical detection of antigen 
content in malignant ovarian tissue was performed using 
commercially available tissue microarrays containing 46 
cores of ovarian adenocarcinoma (Biomax 110118) (US 
Biomax, Rockville, MD). Of the cores evaluated, 39 were 
serous adenocarcinoma, 2 mucinous adenocarcinoma, 
2 endometrioid adenocarcinoma, and 3 clear cell 
carcinoma. The TMAs were de-parrafinized in xylene 
for 5 minutes (thrice) and soaked in absolute alcohol 
for 3 minutes. To inhibit endogenous peroxidase, slides 
were incubated for 30 minutes in 3.3% H2O2in methanol. 
Antigen retrieval was accomplished by incubation in 
heated sodium citrate (10mM) for 1 hour. Slides were 
processed using VECTASTAIN Elite ABC kit (Vector 
Laboratories, Burlingame, CA). Nonspecific interactions 
were blocked by using normal horse serum for 30 minutes 
at room temperature. Primary antibodies were diluted 
1:20 in 0.01% phosphate buffered saline (PBS), pH 7.4 
and incubated overnight at 4°C in a humidified chamber. 
Bound antibodies were detected by using a BioGenex 
IHC kit containing biotinylated secondary antibody 
and streptavidin-conjugated HRP enzyme coupled with 
3,3’-diaminobenzidine chromagen solution in proprietary 
formulations (BioGenex, San Ramon, CA). Tissue was 
counterstained with hematoxylin, blued with saturated 
lithium carbonate solution, and imaged on Aperio 
ImageScope (Leica Biosystems, Buffalo Grove, IL). Only 
membrane staining was quantified for ILK or MT1-MMP 
and was scored as absent, weak, moderate, or strong. 
Cores scored as moderate or strong were combined as 
positive staining.

For immunofluorescence experiments, cells were 
subcultured on 22mm2 glass coverslips (coated as indicated), 
washed twice with ice-cold PBS, and fixed with 4% 
paraformaldehyde in 0.12M sucrose in PBS for 10 minutes 
at room temperature. Cells were blocked with 5% normal 
goat serum in PBS for 1 hour at room temperature, incubated 
with primary antibody (1:100) in 1% normal goat serum in 
PBS for 1h at 37°C, rinsed thrice for 5 minutes with PBS, 
and incubated with appropriate Alexa-Fluor conjugated 
secondary antibody at a 1:500 dilution for 30 minutes at 
37°C. After washing, cells were allowed to dry, mounted with 
VECTASHIELD Mounting Media with 4’, 6-diamidino-2-
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phenylindole (DAPI) (Vector laboratories, Burlingame, CA), 
and visualized on an EVOS® FL digital inverted fluorescence 
microscope (Advanced Microscopy Group, Mill Creek, WA).

Formation of multicellular aggregates 
(MCAs) and analysis of cell spreading

MCAs were generated using a modification of the 
hanging drop method as previously described [56]. Briefly, 
cells were harvested in complete medium and diluted to 
a concentration of 1x105 cells/ml. From this, 20μl of cell 
suspension was gently pipetted onto the underside of a 
150mm tissue culture plate lid. To avoid dehydration of 
the hanging droplet, 20ml of sterile PBS was placed in 
the tissue culture dish immediately prior to inverting the 
droplet-containing lid. MCA formation was monitored 
after incubation at 37ºC for 6-12 hours. To assess cell 
spreading, cells were plated in the presence of vehicle or 
QLT0267 and incubated for 12 h prior to visualization by 
light microscopy.

Adhesion and invasion assays

To quantify cell adhesion to collagen I, tissue culture 
wells were coated with 10μg/ml collagen type I in sodium 
carbonate, pH 9.6 overnight at 4°C, washed with PBS, and 
air dried. Ovarian cancer cells were seeded as indicated, 
allowed to adhere at 37ºC for 30 minutes, and washed for 
removal of non-adherent cells. Incubation media from 
each well was removed by suction pipette and wells were 
placed on a laboratory shaker. Room temperature PBS 
(2.5ml) was pipetted onto the wall of each well followed 
by shaking for 5 minutes. This procedure was repeated 
5 times for each sample. After washing, cells were fixed 
and adherent cells were enumerated for analysis. Assays 
were performed in triplicate and five 20X fields/well were 
counted. For evaluation of adhesion to mesothelial cells, 
tissue culture wells were coated with 10μg/ml collagen 
type I in sodium carbonate, pH 9.6 overnight at 4°C, 
washed with PBS, and air dried. LP9 human peritoneal 
mesothelial cells were seeded and grown for 48 hours to 
form a tightly woven monolayer. Cancer cells were labeled 
with CellTracker™ Green, (5-Chloromethylfluorescein 
Diacetate (CMFDA), Life Technologies Inc, Carlsbad, 
CA) for 30 minutes at 37ºC. The live mesothelial 
monolayer was washed twice with PBS, seeded with 
cells as indicated, and allowed to adhere for 30 minutes. 
Wells were then washed for removal of non-adherent 
cells as described above and fixed. Fluorescent cells were 
enumerated. Assays were performed in triplicate and five 
fields/well were counted.

To assess invasion, an 8μm microporous membrane 
located within the upper compartment of a transwell insert 
(BD Biosciences, San Diego, CA) was coated with 10μg/
ml collagen type I in sodium carbonate, pH 9.6 overnight 
at 4°C, washed with PBS, and air dried. Cells were seeded 

atop the filter and the apparatus incubated at 37ºC for 24 
hours. After incubation, migrated cells passing through 
the 8μm pore filter were fixed, stained with Diff-Quik 
(Fisher Scientific, Pittsburgh, PA) and enumerated. All 
experiments were completed in triplicate and five fields/
well were counted. A 3-dimensional organotypic meso-
mimetic invasion assay was used to assess invasion of 
mesothelial cells overlaying a collagen matrix as described 
[57-58]. Briefly, a 3D collagen type I matrix was plated 
atop an 8μm microporous membrane within a transwell 
insert (BD Biosciences, San Diego, CA). The matrix was 
then overlaid with LP9 human peritoneal mesothelial 
cells and the mesothelial cells were allowed to grow to 
confluence, forming a tight monolayer. CellTracker™ 
Green-labelled cells were seeded atop the live monolayer 
and the co-culture was incubated at 37°C for 48 hours in 
a 1:1 ratio of complete media for each cell type. Labeled 
cells passing through the organotypic culture and the 8μm 
pore filter were fixed and enumerated. All experiments 
were completed in triplicate and five fields/well were 
counted.

Statistical analyses

Statistical significance is defined as p<0.05 and was 
calculated employing a variety of statistical tests (Student’s 
t-test, Mann-Whitney U Test, Kruskal-Wallis) as indicated 
using SigmaPlot v.12 (Systat Software Inc., San Jose, 
CA). Statistical tests were chosen based on the normality 
of the data set. Parametric tests (i.e. Student’s t-test) were 
used to compare the means of two independent samples; 
however, since much of the data within these studies could 
not be completely described by two parameters (mean and 
standard deviation), non-parametric tests were utilized. 
The Kruskal-Wallis test, a non-parametric version of 
ANOVA, was used in instances where there were equal 
sample sizes in all groups and the comparatives had one 
nominal variable and one measurement variable. This 
test was employed to examine whether the mean ranks 
of the measurement variable were the same in all groups. 
Measurement observations were converted to their ranks 
in the overall data set; when scores received tied ranks, a 
correction factor was used. The Mann-Whitney U test, the 
non-parametric analogue to the Student’s t-test, was also 
used in instances where the comparative had one nominal 
variable and one measurement variable, however this test 
was only utilized when comparing exactly two values.

CONFLICTS OF INTEREST

The authors have no conflicts to disclose.

GRANT SUPPORT

This research was supported by National Institutes 
of Health (NIH)/National Cancer Institute (NCI) Research 



Oncotarget21979www.impactjournals.com/oncotarget

Grants RO1CA086984 and RO1CA109545 (M.S.S.) and 
NIH/NCI Individual National Research Service Award 
F31 CA159804 (L.B.).

REFERENCES

1.	 Jemal A, Bray F, Center MM, Ferlay J, Ward E and Forman 
D. Global cancer statistics. CA Cancer J Clin. 2011; 61: 
69-90. doi: 10.3322/caac.20107.

2.	 Siegel R, Naishadham D and Jemal A. Cancer statistics, 2013. 
CA Cancer J Clin. 2013; 63:11-30. doi: 10.3322/caac.21166.

3.	 Niedbala MJ, Crickard K and Bernacki RJ. Interactions of 
human ovarian tumor cells with human mesothelial cells 
grown on extracellular matrix. An in vitro model system for 
studying tumor cell adhesion and invasion. Exp Cell Res. 
1985; 160:499-513.

4.	 Lengyel E. Ovarian cancer development and metastasis. 
Am J Pathol. 2010; 177:1053-1064. doi: 10.2353/
ajpath.2010.100105.

5.	 Ellerbroek SM, Fishman DA, Kearns AS, Bafetti LM 
and Stack MS. Ovarian carcinoma regulation of matrix 
metalloproteinase-2 and membrane type 1 matrix 
metalloproteinase through beta1 integrin. Cancer Res. 1999; 
59:1635-1641. 

6.	 Ellerbroek SM, Wu YI, Overall CM and Stack MS. 
Functional interplay between type I collagen and cell 
surface matrix metalloproteinase activity. J Biol Chem. 
2001; 276:24833-24842. doi: 10.1074/jbc.M005631200.

7.	 Burleson KM, Casey RC, Skubitz KM, Pambuccian SE, 
Oegema TR, Jr. and Skubitz AP. Ovarian carcinoma ascites 
spheroids adhere to extracellular matrix components and 
mesothelial cell monolayers. Gynecol Oncol. 2004; 93:170-
181. doi: 10.1016/j.ygyno.2003.12.034.

8.	 Casey RC, Burleson KM, Skubitz KM, Pambuccian SE, 
Oegema TR, Jr., Ruff LE and Skubitz AP. Beta 1-integrins 
regulate the formation and adhesion of ovarian carcinoma 
multicellular spheroids. Am J Pathol. 2001; 159:2071-2080.

9.	 Hynes RO. Integrins: versatility, modulation, and signaling 
in cell adhesion. Cell. 1992; 69:11-25.

10.	 Monniaux D, Huet-Calderwood C, Le Bellego F, 
Fabre S, Monget P and Calderwood DA. Integrins in 
the ovary. Semin Reprod Med. 2006; 24:251-261. doi: 
10.1055/s-2006-948554.

11.	 Aoudjit F and Vuori K. Integrin signaling in cancer cell 
survival and chemoresistance. Chemother Res Pract. 2012; 
2012:283181. doi: 10.1155/2012/283181.

12.	 Davidson B, Goldberg I, Gotlieb WH, Kopolovic J, Risberg 
B, Ben-Baruch G and Reich R. Coordinated expression 
of integrin subunits, matrix metalloproteinases (MMP), 
angiogenic genes and Ets transcription factors in advanced-
stage ovarian carcinoma: a possible activation pathway? 
Cancer Metastasis Rev. 2003; 22:103-115.

13.	 Chen J, Zhang J, Zhao Y, Li J and Fu M. Integrin beta3 
down-regulates invasive features of ovarian cancer cells 

in SKOV3 cell subclones. J Cancer Res Clin Oncol. 2009; 
135:909-917. doi: 10.1007/s00432-008-0526-8.

14.	 Wang Y, Liu J, Lin B, Wang C, Li Q, Liu S, Yan L, Zhang 
S and Iwamori M. Study on the expression and clinical 
significances of lewis y antigen and integrin alphav, beta3 
in epithelial ovarian tumors. Int J Mol Sci. 2011; 12:3409-
3421. doi: 10.3390/ijms12063409.

15.	 Cannistra SA. Cancer of the ovary. N Engl J Med. 2004; 
351:2519-2529. doi: 10.1056/NEJMra041842.

16.	 Barbolina MV, Adley BP, Ariztia EV, Liu Y and Stack MS. 
Microenvironmental regulation of membrane type 1 matrix 
metalloproteinase activity in ovarian carcinoma cells via 
collagen-induced EGR1 expression. J Biol Chem. 2007; 
282:4924-4931. doi: 10.1074/jbc.M608428200.

17.	 Hannigan GE, Leung-Hagesteijn C, Fitz-Gibbon L, 
Coppolino MG, Radeva G, Filmus J, Bell JC and Dedhar 
S. Regulation of cell adhesion and anchorage-dependent 
growth by a new beta 1-integrin-linked protein kinase. 
Nature. 1996; 379:91-96. doi: 10.1038/379091a0.

18.	 Persad S and Dedhar S. The role of integrin-linked kinase 
(ILK) in cancer progression. Cancer Metastasis Rev. 2003; 
22:375-384.

19.	 McDonald PC, Fielding AB and Dedhar S. Integrin-
linked kinase--essential roles in physiology and cancer 
biology. J Cell Sci. 2008; 121:3121-3132. doi: 10.1242/
jcs.017996.

20.	 Widmaier M, Rognoni E, Radovanac K, Azimifar SB and 
Fassler R. Integrin-linked kinase at a glance. J Cell Sci. 
2012; 125:1839-1843. doi: 10.1242/jcs.093864.

21.	 Hannigan G, Troussard AA and Dedhar S. Integrin-linked 
kinase: a cancer therapeutic target unique among its ILK. 
Nat Rev Cancer. 2005; 5:51-63. doi: 10.1038/nrc1524.

22.	 Dedhar S. Cell-substrate interactions and signaling through 
ILK. Curr Opin Cell Biol. 2000; 12:250-256.

23.	 Cruet-Hennequart S, Maubant S, Luis J, Gauduchon P, 
Staedel C and Dedhar S. alpha(v) integrins regulate cell 
proliferation through integrin-linked kinase (ILK) in 
ovarian cancer cells. Oncogene. 2003; 22:1688-1702. doi: 
10.1038/sj.onc.1206347.

24.	 Wu C and Dedhar S. Integrin-linked kinase (ILK) and its 
interactors: a new paradigm for the coupling of extracellular 
matrix to actin cytoskeleton and signaling complexes. J Cell 
Biol. 2001; 155:505-510. doi: 10.1083/jcb.200108077.

25.	 Ahmed N, Riley C, Oliva K, Stutt E, Rice GE and Quinn 
MA. Integrin-linked kinase expression increases with 
ovarian tumour grade and is sustained by peritoneal 
tumour fluid. J Pathol. 2003; 201:229-237. doi: 10.1002/
path.1441.

26.	 Eke I, Hehlgans S and Cordes N. Thereʼs something 
about ILK. Int J Radiat Biol. 2009; 85:929-936. doi: 
10.3109/09553000903232892.

27.	 Deryugina EI and Quigley JP. Matrix metalloproteinases 
and tumor metastasis. Cancer Metastasis Rev. 2006; 25: 
9-34. doi: 10.1007/s10555-006-7886-9.



Oncotarget21980www.impactjournals.com/oncotarget

28.	 Overall CM. Molecular determinants of metalloproteinase 
substrate specificity: matrix metalloproteinase substrate 
binding domains, modules, and exosites. Mol Biotechnol. 
2002; 22:51-86. doi: 10.1385/MB:22:1:051.

29.	 Overall CM and Lopez-Otin C. Strategies for MMP 
inhibition in cancer: innovations for the post-trial era. Nat 
Rev Cancer. 2002; 2:657-672. doi: 10.1038/nrc884.

30.	 Deryugina EI and Quigley JP. Pleiotropic roles of matrix 
metalloproteinases in tumor angiogenesis: contrasting, 
overlapping and compensatory functions. Biochim 
Biophys Acta. 2010; 1803:103-120. doi: 10.1016/j.
bbamcr.2009.09.017.

31.	 Martin J, Yung S, Robson RL, Steadman R and Davies M. 
Production and regulation of matrix metalloproteinases and 
their inhibitors by human peritoneal mesothelial cells. Perit 
Dial Int. 2000; 20:524-533.

32.	 Kessenbrock K, Plaks V and Werb Z. Matrix 
metalloproteinases: regulators of the tumor 
microenvironment. Cell. 2010; 141:52-67. doi: 10.1016/j.
cell.2010.03.015.

33.	 Egeblad M and Werb Z. New functions for the matrix 
metalloproteinases in cancer progression. Nat Rev Cancer. 
2002; 2:161-174. doi: 10.1038/nrc745.

34.	 Coussens LM, Fingleton B and Matrisian LM. Matrix 
metalloproteinase inhibitors and cancer: trials and 
tribulations. Science. 2002; 295:2387-2392. doi: 10.1126/
science.1067100.

35.	 Sakata K, Shigemasa K, Nagai N and Ohama K. 
Expression of matrix metalloproteinases (MMP-2, MMP-
9, MT1-MMP) and their inhibitors (TIMP-1, TIMP-2) in 
common epithelial tumors of the ovary. Int J Oncol. 2000; 
17:673-681.

36.	 Afzal S, Lalani EN, Poulsom R, Stubbs A, Rowlinson G, 
Sato H, Seiki M and Stamp GW. MT1-MMP and MMP-2 
mRNA expression in human ovarian tumors: possible 
implications for the role of desmoplastic fibroblasts. Hum 
Pathol. 1998; 29:155-165.

37.	 Barbolina MV and Stack MS. Membrane type 1-matrix 
metalloproteinase: substrate diversity in pericellular 
proteolysis. Semin Cell Dev Biol. 2008; 19:24-33. doi: 
10.1016/j.semcdb.2007.06.008.

38.	 Kamat AA, Fletcher M, Gruman LM, Mueller P, Lopez 
A, Landen CN, Jr., Han L, Gershenson DM and Sood AK. 
The clinical relevance of stromal matrix metalloproteinase 
expression in ovarian cancer. Clin Cancer Res. 2006; 
12:1707-1714. doi: 10.1158/1078-0432.CCR-05-2338.

39.	 Kaimal R, Aljumaily R, Tressel SL, Pradhan RV, Covic L, 
Kuliopulos A, Zarwan C, Kim YB, Sharifi S and Agarwal 
A. Selective blockade of matrix metalloprotease-14 with 
a monoclonal antibody abrogates invasion, angiogenesis, 
and tumor growth in ovarian cancer. Cancer Res. 2013; 
73:2457-2467. doi: 10.1158/0008-5472.CAN-12-1426.

40.	 Moss NM, Barbolina MV, Liu Y, Sun L, Munshi HG and 
Stack MS. Ovarian cancer cell detachment and multicellular 

aggregate formation are regulated by membrane type 1 
matrix metalloproteinase: a potential role in I.p. metastatic 
dissemination. Cancer Res. 2009; 69:7121-7129. doi: 
10.1158/0008-5472.CAN-08-4151.

41.	 Moss NM, Wu YI, Liu Y, Munshi HG and Stack 
MS. Modulation of the membrane type 1 matrix 
metalloproteinase cytoplasmic tail enhances tumor cell 
invasion and proliferation in three-dimensional collagen 
matrices. J Biol Chem. 2009; 284:19791-19799. doi: 
10.1074/jbc.M109.020362.

42.	 Poincloux R, Lizarraga F and Chavrier P. Matrix invasion 
by tumour cells: a focus on MT1-MMP trafficking to 
invadopodia. J Cell Sci. 2009; 122:3015-3024. doi: 
10.1242/jcs.034561.

43.	 Rozanov DV, Savinov AY, Golubkov VS, Postnova TI, 
Remacle A, Tomlinson S and Strongin AY. Cellular membrane 
type-1 matrix metalloproteinase (MT1-MMP) cleaves C3b, an 
essential component of the complement system. J Biol Chem. 
2004; 279:46551-46557. doi: 10.1074/jbc.M405284200.

44.	 Anilkumar N, Uekita T, Couchman JR, Nagase H, Seiki M 
and Itoh Y. Palmitoylation at Cys574 is essential for MT1-
MMP to promote cell migration. FASEB J. 2005; 19:1326-
1328. doi: 10.1096/fj.04-3651fje.

45.	 Attwell S, Mills J, Troussard A, Wu C and Dedhar S. 
Integration of cell attachment, cytoskeletal localization, and 
signaling by integrin-linked kinase (ILK), CH-ILKBP, and 
the tumor suppressor PTEN. Mol Biol Cell. 2003; 14:4813-
4825. doi: 10.1091/mbc.E03-05-0308.

46.	 Moser TL, Pizzo SV, Bafetti LM, Fishman DA and 
Stack MS. Evidence for preferential adhesion of ovarian 
epithelial carcinoma cells to type I collagen mediated by 
the alpha2beta1 integrin. Int J Cancer. 1996; 67:695-701.
doi: 10.1002/(SICI)1097-0215(19960904)67:5<695::AID-
IJC18>3.0.CO;2-4.

47.	 Iwanicki MP, Davidowitz RA, Ng MR, Besser A, Muranen 
T, Merritt M, Danuser G, Ince TA and Brugge JS. Ovarian 
cancer spheroids use myosin-generated force to clear 
the mesothelium. Cancer Discov. 2011; 1:144-157. doi: 
10.1158/2159-8274.CD-11-0010.

48.	 Bruney L, Conley KC, Moss NM, Liu Y and Stack MS. 
Membrane-type I matrix metalloproteinase-dependent 
ectodomain shedding of mucin16/ CA-125 on ovarian 
cancer cells modulates adhesion and invasion of peritoneal 
mesothelium. Biol Chem. 2014; 395:1221-1231. doi: 
10.1515/hsz-2014-0155.

49.	 Durbin, AD, Hannigan GE, and Malkin D. Oncogenic ILK, 
tumor suppression and all that JNK.  Cell Cycle. 2009 Dec 
15; 8:4060-6. Epub 2009 Dec 15.

50.	 Li Q, Li C, Zhang YY, Chen W, Lv JL, Sun J and You 
QS. Silencing of integrin-linked kinase suppresses in vivo 
tumorigenesis of human ovarian carcinoma cells. Mol Med 
Rep. 2013; 7:1050-1054. doi: 10.3892/mmr.2013.1285.

51.	 Williams KC and Coppolino MG. Phosphorylation of 
membrane type 1-matrix metalloproteinase (MT1-MMP) 



Oncotarget21981www.impactjournals.com/oncotarget

and its vesicle-associated membrane protein 7 (VAMP7)-
dependent trafficking facilitate cell invasion and migration. 
J Biol Chem. 2011; 286:43405-43416. doi: 10.1074/jbc.
M111.297069.

52.	 Rosano L, Spinella F, Di Castro V, Dedhar S, Nicotra 
MR, Natali PG and Bagnato A. Integrin-linked kinase 
functions as a downstream mediator of endothelin-1 to 
promote invasive behavior in ovarian carcinoma. Mol 
Cancer Ther. 2006; 5:833-842. doi: 10.1158/1535-7163.
MCT-05-0523.

53.	 Liu Q, Xiao L, Yuan D, Shi X and Li P. Silencing of the 
integrin-linked kinase gene induces the apoptosis in ovarian 
carcinoma. J Recept Signal Transduct Res. 2012; 32:120-
127. doi: 10.3109/10799893.2012.660534.

54.	 Choi YP, Kim BG, Gao MQ, Kang S and Cho NH. 
Targeting ILK and beta4 integrin abrogates the invasive 
potential of ovarian cancer. Biochem Biophys Res Commun. 
2012; 427:642-648. doi: 10.1016/j.bbrc.2012.09.114.

55.	 Kalra J, Warburton C, Fang K, Edwards L, Daynard T, 
Waterhouse D, Dragowska W, Sutherland BW, Dedhar 
S, Gelmon K and Bally M. QLT0267, a small molecule 

inhibitor targeting integrin-linked kinase (ILK), and 
docetaxel can combine to produce synergistic interactions 
linked to enhanced cytotoxicity, reductions in P-AKT 
levels, altered F-actin architecture and improved treatment 
outcomes in an orthotopic breast cancer model. Breast 
Cancer Res. 2009; 11:R25. doi: 10.1186/bcr2252.

56.	 Kelm JM, Timmins NE, Brown CJ, Fussenegger M and 
Nielsen LK. Method for generation of homogeneous 
multicellular tumor spheroids applicable to a wide variety 
of cell types. Biotechnol Bioeng. 2003; 83:173-180. doi: 
10.1002/bit.10655.

57.	 Kenny HA, Dogan S, Zillhardt M, A KM, Yamada 
SD, Krausz T and Lengyel E. Organotypic models of 
metastasis: A three-dimensional culture mimicking the 
human peritoneum and omentum for the study of the early 
steps of ovarian cancer metastasis. Cancer Treat Res. 2009; 
149:335-351. doi: 10.1007/978-0-387-98094-2_16.

58.	 Lengyel E, Burdette JE, Kenny HA, Matei D, Pilrose J, 
Haluska P, Nephew KP, Hales DB and Stack MS. Epithelial 
ovarian cancer experimental models. Oncogene. 2014; 
33:3619-3633. doi: 10.1038/onc.2013.321.


