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Abstract
Integrin-linked kinase (ILK) is a highly conserved serine-threonine protein kinase which has been
implicated in the regulation of various cellular processes. Previously, we have demonstrated that
overexpression of ILK correlates with malignant phenotype in non-small cell lung cancer. Furthermore, forced overexpression of ILK promotes lung cancer cell invasion and migration.
However, the molecular mechanisms by which ILK enhances the invasive phenotype of lung cancer
cells are still not fully understood. In the present study, we found that overexpression of ILK
stimulated matrix metalloproteinase-9 (MMP-9) expression and activity in lung cancer cells.
ILK-induced cell migration and invasion were significantly inhibited by MMP inhibitor doxycycline
as well as by anti-MMP-9 neutralizing antibody. In addition, overexpression of ILK induced
phosphorylation and nuclear translocation of nuclear factor-κB (NF-κB) subunit p65. Finally, upregulation of MMP-9 was severely abolished by either BAY 11-7028, a specific NF-κB inhibitor, or
small interfering RNA targeted to NF-κB p65 in ILK overexpression cells. Taken together, these
findings suggest that ILK promotes lung cancer cell migration and invasion via NF-κB-mediated
upregulation of MMP-9.
Key words: integrin-linked kinase; matrix metalloproteinase-9; migration; invasion; lung cancer
cell; nuclear factor-κB

Introduction
Integrin-linked kinase (ILK) is a highly conserved serine-threonine protein kinase which interacts
with the cytoplasmic domains of integrin subunits
[1-2]. As a component of the phosphatidylinositol
3-kinase (PI-3K) pathway located upstream of protein
kinase B (PKB/AKT), ILK is implicated in the regula-

tion of various cellular processes, including cell migration and invasion [3-5]. Activated ILK can directly
phosphorylate PKB/AKT and glycogen synthase kinase-3β (GSK-3β), resulting in activation of PKB/AKT
and inhibition of GSK-3β, respectively [6-7]. Lately
several groups have reported the abnormal overexhttp://www.medsci.org
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pression of ILK in a diverse set of cancers, such as
colon [8-9], gastric [10], prostate [11] and ovarian
cancers [12], malignant melanomas [13], malignant
pleural mesothelioma [14] and non-small cell lung
cancer (NSCLC) [15-17]. In addition, overexpression
of ILK has been shown to promote cell migration and
invasion [18-20]. However, the underlying molecular
mechanisms still remain to be fully elucidated.
Matrix metalloproteinases (MMPs) belong to a
large family of zinc-dependent endopeptidases which
are responsible for degrading a wide range of extracellular matrix (ECM) components [21]. Degradation
of ECM surrounding tumor cells is a necessary requisite for invasion and metastasis of tumors [22]. Consequently, MMPs play a crucial role in tumor cell migration and invasion. Overexpression of MMPs has
been found in a variety of human cancers including
NSCLC [23-25]. Moreover, it has been shown that the
expression of MMPs is regulated by ILK. Studies have
demonstrated that downregulation of ILK reduces the
expression of MMP-9 in bladder cancer cells, resulting
in the inhibition of cell migration and invasion [26-27].
Ectopic expression of ILK induces MMP-9 expression
and promotes cell migration in podocytes [28].
Nuclear factor-κB (NF-κB) is a transcription factor and has been implicated in the regulation of
MMPs expression. Inhibition of NF-κB activity reduces the expression of MMP-9 in human metastatic
lung and cervical cancer cells [29-30], as well as in
breast cancer cells [31]. Additionally, Wani et al. (2011)
have documented that overexpression of ILK results
in phosphorylation and nuclear translocation of
NF-κB subunit p65, indicating activation of the NF-κB
signaling pathway [32]. These findings suggest potential roles of MMP-9 and NF-κB in ILK-induced
migration and invasion of lung cancer cells.
Previously, we reported that ILK upregulation
correlates with malignant phenotype in NSCLC and
promotes lung cancer cell invasion and migration via
regulating
epithelial-mesenchymal
transition
(EMT)-related genes [33]. In this study, we investigated the role of MMP-9 in cell migration and invasion induced by ILK overexpression in a human lung
cancer cell line (A549). We demonstrated that MMP-9
expression is regulated by ILK in lung cancer cells.
Moreover, inhibition of MMP-9 results in prevention
of ILK-induced cell migration and invasion. Finally,
NF-κB is involved in ILK-induced upregulation of
MMP-9 in lung cancer cells.

Materials and Methods
Cell culture
The human lung cancer cell line A549 was obtained from the American Type Culture Collection
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(ATCC, Manassas, VA, USA). Cells were maintained
in RPMI 1640 (Gibco, Grand Island, NY, USA) containing 10 % fetal bovine serum (FBS, Hyclone, Logan,
UT, USA), penicillin (100 U/mL), streptomycin (100
μg/mL) and 25 mM HEPES buffer. All cells were kept
in a humidified (37 °C, 5 % CO2) incubator and passaged routinely. Cells at logarithmic growth phase
were used in this study. The NF-κB inhibitor BAY
11-7028 (10 μM) (Beyotime Institute of Biotechnology,
Haimen, China) was added to cell cultures for 48 h
before analysis.

Stable transfection
ILK overexpression cell line was established as
described before [33]. In brief, we transfected
pcDNA3.1-ILK or pcDNA3.1-vector plasmids into
A549 cells to overexpress ILK. Stably transfected cell
lines were obtained by G418 (Invitrogen, Carlsbad,
CA, USA) selection. The pcDNA3.1-ILK cell line contained a higher level of ILK protein was used in this
study.

Quantitative real-time PCR
Total RNA was extracted from cells using Trizol
reagent (Life Technologies, Rockville, MD, USA) according to the manufacturer’s instructions.
First-strand complementary DNA (cDNA) was synthesized from 1 μg of total RNA using the PrimeScript
1st Strand cDNA Synthesis Kit (Takara, Dalian, China). Quantitative real-time PCR reactions were carried
out with cDNA (1 μL) and the SYBR Green Master
Mix (Takara) on a Real-Time Quantitative Thermal
Block (Biometra, Göttingen, Germany). The sequences
of primers are as follows: ILK, forward:
5’-ATGGAACCCTGAACAAACACT-3’,
reverse:
5’-AGCACATTTGGATGCGAGAAA-3’;
MMP-9,
forward:
5’-GCTACGTGACCTATGACATCCT-3’,
reverse:
5’-TCCTCCAGAACAGAATACCAGT-3’;
NF-κB p65, forward: 5’-CCCATCTTTGACAATC
GTGC-3’, reverse: 5’-CTGGTCCCGTGAAATACACC
-3’; β-actin, forward 5’-CTTAGTTGCGTTACACCC
TTTCTTG-3’, reverse 5’-CTGTCACCTTCACCGTT
CCAGTTT-3’. β-Actin was served as an internal control. The specificity of the PCR was confirmed by
melting curve analysis. Data were treated using the
comparative threshold cycle (CT) method [34].

Western blot analysis
Protein extracts were prepared using radioimmunoprecipitation assay buffer (Beyotime Institute of
Biotechnology). The concentrations of extract proteins
were measured by a bovine serum albumin standard
line. Western blot was performed as previously described [33]. The following antibodies were used in
this study: anti-MMP-9, anti-lamp2, anti-histone H4
(Santa Cruz Biotechnology, Santa Cruz, CA, USA),
http://www.medsci.org
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anti-ILK, anti-p-S473-AKT, anti-p-S9-GSK-3β, anti-p-S536-NF-κB p65, anti-p-S32-IκB, anti-NF-κB p65
(Cell Signaling Technology, Boston, MA, USA) and
anti-β-actin antibodies (Sigma-Aldrich, St Louis, MO,
USA). Signals were detected using an ECL plus
chemiluminescence kit (Millipore, Bedford, MA,
USA).

Gelatin zymography
The proteolytic activity of MMP-9 was measured
by gelatin zymography protease assays as described
by Kao et al. (2012) [30]. Briefly, the collected media of
an appropriate volume were prepared with sodium
dodecyl sulphate (SDS) sample buffer without boiling
or reduction and then subjected to 0.1 % gelatin-8 %
SDS polyacrylamide gel electrophoresis (SDS-PAGE)
at 4 °C. After electrophoresis, gels were washed with
2.5 % Triton X-100 and then incubated in reaction
buffer (40 mM Tris–HCl, pH 8.0, 10 mM CaCl2, 0.01 %
NaN3) for 12 h at 37 °C. Finally, the gel was stained
with Coomassie brilliant blue R-250.

Wound healing assay
Cells were plated in six-well plates at a density
of 1 × 105 cells per well and grown to approximately
80 % confluency. The monolayer was scraped with a
sterile 200 μL pipette tip after removal of the culture
medium. Subsequently, the culture was washed twice
with serum-free medium. After that, cells were
maintained in RPMI 1640 containing 10 % FBS for an
additional 12 or 24 h. The migration ability of the cells
was assessed by measuring the width of the monolayer wound at 12 and 24 h after scraping. The contribution of MMP-9 to the migration of pcDNA3.1-ILK
cells was determined by performing wound healing
assay in the presence of doxycycline (20 μg/mL) or
anti-MMP-9 antibody (10 μg/mL) (Santa Cruz). The
addition of an irrelevant IgG was used as control.

In vitro Matrigel invasion assay
In vitro migration assay was conducted as described before [33]. Briefly, 5 × 104 cells in 500 μL of
serum-free medium, with or without doxycycline (20
μg/mL) and anti-MMP-9 antibody (10 μg/mL) (Santa
Cruz), were loaded into the upper chamber. The
RPMI 1640 medium containing 10 % FBS was used as
chemoattractant and loaded into the lower chamber.
After 24 h incubation, the non-invasive cells were
removed by wiping with a cotton swab, and the migrated cells were fixed and stained with hematoxylin.
Six random fields at a magnification of 200× were
counted for quantification of cell migration. Migration
assay performed with 5 × 104 cells in serum-free medium (500 μL) containing an irrelevant IgG was used
as control.
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Transfection with small interfering RNA
(siRNA) targeted to NF-κB subunit p65
The siRNA sequence used for knockdown of
NF-κB p65 expression was 5’-GCCCUAUCCCUU
UACGUCA-3’ [35]. A scrambled sequence which does
not affect any known cellular mRNA was served as a
negative control. Transfection was carried out using
Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions.

Statistical analysis
The statistical analyses were performed with
SPSS version 13.0 (SPSS Inc., Chicago, IL, USA). The
values were expressed as means ± SD. Differences
between groups were analyzed by one-way ANOVA.
A P-value < 0.05 was considered statistically significant.

Results
Overexpression of ILK stimulates MMP-9 expression and activity in lung cancer cells
Previously, we have established an ILK overexpression cell line in which the expression of ILK was
increased at both mRNA and protein levels (Supplementary Material: Fig. S1) [33]. To investigate whether
the expression of MMP-9 is regulated by ILK, we
examined the mRNA and protein levels of MMP-9 in
these cells. As shown in Fig. 1A, the mRNA level of
MMP-9 was significantly increased in pcDNA3.1-ILK
cells compared with pcDNA3.1-vector cells and mock
control cells (control cells without transfection). In
addition, overexpression of ILK also induced MMP-9
protein expression (Fig. 1B and 1C, P < 0.01). The elevated phosphorylation of PKB/AKT and GSK-3β
proteins further confirmed the kinase activity of ILK
in the transfected cells (Fig. 1B and 1C, P < 0.05).
Moreover, MMP-9 activity was appreciably increased
in pcDNA3.1-ILK cells as evidenced by zymographic
analysis (Fig. 1D, P < 0.01). These data demonstrated
that overexpression of ILK stimulated MMP-9 expression and activity.

MMP-9 is required for ILK-induced migration
and invasion of lung cancer cells
The observation that MMP-9 is upregulated by
ILK overexpression suggests that MMP-9 may play an
important role in ILK-induced cell migration and invasion. Therefore, we analyzed the effects of MMP-9
inhibitor doxycycline and anti-MMP-9 antibody on
the migration and invasion of ILK overexpression
cells. As shown in Fig. 2A and 2B, the addition of
doxycycline significantly impaired the wound healing
capacity in pcDNA3.1-ILK cells. Similarly, cell migration was severely retarded in the presence of anhttp://www.medsci.org
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ti-MMP-9 neutralizing antibody (Fig. 2A and 2B).
However, the control (irrelevant) IgG did not show
any retarding effect on the migration of ILK overexpression cells (Fig. 2A and 2B).
Next, the Transwell invasion assay was carried
out to further explore whether MMP-9 is required for
ILK-induced migration and invasion of lung cancer
cells. We found that inhibition of MMP-9, by either
doxycycline or anti-MMP-9 neutralizing antibody,
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dramatically suppress migration and invasion of ILK
overexpression cells, as demonstrated by a remarkable decrease in the number of migrated and invaded
cells (Fig. 2C and 2D, P < 0.01). The addition of the
control (irrelevant) IgG had no effect (Fig. 2C and 2D).
Collectively, these findings revealed that MMP-9 is
required for ILK-induced migration and invasion of
lung cancer cells.

Figure 1. ILK stimulates MMP-9 expression and activity in human lung cancer A549 cells. (A) MMP-9 mRNA level in pcDNA3.1-ILK cells compared with
pcDNA3.1-vector cells and mock control cells as determined by quantitative real-time PCR. (B) Western blot analysis of MMP-9, p-AKT and p-GSK-3β
protein expression in transfected cells. (C) Quantification of MMP-9, p-AKT and p-GSK-3β protein from three separate experiments, normalized to
β-actin. (D) Gelatin zymography assay for the determination of MMP-9 activity. The intensities of gelatin-digested bands by MMP-9 were measured by
densitometry and shown by the bar diagram. *P < 0.05, **P < 0.01 vs mock control cells.

http://www.medsci.org
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Figure 2. MMP-9 is required for ILK-induced lung cancer A549 cell migration and invasion in vitro. (A) Wound healing assay of the pcDNA3.1-ILK cells in
the absence and presence of doxycycline, anti-MMP-9 neutralizing antibody and control (irrelevant) IgG. (B) Bars represent the migration index of each cell,
expressed as a value relative to the distance moved by the cell monolayer. (C) Transwell migration assay was performed in the absence and presence of
doxycycline, anti-MMP-9 neutralizing antibody and control (irrelevant) IgG. (D) Values are expressed as the mean ± SD of three independent experiments.
Mock control and pcDNA3.1-vector cells served as control. *P < 0.05, **P < 0.01 vs pcDNA3.1-ILK cells.

Figure 3. Activation of NF-κB in ILK overexpression cells. (A) Phosphorylation levels of NF-κB p65 and IκB protein in pcDNA3.1-ILK cells compared with
pcDNA3.1-vector cells and mock control cells as determined by western blot analysis. (B) Densitometric quantification data are expressed as the intensity
ratio of the target proteins to β-actin (mean ± SD). (C) ILK affects the subcellular localization of NF-κB p65. Nuclear and cytoplasmic extracts from mock
control, pcDNA3.1-vector and pcDNA3.1-ILK cells were subjected to western blot analysis using anti-NF-κB p65 antibody. Histone H4 and lamp 2 were
used as input for nuclear and cytoplasmic extracts, respectively. (D) Quantification of NF-κB p65 protein from three separate experiments, normalized to
β-actin. *P < 0.05, **P < 0.01 vs mock control cells.

http://www.medsci.org
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ILK induces activation of NF-κB signaling in
lung cancer cells
ILK has been shown to regulate downstream
genes through NF-κB signaling pathway in melanoma
cells [32]. To test whether NF-κB signaling is activated
by ILK in lung cancer cells, we examined the status of
NF-κB in transfected A549 cells. As indicated in Fig.
3A and 3B, ILK overexpression resulted in enhanced
phosphorylation of NF-κB p65 in pcDNA3.1-ILK cells
compared with pcDNA3.1-vector cells and mock
control cells. Moreover, a significant increase of IκB
phosphorylation was also observed in pcDNA3.1-ILK
cells, indicating the dissociation of IκB from NF-κB.
To further explore whether NF-κB is activated, we
determined the protein levels of NF-κB in the nuclear
and
cytoplasmic
extracts
prepared
from
pcDNA3.1-ILK, pcDNA3.1-vector and mock control
cells, respectively. We found that the protein level of
nuclear NF-κB was significantly increased in
pcDNA3.1-ILK
cells
as
compared
with
pcDNA3.1-vector cells and control cells (Fig. 3C and
3D, P < 0.05). Correspondingly, the cytoplasmic level
of NF-κB p65 was decreased in pcDNA3.1-ILK cells
(Fig. 3C and 3D, P < 0.05). These data demonstrated
that overexpression of ILK induced phosphorylation
and nuclear translocation of NF-κB p65, suggesting a
potential role of NF-κB signaling in ILK overexpression cells.

ILK stimulates MMP-9 expression via NF-κB
signaling pathway
To find out whether ILK stimulates the expression of MMP-9 via NF-κB signaling pathway, cells
were treated with NF-κB inhibitor BAY 11-7028 (10
μM) for 48 h before analysis. As shown in Fig.4A, the
mRNA level of MMP-9 was significantly reduced in
pcDNA3.1-ILK cells treated with BAY 11-7028. Additionally, such treatment resulted in remarkable reduction of MMP-9 protein expression in
pcDNA3.1-ILK cells (Fig. 4B and 4C). To further investigate the role of NF-κB in ILK-induced upregulation of MMP-9, we decided to knock down NF-κB
expression in pcDNA3.1-ILK cells using siRNA
transfection. The expression of NF-κB protein was
appreciably inhibited in pcDNA3.1-ILK cells transfected with siRNA targeted to NF-κB p65 (Supplementary Material: Fig. S2). We found that
ILK-induced upregulation of MMP-9 was significantly attenuated by p65 siRNA at both mRNA and
protein levels in pcDNA3.1-ILK cells (Fig 4). Taken
together, these results suggested that ILK stimulated
MMP-9 expression may through activation of the
NF-κB signaling pathway.

Figure 4. Involvement of NF-κB in ILK-induced upregulation of MMP-9.
(A) Quantitative real-time PCR analysis showing the mRNA level of MMP-9
in pcDNA3.1-ILK cells treated with or without NF-kB p65 siRNA and BAY
11-7028. (B) NF-κB is required for ILK-induced upregulation of MMP-9
protein as determined by western blot analysis. (C) Densitometric quantification data are expressed as the intensity ratio of the target proteins to
β-actin (mean ± SD). **P < 0.01 vs pcDNA3.1-ILK cells.

http://www.medsci.org
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Discussion
Overexpression of ILK has been found in several
types of human cancers including NSCLC [15-17]. In
our previously published paper, we found that increased ILK expression correlates with the Tumor-Node-Metastasis stage and lymph node metastasis of NSCLC. In addition, forced overexpression of
ILK in A549 human lung cancer cells promotes cell
migration and invasion in vitro which is mediated
through the induction of EMT process [33]. However,
the molecular mechanisms by which ILK employed to
induce migration and invasion are more complex than
anticipated and still remain to be fully elucidated
[18-19].
Recently, it has been reported that knockdown of
ILK results in reduction of MMP-9 expression and
inhibits migration and invasion in bladder cancer cells
[26-27]. A study by Kang et al. demonstrated that ectopic expression of ILK induces MMP-9 expression
and promotes cell migration in podocytes [28]. Hence,
we first examined whether MMP-9 expression is altered when ILK is overexpressed in lung cancer cells.
Our results showed that overexpression of ILK induced MMP-9 expression at both mRNA and protein
levels, indicating that MMP-9 is also regulated by ILK
in lung cancer cells.
In addition to EMT, degradation of the ECM by
MMPs is another critical step in cancer cell invasion
[21-22]. The observation that MMP-9 is upregulated
by ILK suggests that MMP-9 may function in
ILK-induced migration and invasion of lung cancer
cells. Consequently, we investigated the role of
MMP-9 in cell migration and invasion induced by ILK
in A549 lung cancer cells in the current study, which
has never been reported before. The effect of MMP-9
inhibition caused by either doxycycline or anti-MMP-9 neutralizing antibody on the migration and
invasion of ILK overexpression cells was assessed.
The results showed that the wound healing capacity
was significantly impaired in pcDNA3.1-ILK cells
treated with either doxycycline or anti-MMP-9 antibody. Moreover, similar results were also obtained
from Transwell invasion assay. The data presented
here provide direct evidence for a critical role of
MMP-9 in ILK-induced migration and invasion of
lung cancer cells. However, it should be noted that
doxycycline is a broad-spectrum MMP inhibitor
which has been reported to inhibit MMP-2 and
MMP-9 predominantly [36-37]. Previous study
showed that downregulation of ILK also reduces
MMP-2 expression in bladder cancer cells [26]. Another report demonstrated that ILK induces MMP-2
expression and promotes migration and invasion of
human kidney proximal tubular epithelial cells [38].
Consequently, we speculate that MMP-2 expression
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may be regulated by ILK in lung cancer cells. Further
investigation is required to confirm whether MMP-2
contributes to ILK-induced migration and invasion of
lung cancer cells.
The transcription factor NF-κB plays a vital role
in promoting cancer cell migration and invasion [39].
Inhibition of NF-κB activity has been shown to reduce
MMP-9 expression in multiple types of human cancer
cells, including cervical [29], breast [31, 40] and lung
cancer cells [30]. More importantly, ectopic expression
of ILK results in activation of NF-κB signaling pathway in melanoma cells. Hence, we examined whether
NF-κB is involved in ILK-induced upregulation of
MMP-9 in lung cancer cells. Increased levels of
phosphorylation and nuclear translocation of NF-κB
p65 were found in ILK overexpression cells. Furthermore, inhibition of NF-κB, by either siRNA or a
specific inhibitor, led to significant reduction of
MMP-9 expression in ILK overexpression cells. These
results suggest that ILK stimulates MMP-9 expression
at least partly through activation of the NF-κB signaling pathway in lung cancer cells. Interestingly, we
have demonstrated that NF-κB pathway is also involved in ILK-induced EMT in our previous study
[33], suggesting multiple functions for this transcription factor [41]. Future research should address
whether NF-κB directly binds to MMP-9 and controls
the transcription of MMP-9 in lung cancer cells.
In summary, the results of the present study indicate that ILK promotes lung cancer cell migration
and invasion at least partly through NF-κB-mediated
upregulation of MMP-9. Our findings shed new light
on how ILK enhances the invasive phenotype of lung
cancer cells. On these grounds, we propose that targeting the ILK/NF-κB/MMP-9 pathway may be a
potential therapeutic strategy for preventing lung
cancer invasion and metastasis.

Supplementary Material
Fig.S1 – S2. http://www.medsci.org/v10p0995s1.pdf
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