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Integrin-mediated interactions of cells with components of the extracellular matrix regulate cell survival, cell
proliferation, cell differentiation, and cell migration. Some of these physiological responses are regulated via
activation of transcription factors such as activator protein 1 (AP-1). Integrin-linked kinase (ILK) is an
ankyrin repeat containing serine-threonine protein kinase whose activity is rapidly and transiently stimulated
by cell-fibronectin interactions as well as by insulin stimulation. ILK activates protein kinase B and inhibits
the glycogen synthase kinase 3 (GSK-3) activity in a phosphatidylinositol-3-kinase (PI 3-kinase)-dependent
manner. We now show that cell adhesion to fibronectin results in a rapid and transient stimulation of AP-1
activity. At the same time, the kinase activity of ILK is stimulated whereas that of GSK-3 is inhibited. This
fibronectin-dependent activation of AP-1 activity is inhibited in a dose-dependent manner if the cells are
transfected with wild-type GSK-3, and also by inhibitors of PI 3-kinase. Stable or transient overexpression of
ILK results in a stimulation of AP-1 activity which is inhibited by cotransfection with wild-type GSK-3 and
kinase-deficient ILK. Transient transfection of ILK in HEK-293 cells stimulates complex formation between an
AP-1 consensus oligonucleotide and nuclear proteins containing c-jun. The formation of this complex is
inhibited by cotransfection with active GSK-3 or kinase-deficient ILK, suggesting that ILK may regulate AP-1
activation by inhibiting GSK-3, which has previously been shown to be a negative regulator of AP-1. In the
presence of serum, ILK has no effect on the phosphorylation of Ser-73 in the N-terminal transactivation
domain of c-jun. These results demonstrate a novel signaling pathway for the adhesion-mediated stimulation
of AP-1 transcriptional activity involving ILK and GSK-3 and the subsequent regulation of the c-jun–DNA
interaction.

Integrin-mediated interactions of cells with components of
the extracellular matrix regulate cell survival, cell proliferation,
cell differentiation, and cell migration (9, 11, 20, 44) by regu-
lating the activity of transcription factors such as activator
protein 1 (AP-1) (4). The activation of the c-jun N-terminal
kinase (JNK) group of mitogen-activated protein kinases
(MAPK) has been proposed for the regulation of AP-1 activity
by cell-extracellular matrix interactions (20).

The AP-1 family of transcription factors consists predomi-
nantly of homodimeric or heterodimeric complexes of c-jun
and c-fos proteins. These complexes bind to a specific target
DNA sequence, the palindromic tetradecanoyl phorbol ace-
tate (TPA)-responsive element TGAC/GTCA (2, 3), which
is found in the promoters of many genes, including those for
cell cycle regulators such as cyclin D1 (24), or vascular endo-
thelial growth factor (25). The nuclear proto-oncogene prod-
uct c-jun is a central component of all AP-1 complexes and is
expressed in many cell types at low levels (29). c-jun contains
a C-terminal DNA-binding/leucine zipper domain and an N-
terminal transactivation domain (28, 29). AP-1 activity is tight-
ly regulated at both the transcriptional and posttranscriptional

levels. In the latter case, dephosphorylation of serine and thre-
onine in the C-terminal domain of c-jun is necessary for bind-
ing to DNA, while phosphorylation of serine-63 and serine-73
by JNKs in the N-terminal domain promotes AP-1 transacti-
vation (7, 8, 46). Although the activation of the N-terminal
transactivation domain of c-jun is well characterized in the
activation of AP-1, the contribution of the C-terminal DNA-
binding domain to the regulation of AP-1 is less well under-
stood. It has been demonstrated that glycogen synthase kinase
3 (GSK-3) can phosphorylate c-jun at C-terminal sites, result-
ing in the inhibition of the DNA-binding activity of c-jun (8, 21,
35, 39).

We have identified integrin-linked kinase (ILK), an ankyrin
repeat containing serine-threonine protein kinase, which inter-
acts with the cytoplasmic domains of integrin subunits (23).
Overexpression of ILK in epithelial cells results in anchorage-
independent cell survival and cell cycle progression via upregu-
lation of the expression of cyclin D1 (40). When overexpressed
in epithelial cells, ILK also induces nuclear translocation of
b-catenin, resulting in the formation of an active lymphoid
enhancer factor 1 (LEF-1) transcription factor–b-catenin com-
plex and in the enhancement of LEF-1 transcriptional activity
(37). It has recently been shown that ILK activates protein
kinase B (PKB/AKT) and inhibits GSK-3 activity in a phospha-
tidylinositol-3-kinase (PI 3-kinase)-dependent manner (13, 15).

Here we show that AP-1 activity is induced by the interac-
tion of cells with fibronectin (FN) and that this activation is
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dependent upon the activation of ILK, which, by inhibiting the
activity of GSK-3, can stimulate the binding of c-jun to the
AP-1-responsive element.

MATERIALS AND METHODS

Cell lines. Rat intestinal epithelial cells (IEC-18) were cultured in a-minimal
essential medium (Gibco BRL, Burlington, Ontario, Canada) supplemented with
5% fetal bovine serum (Gibco BRL), 2 mM L-glutamine (Gibco BRL) and 3.6
mg of glucose and 10 mg of insulin (Sigma, Oakville, Ontario, Canada) per ml.
Stably transfected IEC-18 cells with wild-type ILK in the sense orientation
(ILK-13 cells; clones A1a3 and A4a) or the antisense orientation (ILK-14 cells;
clones A2C3 and A2C6) were established as described previously (23). Both
ILK-13 and ILK-14 cells were grown under conditions that were the same as
those for the parental IEC-18 cell line, except for the addition of 80 mg of
geneticin (G418; Gibco BRL) per ml to maintain selection. Human embryonic
kidney cells (HEK-293 cells; obtained from M. Moran, University of Toronto)
(22) were grown in Dulbecco’s modified Eagle medium (DMEM; Gibco BRL)
supplemented with 10% donor calf serum (Gibco BRL).

Adhesion assays. Cells were serum starved for 18 h, harvested by being
scraped in phosphate-buffered saline (PBS) containing 5 mM EDTA, and then
seeded on plates coated with FN (10 mg per ml of PBS; Gibco BRL) or bovine
serum albumin (BSA; 2.5 mg per ml of DMEM) and maintained with DMEM for
an adequate length of time. For AP-1 activity experiments after adhesion, cells
were transfected by calcium phosphate as described by us (23) with 50 mg of
pGL3-AP-1 plasmid containing the AP-1-responsive promoter and the luciferase
reporter gene and other cDNAs. Adhesion assays were performed 48 h after
transfection, and the AP-1 activity was measured by luciferase assay described
below.

Kinase assays. Kinase assays were carried out as described by us (15). Cells
were lysed in a solution containing 50 mM HEPES (pH 7.5), 150 mM NaCl, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 10 mg of leupeptin per ml, 2.5 mg of
aprotinin per ml, 1 mM phenylmethylsulfonyl fluoride (PMSF), 5 mM sodium
fluoride, and 5 mM sodium orthovanadate. Equivalent protein concentrations of
cell lysates were precleared with nonspecific immunoglobulin G (IgG) and bound
to protein A-Sepharose. The supernatants were immunoprecipitated with the
appropriate antibodies, and the kinase assays were performed as described pre-
viously (23). Myelin basic protein (MBP) was used as a substrate for ILK, and
glycogen synthase 1 peptide (GS-1) was used for GSK-3. Phosphorylated MBP
was detected after electrophoresis on sodium dodecyl sulfate–15% polyacryl-
amide gel, and phosphorylated GS-1 was detected after electrophoresis on a
Tricine gel (43). The gels were visualized by autoradiography. The autoradio-
graphic signals were quantified by densitometric analysis (Bio-Rad Laboratories,
Canada).

Immunoblots. Protein extracts were resolved by SDS-PAGE and electrotrans-
ferred onto Immobilon-P membranes (Millipore, Nepean, Ontario, Canada).
Membranes were probed with the appropriate primary antibody. The following
antibodies were used: rabbit anti-ILK antibody (0.5 mg/ml) (23), mouse anti-
GSK-3 antibody (1:400; Transduction Laboratories), mouse anti-V5 antibody
(1:5,000; Invitrogen, Carlsbad, Calif.), mouse anti-hemagglutinin (HA), antibody
(1 mg/ml; Babco, Richmond, Calif.), rabbit anti-c-jun antibody (1 mg/ml; Santa
Cruz Biotechnology), rabbit anti-phospho-c-jun (Ser-73) antibody (1 mg/ml; Up-
state Biotechnology, Lake Placid, N.Y.), rabbit anti-c-fos antibody (1 mg/ml;
Santa Cruz Biotechnology), mouse anti-phospho-extracellular signal-regulated
kinase (Tyr-204) antibody (1 mg/ml; Santa Cruz Biotechnology). Protein detec-
tion was carried out with the appropriate horseradish peroxidase-conjugated
secondary antibody (Jackson Laboratory, Bar Harbor, Maine) and an enhanced
chemiluminescence detection system (Amersham Corp.).

Transient transfections. Transient transfections were performed with Lipo-
fectin reagent (Gibco BRL) when serum-exposed cells reached 40 to 50%
confluency. Cells were transfected with AP-1, b-galactosidase, wild-type ILK-
V5-tagged, ILK-kinase dead (ILK-KD), wild-type GSK-3-HA-tagged, or AKT-
kinase dead (AKT-KD) HA-tagged cDNAs. The plasmids used were pGL3-AP-1
containing the AP-1-responsive promoter and the luciferase reporter gene (from
Kinetek Pharmaceuticals, Inc.), pcDNA3.1-lacZ-V5 (Invitrogen), pcDNA3.1-
ILK-V5, pcDNA3-ILK-KD, pcDNA3-GSK-3-HA, pcDNA-AKT-KD-HA (mu-
tant K179A), and the corresponding empty vectors. Transfections were carried
out overnight in serum-free medium. The transfection medium was then re-
placed by serum-containing medium, and cells were harvested 36 to 48 h later.

Luciferase assays for AP-1 activity. Luciferase assays were performed accord-
ing to the manufacturer’s instructions (Promega Corp., Madison, Wis.). All
assays (except for those shown in Fig. 2F) were normalized by measuring b-ga-
lactosidase enzymatic activity (42), and the luciferase reaction was then per-
formed by using lysates with an equivalent amount of b-galactosidase activity.
For Fig. 2F, a dual-luciferase reporter assay (Promega) was performed. Two
reporters were cotransfected: the experimental AP-1 reporter and a control
reporter (Renilla). Both luciferase activities were evaluated, and AP-1 activity
was normalized to the activity of the control. Protein concentrations were de-
termined by a Bradford assay. Results are expressed in relative light units per
microgram of protein. When testing inhibitors of AP-1 activity, cells were ex-

posed to wortmannin, LY294002, or PD98059 (Calbiochem, La Jolla, Calif.)
prior to harvesting the cells.

Nuclear extracts and gel shift assays. Nuclear extracts were prepared by the
miniextraction method as previously described (1). Cells were washed with ice-
cold PBS and harvested by being scraped in 1.5 ml of PBS. Cells were pelleted
and resuspended in 400 ml of 10 mM HEPES-potassium hydroxide (pH 7.9)–1.5
mM magnesium chloride–10 mM potassium chloride–0.5 mM dithiothreitol–0.2
mM PMSF. After 10 min of incubation on ice, nuclei were pelleted by being spun
for 10 s and resuspended in 50 ml of 20 mM HEPES-potassium hydroxide (pH
7.9)–25% glycerol–420 mM sodium chloride–1.5 mM magnesium chloride–0.2
mM EDTA–0.5 mM dithiothreitol–0.2 mM PMSF. Tubes were incubated for 20
min on ice and then centrifuged to clear the cellular debris. Nuclear extracts were
stored at 270°C. Gel shift assays were performed by incubating 2 mg of the
nuclear extracts for 20 min at room temperature with a 32P-end-labeled DNA
fragment containing the putative protein binding site (for AP-1, 59CGC TTG
ATG AGT CAG CCG GAA39; Promega; [g-32P]ATP was from Amersham Life
Science). Reaction products were analyzed on a nondenaturing 5% polyacryl-
amide gel (0.5% Tris-borate-EDTA, 3.5% glycerol). The specificity of the DNA-
protein interaction was established by competition experiments using 103 cold
AP-1 oligonucleotide as the competitor. For the supershift assay, 10 mg of rabbit
anti-c-jun antibody (Santa Cruz Biotechnology) or nonspecific IgG was added to
the reaction mixture, subsequent to the addition of the 32P-labeled oligonucle-
otide probe, and the mixture was incubated for 45 min at room temperature.
Complexes were resolved by electrophoresis as described for the gel shift assay.

RESULTS

Regulation of ILK, GSK-3, and AP-1 by adhesion to FN. It
has recently been demonstrated that the attachment of rat
intestinal epithelial IEC-18 cells to FN stimulates ILK activity
(15). Since ILK directly phosphorylates GSK-3 in vitro and
inhibits GSK-3 activity when overexpressed in cells (15), we
examined whether adhesion to FN results in an inhibition of
GSK-3 activity. Attachment of IEC-18 cells to FN led to
increased ILK kinase activity, concomitant with decreased
GSK-3 kinase activity, compared to attachment to BSA as a
control (Fig. 1A). Maximal stimulation of ILK activity oc-
curred at 30 min after plating, and this corresponds to the
maximal inhibition of GSK-3 activity. As shown previously
(15), ILK activity declines after 30 min and is substantially
lower at 45 min after plating. At this time point, the GSK-3
activity rebounds but is still lower than that for cells plated on
BSA. The autoradiographic signals were quantified by densi-
tometric analysis, and the data are shown in Fig. 1B. The
expression levels of ILK and GSK-3 did not change during the
course of cell adhesion to FN or BSA (Fig. 1A).

We next wanted to determine whether cell attachment to FN
resulted in the stimulation of AP-1 activity and whether ILK
and GSK-3 were upstream of this activation. To demonstrate
this, we switched to HEK-293 (human embryonic kidney) cells,
because these cells have a higher efficiency of transient trans-
fection than IEC-18 cells. We measured AP-1 activity by a
luciferase assay of transiently transfected HEK-293 cells with a
plasmid containing the AP-1-responsive promoter and the lu-
ciferase reporter gene at various time points of attachment to
FN or BSA. AP-1 activity was maximally stimulated 30 min
after attachment to FN (Fig. 1C). Cotransfection of the AP-1
reporter gene with increasing amounts of wild-type HA-tagged
GSK-3 cDNA in HEK-293 cells resulted in an inhibition of
AP-1 activity induced by adhesion to FN for 30 min (Fig. 1D).

These results demonstrate that attachment of cells to FN in-
creases ILK kinase activity, resulting in the inhibition of GSK-3
activity. Furthermore, adhesion-dependent stimulation of AP-1
activity is dependent on the inhibition of GSK-3 activity.

ILK regulates AP-1 in a GSK-3-dependent manner. To fur-
ther understand the link between ILK and AP-1, we measured
AP-1 activity in intestinal epithelial cells (IEC-18) and in
IEC-18 cells stably transfected with ILK in the sense orienta-
tion (ILK-13; clones A1a3 and A4a) and in the antisense ori-
entation (ILK-14) as controls (23). ILK-13 clones have been
shown to overexpress ILK (23) and to have higher constitutive
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ILK activity (15). AP-1 activity was severalfold higher in
ILK-13 (A1a3) adherent and nonadherent (data not shown)
cells than in IEC-18 and ILK-14 cells (Fig. 2A). All indepen-
dently derived ILK-overexpressing IEC-18 clones have previ-
ously been shown to behave identically (23, 37, 40), and, in-
deed, identical results were obtained for both independently
derived ILK-13 clones, A1a3 and A4a. The data shown in Fig.
2A are from the clone A1a3. Thus overexpression of ILK in

epithelial cells appears to mimic the effects of adhesion on
AP-1 activity, which is adhesion independent in these cells. In
addition, we also examined the protein expression levels of
c-jun and c-fos in these three cell lines by Western blotting
(Fig. 2A). As both c-jun and c-fos expression levels are equiv-
alent, we concluded that the increased AP-1 activity is not due
to an elevated expression of c-jun and c-fos in cells stably
transfected with ILK.

FIG. 1. Regulation of ILK, GSK-3, and AP-1 activities by adhesion to FN. (A) ILK and GSK-3 kinase activities were measured following an adhesion assay. IEC-18
cells were serum starved for 18 h, harvested, and seeded on FN or BSA for 30 or 45 min. ILK and GSK-3 activities were determined with MBP and glycogen synthase
1 peptide as the substrates, respectively. Immunoblots with anti-ILK and anti-GSK-3 antibodies show equivalent amounts of ILK and GSK-3 in each extract. (B)
Quantification of ILK and GSK-3 kinase activities by densitometric analysis. ODu, optical density units. (C) Time course of adhesion-induced stimulation of AP-1
activity. HEK-293 cells were transfected by calcium phosphate with 50 mg of pGL3-AP-1 containing the AP-1-responsive promoter and luciferase reporter gene. Cells
were then seeded on BSA or FN for the indicated times and lysed, and a luciferase assay was performed. Results represent the difference between adhesion to FN and
to BSA. RLu, relative light units. (D) Effect of GSK-3 on FN-induced AP-1 activity. HEK-293 cells were cotransfected with 50 mg of pGL3-AP-1 and the indicated
amounts of pcDNA-GSK-3-HA-tagged and empty vector. Cells were harvested, seeded on FN or BSA for 30 min, lysed, and assessed for AP-1 activity by luciferase
assay. GSK-3 expression in HEK-293 cells is shown by Western blot analysis using an anti-HA antibody.

FIG. 2. ILK regulates AP-1 activity in a GSK-3-dependent manner. (A) AP-1 activity in IEC-18 cells and in IEC-18 cells stably transfected with wild-type ILK
(ILK-13; clone A1a3 (37, 40) and anti-sense ILK (ILK-14; clone A2C3) was measured. After transfection of 0.5 mg of pGL3-AP-1 by Lipofectin, AP-1 activity was
determined by luciferase assay. c-jun and c-fos protein expression levels in each cell line were estimated by Western blotting. RLu, relative light units. (B)
Overexpression of GSK-3 decreases AP-1 activity in ILK-13 cells. Luciferase assays were performed with ILK-13 cells transfected with 0.5 mg of pGL3-AP-1 and 0.5
mg of pcDNA-GSK-3-HA or 0.5 mg of pcDNA-ILK-KD. Transfection and expression of GSK-3 were established by Western blot analysis using an anti-HA antibody.
(C) AP-1 activity in HEK-293 cells transiently transfected with ILK. HEK-293 cells were transiently cotransfected with 0.5 mg of pGL3-AP-1 and 0.5 mg of
pcDNA3.1-ILK-V5 or empty vector. ILK expression in the transfected cells was detected by immunoblotting with an anti-V5 antibody. (D) Dose-dependent effect of
GSK-3 on ILK-induced AP-1 activity. Increasing amounts of pcDNA-GSK-3-HA (0.125, 0.25, and 0.5 mg) were cotransfected with 0.5 mg of pGL3-AP-1 and 0.5 mg
of pcDNA3.1-ILK-V5, and AP-1 activity was evaluated. Expression of ILK and GSK-3 in the transfected cells is shown by Western blotting with anti-V5 and anti-HA
antibodies, respectively. (E) Effect of ILK-KD on ILK-induced AP-1 activity. The same experiment as that shown in panel D was performed with 0.5 mg and 1 mg of
pcDNA-ILK-KD. Expression of ILK in the transfected cells was established by Western blot analysis with an anti-V5 antibody. (F) Effect of AKT-KD on ILK-induced
AP-1 activity. HEK-293 cells were cotransfected with 0.5 mg pGL3-AP-1, 0.5 mg of pcDNA3.1-ILK-V5, and 0.5 mg of pcDNA-GSK-3-HA or 0.5 mg of pcDNA-AKT-
KD-HA. Expression of ILK in the transfected cells was established by Western blot analysis with an anti-V5 antibody.
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We next explored the role of GSK-3 in the regulation of
AP-1 activity. To investigate if ILK regulates AP-1 activity
through GSK-3, we measured AP-1 activity in ILK-13 cells
after transfection of these cells with wild-type GSK-3 or
ILK-KD cDNAs. In the cells stably transfected with ILK, ILK-
induced AP-1 activity is inhibited both by GSK-3 and by
ILK-KD (Fig. 2B). Transfection with the empty vector, as a
control, did not alter AP-1 activity (data not shown).

To further understand the effects of GSK-3 and ILK-KD on
AP-1 activity, we carried out transient transfections in HEK-
293 cells. Transient transfection of ILK cDNA resulted in an
approximately twofold stimulation of AP-1 activity compared
to transfection with the empty vector (Fig. 2C). Cotransfection
of ILK cDNA with increasing amounts of wild-type GSK-3 or
ILK-KD cDNAs resulted in a dose-dependent inhibition of
ILK-stimulated AP-1 activity (Fig. 2D and E, respectively).
Overexpressed inactive ILK-KD protein appears to function as
a dominant-negative molecule in this context. These data show
that ILK regulates AP-1 activity via GSK-3.

We have recently shown that ILK activates PKB/AKT in a PI
3-kinase-dependent manner by phosphorylating the Ser-473
residue (15). It has also been reported that PKB/AKT inacti-
vates GSK-3 (47). To determine whether PKB/AKT is involved
in the ILK-mediated regulation of AP-1 activity, we evaluated
AP-1 activity in transiently transfected HEK-293 cells with
active ILK and two dominant-negative forms of PKB/AKT.
Both mutants (K179A-PKB and AAA-PKB) have previously
been shown to behave as dominant negative molecules and to
inhibit endogenous PKB/AKT activity (10, 18, 49). As shown in
Fig. 2F, the dominant-negative mutant K179A-PKB had no
effect on ILK-induced AP-1 activity, whereas wild-type GSK-3
clearly inhibited this activity. Identical results were obtained
with the AAA-PKB dominant-negative mutant (data not
shown). These data argue against the role of PKB/AKT in the
ILK- and GSK-3-dependent stimulation of AP-1 activity and
suggest that ILK may be regulating GSK-3 activity by direct
phosphorylation. We have previously shown that ILK can di-
rectly phosphorylate GSK-3 in vitro (15).

FN- and ILK-mediated stimulation of AP-1 is dependent on
PI 3-kinase. We have also recently shown that ILK inhibits
GSK-3 activity in a PI 3-kinase-dependent manner (15). Sev-
eral studies have implicated PI 3-kinase in AP-1 transactiva-
tion. Specifically, TPA (27), epidermal growth factor, and in-
sulin (26) have all been shown to activate AP-1 in a PI
3-kinase-dependent manner. We therefore studied the effect of
PI 3-kinase-specific inhibitors wortmannin and LY294002 (5,
48) on FN adhesion-dependent and ILK-induced AP-1 activity
via GSK-3. We also used mitogen-activated protein kinase
kinase (MEK) inhibitor PD98059 (19) to study a potential role
of the MAPK pathway in this activation. FN adhesion-stimu-
lated AP-1 activity was inhibited by LY294002 (Fig. 3A),
whereas both wortmannin and LY294002 inhibited the stimu-
lation of AP-1 activity by ILK in transfected HEK-293 cells
(Fig. 3B). The MEK inhibitor PD98059 had a minimal effect
on the ILK-induced AP-1 activity (Fig. 3B). These data suggest
that PI 3-kinase, ILK, and GSK-3 are involved in FN-mediated
cell adhesion stimulation of AP-1.

ILK promotes complex formation between c-jun and an
AP-1 consensus oligonucleotide. The AP-1 complex consists of
dimeric transcription factors composed of c-jun–c-jun or c-jun–
c-fos, which bind to the palindromic TPA-responsive element
sequence TGA(C/G)TCA and enhance gene expression (2, 3).
It is known that one of the components of AP-1, c-jun, is
phosphorylated by GSK-3 in a region proximal to the DNA-
binding domain (amino acids 247 to 263), resulting in de-
creased DNA binding (35). We therefore analyzed the ability
of c-jun to form a complex with an AP-1 consensus oligonu-
cleotide (14) in the presence of ILK and GSK-3. HEK-293 cells
were transfected with AP-1 reporter gene and ILK cDNAs,
without or with GSK-3 or ILK-KD cDNAs. Cell lysates for
luciferase assays and nuclear extracts for gel mobility shift
assays were prepared. As expected, the expression of ILK in
HEK-293 cells increased AP-1 activity and the cotransfection
of GSK-3 or ILK-KD decreased this activity (data not shown).
Gel mobility shift analysis (Fig. 4A) showed that a protein-
DNA complex was induced in HEK-293 cells transfected with
ILK cDNA (lane 2 [lanes are numbered from left to right])
compared with HEK-293 cells transfected with the empty vec-
tor (lane 1). Cotransfection of GSK-3 cDNA inhibited this
ILK-induced complex formation (lane 3), and cotransfection
of ILK-KD cDNA reduced the amount of the complex (lane

FIG. 3. FN- and ILK-mediated stimulation of AP-1 is dependent on PI
3-kinase. (A) FN-induced AP-1 activity is sensitive to LY294002. HEK-293 cells
transfected by calcium phosphate with 50 mg of pGL3-AP-1 were plated on BSA
or FN for 30 min in the presence of the indicated concentrations of LY294002,
and AP-1 activity was evaluated by luciferase assay. (B) ILK-induced AP-1
activity is sensitive to PI 3-kinase inhibitors. AP-1 activity in HEK-293 cells
cotransfected by Lipofectin with 0.5 mg of pGL3-AP-1 and 0.5 mg of pcDNA3.1-
ILK-V5 was measured. PD98059 (25 mM), wortmannin (100 nM), LY294002 (10
mM), or dimethyl sulfoxide (DMSO) was added to the cell culture medium 30
min prior to harvesting the cells. AP-1 activity was then evaluated by a luciferase
assay. ILK expression is shown by Western blotting with anti-V5 antibody.
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4). To determine whether the ILK-induced complex contains
c-jun, we carried out a supershift assay using an anti-c-jun
antibody to highlight the presence of c-jun in the complexes
(Fig. 4B). As can be seen, anti-c-jun antibody induced a pro-
tein-DNA mobility shift in the complex, indicating the massive
presence of c-jun. The results show that ILK activates the
binding of c-jun to its DNA response element and that this
stimulation requires the inhibition of GSK-3, since the pres-
ence of wild-type GSK-3 suppresses the ILK-induced activa-
tion. The MEK inhibitor PD98059 did not have a significant
effect on the ILK-induced complex formation (Fig. 4A, lane 5).
As shown by Western blot analyses in Fig. 4, the effects of ILK
on c-jun-DNA complex formation and AP-1 activation appear
to be independent of the N-terminal phosphorylation of c-jun,
because ILK had no effect on the further stimulation, over and
above that of serum, of Ser-73 phosphorylation by JNK. This
phosphorylation was also not modified by the coexpression of
GSK-3 or ILK-KD. Furthermore, although ILK stimulates the
phosphorylation of ERK-1 (Fig. 4A) but does not affect ERK-1
expression (not shown), inhibition of this phosphorylation by
PD98059 did not significantly affect the c-jun–DNA complex
formation, demonstrating that the ILK- and GSK-3-dependent
activation of AP-1 is mediated by the regulation of the DNA-
binding domain of c-jun.

DISCUSSION

The data presented in this paper demonstrate a novel sig-
naling pathway for the activation of the AP-1 transcription
factor via cell adhesion to FN. In this pathway, ILK regulates
AP-1 activity through GSK-3. We have shown that adhesion of
cells to FN stimulates ILK activity. Since the regulation of ILK
activity is PI 3-kinase dependent (15), we have shown, with the

use of pharmacologic PI 3-kinase inhibitors wortmannin and
LY294002, that adhesion and ILK-mediated AP-1 activation
are PI 3-kinase dependent. ILK, by inhibiting GSK-3, may
prevent the GSK-3 dependent C-terminal phosphorylation of
one or more sites located near the DNA-binding domain of
c-jun. This would then result in the promotion of the formation
of a DNA-protein complex containing c-jun, enhancing AP-1
activity (Fig. 5). Our data demonstrate further that although
ILK regulates the activities of both PKB/AKT and GSK-3 in
a PI 3-kinase-dependent manner (15), it is the PKB-inde-
pendent regulation of GSK-3 by ILK that is involved in AP-1
stimulation.

Integrin-mediated cell adhesion is known to regulate gene
expression via transcription factors such as NF-kB and AP-1
(6). A number of signal transduction pathways, normally asso-
ciated with the binding of soluble growth factors to their re-
ceptors, are also activated by integrin engagement (44). There
is evidence that the growth factor-mediated activation of PI
3-kinase and downstream elements, such as PKB/AKT, de-
pends on cell adhesion (31). Cell anchorage via integrins can
activate the PI 3-kinase PKB/AKT pathway, leading to the
suppression of cell detachment-induced apoptosis or anoikis
(30). Integrin engagement also triggers activation of the Raf-1/
MEK/MAPK pathway (33, 41). However, in this case, integrin-
mediated adhesion itself does not result in mitogenesis; soluble
growth factors are also required. Three groups of MAPK have
been identified: ERK, p38 MAPK, and JNK (12). JNK can be

FIG. 4. ILK-induced AP-1 activity is mediated by c-jun. (A) In this band shift
assay, serum-exposed HEK-293 cells were transfected by Lipofectin with 0.5 mg
of each of the indicated cDNAs. PD98059 (25 mM) was added to the medium
12 h prior to harvesting the cells. Nuclear extracts (2 mg) from the transfected
cells were incubated with 32P-end-labeled AP-1 consensus oligonucleotide con-
taining the protein binding site. Reaction products were analyzed on a nonde-
naturing 5% polyacrylamide gel (left gel). The specificity of complex formation
was established by a competition experiment using cold AP-1 oligonucleotide as
the competitor (right gel). For immunoblot studies, 10 mg of protein was resolved
by SDS–10% PAGE. c-jun (Ser-73) phosphorylation, c-jun protein expression
level, ERK phosphorylation (Tyr-204), and ERK protein expression level (not
shown) were determined by Western blot analysis. ILK and GSK-3 expression
levels in the transfected cells were evaluated by Western blot analysis using
anti-V5 and anti-HA antibodies, respectively. (B) Anti-c-jun antibody shifts
ILK-induced AP-1 complex. Nuclear extracts (2 mg) from HEK-293 cells trans-
fected with ILK-V5 cDNA were incubated with 32P-AP-1 oligonucleotide in the
absence or presence of anti-c-jun antibody or nonspecific IgG (10 mg). The latter
did not induce a mobility shift of the complex (not shown).
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activated upon integrin clustering (33) and by a variety of
environmental signals (16, 32, 45). Targets of the JNK signal
transduction pathway include the transcription factor c-jun
(50). The fact that JNK enhances AP-1 activity by binding to
the N-terminal region of c-jun and phosphorylating serine-63
and -73 within the activation domain has been well character-
ized (29, 50).

Several lines of evidence indicate that the C-terminal DNA-
binding domain of c-jun also regulates AP-1 activity. It has
been shown that in resting cells, in which AP-1 activity is low,
c-jun is phosphorylated on three amino acid residues located
near the DNA-binding domain (8). Activation of these cells by
TPA leads to an increase in the DNA binding of AP-1. This is
independent of any protein synthesis and results in the specific
dephosphorylation of c-jun in the C-terminal domain. These
authors showed that, in vitro, GSK-3 can efficiently phosphor-
ylate c-jun on these sites, resulting in decreased DNA-protein
interaction. Later, these in vitro results were confirmed, and it has
been shown by cotransfection experiments that GSK-3 can inhibit
AP-1 activity in intact cells (35). These results support the hy-
pothesis that GSK-3 is an important regulator of AP-1 in vivo.

We have demonstrated here that adhesion to FN activates
ILK and consecutively inhibits GSK-3, leading to higher AP-1
activity. The PI 3-kinase-dependent activation of AP-1 by ILK
via GSK-3 could explain why the overexpression of ILK in

epithelial cells suppresses suspension-induced apoptosis and
stimulates anchorage-independent cell cycle progression (40).
This is concomitant with the higher AP-1 activity observed in
ILK-13 cells, although c-jun protein expression is not in-
creased. Overexpression of ILK leads to increased cyclin D1
and cyclin A, to activated cyclin D1-cdk4 and cyclin E-cdk2
kinases resulting in the hyperphosphorylation of the retino-
blastoma protein (pRB) (40), and to the promotion of anchor-
age-independent cell growth. It has recently been shown that
interactions between c-jun and pRB, two components regu-
lated by ILK, may represent an important mechanism for con-
trolling transcription, cell growth, and differentiation (36).
GSK-3 is an important molecule in the regulation of cell pro-
liferation and cell survival. Active GSK-3 can induce apoptosis
(38), and it is also implicated in the regulation of b-catenin and
cyclin D1, resulting in their degradation (17, 34).

Our work emphasizes that although growth factors and the
extracellular matrix can regulate AP-1 via JNK activation, the
involvement of ILK and GSK-3 also appears to be required for
extracellular matrix stimulation of AP-1 activity.
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