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The role of integrin-linked kinase (ILK), a kinase that is involved in various cellular processes, including adhesion and migration, has not
been studied in primary neurons. Using mRNA dot blot and Western blot analysis of ILK in rat and human brain tissue, we found that ILK
is expressed in various regions of the CNS. Immunohistochemical and immunocytochemical techniques revealed granular ILK staining
that is enriched in neurons and colocalizes with the �1 integrin subunit. The role of ILK in neurite growth promotion by NGF was studied
in rat pheochromocytoma cells and dorsal root ganglion neurons using a pharmacological inhibitor of ILK (KP-392) or after overexpres-
sion of dominant-negative ILK (ILK-DN). Both molecular and pharmacological inhibition of ILK activity significantly reduced NGF-
induced neurite outgrowth. Survival assays indicate that KP-392-induced suppression of neurite outgrowth occurred in the absence of
cell death. ILK kinase activity was stimulated by NGF. NGF-mediated stimulation of phosphorylation of both AKT and the Tau kinase
glycogen synthase kinase-3 (GSK-3) was inhibited in the presence of KP-392 and after overexpression of ILK-DN. Consequently, ILK
inhibition resulted in an increase in the hyperphosphorylation of Tau, a substrate of GSK-3. Together these findings indicate that ILK is
an important effector in NGF-mediated neurite outgrowth.
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Introduction
Integrin linked-kinase (ILK) is a 59 kDa, phosphatidylinositol-3
kinase (PI-3 kinase)-dependent, serine–threonine kinase that
regulates various cellular processes, including adhesion, migra-
tion, differentiation, and survival (for review, see Dedhar et al.,
1999; Wu, 1999; Dedhar, 2000; Wu and Dedhar, 2001). ILK con-
tains four ankyrin repeats at the NH2 terminus followed by a
pleckstrin homology (PH)-like domain and a protein kinase cat-
alytic domain near the COOH terminus (Hannigan et al., 1996).
ILK interacts with �1 and �3 integrins through its C terminus
(Hannigan et al., 1996), the LIM domain-only adaptor protein
particularly interesting new cysteine-histidine rich protein
(PINCH) through its ankyrin repeat domains (Tu et al., 1999)
and may interact with phosphatidylinositol phosphates through
the PH domain motif (Delcommenne et al., 1998). The ILK–
PINCH interaction is important for its localization within focal
adhesions (Li et al., 1999) and is thought to link ILK with growth
factor receptor kinase signaling by way of other PINCH binding
proteins such as Nck-2 (Tu et al., 1998). PINCH and Nck-2 form
a ternary complex with ILK and are recruited to activated growth
factor receptors (Tu et al., 1999). ILK also binds paxillin and the

calponin homology containing actin binding proteins affixin
(Yamaji et al., 2001) and calponin homology ILK-binding
protein (CH-ILKBP) (Tu et al., 2001) within focal adhesions
(Nikolopoulos and Turner, 2001). These protein–protein inter-
actions provide a framework for the formation of ILK signaling
complexes that couple integrins and growth factors to the cy-
toskeleton (Wu and Dedhar, 2001).

ILK has been shown to be a critical effector in a PI-3 kinase-
dependent signaling pathway that is downstream from both
growth factor and integrin receptor activation (for reviews see
Dedhar et al., 1999; Wu, 1999). Stimulation of ILK after exposure
to soluble factors or fibronectin results in activation of AKT (also
known as protein kinase B) and inhibition of glycogen synthase
kinase-3 (GSK-3) (Delcommenne et al., 1998; Attwell et al., 2000;
Dedhar, 2000; Persad et al., 2000). Phosphoinhibition of GSK-3
by ILK may be direct because ILK has been shown to phosphory-
late GSK-3 in vitro (Delcommenne et al., 1998; Persad et al.,
2001b). Alternatively, activated AKT may, in turn, phosphorylate
and thereby negatively regulate GSK-3 (Cross et al., 1995).

The PI-3 kinase-dependent–AKT signaling pathway has been
shown to be involved in neuronal differentiation and is down-
stream of both integrins (Sarner et al., 2000) and growth factors
such as NGF (Kaplan and Miller, 2000). ILK is a known effector
within the AKT signaling pathway and has recently been shown
to regulate migration and differentiation (Ishii et al., 2001; Wu
and Dedhar, 2001). Therefore, we examined the role of ILK in
NGF-induced activation of AKT and neurite outgrowth using
pheochromocytoma cells (PC12) cells, dorsal root ganglion
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(DRG) neurons, and cerebrocortical neurons. We find that ILK is
activated by NGF and is an important effector of NGF-mediated
neurite outgrowth.

Materials and Methods
Cell culture and drug exposure. PC12 cells were grown in DMEM supple-
mented with 5% FBS, 10% horse serum, and 1% nonessential amino
acids. PC12 cells overexpressing gp140 trk (cell line PC-6 –24) were grown
in the same medium except that newborn calf serum was used instead of
FBS, and cells were maintained in the presence of 200 �g/ml G418 as
previously described (Hempstead et al., 1992). Before drug exposure,

PC12 cells were plated onto collagen I (5 �g/ml;
Collaborative Biomedical Products, Bedford,
MA), collagen IV (2 �g/ml; Invitrogen, Burl-
ington, Ontario, Canada), or laminin (5 �g/ml;
Invitrogen) at a density of 3 � 10 6/100 mm dish
for Western blotting, 8.7 � 10 6/100 mm dish
for kinase assays or 5 � 10 5/35 mm dish for
neurite outgrowth assays and allowed to adhere
overnight. Cells were then exposed to NGF (In-
vitrogen) in serum-free DMEM with or without
100 �M of the selective ILK inhibitor KP-392
(formerly known as KP-SD-1; Persad et al.,
2000, 2001a,b, Troussard et al., 2000; Tan et al.,
2001). Short-term exposures (4 hr) of PC12
cells to the ILK inhibitor were preceded by a 1 hr
preincubation. KP-392 was obtained from a lo-
cal pharmaceutical company (Kinetek Phar-
maceuticals Inc., Vancouver, British Columbia,
Canada) after a material transfer agreement.
For transfection experiments, E359K domi-
nant-negative ILK (ILK-DN), wild-type ILK
(ILK-WT), or empty vector (Delcommenne et
al., 1998) were transiently expressed in PC12
cells using Lipofectamine 2000 (Invitrogen) 24
hr before cell plating. Cultures were subse-
quently plated onto collagen I, serum-starved
overnight, and exposed to NGF. In experiments
measuring neurite outgrowth, enhanced green
fluorescent protein (EGFP) was transiently co-
transfected with either ILK constructs or empty
vector, and measurements were taken from
EGFP-positive cells. PC-6 –24 cells were plated
onto collagen I-coated glass coverslips and al-
lowed to differentiate for 2 d in the presence of
50 ng/ml NGF. Cultures of cerebellar granule
cells were prepared from the cerebella of post-
natal day 4 –5 mice as previously described
(Cohen-Cory et al., 1991). Cells were plated on
laminin-coated glass coverslips in MEM con-
taining 10% FCS and 25 mM KCl and allowed to
adhere overnight. Cerebellar cultures were then
incubated in Neurobasal media (Invitrogen)
supplemented with B-27 (Invitrogen) and al-
lowed to differentiate for 7– 8 d in vitro. DRG
cells were isolated from stage 29 –30 (E6–E6.5;
25) chick embryos (White Leghorn, Alberta) at
lumbosacral levels. The DRG neurons were cul-
tured on coverslips coated with poly-L-lysine (100
�g/ml) and laminin (50 �g/ml) in DMEM–F-12
media containing 1% FBS, 20 ng/ml NGF, and 5
�g/ml insulin. One hundred micromolar KP-392
(Kinetek Pharmaceuticals Inc.) alone or with 100
�M Boc-aspartyl (OMe)-fluoromethylketone
(BAF; Enzyme Systems Products, Dublin, CA)
was added to the explants before plating. DMSO
(equal volumes) was added to control cultures.
Cells were subsequently cultured for 24 hr in the
presence of drug or vehicle control. Cerebrocorti-

cal cultures were prepared from embryonic day 15 or 16 Sprague Dawley rats
as previously described (Bonfoco et al., 1995) and plated onto poly-D-lysine-
coated culture plates. Cerebrocortical cultures were transiently transfected
with ILK-DN or ILK-WT using Lipofectamine 2000 (Invitrogen). Cultures
were serum-starved 16 hr before drug addition and exposed to NGF (20
ng/ml) (Calbiochem, La Jolla, CA) for 15 min in Earle’s balanced salt solu-
tion and subsequently harvested for kinase assays.

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end
labeling and propidium iodide staining. For terminal deoxynucleotidyl
transferase-mediated biotinylated UTP nick end labeling (TUNEL) la-
beling, PC12 cells were plated onto coverslips coated with poly-D-lysine

Figure 1. ILK transcript and protein expression in rat and human tissue. A, Human multiple tissue expression array. The signals
obtained by hybridization of an ILK-specific probe to the multiple tissue expression membrane were quantified by phosphoimage
analysis, as described in Materials and Methods. The data are represented as fold increases over the signal obtained from 100 ng of
genomic DNA. Inset, Specificity of the ILK probe was assured by Northern blot analysis. B, Top, Rat homogenates from neural
(olfactory bulb, lane 1; frontal cortex, lane 2; hippocampus, lane 3; pons, lane 4; striatum, lane 5; cerebellum, lane 6 ) and non-
neuronal (kidney, lane 7; heart, lane 8) tissues were immunoblotted and probed with an ILK polyclonal antibody from Upstate
Biotechnology. Bottom, Western blots were also probed with a histone H1 monoclonal antibody as a loading control. C, Represen-
tative Western blot, performed in triplicate, showing ILK expression in adult or fetal (7 week) human brain tissue. ILK was visualized
using a rabbit polyclonal antibody (Upstate Biotechnology).
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(100 �g/ml) and collagen I. After a 48 hr drug treatment, DNA fragmen-
tation was measured in PC12 cells using the In Situ Cell Death Detection
Kit (Fluorescein; Boehringer Mannheim Biochemicals, Indianapolis, IN)
according to the methods of Miller et al. (1997). Cells were then washed
in PBS and mounted in Vectashield mounting media containing DAPI
(Vector Laboratories, Burlingame, CA). For propidium iodide staining,
PC12 cells were incubated in DMEM containing propidium iodide (100
�g/ml) and Hoechst 33342 (50 �g/ml) for 15 min at room temperature,
washed with PBS, and fixed with 3% paraformaldehyde. The number of
TUNEL-negative or propidium iodide-negative cells were calculated as a
percentage of total cell number (DAPI or Hoechst-stained cells,
respectively).

Assessment of neurite growth. The number of neurite-bearing PC12
cells was assessed as previously described (Teng and Greene, 1994). In
brief, cells with neurites were defined as those bearing a process greater
than twice the cell body length. The percentage of cells with neurites for
each treatment group was determined using randomly chosen cell fields
from duplicate wells. For transfected cultures, measurements were taken
from PC12 cells expressing EGFP. Data were expressed as mean � SEM
of four separate trials. *p � 0.05 different from control cells plated onto
the same extracellular matrix. In DRG explants, the average length of
neurite bundles was measured from the outer edge of the explant to the
outer perimeter of the bulk of neurofilament-stained neurites. In addi-
tion, individual neurite bundles were counted as they crossed each con-
centric circle located at 500, 1000, and 1500 �m from the edge of the
explant. Ten DRG explants (taken from four separate platings) were
scored for both the control (DMSO) and experimental groups (KP-392).
In both PC12 cells and DRG neurons, paired t tests were used to deter-
mine the significance of observed differences.

Kinase assay and immunoprecipitations. Primary neuronal cultures
were washed in PBS and harvested in ice-cold lysis buffer (50 mM Tris-
HCl, pH 8.0, 150 mM NaCl, 1% Triton X-100, 0.1% deoxycholate, 1.1 mM

PMSF, 10 �g/ml aprotinin, 2 mM orthovanadate, and 100 mM NaF).
Lysates were precleared by centrifugation (20 min at 14,000 � g), and
protein concentrations were determined using a BCA protein assay kit
(Pierce, Rockford, IL). Lysates were subsequently immunoprecipitated
with a monoclonal antibody (Upstate Biotechnology, Lake Placid, NY) to
ILK, and the protein kinase assay was performed as previously described
(Digicaylioglu and Lipton, 2001) using an N terminus, His-tagged fusion
protein corresponding to human AKT as a substrate (Upstate Biotech-
nology). After the kinase assay, anti-ILK immune complexes were sub-
jected to Western blot analysis to measure phosphorylation of exogenous
AKT at Ser-473. ILK kinase activity was measured in PC12 cells after

immunoprecipitation with a monoclonal anti-ILK antibody (Upstate
Biotechnology) as described above or by 32P phosphorylation of exoge-
nous AKT. The latter ILK immunoprecipitation kinase assay is a modi-
fication of one used for phosphoinositide-dependent kinase-1 (PDK)
activity (Upstate Biotechnology). Levels of the p85 regulatory subunit of
PI-3 kinase in anti-phosphotyrosine immunoprecipitates of PC12 cells
were analyzed as a control for KP-392. A specific antibody against phos-
photyrosine (PY20; Santa Cruz Biotechnology, Santa Cruz, CA) was used
for immunoprecipitations.

Western blotting. Rodent tissue, harvested from 6- to 8-week-old rats
(250 –275 gm adult male Sprague Dawley), and PC12 cell homogenates
were prepared in Tris-HCl buffer, pH 7.6, containing 1% NP-40, 150 mM

NaCl, 1 mM EDTA, 3.8 �g/ml aprotinin, 1 �g/ml leupeptin, 1 mM PMSF,
2 mM NaF, and 1 mM Na3VO4. NP-40 buffer has previously been shown
to be suitable for the recovery of other focal adhesion proteins (Ling et al.,
1999). For Trk (tyrosine kinase) Western blots, lysis buffer was supple-
mented with 0.1% SDS. After sonication, 20 �g of protein was separated
by 10% SDS-PAGE and transferred electrophoretically to polyvinylidene

Figure 2. Immunohistochemical staining of ILK is enhanced in neurons from the human
hippocampus and cerebellum. Coronal sections through the hippocampus (top left panel ) or
cerebellum (bottom left panel ) showing high somatodendritic ILK immunoreactivity in both
CA1 pyramidal cells and Purkinje cells, respectively. IgG controls for both sections are shown in
the adjacent panels. Scale bar, 50 �m.

Figure 3. Immunocytochemical localization of ILK and �1 integrin in neuronal cells. Label-
ing of cells with ILK reveal both a punctate and continuous staining pattern with concentrations
at the axon, neurite tip, and periphery of the cell soma. A, Punctate immunoreactivity was
evident in differentiated PC12 cells overexpressing gp140 trk and plated onto collagen I after
incubation with a polyclonal ILK antibody ( A) but was not present in the corresponding IgG
controls ( B). Immunoreactivity to an anti-ILK antibody was continuous at the axons of DRG
neurons plated onto laminin (C, D) but appeared more patchy and granular at the growth cone
( E). Codistribution of ILK and the �1 integrin subunit occurred throughout the neuronal cell
body and processes of cerebellar granule neurons ( F–H). Area outlined by the box ( H ) is shown
here at a higher magnification ( I ). Scale bar, 20 �m.
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difluoride. Human tissue was solubilized in
buffer containing 0.1% Triton X-100, and 15
�g of sample was separated by 15% SDS-PAGE.
Membranes were probed with antibodies to the
following: ILK (StressGen Biotechnologies
Corporation, Victoria, British Columbia, Can-
ada; Upstate Biotechnology), AKT (New En-
gland Biolabs, Mississauga, Ontario, Canada),
phospho-AKT Ser-473 (New England Biolabs),
GSK-3 (BD PharMingen, Mississauga, Ontario,
Canada), phospho-GSK-3�/� (Ser-21/9; New
England Biolabs), p38 MAPK (mitogen-
activated protein kinase) (New England Bio-
labs), phospho-p38 MAPK (New England Bio-
labs), tau-1 (Chemicon, Temecula, CA), paired
helical filament (PHF-1; a kind gift from Dr.
Davies, The Albert Einstein College of Medi-
cine), Trk (C14; Santa Cruz Biotechnology),
phosphospecific TrkA (Tyr 490; New England
Biolabs), and histones (H1 and core proteins;
Chemicon). For Western blots of extracellular
signal-regulated kinase (ERK), protein was sepa-
rated on 12.5% low bis gels (acrylamide:bis ratio
118.5:1), transferred and probed using a phos-
pho-ERK antibody (New England Biolabs).
Western blots of AKT, GSK-3, p38 MAPK, and
TrkA were probed first with phosphospecific an-
tibodies, stripped using Restore buffer (Pierce),
and subsequently reprobed with nonphos-
phospecific antibodies as controls for total protein
expression. Western blots of Tau were probed first
with anti-PHF-1, a phosphorylation-dependent
antibody that binds a phosphoserine residue
(phosphoserine 396) which lies next to the micro-
tubule binding domain of Tau and then with anti-
Tau-1 a phosphorylation-independent antibody.
All antibodies, were used at a dilution of 1:1000
except for the following: anti-PHF-1 (1:50), anti-
Tau-1 (1:500), anti-phosphospecific TrkA (1:
500), and anti-histones (1:500).

Human multiple tissue expression array. A
32P-labeled cDNA probe corresponding to the
5� end of ILK (ATG-BamHI) was generated by
random prime labeling (Redi-prime II, Amer-
sham Pharmacia Biotech, Baie d-Urfé, Quebec,
Canada). The specificity of the probe was as-
sured by standard Northern blot analysis (hu-
man 12-lane multiple tissue Northern blot;
Clontech, Palo Alto, CA). The tissue distribu-
tion of ILK was measured by hybridization of
the probe to a multiple tissue mRNA dot blot
(human multiple tissue expression array; Clon-
tech). All hybridizations and subsequent wash-
ing steps were performed according to the man-
ufacturer’s protocol. The resulting blot was
then visualized by autoradiography. Expression
was quantified with a Storm 860 PhosphorIm-
ager (Molecular Dynamics, Sunnyvale, CA) and
the accompanying ImageQuant analysis soft-
ware, version 4.1 (Molecular Dynamics). Data
from individual spots were then corrected for
background signal (Cot 1 DNA) and normal-
ized against the signal obtained from 100 ng of
genomic DNA.

Immunocytochemistry. Human brain sec-
tions (3–5 �M) cut from paraffin-embedded tis-
sues were deparaffinized, permeabilized in
0.2% Triton X-100, and stained using a poly-
clonal antibody against ILK (1:250; Upstate

Figure 4. ILK inhibition reduces AKT and GSK-3 phosphorylation in PC12 cells after NGF receptor stimulation. A, NGF increases
ILK activity in a concentration-dependent manner. PC12 cells, plated onto laminin, were exposed to increasing concentrations of
NGF for 30 min. After immunoprecipitation, ILK activity was measured by AKT substrate radiolabeling. Top, Average CPM of AKT
substrate radiolabeling; n � 3 � SEM. Bottom, Representative in vitro kinase assay. B, NGF increases ILK phosphorylation of AKT
Ser-473. ILK kinase activity was measured in PC12 cells plated onto collagen I after a 10 min exposure to NGF (100 ng/ml). ILK
activity was measured using a His-tagged fusion protein corresponding to human AKT as an exogenous substrate. Phosphoryla-
tion of the substrate by ILK is detected using a phosphospecific anti-AKT Ser-473 antibody. The antibody control (lane 3) corre-
sponds to lysate immunoprecipitated with an irrelevant antibody (anti-flag monoclonal antibody; Upstate Biotechnology). C,
KP-392 inhibits NGF stimulation of AKT and GSK phosphorylation in a dose-dependent manner. Western blots of lysates from PC12
cells grown on collagen I and treated with NGF (50 ng/ml) for 4 hr in the presence of vehicle control or increasing concentrations
of KP-392. Representative Western blots of cell lysates, run in parallel and probed with antibodies for phospho-AKT, phospho-
GSK-3, or phospho-p38 MAPK; n � 3–5. These same blots were subsequently stripped and reprobed for AKT, GSK-3, or p38 MAPK
as a control for protein expression levels. D, KP-392 does not inhibit phosphorylation of PI-3 kinase or TrkA. Left, Representative
Western blot of PC12 cell lysates from PC12 cells treated for 4 hr with NGF in the presence or absence of KP-392 (100 �M) and
probed with a phosphospecific antibody for TrkA (Tyr 490). Right, Levels of the p85 regulatory subunit of PI-3 kinase were analyzed
in anti-phosphotyrosine immunoprecipitates by Western blotting. E, Long-term effects of KP-392 (100 �M) on cell signaling
in PC12 cells grown on collagen I (Col I ), collagen IV (Col IV ), or laminin ( L) and incubated in the presence or absence of NGF
(50 ng/ml) for 48 hr. Representative Western blots of cell lysates, run in parallel and probed with antibodies for phospho-AKT, phospho-
GSK-3, or phospho-ERK; n � 3. After membrane stripping, Western blots were subsequently reprobed for AKT, GSK-3, and ERK. F,
Overexpression of ILK-DN decreases NGF-induced stimulation of AKT and GSK-3 phosphorylation. PC12 cells were transfected with ILK-
DN:V5 or EmptyV5. Twenty-four hours after transfection, cells were replated onto collagen I and were serum-starved overnight. Repre-
sentative Western blots of phospho-AKT and phospho-GSK-3 after a 15 min exposure to NGF (50 ng/ml); n � 3. These same Western
blots were subsequently stripped and reprobed with an anti-V5 or anti-GSK-3 antibody, respectively.
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Biotechnology). The sections were incubated with a biotinylated anti-
rabbit IgG followed by a streptavidin– horseradish peroxidase conjugate.
The final reaction product was visualized with DAB. Controls included
replacement of the primary antibody with normal rabbit IgG.

Cultured cells were fixed for 10 min in 3– 4% paraformaldehyde in
PBS, pH 7.4. Depending on the antigen, cells were solubilized in 0.02% or
0.1% Triton X-100 and blocked in PBS containing 5% NGS and 1% BSA.
Primary antibodies to ILK (1:400; StressGen Biotechnologies Corpora-
tion; 1:100, Upstate Biotechnology), or neurofilament (1:500, Sigma-
Aldrich, Oakville, Ontario, Canada) were incubated for 1 hr at 37°C or
overnight at 4°C. Protein was detected after incubation at 37°C with
anti-rabbit rhodamine-conjugated (Santa Cruz Biotechnology) or Cy3-
conjugated (Jackson ImmunoResearch, Mississauga, Ontario, Canada)
secondary antibodies. For double-labeling studies of mouse cerebellar gran-
ule cultures, a monoclonal antibody to ILK (Upstate Biotechnology) and
rabbit polyclonal anti-�1 antiserum (a kind gift from Dr. S. Carbonetto,
McGill University) was incubated as stated above, and protein was detected
after incubation with anti-rabbit rhodamine-conjugated (Santa Cruz
Biotechnology) or anti-mouse fluorescein isothiocyanate-conjugated
secondary antibodies (Santa Cruz Biotechnology). In the double-
labeling experiments, data were collected sequentially to prevent
bleedthrough. Specificity of the immunofluorescence was established by
comparing sister cultures incubated with the same concentration of rab-
bit IgG or secondary antibody alone.

Results
Expression levels of ILK in rat and human tissue
Messenger RNA levels of ILK are expressed in a wide variety of
tissue, including the heart, kidney, and brain (Hannigan et al.,
1996). Although ILK protein expression in various brain regions
has not been studied, high ILK immunoreactivity in tumors with
primitive neural differentiation has recently been demonstrated
(Chung et al., 1998). Hybridization of a human multiple tissue
expression array of poly(A�) selected RNA with an ILK cDNA
probe indicate that ILK is expressed in a variety of brain regions
(Fig. 1A). Furthermore, Western blot analysis indicate protein
expression to be high in various brain regions relative to tissue
known to express high ILK mRNA levels such as the heart. Areas
of the brain expressing high ILK levels include the cortex, hip-
pocampus, and cerebellum. Immunoblot analysis of homoge-

nates taken from the fetal or adult human brain reveal that pro-
tein levels of ILK increase with age (Fig. 1C). This finding is
consistent with the dot blot analysis because ILK mRNA levels
were approximately four times higher in the adult human brain
than in the fetal brain (16.4 and 4.8/100 ng of DNA, respectively).

Immunocytochemical localization of ILK in neuronal cells
Although Western blot analysis revealed high expression of ILK
in the rat CNS, the cellular and subcellular distributions of ILK
were unknown. To address these questions, human brain slices
were stained for ILK. ILK-immunoreactive cells were detected
within the same regions of the human brain that expressed ILK
mRNA and ILK protein (Fig. 2). High magnification of human
hippocampal and cerebellar coronal sections reveal intense ILK
immunoreactivity in the neuronal cell bodies and dendrites of CA1
pyramidal cells and Purkinje cells, respectively. In contrast, the
neuronal cell nucleus appeared devoid of ILK staining (Fig. 2).

Immunocytochemical localization of ILK in cultured cells
plated on various ECM substrates was similar to the staining
pattern observed in paraffin-embedded sections. In neuronal
cells grown in vitro, ILK immunoreactivity was strong through-
out the neuronal cell body and processes (Fig. 3). In differentiated
PC12 cells overexpressing gp 140 trk and grown on collagen-
coated coverslips, ILK staining produced a granular pattern that
was especially evident in the soma and neurite tip (Fig. 3A). PC12
cells overexpressing gp 140 trk were used simply for convenience
because they differentiated more rapidly. A similar staining pat-
tern for ILK was observed for wild-type PC12 cells cultured alone
or in the presence of NGF (J. Mills and S. Dedhar, unpublished
observations). At the growth cones of DRG neurons, ILK staining
was punctate and uniformly distributed and extended to the pe-
riphery of growth cones into the tips of filopodia (Fig. 3E). The
fine punctate staining of ILK is reminiscent of point contacts
(Arregui et al., 1994) and is consistent with a cytoskeletal associ-
ated protein. Indeed the colocalization of ILK with the �1 integrin
subunit in cerebellar granule neurons supports this hypothesis
(Fig. 3F–H). In contrast, axonal staining of ILK in DRG neurons
was more continuous and appeared to be cytoskeletal-associated

Figure 5. NGF increases phosphorylation of AKT Ser-473: effect of ILK-DN and ILK-WT over-
expression in primary neurons. Top, ILK in vitro kinase activity was measured in rat cerebrocor-
tical cultures after a 15 min exposure to NGF. NGF increased ILK phosphorylation of AKT Ser-473.
Growth factor stimulation of AKT phosphorylation was inhibited after overexpression of ILK-DN
(lanes 2 and 6, respectively). Competition of ILK-WT was observed with increasing concentra-
tions of ILK-DN (the ratio of ILK-WT:ILK-DN is indicated above). Bottom, Immunoblots were
stripped and subsequently reprobed with an anti-AKT antibody as a control for His-tagged, AKT
fusion protein loading.

Figure 6. ILK inhibition increases Tau hyperphosphorylation in PC12 cells after integrin and
NGF receptor stimulation. A representative Western blot of the effect of KP-392 (100 �M) on
levels of PHF-1 in PC12 cells grown on collagen I (Col I ), collagen IV (Col IV ), or laminin ( L) after
a 48 hr incubation in media lacking serum with or without NGF (50 ng/ml); n � 3. The bottom
panel shows Tau-1-immunoreactive bands from the same blot as a control for protein expres-
sion levels.
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(Fig. 3C,D). This tubular staining pattern extended into the neu-
ritic shaft and central regions of the growth cone (Fig. 3D).

NGF-induced phosphorylation of AKT on serine-473 is
dependent on ILK activity
In neuronal cell lines, integrin and NGF binding have been shown
to result in activation of the PI-3 kinase-dependent–AKT signal-
ing pathway (Andjelkovic et al., 1998; Ashcroft et al., 1999; Sarner
et al., 2000). To determine whether NGF stimulates ILK and leads
to AKT signaling, PC12 cells were stimulated with NGF, and ILK
activity was measured using AKT as a substrate. Using a sensitive
radioactive in vitro kinase assay, we found that ILK activation in
PC12 cells plated onto laminin was maximal at 20 ng/ml NGF
(Fig. 4A). Similarly, using an alternate approach (Digicaylioglu
and Lipton, 2001) ILK activity in PC12 cells plated onto collagen
I was found to increase after a 10 min exposure to NGF (Fig. 4B).
To determine the importance of ILK in NGF-induced neuronal
signaling, PC12 cells were plated onto various ECM and stimu-

lated with NGF in the presence of KP-392, a pharmacological inhib-
itor of ILK or after transient transfection of ILK-DN. KP-392 has
previously been shown to be a highly selective ILK inhibitor, reduc-
ing phosphorylation of AKT on Ser-473 in a dose-dependent
manner while having no effect on phosphoinositide-dependent
kinase-1 (PDK-1), a kinase that regulates AKT by Thr-308 phos-
phorylation (Persad et al., 2000, 2001a,b; Troussard et al., 2000;
Tan et al., 2001). Also, this small molecule inhibitor has been
shown to be selective for ILK compared with a number of other
purified protein kinases in vitro (Persad et al., 2001a). The IC50 of
KP-392 for ILK is �0.3 �M compared with 25 �M or higher for
the other kinases tested (Persad et al., 2001a). A higher concen-
tration of the inhibitor is required when used on whole cells,
probably because of poor cell permeability, but the selectivity of
the inhibitor for ILK should be maintained in vivo. Phosphoryla-
tion of ERK and p38 MAPK in PC12 cells was not inhibited by
KP-392 at concentrations that resulted in decreased GSK-3 and
AKT phosphorylation (Fig. 4C,E). As has been shown for non-
neuronal cells, Western blot analysis of PC12 cell lysates probed
with phosphospecific antibodies for AKT and GSK-3 indicate
that ILK is upstream from AKT and GSK-3 in PC12 cells. PC12
cells, plated onto collagen I were stimulated with NGF for 4 hr in
the presence of vehicle control or increasing concentrations of
KP-392. NGF-induced stimulation of both AKT and GSK-3
phosphorylation was inhibited by KP-392 in a concentration-
dependent manner (Fig. 4C). These observations suggest ILK
resides downstream from a Trk receptor-mediated signaling
pathway and that ILK regulates both AKT and GSK-3 in neuronal
cell lines. Lysates run in parallel were also probed for phospho-
p38 MAPK because a recent study indicated that p38 MAPK was
involved in ILK-mediated signal transduction and neurite out-
growth in N1E-115 cells deprived of serum (Ishii et al., 2001).
Exposure of PC12 cells to NGF for 4 hr induced a marked reduc-
tion in p38 MAPK phosphorylation. A comparatively small de-
crease in p38 MAPK phosphorylation was evident at the highest
concentration of KP-392. This suggests that although p38 MAPK
may be involved in ILK-mediated signal transduction in the absence
of trophic support, in the presence of trophic factors, p38 MAPK
may play a lesser role. Evidence that KP-392 is a specific inhibitor of
ILK was obtained by analyzing the phosphorylation levels of other
proteins known to be important in Trk receptor-dependent signal-
ing. A 100 �M concentration of KP-392 did not reduce tyrosine
phosphorylation levels of the p85 regulatory subunit of PI-3 kinase
and TrkA (Tyr490) when exposed to PC12 cells for 4 hr in the pres-
ence of NGF (Fig. 4D). The effects of KP-392 on NGF-induced
phosphorylation of AKT and GSK-3 were maintained during long-
term exposure. PC12 cells plated onto various ECM substrates were
stimulated with NGF for 48 hr in the presence or absence of KP-392
(100 �M). Western blot analysis indicate that the effects of KP-392
on AKT and GSK-3 phosphorylation were maintained during this
time course (Fig. 4E). Lysates run in parallel were also immunoblot-
ted with phosphospecific ERK 1 and 2 antibodies, because sustained
ERK phosphorylation has been associated with Trk receptor stimu-
lation in PC12 cells (Qui and Green, 1992). Further evidence for the
specificity of KP-392 as an inhibitor of the PI-3 kinase-dependent
AKT signaling pathway is indicated by the observation that ERK
phosphorylation was not suppressed by ILK inhibition (Fig. 4E).
The modest increase in ERK phosphorylation in the presence
KP-392 was not consistently found between trials (n � 3). Transient
overexpression of ILK-DN in PC12 cells also reduced NGF-
stimulated cell signaling. PC12 cells were transfected with ILK-
DN:V5 24 hr before plating onto collagen I. Exposure of PC12
cells to NGF for 15 min increased AKT and GSK phosphorylation,

Figure 7. Inhibition of ILK attenuates NGF-induced neurite outgrowth in PC12 cells and DRG
cells. A, NGF-induced neurite outgrowth was assessed in PC12 cells grown for 48 hr on various
ECM [collagen I (Col I ), collagen IV (Col IV ), or laminin ( L)], in the presence or absence of KP-392
(100 �M) or drug vehicle. The number of neurite-bearing PC12 cells after NGF treatment was
significantly reduced in the presence of KP-392. Data represent four independent experi-
ments � SEM and have been normalized to PC12 cells grown on collagen I. *p � 0.05, different
from control cells plated onto the same extracellular matrix. B, NGF-induced neurite outgrowth
was measured in PC12 cells plated onto collagen I and transiently cotransfected with ILK-WT,
ILK-DN, or empty vector together with EGFP. The percentage of neurite-bearing cells was de-
termined from cells positive for EGFP expression. Data represent four independent experi-
ments � SEM. *p � 0.05, different from control cells plated on collagen I. C, Average length of
axon front cultured in the presence of KP-392 for 24 hr was significantly decreased compared
with the drug vehicle. D, Assessment of the total percentage of neurite bundles reaching a
distance of 500, 1000, or 1500 �m shows a significant decrease at each distance in the presence
of KP-392. Data represent 18 explants from four independent experiments � SEM. *p � 0.05,
different from treatment groups lacking inhibitor grown on the same extracellular matrix.
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and this effect was significantly reduced
when ILK-DN was transiently overexpressed
(Fig. 4F).

To determine whether growth factors
stimulated ILK activity in primary neu-
rons, in vitro kinase assays were performed
on rat cerebrocortical cultures using AKT
as a substrate and analyzing phosphoryla-
tion at Ser-473 (Fig. 5). A 15 min exposure
to NGF (20 ng/ml) stimulated ILK activity.
NGF stimulation of ILK activity was blocked
in cultures transfected with the ILK-DN.
Similarly, a concentration-dependent re-
duction of kinase activity after ILK-WT
transfection and ILK-DN was observed with
increasing amounts of ILK-DN plasmid.

ILK inhibition increases
tau hyperphosphorylation
GSK-3, a kinase highly expressed in the
CNS (Takahashi et al., 1994) directly phos-
phorylates the microtubule-associated
protein Tau, a protein involved in micro-
tubule stability and maintenance of neuro-
nal processes. Activation of GSK-3 (as a
result of decreased phosphorylation) leads
to Tau hyperphosphorylation, which in
turn reduces both Tau binding to micro-
tubules (Hong and Lee, 1997) and axon
stability (Sayas et al., 1999). These phos-
phorylated forms of Tau can be recognized
by monoclonal antibodies raised against
the “Alzheimer’s-like” state of Tau such as
the phosphorylation-dependent antibody
PHF-1 (serines 396/404). NGF has previ-
ously been shown to increase Tau protein
expression in PC12 cells (Sado et al.,
1995). Indeed, we found that both total Tau (Tau-1 immunore-
activity) and hyperphosphorylated Tau (PHF-1 immunoreactiv-
ity) increased concurrently in PC12 cells exposed to NGF com-
pared with media alone, a finding consistent with this previous
report (Fig. 6). However, only PHF-1 immunoreactivity was
higher in KP-392-treated cultures in the presence of NGF, sug-
gesting that this increase was attributable to increased phosphor-
ylation of Tau. Densitometric analysis of PHF-1 Western blots
indicate that KP-392 increased Tau hyperphosphorylation in the
presence of NGF: KP-392 increased PHF-1 in cells plated onto
collagen I, collagen IV, and laminin by 1.8, 1.7, and 1.8 � 0.28,
0.27, and 0.54 SEM, respectively (n � 3–5) (values expressed as
fold above NGF alone). The observation that KP-392 increased
hyperphosphorylation of Tau is consistent with the effect of KP-
392 on the phosphorylation state of the Tau kinase GSK-3. Hy-
perphosphorylation of Tau is decreased in the execution phase of
apoptosis (Mills et al., 1998). Therefore the finding that KP-392
increases Tau hyperphosphorylation suggests that ILK inhibition
does not affect PC12 cell survival and was consistent with more
direct measurements of neuronal cell viability (see Fig. 9)

ILK inhibition decreases NGF-induced neurite outgrowth in
PC12 cells and DRG neurons plated onto various ECM
The precise role of a PI-3 kinase–AKT-dependent pathway in
mediating NGF-induced differentiation is controversial. How-
ever, several reports suggest that although PI-3 kinase activity

may not be sufficient, it is necessary for the initiation of process
formation (Kimura et al., 1994; Jackson et al., 1996; Kobayashi et
al., 1997; Ashcroft et al., 1999). Because ILK appears to be an
important effector in this signaling pathway, we examined
whether ILK was necessary for neurite outgrowth. Therefore, we
measured NGF-induced neurite outgrowth in PC12 cells and
DRG neurons with or without KP-392 to determine the impor-
tance of ILK in neurotrophin-induced process formation. Neu-
rite formation in PC12 cells grown on collagen I, collagen IV, and
laminin was significantly reduced in the presence of KP-392 (Fig.
7A) (results were normalized to growth on collagen I). Similarly,
transient expression of ILK-DN in PC12 cells significantly inhib-
ited NGF-induced neurite formation compared with control cells
expressing the empty vector (Fig. 7B). Axonal outgrowth of DRG
neurons grown on laminin in the presence of 20 ng/ml NGF was
significantly reduced in the presence of 100 �M KP-392 com-
pared with vehicle control. Both the average axon length and the
number of cells having neurites �500, 1000, or 1500 �m (Figs.
7C,D, 8) was significantly reduced in DRG neurons exposed to
KP-392.

ILK inhibition does not reduce neuronal cell survival
Inhibition of ILK has been shown to induce apoptosis by reduc-
ing AKT activity and by stimulating caspase activity in non-
neuronal cells (Attwell et al., 2000). Therefore, to ensure that
KP-392 was not inhibiting neurite outgrowth by adversely affect-
ing survival, we measured survival by either TUNEL labeling or

Figure 8. Representative explants of DRG neurons with neurofilament (1:500, Sigma-Aldrich) labeled neurites after 24 hr in
the presence of KP-392 (A, C) or DMSO (B, D). Outgrowth was assayed using a series of concentric circles at radia of 500, 1000, or
1500 �m (C, D) measured from the edge of the explant. The center of the circles were placed around the edge of the entire explant
to obtain an accurate assessment of the total number of axon bundles crossing each distance.
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staining with the DNA dye propidium iodide and counting non-
apoptotic nuclei (Fig. 9). The percentage of either propidium
iodide-negative or TUNEL-negative PC12 cells plated onto col-
lagen or laminin was not reduced by a 48 hr exposure to KP-392
(Fig. 9A–H). Moreover, KP-392-induced suppression of neurite
outgrowth occurred in viable (propidium-negative) PC12 cells
(Fig. 9A–D). Finally, in DRG neurons, KP-392-induced suppres-
sion of neurite outgrowth was not rescued by the caspase inhib-
itor BAF (Fig. 9I–K). Exposure of DRG neurons to NGF together
with BAF appeared to increase the total number of neurites above

control (data not shown). Taken together,
these results suggest that KP-392-induced
suppression of neurite outgrowth is not
occurring as a result of compromised cell
viability.

Discussion
Our study is the first to examine a role for
ILK in neurons. We provide novel infor-
mation on the expression pattern of ILK in
the rodent and human brain and show
that ILK colocalizes with the �1 integrin
subunit in neuronal cell bodies and pro-
cesses. Moreover, we have examined a role
for ILK in neuronal cell signaling and find
that ILK regulates AKT during neurite
growth promotion by NGF. We show that
phospho-inhibition of the Tau kinase
GSK-3, a physiological target of AKT and
ILK, is also reduced by ILK inhibition lead-
ing to Tau hyperphosphorylation. These
findings provide new insight into how
growth factors may bring about cytoskeletal
changes necessary for differentiation and
suggest that ILK is an important effector in
NGF-mediated neurite outgrowth.

Trophic effects of growth factors such
as NGF are mediated by recruitment and
activation of PI-3 kinase at the plasma
membrane (Kaplan and Miller, 1997,
2000). PI-3 kinase activity promotes the
production of the second messengers PI(3,
4, 5)P3 and PI(3, 4)P2. High-affinity asso-
ciation of these second messengers with AKT
allows for its translocation to the membrane
and subsequent activation (Andjelkovic et
al., 1997). In non-neuronal cells, activation
of AKT is regulated via phosphorylation at
two sites, Thr-308 and Ser-473, by PDK-1
(Downward, 1998; Datta et al., 1999) and
ILK (Delcommenne et al., 1998; Attwell et
al., 2000; Persad et al., 2000), respectively.
Despite the potential importance of ILK
and PDK-1 in regulating AKT, the role of
these kinases in neuronal AKT-dependent
pathways has not been characterized. Us-
ing Western blot analysis we show that ILK
regulates AKT phosphorylation after NGF
stimulation of PC12 cells grown on colla-
gen and laminin. Furthermore, we show
that ILK kinase activity is stimulated by
this neurotrophin in primary neurons.
Our findings indicate that ILK is an impor-
tant regulator of growth factor-mediated

signaling in neurons and present ILK as a potential effector, link-
ing PI-3 kinase activation and AKT regulation. Our observation
extends the role of ILK in growth factor signaling to include
members of the neurotrophin family.

During neurite outgrowth, soluble or substrate-bound cues
must be translated into cytoskeletal rearrangements (Gallo and
Letourneau, 1999, 2000). One way extracellular cues can regulate
these cytoskeletal changes is through signaling pathways that
phosphorylate proteins involved in axonal stability, such as Tau.

Figure 9. Inhibition of ILK does not decrease neuronal cell survival in the presence of NGF. A–D, Phase-contrast and fluores-
cence photomicrographs of PC12 cells plated onto laminin (A, B) or collagen IV (C, D) and exposed to NGF with or without KP-392.
After 2 d, cells were fixed and stained with propidium iodide and Hoechst 33342. Inhibition of neurite outgrowth by KP-392 was
independent from propidium iodide staining. E–G, Representative fluorescence photomicrographs of PC12 cells plated onto
collagen I and exposed to NGF with or without KP-392. After 2 d cells were labeled for TUNEL (right). DAPI staining corresponding
to each of these fields is shown in the adjacent left panel. A positive control, performed according the manufacturer’s instructions
(In Situ Cell Death Detection Kit; Boehringer Mannheim) is included ( G). H, To assess survival, the number of propidium iodide-
negative cells or TUNEL-negative cells was determined and expressed as a percentage of total cell number (Hoechst-positive or
DAPI-positive cells, respectively); n � 3 � SD. I–K, Caspase inhibition did not block KP-392 effects on DRG neurite outgrowth.
DRG neurons with neurofilament-labeled neurites after 24 hr in the presence of NGF alone ( I ), with KP-392 ( J), or KP-392
combined with the caspase inhibitor BAF ( K).
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The Tau kinase GSK-3 is negatively regulated by AKT through
phospho-inhibition. Inhibition of GSK activity is thought to be im-
portant during neuronal differentiation (Garcia-Perez et al., 1999;
Hall et al., 2000) and prevents axonal instability by preventing
hyperphosphorylation of the microtubule-associated protein
Tau. Tau hyperphosphorylation has previously been shown to
decrease the association of Tau with microtubules (Hong and
Lee, 1997) and inhibit total neurite number (Cressman and Shea,
1995; Malchiodi-Albedi et al., 1997; Sayas et al., 1999). Our study
has demonstrated that ILK also modulates GSK-3 activity in neu-
ronal cells. We show that the ILK inhibitor KP-392 decreased
both NGF and integrin receptor-mediated phospho-inhibition
of GSK-3. This suggests that, as in non-neuronal cells, ILK acti-
vation results in phospho-inhibition of GSK-3 either directly
(Delcommenne et al., 1998; Troussard et al., 1999) or indirectly
via AKT (Cross et al., 1995). Downregulation of GSK-3 by ILK
was further suggested by the finding that ILK inhibition coinci-
dentally promoted hyperphosphorylation of the GSK-3 substrate
Tau. Furthermore, ILK inhibition was shown to reduce neurite
outgrowth in both PC12 cells and DRG neurons. Therefore, we
propose that integrin and growth factor-mediated signaling
upregulates ILK and AKT activity, which in turn downregulates
GSK-3 activity and Tau hyperphosphorylation. This model sup-
ports a role for ILK in promoting increased stabilization of axonal
structures during neurite outgrowth (Fig. 10).

NGF is involved in multiple cellular processes, including dif-
ferentiation and cell survival. A role for PI-3 kinase/AKT signal-
ing in NGF-induced neurite outgrowth and anti-apoptotic effects
of NGF has been found (Kimura et al., 1994; Yao and Cooper,
1995; Jackson et al., 1996; Kobayashi et al., 1997; Ashcroft et al.,

1999). In the present study, although ILK inhibition decreased
AKT activity and phosphoinhibition of GSK-3, suppression of
neurite outgrowth did not appear to occur as a result of compro-
mised cell viability (Fig. 9). This finding is somewhat surprising
given the fact that AKT and GSK-3 have been identified as key
effectors of an NGF-induced PI-3 kinase survival pathway (Yao
and Cooper, 1995; Pap and Cooper, 1998). One difference be-
tween these studies and ours is the presence of extracellular ma-
trix adhesion during long-term exposure to NGF. This may be an
important distinction because integrin engagement results in ac-
tivation of a PI-3 kinase–AKT survival pathway in neuronal cells
(Gary and Mattson, 2001). Given that NGF and integrins both
activate this signaling pathway it is likely that neuronal resistance
to apoptosis induced by AKT inhibition is higher in the presence
of these two survival signals. Similarly, comparisons between our
studies and previous studies are confounded by the fact that PI-3
kinase inhibitors or mutant receptors that fail to activate PI-3
kinase inhibit other phosphoinositide-dependent kinases in ad-
dition to ILK (Toker and Newton, 2000).

To date, studies on the role of ILK have primarily emphasized
the contribution of ILK to oncogenic transformation, a process
that is tightly linked with its cell survival functions. For example,
overexpression of ILK in epithelial cell suppresses anoikis and
promotes anchorage-independent growth and tumorigenicity in
vivo (Dedhar, 2000). Some of these changes are likely the result of
the activation of AKT by ILK, an effect known to inhibit apopto-
sis. Indeed, in a number of human malignancies there is a loss in
the expression or activity of the tumor suppressor PTEN (phos-
phatase and tensin homolog deleted on chromosome 10), a pro-
tein phosphatase responsible for the conversion of PI(3,4,5)P3 to
PI(4, 5)P2. Because ILK is dependent on PI(3,4,5)P3 for its full
activation, absence of PTEN results in constitutively activated
ILK and AKT (Persad et al., 2001b). Elevated basal ILK and AKT
activity may make this malignant cell model more vulnerable to
KP-392-induced apoptosis. The role of ILK in survival functions
may also be dependent on trophic factors because inhibition of
ILK activity has been shown to increase apoptosis in the absence
of trophic support (Attwell et al., 2000). More recently, the role of
ILK in differentiation and motility have begun to be explored. For
example, ILK has been shown to have a role in myogenic differ-
entiation and Ca 2�-independent smooth muscle contraction
(Huang et al., 2000; Deng et al., 2001). In the neuronal cell line
N1E-115, p38 MAPK appears to be involved in ILK-mediated
signal transduction and differentiation in the absence of trophic
support, whereas our study indicates that p38 MAPK plays a
lesser role in the presence of trophic factors such as NGF. The
neuroprotective properties of NGF may also explain why ILK
inhibition, in our study, did not appear to decrease neuronal cell
survival. Clearly involvement of ILK in these multifactorial cell
processes is both context- and cell type-specific.

Integrins, a major class of ECM receptors, often partner with
growth factors to integrate soluble and substrate-bound cues for
maximal neurite outgrowth. Mechanisms that underlie this co-
ordinated action in neurite outgrowth have only recently been
addressed. For example, it has been shown that NGF increases the
expression of integrins (Zhang et al., 1993) that accumulate as
dense aggregates at the tips of filopodia (Grabham and Goldberg,
1997), thereby potentially altering integrin– cytoskeletal interac-
tions at neuronal growth cones. Although it has been shown that
both integrins and growth factors stimulate PI-3 kinase-
dependent differentiation pathways, the level of interdependence
of these extracellular cues is unknown. Because ILK appears to
regulate the microtubule-associated protein Tau and link inte-

Figure 10. Schematic model of integrin and NGF-mediated ILK regulation of differentiation.
ILK activity is regulated by integrins and growth factors in a PI-3 kinase-dependent manner.
Active ILK phosphorylates AKT on Ser-473, resulting in its activation. Activated AKT in turn
phosphorylates and inhibits GSK-3. ILK may also inhibit GSK-3 activity directly. Inhibition of ILK
by KP-392 would thus increase GSK-3 activity and result in Tau hyperphosphorylation, micro-
tubule instability, and decreased neurite growth.
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grins to the actin cytoskeleton, ILK may be an important effector,
regulating various cytoskeletal rearrangements necessary for in-
tegrin and/or growth factor-mediated neurite outgrowth.
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