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Integrin-linkedkinase (ILK) isafocal adhesi onserine/threonine
protein kinase with an inportant role in integrin- and growth
factor-signaling pat hways. Recently, we denonstrated that I LKis
expressed in NLE-115 neuroblastoma <cells and controls
i ntegri n-dependent neurite outgrowh in serumstarved cells
grown on lamnin (Ishii, T. et al.(2001) J. Biol. Chem 276

42994- 43003) . Here we report that ILK controls tau
phosphoryl ation via regul ati on of glycogen synthase ki nase- 33
(GSK-3B) activity in NLE-115 cells. Stable transfection of a
ki nase-deficient ILK nmutant (DN-1LK) resulted in aberrant tau
phosphoryl ationin NLE-115cells at sites recogni zed by t he Tau-1
anti body, whichareidentical tosone of the phosphorylationsites
inpairedhelical filanments, (PHF)-tau, inbrainsof patientswith
Al zhei ner’ s disease. The tau phosphorylation levels in the
DN- 1 LK-expressing cells are constant under normal and
differentiating conditions. On the other hand, aberrant tau
phosphoryl ati on was not observed in the parental control cells.
LK inactivation resulted in an increase in the active formbut
a decrease in the inactive formof GSK-3B,which is a candidate
ki nase involved in PHFtau formati on. Mreover, inhibition of
GSK-3wi thlithiumprevent ed aberrant tau phosphorylationinthe

DN- | LK-expressing cells. These results suggest that |LK



i nactivation results in aberrant tau phosphorylation via
sust ai ned activation of GSK-3Bein NLE-115 Cells. ILK directly
phosphoryl ates GSK-3B and inhibits its activity. Therefore

endogenous | LK protects agai nst GSK-3B-induced aberrant tau
phosphoryl ation via inhibition of GSK-3B activity in NLE-115

cel | s.

| nt roducti on

Tau is a mcrotubul e-associated protein that stabilizes
m crotubul es within neurites and axons (1). It is hypothesized
that tau hyperphosphorylation | eads to the destabilization of
m crot ubul es and aggregation of tau proteins, which inpairs
axonal transport and eventually results in neuronal-cell death
(1-3). Indeed, tau hyperphosphoryl ati on appears to be an early
event preceding the formati on of paired helical filanments (PHF)
inthe brains of Al zheiner’s disease patients (4). On the ot her
hand, tau phosphorylation seens also to control mcrotubule
dynam cs duri ng neurite out grow hand neuronal maturati on because
enbryoni ¢ and neonatal tau is nmuch nore heavily phosphoryl at ed
than adult tau (5-8). Thus, the study of the regulation of tau
phosphoryl ation in neurons is inportant for understanding the
neurofibrillary degeneration in Al zheiner’s di sease as well as

t he physi ol ogi c function of tauin neurite outgrowh and neuronal



devel opnent .

I ntegrin-linked ki nase (I LK) is a cytopl asm c
serine/threonine kinase protein that serves as a nediator in
i ntegrin- and growt h fact or- medi at ed si gnal transduction (9, 10).
| LKis expressedinNLE-115cel |l s and control sintegrin-dependent
neurite outgrowmh (11). In the present study, stable
transfection of a ki nase-deficient nutant of | LK (DN-1LK), which
behaves as a dom nant negative and i nactivates endogenous | LK,
resulted in aberrant tau phosphoryl ati on. DN-1LK over expressi on
i ncreased the active form and decreased the inactive form of
GSK- 33. On the other hand, a sel ective unconpetitive inhibitor
of GSK-3B, lithium inhibitedaberrant tau hyperphosphoryl ati on.
These results suggest that inactivation of ILK results in
sustained activation of GSK-33 and leads to aberrant tau

phosphoryl ation in NLE-115 neurobl astoma cell s.

Experi mental procedures

Reagents - LY294002 was obtai ned from Sigma Chem cal Co. (St.
Louis, MD. Rabbit polyclonal anti-ILK IgG (UB 06-550 and UB
06-592) and nyelin basic protein were obtained from Upstate
Bi ot echnol ogy (Lake Placid, NY). Anti-GSK-33 antibody for
I mrunopr eci pitati on was obt ai ned fromTransducti on Laboratori es

(Lexi ngton, KY). Anti-Tau-1 was obtained from Roche Mol ecul ar



Bi ochem cal s (Tokyo, Japan) . Anti - Tau,
anti - phospho( Ser **°, Ser *®) - Tau, and anti - GSK- 38 wer e obt ai ned from
Cal bi ochem (La Jolla, CA). Anti-phospho(Ser?®)-GSK-38 and
ant i - phospho( Tyr *°/ **°) - GSK- 3o/ p wer e obt ai ned from ABA ( Gol den,
CO . Alexa Fluor (R) 488 goat anti-rabbit | gGwas obtained from
Mol ecul ar Probes (Eugene, OR). GSK-3B substrate (2B-SP) was
obt ai ned from Takara (customsynt hesi s service, Tokyo, Japan).
Al'l other chem cals were of anal ytical grade and were obtai ned
fromSi gnma Chem cal Co. or Wako Pure Chemi cal Co. (Gsaka, Japan)

unl ess ot herw se specified.

Construction and Transfection of cDNA Vectors, and Cell Culture
- Mouse N1E- 115 neur obl ast oma cel | s wer e mai nt ai ned i n Dul becco’ s
nodi fi ed Eagl e’ s medi um( DVEM cont ai ni ng 20%f et al bovi ne serum
(FBS; Hycl one, Logan, UT). The ki nase deficient | LK (DN ILK) was
generated by site-directed nutagenesis (QutolLys) at am no acid
residue 359 within the kinase domain of wild type I LK (GenBank
accessi on nunber AF256520) usi ng pol yner ase chai n reacti on ( PCR)

as described previously (11). Wl d-type |l LKand DN-1 LK cDNAs wer e
| i gat ed into t he pol yl i nkers in t wo di fferent

manmal i an- expr essi on vect ors, pTracer TM CW2 (Vv885-01,

I nvi trogen Corp., Carl sbad, CA) and pRc- CW (V750- 20, | nvitrogen



Corp.). The DN-I1 LK cDNA was transfected into NLE-115 cells (5 x
10° cells/100 mm culture dish) using the calcium phosphate
preci pitation nethod as descri bed by G ahamand van der Eb (12),
and 48 i ndi vi dual Zeocin - resistant cell |ines wereisol ated over
the next 4 to 5 wk. Anmong them three different cell lines were
sel ect ed based on t he det ecti on of green fl uorecent protein (G-P)
fl uorescence and confirmati onof genetranscriptionusingreverse
transcri ptase (RT)-PCR The cloned cell lines were maintainedin

DMEM cont ai ni ng 20% FBS and Zeocin (0.5 ng/m).

| LK Assay - | LK assay was perfornmed as descri bed by Del conmenne
et al. (13). Cells were lysed in 50 mM Hepes buffer (pH 7.5)
cont ai ni ng 150 mMVMINaCl , 1%Noni det P-40, 0. 5%sodi umdeoxychol at e,
10 pg/ m | eupepti n, 2.5 pg/ m aprotinin, 1 nivi
phenyl met hyl sul fonyl fluoride (PMSF), 5 mMsodi umfl uoride, and
1 mM sodium orthovanadate. The |ysates were incubated wth
anti-ILK anti body (UB 06-592) at 4°Cfor 12 h. After incubation,
the | ysates were precl eared and i mmune conpl exes were col | ected
wi th protein A-Sepharose. After washing twice with lysis buffer
and once with 50 MM HEPES (pH 7.0) buffer containing 1 nM EDTA,
t he i munopreci pitated I LK was i ncubated for 20 mn at 30°Cin

t he presence or absence of 10 pg of t he exogenous substrate nyelin



basic proteinin atotal volune of 50 yl kinase reaction buffer
(50 MMHEPES pH7. 0, 10 nMind 2, 10 nMMd 2, 2 mMNaF, 1 nMNa3V4)
containing 6 pM [y-*P]ATP (10 pCi; NEG 502Z, Dupont NEN,
W I m ngton, DE). The reaction was stopped by the addition of an
equal volunme of 2x sodi um dodecyl sulfate-polyacryl am de gel
el ectrophoresi s (SDS-PAGE) sanple buffer. The ki nase reaction
product s wer e anal yzed usi ng SDS- PAGE ( 5- 20%pol yacryl am de) and
aut or adi ography. For detection of the i munoprecipitated]ILKand
DN-1 LK proteins, theprecipitatedproteinswererel easedfromthe
i mmunobeads by boiling in 80 pl of SDS-PAGE sanpl e buffer for 5
m n. Equal vol unes of t he sanpl es wer e | oaded ont o SDS- PAGE. Tot al
| LK and DN- I LK protei ns were detected by i mmunoblotting with an
anti-ILKanti body (UBO06-550) that recogni zed bot h | LKand DN- | LK

pr ot ei ns.

GSK- 3 Assay - GSK- 33 assay was perfornedessential ly as descri bed
by Cross (14). Cells were lysed in 50 mM Hepes buffer (pH 7.5)
cont ai ni ng 150 nM NaCl , 1% Noni det P-40, 5 mM sodi um fl uori de,
1 nM sodi um ort hovanadate, 5 nM EDTA, 100 nM okadai ¢ aci d, and
protease inhibitors (Conplete; Roche D agnostics, Basel,
Switzerland). The |ysates were incubated with anti-GSK-3p3

anti body (Transduction Laboratories, Lexington, KY) at 4°C for



1 h foll owed by overni ght incubation with protein G Sepharose.
After washing twice with lysis buffer and once with 50 nM HEPES
(pH 7.0) buffer containing 1 nM EDTA, the imunoprecipitated
GSK- 3B was i ncubated for 30 min at 30°Cinthe presence or absence
of 4 uMspeci fi c substrat e pepti de 2B- SP[ Ac- RRAAEELDSRAGS( p) PQL]
inatotal volune of 50 ul kinase reaction buffer (50 mV HEPES,
pH7.0, 10 MMMd 2, 10 fMMyd 2, 2 nMNaF, 1 mMNa3VOQ4) cont ai ni ng
10 pM[v-*P] ATP (0. 2 puCi ; NEG 502Z, Dupont NEN, W I ni ngton, DE).
The reacti onwas st opped by pl aci ngthe sanpl esonice. After brief
centrifugation, 25 ul of thereacti onsupernatant was spottedonto
P81 phosphocel | ul ose paper filters (What man, ME, UK), washed wi t h
75 mM phosphoric acid, and rinsed with acetone. The anmpunt of
radi oacti ve phosphate i ncorporated i nto substrate peptides was

determined by scintillation counting.

| mmunof | uorescent Staining — Cells grown on Lab-Tek® chanber
slides (Nunc, Tokyo, Japan) were fixed in 1% neutral buffered
f or mal dehyde sol uti onfor 10 m nandthen perneabilizedw thO0.25%
saponi ni n Hanks’ bal anced salt sol utionfor 20 m n. Perneabilized
cells were incubated for 1 h in rabbit anti-phospho (Ser™,
Ser®)-Tau antibody (Calbiochem final dilution 1:100 in

phosphat e buffered saline; PBS). After rinsingin PBS, the cells



were incubated for 1 h in Alexa Fluor (R) 488 goat anti-rabbit
gG (1: 100). Irmages were obtained by fluorescent m croscopy
(OLYMPUS; Tokyo, Japan) and confocal |aser scanning nm croscopy

(NI KON, Tokyo, Japan).

Ant i bodi es — Anti - Tau (recogni zes bot h nati ve and phosphoryl at ed
forms of tau), anti-Tau-1 [recogni zes tau dephosphoryl ated at
Ser*®, Ser' Ser', Ser*? and Thr®*(15,16)], and Anti-GSK-3p
anti body for inmmnoprecipitation (Transduction Laboratories)
were nouse nonocl onal antibodies. Al the other antibodies,
ant i - phospho ( Ser **°, Ser*?) - Tau (recogni zes t au phosphoryl at ed at
Ser™ and Ser*?), anti-GSK 3B (recognizes both native and
phosphoryl ated forms of GSK-3B), anti-phospho (Ser’)-GSK 38
(Affinity Bioreagents; recogni zes GSK- 38 phosphoryl at ed at Ser®),
anti-phospho (Tyr®/*)-GSK 3a/B (Affinity Bioreagents;

9

recogni zes GSK-3a and GSK- 38 phosphoryl ated at Tyr®° and Tyr?*®,
respectively), andanti-ILK(Upstate Bi ot echnol ogy; UB06-550 f or
i mmunobl ot ti ng and UB06-593 f or i nmmunopr eci pi tati on) wererabbit

pol ycl onal anti bodi es.

Western Bl ot Anal ysis- Cells were solubilized in 100 pul sanple

buf f er cont ai ni ng 2%SDS, 10%gl ycerol, 50 mMdi t hi othreitol, 0. 1%

10



br onmophenol bl ue, and 62.5 nMTri s-HC (pH6. 8) after washi ng once
wi th PBS. For detection of | LKexpression, cells were solubilized
in 5 volunmes of buffer containing 1% Triton X-100, 150 nM Nad ,
50 MM Tris-HO (pH 7.4), 5 nM EGTA, and 2 nM PMSF at 4°C. The
sol ubilizedmaterial swere subjectedto SDS- PAGE ( 5- 20%gr adi ent
6. 5%o0r 10%pol yacryl am de) and transferred onto nitrocell ul ose
menbranes at 4°Cin 25 MM Tris-HCO (pH8.4), 192 mMgl yci ne, 20%
met hanol , and 0. 025% SDS. After bl ocki ng, the bl ots were probed
with appropriate primary antibodies in Tris-buffered saline
cont ai ni ng 0. 05% Tween20, followed by goat anti-rabbit or goat
anti-nouse 1gG conjugated to horseradi sh peroxi dase. The fi nal
protein/1gGconpl exes were visualized follow ng the reactionto

3, 3' - di am nobenzi di ne tetrahydrochl ori de.

Resul ts

DN-1 LK I nhibits Basal I LK Activity and Prevents Stinul ati on
of LK Activity after Cell Adhesion on Lam nin under Serumfree
Condi tion - Mouse NLE-115 neur obl astoma cells grown on alamnin
matri x exhi bit neurite outgrowhinresponsetoserumdeprivation
(11,17). We have previously denonstrated that ILK is expressed
i n NLE- 115 neurobl astoma cells and control s i ntegrin-dependent
neurite outgrowh in serumstarved cells grown on lanm nin (11).

To i nacti vat e endogenous | LK, cells were stably transfected with

11



DN-1 LK, which behaves as a dom nant negative (11,13). Based on
the resul ts obtai ned fromi munobl otting (Fig.1), the expression
| evel of DNFI LKproteininDNILK-transfectedcells was estimted
to be at | east twi ce that of endogenous |ILK protein and neither
the Il LKnor DN-I1 LK expressi on| evel changed under differentiating
condi ti ons. The LK activity in the parental cells under
serumfree conditions was transiently activated after seedi ng on
thelam ninmtrix, whereas that inthe DN-ILK-transfected cells
was not. Al so, weak basal ILK activity was detected only in the
parental cells under non-differentiating conditions (Fig.1).
These fi ndi ngs are consi st ant wi t h our previ ous observations (11).
Thus, DN-1LK inactivates endogenous | LK under bot h
differentiating and non-differentiating conditions.
Inactivation of Endogenous |LK Induces aberrant Tau
phosphoryl ation - To exam ne whether tau phosphorylation is
i nvolved in neurite outgrowth in NLE-115 cells, we anal yzed t he
tau phosphorylation level in parental and DN I LK-transfected
cell s using phosphoryl ation- and dephosphoryl ati on-dependent
anti-tau anti bodi es. Western blots of tau fromboth parental and
DN-1LK-transfected cells were probed with three different tau
anti bodi es, anti-Tau-1, which recogni zes an epitope of tau only

when it is not phosphoryl ated, anti-Phospho (Ser*, Ser?*) -Tau,

12



whi ch recogni zes tau phosphorylated at Ser' and Ser®*”? and
anti - Tau, whi ch recogni zes both nati ve and phosphoryl ated forns
of tau. I n non-transfected parental cells, tau was recogni zed by
anti - Tau- 1 but not anti - Phospho ( Ser*, Ser*®)-Tau anti body, under
both normal and differentiating conditions. Thus, tau in the
parent al cel | s was not phosphoryl at ed at sites recogni zed by t hose
anti bodies in either condition. On the other hand, cells stably
transfected with a DN-ILK to inactivate the endogenous | LK had
dramatically decreased anti-Tau-1 inmunoreactivity but an
i ncreased anti-Phospho (Ser™, Ser®?)-Tau imunoreactivity
(Fig.1). Thus, tauwas phosphorylatedi nDN-I LK-transfectedcells
and the tau phosphorylation |evel did not change even under
differentiating conditions. Total tau detected with anti-Tau
anti body m grated as several bands inthe 40 to 70-kDa range, but
some of the protein bands, which mgrate relatively slower on
SDS- PACGE, wer e weaker when t au was phosphoryl ated (Fig.1). These
results suggest that inactivation of endogenous ILK results in
aberrant hyper phosphoryl ation of tau, at | east at Ser*° and Ser**.

I mmunof | uor escent St ai ni ng of Aberrantly Phosphoryl at ed Tau
— To examne the intracellular localization of aberrantly
phosphoryl ated tau, cells were stained with anti body agai nst

phosphoryl ated tau. | mmunof | uorescent staining of cell

13



monol ayers wi t h anti - Phospho ( Ser*, Ser*”*

) - Tau anti body i s shown
in Fig. 2. DN-ILK-transfected cells were strongly stained with
the antibody against phosphorylated tau under normal and
differentiating conditions. On the other hand, parental cells
wer e not significantly stainedunder differentiatingconditions,
but very weak dot-like structures were observed only in the
non-di fferentiatedcells, suggestingthat asnmall mnority of the
tau, whi ch coul d not be detected by t he i mmunobl otti ng anal ysi s,
m ght be phosphoryl at ed under non-differentiatingconditions. In
the DN-I1LK-transfected cells, intracellular cytoplasm except
t he nucl eus, was stai ned with strong i mmunof| uorescent intensity
and m crot ubul e-1i ke structures were observed. Further anal ysis
of the DN-ILK-transfected cells using confocal |aser scanning
m croscopy i ndi cated t hat m crot ubul e-1i ke structures spread and
cover right under t he whol e pl asna nenbrane of the cells, and form
basket-li ke structures (Fig.2 inset left and right).

Active Formof GSK-3p Increases in DN-ILK-transfected Cells
- To exam ne si gnal pat hways i nvol ved i n tau phosphoryl ati on, we
anal yzed the activation status of GSK-3p, because GSK-3B i s one
of the candi dat e ki nases that can phosphoryl ate tau at both Ser '

and Ser®*” (18), and al so has aninportant roleinthelLK-nediated

signal pathway (13,19,20). Activation of GSK-3p i s dependent on

14



Tyr *° phosphorylation (21). On the other hand, GSK-3B activity
i s i nhi bited by direct phosphoryl ation at Ser® by | LK (20, 22) and
by protein kinase B (PKB)/Akt, which is also activated via |ILK
(13,23). W, therefore, exam ned whether the levels of these
phosphoryl ated GSK-3p forns are different between parental and
DN-1 LK-transfected cel | s and are changed under different culture
conditions by Wstern blot analysis wusing anti-phospho
(Ser®)-GSK-3B and anti-phospho (Tyr?®/*° -GSK-3a/panti bodi es.
Tyr*° in GSK-3p was hi ghly phosphoryl ated i n DN-1 LK-transfected
cells but was very weakly phosphorylated in parental cells
(Fig.3A). In contrast, Ser®in GSK-3B was highly phosphoryl at ed
inparental cells but not in DN ILK-transfected cells. Mreover,
t hese phosphoryl ation | evels were not significantly different
bet ween non-di fferentiating and differentiating conditions. The
expression |evel of GSK-3B was not different anmong all cells
tested. These results suggest that ILK inactivation results in

Ser® dephosphoryl ation and increased Tyr*®

phosphoryl ation in
GSK- 3B, thereby activating the enzyne.

GSK-3p Activity Is Activated by Inactivation of Endogenous
LK in DN-ILK-transfected Cells — To test whether the | evel of

GSK-3p3 activity increases in DN ILK-transfected cells, we

performed a GSK- 3B ki nase assay on proteins i nmunoprecipitated
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fromcell |ysates with a nonocl onal GSK-3p anti body. The | evel
of GSK-3B activityinDNILK-transfectedcells was approxi mately
threetinmes nore thanthat in parental cells (Fig. 3B). The | evel
of GSK-3p activity was not different between differentiating and
non-di fferentiating conditions in either DN-ILK-transfected or
parental cells (Fig. 3B). Thus, inactivation of endogenous |LK
results inincreased GSK-3p activity. This result is consistent
with the fact that |ILK inactivation induced an increase in the
| evel s of active GSK-3p fornmed via Tyr*° phosphorylation (Fig.
3A) .

Li t hi um Reduces Tau Phosphorylation in A Dose-dependent
Manner - Lithiumis an unconpetitive GSK-3B inhibitor (24). W
t heref ore exam ned t he ef fect of |ithiumon tau phosphoryl ati on.
Cells were treated with varyi ng concentrations of LiCl for 16 h
under non-di fferentiating condi ti ons. Tr eat ment of
DN-1LK-transfected cells with Li d reduced anti - phospho (Ser™,
Ser®)-Tau inmmunoreactivity, but i ncreased anti-Tau-1
i mmunoreactivity in a dose-dependent manner (Fig.4). Moreover,
reaction of slowy mgrated tau bands with anti-Tau, which were
supposed to be non-phosphorylated tau, were recovered after
treatment with LiCl in a dose-dependent manner. The sanme results

wer e obtained in DN-1LK-transfected cells under differentiating
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conditions (data not shown). These results suggest that LiC
i nhi bi ted tau phosphoryl ation at Ser™ and Ser*? and al so at the
sites recognized by anti-Tau-1. On the other hand, the sane
treatment of parental cells with 25 nMLi C didnot affect either
anti-Tau-1 or anti-phospho (Ser™, Ser®?*)-Tau i munoreactivity.
These results suggest that GSK-3B activation induced by ILK
i nactivationisdirectlyinvolvedintau phosphorylation at Ser'
and Ser®”, and also at the sites recognized by anti-Tau-1.
Aberrant Tau phosphorylation 1Is Partly Involved in
I nhibitionof Neurite Qutgrowth in DN ILK-transfected Cells — W
previ ously denonstratedthat activati on of p38 nm togen-acti vated
protein (MAP) kinase is involved in |LK-nediated signal
transduction | eading tointegrin-dependent neurite outgrowth in
N1E- 115 cells (11). In the previous report, we suggested that
signaling pathways other than p38 MAP ki nase, which is also
activated via |ILK activation, m ght be involved in
i nt egri n-dependent neurite outgrowth, because a p38 MAP ki nase
i nhibitor, SB203580, blocked approximately 80% of the
| LK- dependent neurite outgrowh (11, al so see Fig.5). To exam ne
whet her aberrant tau phosphorylation is involved in the
i nhibition of neurite outgrowh in DN-ILK-transfected cells, we

treated the cells with 10 MMLi C, a dose that prevents aberrant
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tau phosphoryl ati on, under serumfree conditions. Treatnent of
the DN-ILK-transfected cells with Lid partially recovered
neurite outgrowth, inthe presence or absence of SB203580, to t he
| evel s of that inthe SB20358-treated parental cells (Fig.5). On
t he ot her hand, treatnent of the parental cellswth Lid did not
affect neurite outgrowth in either the presence or absence of
SB203580 (Fig.5). These results suggest that aberrant tau
phosphoryl ationis partly involved inthe inhibition of neurite

outgromh in DN-ILK-transfected cells.

D scussi on

The present study denonstrates that | LKinactivationinduces
aberrant tau phosphorylation via GSK-3B activation in NLE-115
cells, which is partly involved in the inhibition of neurite
outgrow h, based on the follow ng observations: 1) tau was
phosphoryl at ed at Ser™ and Ser*? and at the sites recogni zed by
anti-Tau-1in DN | LKtransfectedcells but not i nparental cells,
2) ILKinactivationincreasedthe active form but decreased the
I nactive formof GSK-3p, |leading to increased GSK-3B activity,
and 3) treatnent of the DN-ILK-transfected cells with Lid, an
unconpetitive inhibitor of GSK-3B, blocked aberrant tau

phosphoryl ation and partly recovered the levels of neurite

18



outgromh in DN-ILK-transfected cells.

Integrin signaling is required for neurogenesis in
serum starved NI1E-115 cells (25). N1E-115 cells grown on a
lam nin matrix exhibit neurite outgrowh in response to serum
deprivation (11,17). This neurite outgrowh depends on an
i nt egri n-dependent signal pathway, because pre-treatnent of
cellswithanti-plintegrinantibody inhibitedneurite outgrowth
(11,17). W recently denonstrated that ILK is expressed in
NLE- 115 cel | s and control s i nt egri n-dependent neurite outgrowh
inserumstarvedcellsgrowmmonlamnin(11). Inthe present study,
stable transfection of DN ILK which behaves as a dom nant
negati ve and i nacti vat es endogenous | LK, resultedinaberrant tau
phosphorylation. On the other hand, the aberrant tau
phosphoryl ati on was not observed in the parental cells under
ei ther normal or differentiating conditions. ILKactivityinthe
parental cells was i ncreased after seedingonthe lamnin matrix
under serumfree condi ti ons, wher eas t hat in t he
DN- I LK-transfected cells was not. Thus, both cell adhesion to
| am ni n and serum deprivati on were necessary for full activation
of LK. On the ot her hand, weak basal ILK activity was detected
inthe parental cellsunder non-di fferenti ati ngnormal conditions

(Fig.1). It remai ns unknown how basal | LK activity i s naintained
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under non-di fferentiati on. Theseresults suggest that endogenous
| LKprevents aberrant tau phosphoryl ati on. Moreover, aberrant tau
phosphoryl ation didnot significantly occur inthe parental cells
under normal conditions, suggesting that weak basal | LKactivity
is sufficient to protect tau from aberrant phosphoryl ati on.
To exam ne whether aberrantly phosphorylated tau
participates in mcrotubule formation, we stained cells wth
anti body agai nst phosphorylated tau (Fig. 2). Intracellular
cytoplasm except for the nucleus, was stained with strong
i mrunof | uorescent intensity and mcrotubule-like structures
were observed only in DN ILK-transfected cells. Mreover,
anal ysis of the DN-ILK-transfected cells using confocal |aser
scanni ng m croscopy i ndi cated that m crotubul e-like structures
spread and cover ri ght under t he whol e pl asma nenbr ane of t he cel | s,
and f or mbasket-1i ke structures (Fig.2inset | eft andright). Thus,
aberrantly phosphoryl ated tau participates in m crotubul e-1ike
structures but is located only imediately under the plasm
menbrane in the cytosol w thout being able to formneurites in
DN-1LK-transfected cells. On the other hand, parental control
cells under non-differentiating conditions were very weakly
stained with anti bodi es agai nst phosphoryl ated tau, which could

not be detected by the inmunoblotting analysis, but
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neurite-bearing control cells under differentiating conditions
were not (Fig. 2, a and c). These results suggest that tau
phosphoryl ation at Ser™ and Ser®*” might negatively control
m crot ubul e rearrangenent necessary for neurite outgrowth via
m crotubul e instability.

Tau i s phosphoryl ated at Ser™ and Ser®? and at the sites
recogni zed by anti - Tau-1, whi ch correspond to Ser*®, Ser'® Ser',
Ser *?, and Thr*®. Ser*** and Ser ** ar e phosphoryl at ed by GSK- 38 (18),
whi chi s a candi dat e ki nase i nvol vedi n PHF-tau formati on (26, 27).
Mor eover, GSK-3p has aninportant roleinthelLK-nediated signal
pat hway (10,19). W, therefore, exam ned the involvenent of
GSK- 3B in aberrant tau phosphorylation in DN ILK-transfected
cells. Activation of GSK-3B is dependent upon the Tyr?*®
phosphoryl ation (21). On the other hand, GSK-3B activity is
i nhi bited by direct Ser’ phosphorylation by ILK (19,22) and by
protein ki nase B (PKB)/ Akt whose activity is also activated via
LK (13,23). Tyr*® in GSK-3p was highly phosphorylated in
DN-1 LK-transfected cells but was very weakly phosphoryl ated in
parental cells. In contrast, Ser’ in GSK-38 was highly
phosphoryl ated in parental cells but not in DN-1LK-transfected
cells. These phosphorylation |levels were not significantly

different between non-differentiating and differentiating
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condi tions (Fi g.3A). Thus, GSK-3p was phosphoryl at ed at bot h Ser”®
and Tyr®® in parental cells, while Tyr*° phosphoryl ation was
consi derably lower (Fig.3A). Recently, Bhat et al. (2000) (28)
suggest ed t hat Ser® phosphoryl ationis sufficient tooverridethe
Tyr *° phosphoryl ati on-i nduced activation of GSK-3B. Therefore,
the level of GSK-3B activity seems to maintain |ower via Ser’
phosphoryl ationinparental cells. Theseresults suggest that | LK
i nactivates GSK-3B via phosphorylation at Ser’ and prevents
activation. In contrast, ILK inactivation results in Ser’
dephosphoryl ati on and i ncreased Tyr *° phosphoryl ati on i n GSK- 38,
thereby activating the enzyne. Indeed, the level of GSK-3p
activity in DN-ILK-transfected cells was significantly higher
than that in parental cells (Fig. 3B)

Li t hium a sel ective unconpetitive inhibitor of GSK-3p (24),
i nhi bi ted tau phosphoryl ation at Ser™ and Ser*? and al so at the
sites recogni zed by anti - Tau-1i n a dose-dependent manner (Fig. 4)
These results suggest that GSK-3B activation induced by ILK
i nactivationisdirectlyinvolvedintau phosphorylation at Ser '
and Ser®*”, and al so at the sites recogni zed by anti-Tau-1. As both
Ser ** and Ser** ar e phosphoryl at ed by GSK-3p(18), GSK-3p at | east
directly phosphoryl at es t hese Ser resi dues in t he

DN-1 LK-transfected cells. Although a specific tyrosine kinase,
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whi ch should be activated by ILK inactivation, is probably
i nvol ved i n the Tyr*® phosphoryl ation in GSK-3p, we have not yet
determ ned the ki nase involved in this study. To understand the
| LK-nedi ated regulatory nechanisns of GSK-3B, the specific
tyrosine kinase that is activated by ILK inactivation and
phosphoryl ates Tyr®° in GSK-3B nust be det ernined.

We previously denonstrated that p38 MAP kinase in the
| LK-nediated signal pathway has an inportant role in
i nt egri n-dependent neurite outgrowh in N1E-115 cells (11). On
the other hand, a p38 MAP ki nase inhibitor, SB203580, bl ocked
appr oxi mat el y 80%of t he | LK- dependent neurite out growt h, but not
tothelevel sof the DN-ILK-transfectedcells(11, al soseeFig.5).
I nthe previous study, we suggested t hat si gnaling pat hways ot her
t han p38 MAP ki nase, which are al so activated vialLKactivation,
are involved in integrin-dependent neurite outgromh (11). W
therefore exam ned whether aberrant tau phosphorylation is
involved in the inhibition of neurite outgrowh in
DN-I LK-transfected cells. Treatnent of the DN-ILK-transfected
cells with 10 nmM Lid conpletely prevented aberrant tau
phosphoryl ation but only partially recovered neurite outgrowh
tothel evel sof that i nthe SB20358-treat ed parental cells. These

results suggest that aberrant tau phosphorylation is partly
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involved in the inhibition of neurite outgrowh in
DN-1LK-transfected cells. Furthernore, the results al so suggest
that a p38 MAP ki nase pat hway i s the sol e downstream pat hway in
| LK- dependent neurite outgrowt h.

Tau hyper phosphoryl ati on decreases the association of tau
wi th m crotubul es (29) and i nhi bits total neurite nunber (30-32).
The i nhi bitory effect of aberrant tau phosphorylation on neurite
outgromh was as expected. The effect of aberrant tau
phosphoryl ati on, however, is considered to depend on the tau
phosphoryl ation | evel and al so on the nunber of phosphoryl ated
tau nol ecul es. Wil e we coul d not esti mate how many nol ecul es i n
total tau are phosphorylated inthe DN-ILK-transfected cells in
this study, it is possiblethat the aberrant tau phosphoryl ation
i nduced by ILK inactivation at |east affects mcrotubule
stabilityor dynam cs and |l eadstoinhibitionof neuriteoutgrowh.
On the other hand, endogenous |ILK protects tau from aberrant
phosphoryl ati on and probably maintains a kind of equilibrium
stat us responsi bl e for m crotubul e reorgani zati on. Thus, ILKis
not only involved in p38 MAP ki nase activation, but m ght also
control m crotubul e dynam cs via regul ation of GSK-3f3 activity
during neuriteoutgrowhinNLE-115cells (Fig. 6). Arecent study

of NGF-i nduced neurite outgrowth using pheochronocytom (PC12)
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cells denonstrated that LK is involved in NG-induced neurite
outgrowm h viainhibition of tau hyperphosphorylation (33). This
recent report using PCl2 cells and our results obtained using
NLE- 115 cel | s suggest that ILKis an i nportant regul at or of both
integrin- and grow h factor-nmediated signaling in neurons and
controls neurite outgrowh. Moreover, ILK mght be critical for
the regulation of mcrotubule stability and rearrangenent
necessary for integrin- and growh factor-nediated neurite

out gr owt h.
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Foot not es

The abbrevi ati ons used are: | LK, integrin-Iinked ki nase; GSK- 38,
gl ycogen synthase kinase 3p; DN, dom nant negative; NAP,
m t ogen-activated protein; PHF, paired helical filanents; PAGE,

pol yacryl am de gel el ectrophoresis; FBS, fetal bovi ne serum DVEM
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Dul beco’ s nodi fi ed Eagl e’ s medi um NGF, nerve growt h factor; PCR

pol ymerase chain reaction.

Key words: Integrin-linked Kkinase, NLE-115 cell, Neurite
out growm h, GSK-3p, Aberrant tau phosphorylation, Integrin.
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Fig. 1. Inactivation of endogenous |LK induces aberrant tau
phosphorylation. Cells were cultured for 16 h under either
differentiating (seedingonlamnin-coated platesinthe absence
of FBS) or non-differentiating (seeding on non-coated plates in
t he presence of FBS) conditions. Aberrant phosphorylation | evel
of tau in parental and DN-1LK-transfected cells was detected by
I mmunobl otti ngw thananti-Tau-1anti body, whi chrecogni zes only
a non- phosphoryl at ed epi t ope of tau, and an anti - phospho (Ser™,

Ser %) - Tau ant i body, whi ch recogni zes t au phosphoryl at ed at Ser **°,
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Ser®. Total tau was detected by an anti-Tau antibody, which
recogni zes both native and phosphoryl ated t au.

For the | LK assay and detection of | LKand DN-1LK proteins, cells
were cultured for 60 mn, which was required for naxinal
activation of ILKactivity (11), under either differentiating or
non-di fferentiating conditions and then Ilysed. ILK was
i mmunoprecipitated from cell extracts. |[ILK activity was
det er mi ned usi ng nyel i n basi c protei n as an exogenous substrate,
as described under “Experinental Procedures”. |ILK and DN ILK
expression levels in cell lysates (20 pg) were anal yzed using
i mmunobl otting with an affinity-purified polyclonal anti-ILK

anti body.

Fig. 2. Subcellular localization of aberrantly phosphoryl ated
tau at Ser' and Ser®”. After cells were cultured for 16 h under
either differentiating (a and b) or non-differentiating (c and
d) conditions, cells were stained with anti-phospho (Ser®,
Ser %) - Tau ant i body, as descri bed under “ Experi nental Procedures”.
InDN-I LK-transfectedcells, theintracellul ar cytopl asm except
for the nucleus, was strongly stained with the antibody and
m crotubul e-1i ke structures were observed under normal and

differentiatingconditions (bandd). Onthe other hand, parental
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cells were not significantly stained under differentiating
conditions (c) but very weak dot-Ilike structures were observed
inthenon-differentiatedcells (a). I nset shows further anal ysi s
of the DN-1LK-transfectedcell s usingtheconfocal | aser scanni ng
m croscopy. Mcrotubule-like structures spread and covered
i mredi atel y under the whole plasma nmenbrane of the cells, and

formed basket-like structures (inset left and right).

Fig. 3. Inactivation of endogenous ILK in DN ILK-transfected
cells results in a sustained increase in GSK-3B activity. Cells
were cultured for 16 h wunder either differentiating or
non-di fferentiating conditions. A the levels of an active form
and an inactive formof GSK-3Bwere anal yzed by i munoblotting
Wit h anti - phospho (Tyr?°/ **°) - GSK- 3o/ B and anti - phospho
(Ser®) - GSK- 3p anti bodi es, respectively. Total GSK-3p proteins
were detected by i mmunoblotting with anti-GSK-3p anti body. B,
GSK- 3B activity was nmeasured by i mmunopreci pitation foll owed by
a ki nase assay, as described under “Experinmental Procedures”.

The level of GSK-3B activity in DN-ILK-transfected cells was

approximately three tines nore than that in parental cells under

both culture conditions. Values are the neans = SD of four

separate experinents.
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Fig. 4. Aberrant tau phosphoryl ati on was prevented by treat nent
of cellswith LiC, an unconpetitive inhibitor of GSK-3B. Cells
were treated with varying concentrations of LiC for 16 h under
non-di fferentiating conditions. The |level of aberrant tau
phosphoryl ation was analyzed by immunoblotting with both
anti-Tau-1 and anti - phospho (Ser™®, Ser?*)-Tau anti bodi es. Tot al
tau proteins were detected by immnoblotting with anti-Tau

anti body, which recogni zes both native and phosphoryl ated t au.

Fig. 5. Effects of aberrant tau phosphorylation on neurite
outgromh in DN-ILK-transfected cells. Cells were seeded on
| am ni n-coated plates in serumfree nediumin the presence of
SB203580, Lid, or Lid plus SB203580. Treatnent with only
SB203580 was conducted for 3 h after seedingthecells byrenoving
and changi ng the cul ture nedium The nunber of cells possessing

neurites greater thantw cethel ength of acell body was assessed

16 h after plating the cells. Values are the neans £ SD of four

separate experinents. Statistical significance was determ ned
using Student’s t-test; aindicates p<0.01 (vs. non-treatnent),
b indicates p<0.01 (vs. 10 nM Lid), c indicates p<0.01 (vs.

non-treatnent), and d indicates p<0.05 (vs. 10 uM SB203580) .
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Fig. 6. Schematic nodel of aberrant tau phosphorylation in
DN- I LK-transfected NLE-115 cells. ILK is activated after cell

adhesion on lamnin in serumfree conditions in a PI3
ki nase- dependent manner. Stinulation of ILKactivity resultsin
activation of p38 MAP ki nase activity, which is inportant for

| LK- dependent neurite outgrowth in NLE-115 cells (11). ILK
phosphoryl ates GSK-3p at Ser® |eading to GSK-3B inactivation.

GSK-3pB inactivation results in inhibition of aberrant tau
phosphoryl ation, an increase in mcrotubule stability, and
i nduces neurite outgrowmh in conbination with p38 MAP ki nase
action. On the other hand, ILK inactivation by DN-ILK induces
GSK- 3B phosphoryl ation at Tyr*°via activation of an uni dentified
tyrosi ne ki nase, | eadi ngto GSK-3p acti vation. GSK-3p activation
resultsinaberrant tau phosphoryl ation, mcrotubuleinstability,

and decreased neurite outgrow h.
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