* 532 -

b ESEYYE R Prog. Biochem. Biophys.

Activation of Glycogen Synthase Kinase 3 Induces
Alzheimer-like Hyperphosphorylation of Cytoskeleton

Protein and Cell Damage”
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Hua-Zhong University of Science and Technology, Wuhan 430030, China)

Abstract  Neurofibrillary tangles are the neuropathological hallmarks of Alzheimer disease ( AD). Abnormally
hyperphosphorylated tau and neurofilament ( NF) are the components of neurofibrillary tangles. Hyperphosphorylation may
be the result of an imbalanced regulation between protein kinases and protein phosphatases. Among the many kinases,
glycogen synthase kinase-3{ GSK-3} might be a key participator in neurodegeneration of AD. To investigate the role of GSK-
3 on Alzheimer-like neurofibrillary degeneration, the wild type mouse neurcblastoma cell lines { N2awt} were treated with
wortmannin ( WT}, an inhibitor of phosphatidylinositol 3-kinase ( PI3K), and the effect of WT on cell metabolism, cell
morphology, cell apoptosis, phosphorylation of NF and tan were detected, as well as the relationship between the
alternations of these parameters and GSK-3 activity. It was found (1) that treatment of the cell with I pmol/L WT led to a
transient (at 1h}) activation of GSK-3 with a concurrent increase in phosphorylation of NF and tau. At 3h, the activity of
GSK-3 was decreased and the hyperphosphorylation of NF was partially restored. {2} that WT decreased the cell
metabolism detected by MTT assay in a dose dependent manner. {3} that treatment of the cell with | wmol/L WT for 1h or
for 3h induced retraction of cell processes. (4} that no typical apoptotic damage was seen by transient stimulation of GSK-
3 activity. It is suggested that transit overactivation of GSK-3 led to Alzheimer-like hyperphosphorylation of cytoskeleton
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protein and impairment in cell viability.

Key words

Alzheimer disease ( AD)} is the most common
cause of dementia. Extracellular senile plagues { SP)
composed of B-amyleid and intracellular neurofibrillary
tangles ( NFT} constituted of paired helical filaments
( PHF} are neuropathological hallmarks of AD.
Abnormally hyperphosphorylated tau is the major
protein subunit of PHF. In addition to tau, it was also
confirmed  that  abnormally  hyperphosphorylated
neurofilament { NF} was also an indispensahle
component of NFT! ?1. The destruction of eytoskeleton
might be one of the most critical mechanisms in cell
dysfunction and NFT formation seen in AD brain.

Generally the phosphorylated level of a protein is
regulated by protein kinases and protein phosphatases.
Among the many kinases, GSK-3 has been mostly
implicated: GSK-3 is one of the most active enzymes in
phosphorylating tau in vigro'™ . Tt is enriched in brain
and active form of GSK-3 co-exists with neurofibrillary
tangles' .  Inhibition of GSK-3  arrests AP
overproduction’™ ., GSK-3  transgenic mice produce
tangle-like structures and memory deficits'> 7. In
vivo, activation of GSK-3 by brain injection of WT and
GF-109203X led to hyperphosphorylation of tau and
spatial memory impairment™ . Therefore, GSK-3 might
be served as a therapeutic target both
hyperphospherylation and B-amyloid deposition.

in tau
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In the present study, we have found that
overactivation of GSK-3 in N2a cell led to AD-like
hyperphosphorylation of tau and NF proteins, retraction
of cell processes and a significant decrease in cell
viability. No obvious cell apoptosis was observed during
the activation of GSK-3 and hyperphosphorylation of the
cytoskeleton proteins.

1 Materials and methods

1.1 Cell culture

Neuroblastoma N2awt cell was a generous gift
from Dr. Xu { the Bumham Institute, La Jolla,
California, USA). The cells were maintained in media
containing 50% DMEM, 50% OPTI-MEM and 5%
FBS { Gibico BRL, Gathersburg, MD, USA}.
1.2 MTT assay

After cells were planted in 96-well plate for 24 h,
they were treated with WT ( Sigma, St. Louis, M,
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USA}. WT was dissolved in dimethyl sulfoxide
{DMS0} and aliquots were stored at - 30C. To
determine the effective dose of WT, cells were cultured
in the absence or in the presence of 0.1 pmol/L,
1 pmol/L or 10 pmol/L WT for 1 h. Then 5 g/L MTT
was added 4 h later, the wells were rinsed with FBS-
free media. Sequentially cells were incubated with
DMS0 for 30 min at 37°C and 4., was measured.
1.3  GSK-3 activity assay by v *P-labeling

(GSK-3 activity was assayed using phospho-GS
(Sigma, St. Louis, MO, USA} as a kinase substrate.
The samples were incubated with the substrates in
buffer containing 30 mmol/L Tris pH 7.4, 10 mmol/L
MgCl,, 10 mmol/T. NaF, 1 mmol/T. Na,VO,,
2 mmol/L Na, EGTA, 10 mmol/L g-ME, 0.2 mmol/L
v PP-ATP ( Beijing Yahui Biologic and Medicinal
Engineering Co. , Beijing, China) at 30°C for 30 min.
Reaction was stopped by adding 12.5 1l 300 mmol/L
O-phosphoric acid. 10 pl incubation mixture was
applied in duplicates to phosphor cellulose units. The
filters were washed 3 times with 75 mmol/L O-
phosphoric acid. And the radioactivity incorporated
into the substrates was analyzed by liquid scintillation
counting. GSK-3  activity was expressed as pmol
phosphate incorporated/ mg of proteirn/min at 30C.
1.4 Western bhlot

The proteins were dissolved in sample buffer with
0.1 mol/L Tris, pH 6.8, 4% SDS, 20% glycerin,
0. 2% bromophenolblue and 10% B-ME. Total protein
concentration was  determined by the BCA
{ Bicinchoninic Aecid) assay, using BSA as standard.
SDS-PAGE gel stained by Coomassie blue was used as
inter-reference ( Figure 1a lower lane}. The proteins
were separated by SDS-PAGE and transferred to
pelyvinylidene difluoride { PVDF} membranes. Ant-
GSK3B-Ser9-p ( Cell Signaling Technology, Inc.
Beverly, MA, USA) was used to detect the level of
phosphorylated GSK3B at site Ser9 ( inactivated form of
GSK3B). The phosphorylation of tau was studied by
monoclonal antibody PHF-1 { recognize phosphorylared
tau  Ser296/Sed04 ), tau-1 ( recognize non-
phosphorylated tau at Serl98/5er202) and 111e
{ recognize phosphorylated and non-phosphoerylated
tau}. Alkaline phosphatase-labeled goat anti-mouse
IgG was used as second antibody and the blots were
developed by 5-bromo-4-chloro-3-indolyl-phosphate,
nitroblue  tetrazolium  ( BCIP/NBT,  Amersham
Pharmacia Biotech, Piscataway, NJ, USA}.
1.5 Immunocytochemistry

Cultured cells were incubated with primary

antihody SMI31 ( recognize phosphorylated NF) or
SMI32  ( recognize  non-phosphorylated  NF )
{ Sternberger Ine, Lutherville, MA, USA) in a
humidified chamber for 12 h at 4°C, then with biotin
labeled goat anti-mouse IgG (1: 200) for 45 min at

37°C, and with HRP labeled avidin {1: 200) for
30 min at 37°C. The slices were developed with
diaminobenzidine ( DAB, Sigma, St. Louis, MO,
USA) system. The images were analyzed quantitatively
by a Kodak Digital Science 1D software ( Cold Spring
Harbor Inc. , Beijing, China). At least 200 cells were
computed and analyzed in each experiment. To detect
the actual phosphorylation state of NF, the increased
ratio of SMI31 or SMI32 to each of the controls was
calculated.
1.6 Transmission electron microscopy

The cells were washed with PBS and fixed for 1 h
at 37°C with 0. 1 mel/L cacodylate, pH 7.0 containing
2. 5% gluteraldehyde and 0. 2% tannic acid. The
EPON812 embedded sections { LKBV
ultramicrotome, Germany) and stained with uranyl
acetate and lead citrate, viewed with an Opton EN/10C
transmission electron microscope ( Opton, Germany) .
1.7 TUNEL labeling

Cell samples were fixed with a freshly prepared
paraformaldehyde solution (4% in PBS, pH 7.4} at
room temperature for 1 h. The slides were rinsed with
phosphate-buffered saline ( PBS} and incubated in
permeabilisation solution (0. 19 Triton X-100, 0. 1%
sodium citrate} for 2 min on ice {47TC)}. TUNEL

reaction mixture was added into the samples and the

were cut

slides were incubated for 60 min at 37°C and analyzed
by light microscopy ( TUNEL kit was from Boehringer
Mannheim GmbH, Germany} .
1.8 Statistical analysis

Data were expressed as x + s and analyzed using
SPSS 10. 0 statistical software { SP3S Inc., Chicago,
Hlineois, USA}. The One-Way ANOVA procedure
followed by LSD’s post hoe tests was used to determine
the different means among groups ( P <. 05}.

2  Results

2.1 WT induces transit activation of GSK-3 and
phosphorylation of GSK-3 at Ser9

To determine the effect of WT on GSK-3 activity
and the level of Ser-9-phosphorylated GSK3, cells were
treated with 1 pmol/’L WT for 1 h, 3 h, or 6 h,
It was found that at 1 h after the
treatment, (GSK-3 activity increased significantly { P <
0.1} to the control level with a concurrent decrease in
expression of inactivated form of GSK-3 {i. e. Ser9-
phosphorylated GSK-3}. The activity of GSK-3 was
obviously lower than that of control at 3h,

respectively.

it was
restored to the control level at 6h after the treatment,
and the expression of phosphorylated GSK-3 was
restored to the normal control level at these two time
points { Figure 1). This data suggests a transit
activation of GSK-3 induced by 1 pmol/L WT.
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Fig.1 Effect of WT on GSK-3 activity and expression of
Ser9-phosphorylated GSK-3
{a) Expression of Sex9-phosphorylated GSK-3 induced by 1 pmol/L WT
for 1 h, 3 h and 6 h detected by Western Blot. [b) Activity of GSK-3
measured by = P-labeling and quantitative analysis of Ser9-phosphorylated
GSK-3. With increased GSK-3 activity observed at 1 h, the level of
inactivated Ser®-phosphorylated GSK-3 decreased significantly. SDS-
PAGE gel stained by Coomassie blue aceording to BCA assay of protein
congentration { 20 g/L) was used as inmterference. Data ave (x £s) of
eight chservations. #%/ <0. 01 v contel. M GSK-3 activity; [
Serd -GEK-3p3.

2.2 WT induces hyperphosphorylation of NF and
tau proteins

The phosphorylated level of NF was detecled by
immunocytochemistry ( Figure 2} . Phosphorylated NF
recognized by SMI31 was mainly located in cell
processes ( Figure 2a) and non-phosphorylated NF was
detected both in cell processes and in cytoplasm
{ Figure 2b} . After treatment with WT for 1 h or 3 h,
the immunoreaction of phosphorylated ( SMI31 }
(Figure 2 ¢, e} and non-phosphorylated ( SMI32) NF
was significantly enhanced in cytoplasm ( Figure 2d,
f) . The immunoreaction of SMI31 reached to the peak
at 1 h (Figure 2¢) and of SMI32 at 3 h ( Figure 21f}.
At 6 h, the immunoreaction for both SMI31 and SMI32
tends to restore to the control level (not shown). To
detect the actual phosphorylation state of NF, the
increased ratio of SMI31 or SMI32 to each of the
controls was calculated. Tt was shown that the
increased ratio of SMI31 at 1 h (176.9%) and 3 h
(125.6%) was higher than that of SMI32 at 1 h
(10.4%} and 3 h(38.6%) after WT treatment. It
suggested that NF was hyperphosphorylation at 1 h and
3 h after WT treatment.

3]

08

*k

0.6

04 -

Arbitary unit
*

0.2

Fig. 2 Effect of WT on NF phospherylation by
immunocytochemistry
{a) NF is distributed evenly in cell body and cell processes in normal
condition { a, b). CA led to accumulation of both phospherylated and
unphosphorylated NF in the cyvtoplasma, especially at hillock for 1 h{ e,
d) and 3h (e, {) { Magnification x400). (g) Quantitative analysis of WT-
induced neurcfilament phosphorylation determined by SMI31 and 3MI32.
The level of both phosphorylated and non-phosphorylated NE was
increased, but the increased rate was higher in phosphorylated form { see
text). l: SMIB1; [O0: SMI32.

The phosphorylated level of tau was detected by
Western blot. After the treatment of WT for 1h, the
of Tau-1
compared with the control. No obvious change was
observed for PHF-1. Tt suggested that treatment of WT
led to hyperphosphorvlation of tau at Serl98/Serl99/
Ser2(2  via of GSK-3 in N2a cells
( Figure 3} .

immunoreaction decreased

significantly

activation
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Fig.3 Effect of WT on tau and NF phosphorylation
After treatment of WT for 1 h, the immunoreaction of Tau-1 decreased
significantly compared with the control. No significant change was

observed for PHF-1 and 111e.

2.3 WT induces cell retraction and decreased cell
viability

Cells were cultured in the absence or in presence

of 0.1 pmol/L, 1 pmol/L or 10 pmel/L of WT for
1h. And cell morphology was observed by phase
contrast microscopy. It was found that in the control
group the border of the cells was clear with plenty of
processes, and treatment of the cells with 0. 1 pmel/L
ot 1 pmol/L of WT induced retraction of cell processes
( Figure 4). When the concentration of WT was
increased to 10 pmol/L, the cells were almost all
detached from the plate ( not shown).

Fig.4 Effect of WT on cell morphology
Compared with control ( a), treatment of the cells with 0. I pmol/L (b} or 1 pwmel/L (¢} for 1 h of WT
induced retraction of cell processes. ( Magnification x400)

MTT method was used to analyze the influence of

WT on cell viability. Statistical data displayed that the
value of A, decreased notably with increased
concentration of WT ( Figure 5}.
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Fig. 5 Effect of WT on cell viability
A dose-dependent MTT reduction was observed at 1 h in the presence of WT.
Data are (x +s) of eight observations. P <0.05, #xP <0.01 vs control.

2.4 No typical apoptosis was
treatment of WT

N2awt were treated with 1 pmol/L WT for 1h and
cell apoptosis  was detected by TUNEL and
electromicroscopy. Although nuclear staining was seen
in WT-treated sample, no notable difference was
detected when compared with control group. By
it was seen that the nucleus
membrane was intact and the nucleolus was clear in
control. After WT treatment for 1 h, the nucleolus
vanished, and diffused accumulation of chromatin
arpund the nueclear membrane was seen { Figure 6) .

observed by

electromicroscopy,

(@)

Control

Fig. 6 Effect of WT on cell apoptosis detected by TUNEL
(a, b)and electromicroscopy (¢, d}
Compared with control (a, ¢}, no typical apoptosis was detected after
1 pmol/L WT treatment for 1 h (b, d). ( Magnification for (a) and (b}
is x 100 and for (c) and (d) is x6000)

3 Discuassion

GSK-3 is a juncture of three signal transduction
cascades, i.e. the Wnt, the mitogen-activated protein
kinase ( MAPK)} and the phosphatidylinesitol-3-kinase
{ PIBK )™ . Activation of PIBK/PKB pathway
commences when insulin or growth factors bind their
respective  receptors’® . This  facilitates  the
phosphorylation of PKB. Subsequently, PKB can
phosphorylate Ser9 of GSK-3B or Ser2l of GSK-3a,
and thus inhibits the enzyme activity!™ . Therefore,
regulation of PI3K/PKB pathway and the subsequent
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activation/inhibition of GSK-3 is one mechanism by
which the activity of GSK-3 is regulated. In the present
study, we chose WT to inhibit PI3K and found that
after treatment of 1 pmol/L WT for 1 h, the activity of
GSK-3 was significantly increased accompanied by a
decrease in the level of Ser9-phosphorylated GSK-3.
This testifies that in N2awt PIBK/PKB pathway
participates in the regulation of GSK-3 activity. At 3h
after the treatment, GSK-3 activity decreased to an even
lower level than that of the control, suggesting certain
type of negative feedback regulation or antagonistic
mechanisms in the cell line. It was reported that
inactivation of PKB in SY5Y cell line might activate
caspase-3, which led to GSK-3 phoesphorylation and
inactivation through activating protein kinase C
{ PKC)™ . Additionally, dephosphorylation of GSK-
3aTyr™ or GSK-3BTyr™™, the required phosphorylation
sites for the activity of GSK-3, may also participate in
this  regulating  process’™.  Additionally,  tau
phosphorylation by GSK-3 is also regulated by its
prephospherylation by some nen-proline-directed protein
kinases, such as protein kinases A"7.

GSK-3, by virtue of its role as a major tau kinase,
is a leading candidate for initiating pathologic tau
hyperphosphorylation' "™ . GSK3 forms a complex
with tau in the microtubule fraction from the bovine

brain' ™

and is co-localized with phosphorylated tau
during development'™ . A number of studies suggest
that hyperphosphorylation of tau by GSK-3 accelerates
neurodegeneration  and  induces  fibrillary  tau-
immunoreactive inelusions in vivo and in vitro'™ . In the
present study, we have found that treatment of N2a cell
with WT for 1h induces tau hyperphosphorylation at
Ser198/Serl99/Ser202  via  activation of GSK-3.
Although only a transit overactivation of GSK-3 by WT,
the cell damage both morphologically and metabolically
was already very significant. This implies that extremely
subtle imbalanced phosphorylation of tau protein may
govern the neuropathological changes taking place in AD
brain.

In addition to tau, NF also hyperphosphorylated
and accumulated in AD brain. NF acts as modulators
of caliber of large myelinated axons as well as axonal
transport' . NF is  required for the axonal
regeneration. It was reported that hyperphosphorylation
of NF led to dissociation of microtubules from NF and
destruction  of cell strueture’™ *7 | although  the
physiologic level of NF phosphorylation facilitates their
incorporation into a stationary network and in slowing

transport’”" . After hyperphosphorylation, NF loges its
configuring function'”' . Besides, hyperphosphorylated
NF resists to proteolysis contributes to the NF

accumulation in the nucleus'™ . In the present study,

we have observed that treatment of the cell with WT
enhances phosphorylation of NF, this is in agreement

with the abnormality of NF observed in AD, including
perikaryal accumulation, dystrophic neurite formation
and down regulation of NF expression.

We also observed that although treatment of the
cells with WT led to significant decreased cell viability
with eytoskeleton { tau and NF) hyperphosphorylation,
but no typical apoptosis was observed. This result is in
consistent with the observation received in SY5Y cells
that tau phosphorylation seemed to be anti-apoptosis'®’
In another experiment, we also found that treatment of
the cells with CA led to an NF hyperphosphorylation and
aggregation with minimal apoptosis™ . Although some
people believe that progressive cell loss in specific
neuronal populations  often  associated with  typical
cytoskeletal protein  aggregations is a pathelogical
hallmark of neurodegenerative disorders, the nature,
time course and molecular causes of cell death and their
relation to cytoskeletal pathologies are still unresolved.
Based on recent data in human brain, as well as in
animal and cell culture models, a picture is beginning
to emerge suggesting that, in addition to apoptesis,
other forms of programmed cell death may participate in
neurodegeneration!™ . Better understanding  of the
molecular players will further elucidate the mechanisms
of cell death in these disorders and their relations to
cytoskeletal abnormalities. Therefore, although many in
vivo and in wviro data are in favor of apoptosis
involvement in neurodegenerative processes, there is
considerable evidence supporting that very complex
events may contribute to neuronal death with possible
repait mechanisms, the elucidation of which may prove
useful for future prevention and therapy of
neuredegenerative disorders.
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GSK-3 1E [T 75K ¢ i BR 975 6 40 i 5 48
Aok R T I AE
£ E PR ¥ = KFL KLE KME FTERET

CERMERERFESERELEREE, KL 4300300

THE AR AT MBS R R RIEEIA (Alzheimer disease, AD) IVEAFMHRIBONTE. EOESENE QMBS ETSH
HERAW RS EREN, REIEHRLE e MHEL (neurdilament, NF) ZM#HERTHELIHBR S EA&
EWEFT, FEIRSBMBE-3 (gycogen synthase kinase-3, GSK-3) TIHEE AD fEETHTHREEMEH. RHEASHIT GSK3
TE AD HFHEIBTHET e, LUBSERI LB =R %58 ( phosphatidylinositol 3-kinase, PI3K) BIFFRMMGIAEEFTE
% (wortmannin, W7T) AbFREFE R FH AR A ML (wild type mouse neuroblastoma cell lines, N2a wt), ZRZEWE WT 4012
N2a wt NRIEFE S (1 he 3 he 6 h) #MEAUEZE. MRES. FHEEED tan A NF FIBEER MRS B0 L IR I Air iz,
Horth T GSK-3 &S LR ESHEFEZ AAEME. ERAM: 1 pmol/’L WT Z2EQIM 1 h, GSK3 EHEERE WT 4R
AREEARLLR BRI R, A Serd FRERILAY GSK-3 ACF A BEMR; NF BERILFERE SR, tau 7E Serl98/Ser199/8er202 47 S 1Y
BERELIEsR. 1 pumol/L WT Z-EEHNE 3 h, GSK-3 iFME SR | h ML E TR, NF BB (LFEEFe 1 h RIS, B
BT EHAT. 1 wmol/L WT 26 h, MIEEE. GSK3 &M, Se BHERILAZXAT GSK3p FIFRIE . NF BEER (LIRSS
SHEAMLSLHENE. W 2HEREEEARAEE. 1 uml/L WT ZEM L L3 0 FERARER, R
MEZEES 1 pmol/L WT ZLEH M 1 h, H TUNEL AN T BRBSOR R WE M RET. RS RER: 75 N2a 4
i B GSK-3 T S B A M L an B HHY AD P EREERY, TS EWEM AT AD FIBRTHE.
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