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Abstract

Zinc induces tau hyperphosphorylation through

extracellular signal-regulated kinase 1/2 (ERKp2hway

Insook Kim

Department of Medical Science

The Graduate School, Yonsel University

(Directed by Professor Young Soo Ahn)

The pathologic hallmarks of Alzheimer’s disease JARrlude senile plaque
and neurofibrillary tangles (NFTs) which are maimigmposed of & and
microtubule associated protein, tau, respectivé@lye tau from NFT is
hyperphosphorylated compared to the soluble formTherefore, the factors
regulating tau phosphorylation may be crucial ®pathogenesis in AD. Zinc
has been implicated as a possible pathogenic admtto its effect of
increasing A precipitation. The purpose of this study was testigate the
effects of zinc on the tau phosphorylation. We trarased the tetracycline-off
regulatory system controlling the expression ofiviilpe tay.44; in SH-SY5Y
cells. In the absence of tetracycline, the levatofincreased and reached its
maximum in 5 days in SH-SY5Y cells expressing viilde tay 44;. TO assay
the phosphorylation of tau, three kinds of phosppeeific antibodies were
used in Western blot including pSer202, pSer214 p8dr396 antibodies
which recognize phosphorylation sites that are kmaav be related to NFT
formation. We measured the changes in the levéhwiphosphorylation as a
ratio of the level of phospho-tau of each phosplatign site to that of total
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tau. Zinc increased the phosphorylation of Ser2@@ &er214 in SH-SY5Y
cells expressing wild-type taw. Therefore, we investigated possible
mechanisms to be involved in these changes ofltagghorylation by PDTC
plus zinc treatment in SH-SY5Y cells expressingdvidu 44;. We found that
zinc did not affect CDK5, GSK&/B and PKA activity but increased ERK
activity. Reduced levels ERK prepared from siRNansfected cells inhibited
hyperphosphorylation of tau at Ser214 site. To fionally assay the effect of
zinc-induced tau hyperphosphorylation, we produted mutants that have
mimicked phosphorylation of serine202/214 residueg site-directed
mutagenesis to alanine. The Ser202Ala and Ser2itéélaxhibited stable
microtubule polymerization and decreased insoluble aggregation. From
these findings, it can be concluded that zinc ieduau hyperphosphorylation
through ERK activation pathwayeading to microtubule depolymerization

and insoluble tau aggregation.

Key words: tau hyperphosphorylation, zinc, extriadat signal-regulated

kinase (ERK), microtubule polymerization, tau aggtéon
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[.INTRODUCTION

Alzheimer’s disease (AD) is the most usual neuredegative disorder
leading to dementia in the aged human populatiois. tharacterized by the
presence of two main brain pathological hallmarksnile plaque and
neurofibrillary tangles (NFTs). NFTs are composgtiwillar polymers of the
abnormally phosphorylated cytoskeletal protein “.tadau filaments
accumulate in dystropic neurites as fine neuropiedads or as bundles
forming the NFTs which become extracellular ghasigtes after the death of
the neuron.

Tau is a microtubule-associated protein predominaxpressed in nerve
cells that promote microtubule assembly and midrale stabilizatioh  Tau
protein is cytosolic and mainly present in axoribalgh it can be also found
associated to the cell membrane. In AD, aggregttedvas found to differ
from monomeric tau by increased phosphorylatiort tesults in reduced
electrophoretic mobilitf This hyperphosphorylated tau shows a very low

capacity to bind microtubules.



The function of tau and its association with othesteins are affected by
post-translational modifications. Phosphorylatidntaw has been shown to
decrease the rate of tau turnover, and reduce iy aof tau to bind
microtubules, actin filaments and plasma membtafie date, at least 30
phosphorylation sites have been identified in phinelical filament (PHF)-
tau. It is believed that several protein kinaseg amvolved in the
phosphorylation of tau, and no single kinase carsphorylate all these sites.
Among more than ten protein kinases that have bhewn to phosphorylate
tauin vitro, glycogen synthase kinase 3 (GSK-3), cyclin-depahd#tinases 5
(CDKb5), calcium- and calmodulin-dependent proteinakes Il (CaMK 1),
cAMP-dependent protein kinase (PKA) and mitogelivated protein kinases
(MAPKSs) are most implicated in the regulation afi ghosphorylation and in
the abnormal hyperphosphorylation of tau in AD bitai

The mitogen-activated protein (MAP) kinase famibldngs to the proline-
directed protein kinases that receive attentionhwiespect to tau
hyperphosphorylation. The MAPs include extracetlulsignal-regulated
kinases (ERKS), the stress-activated protein kitagen amino terminal
kinase (SAPK/INK) and p38 kinase. Furthermore,ethisran evidence for
increased activation of ERK in AD brain. The ERKslude p44 ERK1 and
p42 ERK2, and PK40ERK, all of which have been showapable of
phosphorylating recombinant tau at several of tmaesas PHF-tduDespite
in vitro data implicating MAP kinase in hyperphospylation of tau protein,
studies with intact cells have provided conflictingsults. Lu et al.
demonstrated that microinjection of rat hippocammalrons with purified sea
star p44 ERK1 resulted in PHF-like tau hyperphosylation associated with
compromised microtubule assembly. Phosphorylatiwin proline-rich
regions of tau induces conformational chafigesich cause global structural

and functional transformations of tau from its leghosphorylated,



microtubule-bound form to its hyperphosphorylatadgregated form. Tau
hyperphosphorylation cascade, which culminates T formation, the AT8

epitopes (pSer202 and pThr205) were visible pddhée generation of NF{s

It has been reported that phosphorylation at Ser2®hances tau
polymerization and that phosphorylation at both282rand Thr205 not only
induces polymerization, but also facilitates filatndormatiort®. Increased
ERK expression results in increased tau phosphaglat pathological sites,
including AT8 epitope (Ser202/Thr205) and AT100rd12/Ser214).

Zinc is widely distributed in brain. During synapfctivity, vesicular zinc
is released into synaptic clefts, but recycled thesynapses via a transporter
mechanism. Zinc can be released in excessive amasntuch as several
hundred micromolar, from excited presynaptic nearimo synaptic clefts in
stroke, trauma and seizure, to be cytotoxic to hi®dgng neurons.
Recently several studied have shown that zinc deaeé elevated in brain
regions such as hippocampus and amygdala thateangl\h affected by AD
pathology. In AD, both calcium and zinc have beaplicated in the amyloid
toxicity pathway” Zinc, as well as copper, is believed to accetethe
formation of amyloid fibril$>. Amyloid is implicated as a potential membrane
protein that may promote the influx of calcium asahe plasma membrane.
Zinc does not normally appear in the cell as a tneanbounded form. It is
believed to be toxic in this state. This may bateHl to the ability of free zinc
to enter via AMPA channets promoting excitotoxicity. Dysregulated metal
metabolism occurs in neurodegenerative disottidrs recent years a metal
chelating therapy has emerged as a promising talttenuate abnormal
metal-protein interactions. The natural metal doelenetallothionein-3 (MT-
3) also known as a small non-inducible cysteined ametal-rich protein
mainly expressed in the bréinin the brain its expression was found in zinc-

enriched neurons. The decrease of metallothion&nAD may contribute to



the shuttle of these metals to points of interactibiereby accelerating the
pathogenic proceSs Given the previous reports, although zinc mayehav
important roles in the pathogenesis of AD, the malE mechanisms that
underlie its cellular effects remain to be chanazeel in detail. The present
study investigated the role of zinc on tau hypesphorylation and
demonstrated that zinc-induced hyperphosphorylatiees mediated by
extracellular signal-regulated kinase 1/2 (ERK1/2).



II. MATERIALSAND METHODS

1. Antibodiesand chemicals

Monoclonal Tau-5 antibody against total tau aabbit polyclonal
antibodies against pSer202, pSer214, pSer396 ank GBp were
purchased from Biosource International (Camaril®?, USA). Rabbit
antibodies against CDK5 and pTyrl5-CDK5 were olgdifrom Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). yetdnal
phosphorylation state-specific ERK (pThr202/Tyr2@4jibody, polyclonal
ERK antibody against total ERK, and the ERK pathwaybitor U0126
were from Cell Signaling (Beverly, MA, USA). Takdebf Complete™
Mini protease inhibitors were purchased from Ra@ianheim, Germany).
All fine chemicals were purchased from Sigma (Stuis, MO, USA).
The ECL detection system was obtained from Amersligiosciences
(Piscataway, NJ, USA). All cell culture producteddipofectamine were
purchased from Invitrogen (Grand Island, NY, USA).

2. Cloning and purification of human wild-type tau; 44

Total RNA was isolated form cultured human neurstadma SK-N-MC
(ATCC HTB-10) cells according to the protocol supg@l with TRI
REAGENT ™ from Molecular Research (Cincinnati, OH, USA) as
described previoust, The yield of total RNA was determined by UV
absorbance at 260 nm and its purity was estimatadebabsorbance ratio
AcedAcgo NM. In addition, RNA integrity was confirmed byhietium
bromide staining of ribosomal RNA following elegbtwresis. Human
wild-type tau was amplified by PCR with the followi primer pairs:
forward primer is 5

CGGGATCCGCCACCATGGCTGAGCCCCGCCAGGAGTTCGAAGT



GA-3 and reverse primer is 5
ACGCGTCGACATCACAAACCCTGCTTGGCCAG-3 PCR products
were subcloned into pcDNA3.1 vector (Invitrogen, A)S The
constructed plasmids were transformed imt@oli (DH5a), positive

colonies were selected and the DNA sequence wdgzadausing a DNA
sequencer (ABI PRISM, 3100).

3. Bacterial expression and purification of recombinant human tau
proteins and establishment of N-terminal tau;.4g antibody
Full-length cDNA clones encoding human tau proteas subcloned
into pET-15b plasmid (Novagen, USA) and transforriméd Escherichia
coli BL21(DE3) strain for expression. Mutant Ser202/4lad Ser214Ala-
tau were made from the wild-type tau cDNA using @oRChange site-
directed mutagenesis kit from Stratagene (La Jdlla, USA). All
mutations were verified by sequencing of separddmes from each
mutant. Transformed cells were grown at 37 °C inid-Bertani medium
with 50 pg/ml ampicillin at 300 rpmE. cali cells were grown to optical
density of 0.6-1.0 at 600 nm. Expression was indumeadding IPTG to
a final concentration of 0.4 mM. After further irmation at 37 °C for 2 hr,
the cells were collected by centrifugation at 3068fgL5min at 4 °C. The
cell pellet was resuspended in lysis buffer anddandoy sonication on ice
with Ultrasonic Cell Disrupter. The homogenate welsrified by
centrifugation. Supernatants were filtered throagB.45um membrane
filter. The filtered lysate was loaded onto CM Samise column
(Amersham Biosciences) and washed extensively &@hmM PIPES,
pH6.8. Tau protein was eluted using a gradient @D+#M NacCl in 50

mM PIPES buffer. Column fractions were screenegddyelectrophoresis,



the peak tau fractions were dialyzed against 50 RPIMES, pH 6.8
containing protease inhibitor and reconstituted ebncentration 5 mg/ml,
then aliquoted and stored at -20 °C until use.

N-terminal tau fragment (amino acids 1-48) cDNAmgs from human
recombinant wild-type tau (amino acids 1-441) wadbctoned into
pRSET plasmid (Novagen, USA) and transformed HEtcherichia coli
BL21(DE3) strain for expression. This fragment hé&dHis-tag and
purified using nickel-NTA resin. Purified 1 mg ohtagen, 6xHisN-
terminal tauw4, was combined with Freund’'s adjuvant. Subcutaneous
injection of antigen to rabbit (New Zealand Whitsas performed at
intervals of two weeks, three times. After 6 weels,tested the antibody

using ELISA tests and Western blot.

4. Generation of SH-SY5Y cells stably expressing human wild-type
tauy aa

Human neuroblastoma SH-SY5Y (ATCC CRL-2266) -cellerav
maintained in Dulbecco’'s Modified Eagle Medium (DME
supplemented with 10% fetal bovine serum, 2 mMaghihe, 100 1U/ml
penicillin, and 10Qug/ml streptomycin from Invitrogen (Grand Island, NY
USA). SH-SY5Y cells were transfected with pTet-@ffulator plasmid
(BD Biosciences), using the Lipofectamin (Invitroeand stable clones
were selected with 500g/ml G418. After selection, the cells were stably
transfected with pRevTre-wild-type tay; and isolated with 20@xg/ml
hygromycin B (A.G. Scientific) for 3 weeks. The Iselvere screened for
tau expression by Western blot.

5. Western blot analysis
Cell lysed in buffer containing 50 mM Tris, pH 8150 mM NacCl, 1%
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Triton X-100, 10 mMp-glycerophosphate, 1 mM sodium orthovanadate,
10 mM sodium fluoride and complete protease inbib@ocktail tablet
(Roche Diagnostics). Cell lysates were centrifugeti3,000 g for 15 min.
The protein content in the supernatants was medsisiag BCA Protein
Assay kit (Pierce). The phosphorylation of tau ariaus sites was

determined by phospho-specific antibodies.

6. Protein kinase activity assay

The CDK5 and GSK @&/ activites were measured using
immunoprecipitation of CDK5, and GSKa# antibody, respectively.
Briefly, 1 mg of protein was mixed with pg of antibody. After
incubation at 4C overnight, 5Qul of protein A sepharose was added to
the reaction mixture, and it was constantly mixeat 2 hr. The
immunoprecipitated samples were washed twice wjtis|buffer and
twice with a kinase buffer (20 mM HEPES, pH 7.4n®1 MgCl,, 2 mM
MnCl,, 10 mM B-glycerophosphate, 10 mM sodium fluoride, 2001
sodium orthovanadate, 1 mM dithiothreitol). Kinasetivities was
measured by mixing the immunoprecipitates with &nhbuffer containing
5 uCi [y-**P]ATP and purified recombinant tau protein. The gias were
incubated at 3@ for 30 min. The reactions were terminated by the
addition of 2x SDS sample buffer. The samples werked and loaded on
10% SDS-polyacrylamide gels.

The PKA activity was assessed by using a PKA akiagccording to
the protocol provided by the manufacturer (UpsBitgtechnology). The
catalytic activity of PKA was measured using Kermdptas a substrate, as
described previously. Briefly, 5Qg of cell lysate was incubated for 10

min at 30°C with Kemptide, 5uM cAMP and 10QuCi [y-**P]ATP (3000
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Ci/mmol) in Assay Dilution Buffer (20 mM MOPS, ptZ.20 mM MgC},
25 mM B-glycerophosphate, 5 mM EGTA, 1mM sodium orthovated
1mM DTT). The reaction mixture was stopped by spottonto p81
phosphocellulose filter paper. The filters were keak three times with
0.75 % o-phosphoric acid and rinsed in acetone prior totsletion

counting.

7. Microtubule assembly assay

Purified human recombinant wild-type, Ser202Alal é8er214Ala tau
proteins were respectively incubated with 1 mM GZ@,uM tubulin
(Cytoskeleton) in assembly buffer (80 mM PIPES, 6.5 mM EGTA,
1 mM DTT, 2 mM MgC}) for 20 min at 37C. The assembly of tubulin
into microtubules was monitored over time by a ¢jgaim turbidity at 350

nm using a spectrophotometer.

8. RNAinterference

Cells were grown to 30-50% confluence before trectgin. We used
Validated Stealthf RNAIi duplex MAPK1 (Invitrogen) and transfected it
into cells using Lipofectamine 2000 (Invitrogen)wd days after
transfection, cells were harvested in lysis buféerimmunoblotting. The
target sequence is as following.
#1: 5-GCUGUUCCCAAAUGCUGACUCCAAA-3'

#2: 5'- CCGAAGCACCAUUCAAGUUCGACAU -3'

9. Isolation of sarkosyl-insoluble tau from cultured cells
SH-SY5Y cells were transfected with wild-type aretZ 4Ala tau for
48 hr and extracted with RIPA buffer (50 mM Trig] .0, 150 mM NacCl,

_11_



1% Triton X-100, 10 mM B-glycerophosphate, 1 mM sodium
orthovanadate, 10 mM sodium fluoride, 0.5% sodiwoxycholate, 0.1%
SDS, pH8.0 and Complete protease inhibitor cocktaiblet) and
centrifuged to generate soluble-tau. The RIPA-imsi@ pellets are rinsed
and centrifuged twice with RIPA buffer to removelutte fractions.
Finally, the RIPA-insoluble pellets were re-exteattwith sonication to
recover the most insoluble cytoskeletal aggregd@esntitative Western

blot analyses were used to determine tau leveddéh éraction.
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1. RESULTS

1. Induction of human wild-typetau;.4 expression in SH-SY5Y cdls

Tetracycline-regulated gene expression systems paireed a wide use
since they allow selective and stringent regulabbtransgene expression
vitro andin vivo'®® The Tet-Off system is based on a tetracyclinedeggd
transactivator (tTA) that in the absence of tetciog induces gene
transcription through binding to a tetracyclinepesse element (TRE)
located upstream of a CMV minimal promoter followwdthe transgene. The
pRev-TRE system is based on two vectors (pRev-Tea@d pRev-TRE).
First, we transfected SH-SY5Y cells with pTet-ofidaselected with 500
pg/ml G418 at 48 hr after transfection. We have esoed as many as 20
clones to obtain one that exhibits suitably higiuiction and low background.
Clones were isolated, expanded and checked forcibidity by transient
transfection with wild-type tau plasmid DNA. Thetablished Tet-Off cell
lines were transfected with pRev-TRE-human wildetyay.44; constructs and
incubated with 20@ug/ml hygromycin B. We selected to hygromycin-resnst
colonies after 4 weeks. The stably transfected $BYScells were routinely
grown in the presence of tetracycline to suppregsession of the wild-type
tau.441. As it can be seen from Fig. 1A, we identifieddo expression using
tau-5 antibody, which recognizes total tau. Expogsswas induced by
thoroughly removing tetracycline. SH-SY5Y cells ntained in media
containing tetracycline were used as control. & phesence of tetracycline,
tau was not detectable by Western blotting (Fig). 1A contrast, tau was
detected within 48 hours of tetracycline removdle Tevel of tau appeared to
reach its maximum by day 5 (Fig. 1B). These restéisionstrate the tight
regulation of tau expression by tetracycline ingt&SY5Y cells.

_13_



Tetracycline + -

0 1 3 5 (Day)
ﬂ- tau-5

Figure 1. Induction of human wild-type tau;.4; expression in SH-SY5Y

cells. Cells were grown in medium supplemented withg2ml tetracycline to
suppress expression. Human wild-type; tauexpression in SH-SY5Y cells
was induced by thoroughly removing tetracycline adetermined by

immunoblotting against tau-5 antibody.

2. Effect of PDTC plus zinc treatment on tau phosphorylation levels
in SH-SY5Y cells expressing human wild-type tauy 4
In our earlier studies, pyrrolidine dithiocarbam@RBDTC) increased the
intracellular zinc, reaching plateau within 30 ntiath in BCECs and HelLa
cell$* 2% Inhibition of NFxB activity by PDTC was prevented by various
metal-saturated EDTAS, but not by zinc-saturated&ADndicative of zinc-
mediated PDTC action. Therefore, we used PDTC mas i&inophore. To

identify the effects zinc has on tau phosphorylgtiave studied tau
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phosphorylation at various sites. Changes in thespihorylation of tau at
several sites were examined by Western blots ughlmmsphorylation site-
specific tau antibodies. For each phosphorylatioitege, the
phosphorylation-specific immunoreactivity was nolized to the total tau.
SH-SY5Y cells stably expressing human wild-type, taiwere treated with
100 uM PDTC plus 0.5uM zinc for 0, 15, 30 and 120 min, respectively. We
found that the phosphorylation of tau at Ser202 &wi214 sites was
significantly increased time-dependently compaiedhe control level (Fig.
2). However, under same conditions, we observetitiieaphosphorylation of
tau at Ser-396 site was not. It has been well dected by many that the
development of epitopes unique to AD tau filamémeslves such as Ser2t2
and Ser21%.

PDTC+Zn
0 15 30 120 (min)

Total tan

pS202

pS214

pS396

Figure 2. Effect of PDTC plus zinc treatment on tau phosphorylation
levels in SH-SY5Y cdls expressing human wild-type tauy 4;. SH-SY5Y
cells stably expressing human wild-type tauwere treated with 10QM
PDTC plus 0.5uM zinc for 0, 15, 30 and 120 min, respectively. |Qgdates
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were subjected to SDS-PAGE, followed by immunobéstalyses with
phospho-Ser202-tau (pS202), phospho-Ser214-taulSehospho-Ser396-
tau (pS396) and total tau antibody (Tau-5).

3. Effects of PDTC plus zinc treatment on CDK5, GSK 3a/B, and
PK A activitiesin SH-SY5Y cedlls expressing human wild-type tau;.

441

Tau has been reported to be phosphorylated by algwestein kinases (e.g.
CDKS5, GSK 23/B, PKA and MAPK). To identify the protein kinases tlcain
be involved in the zinc-induced hyperphosphorylaid tau, we investigated
changes in the activities of various protein kisafslowing the treatment of
PDTC plus zinc (Fig. 3). Cyclin-dependent kinas€C®K5) is found in its
active form only in neuronal cells. Like other memb of the CDK family,
CDK5 catalytic activity is influenced by both p35in8ing and
phosphorylation. Phosphorylation of either sering9 lor tyrosine 15
dramatically increases CDKS5 activation. We obserthed levels of pTyrl5-
CDKS5 were decreased by PDTC plus zinc treatmeng. A). However, no
difference in total CDK5 levels between untreateditmol and PDTC plus
zinc treatment group. The GSKo/B activity was decreased by
phosphorylation of Ser9 on GSK3 3nd increased by phosphorylation of
Tyr216 and Tyr279 on GSKd3B . In mammalian cells, on stimulation with
insulin or outgrowth factors, GSK-3 is rapidly ppbsrylated at serine21 in
GSK3x or serine 9 in GSKR® resulting in inhibition of GSK3 kinase
activity”>?® We found that PDTC plus zinc treatment not chdrtge level of
pTyr216 and pTyr279 on GSKoA3 and increased the phosphorylation level
of Ser9 on GSK 3(Fig. 3B). The same lysates used for the kinasayasgse
also observed the decreased activity of GSHBIFig. 3C). The cAMP-
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dependent protein kinase A (PKA) has been long lbeesidered a candidate
for in vivo tau phosphorylation. Tau that is phosphorylatedtro with PKA
has reduced microtubule binding. But we found ttiat had no effect on
PKA activity (Fig. 3D). Theses results indicatedtthiau phosphorylation
might be more favored by kinases other than CDKSKGu/3 and PKA.

A B PDTC+én

0 15 30 120 (min)
PDTC+En

GIKia
0 1= 30 120 {min) “ GSEIp

CDES
GSE3 BpSa?

| CDESpTyrls - —_— - GSE3ap Tyr27y
—_— G SKE3 pp Ty 16

C D
PDTC+Zn

0 15 30 120 (min)

E 150000
-_ P
E 100000
S0000 4
o
1] 15 30 110

GSEY ap kinase activity

Figure 3. Effects PDTC plus zinc treatment on CDK5, GSK 3a/f3 and
PK A activitiesin SH-SY5Y cells expressing human wild-type tau;. 4. SH-
SY5Y cells expressing wild-type tas;were treated with 100M PDTC plus
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0.5 uM zinc for 0, 15, 30 and 120 min, respectively. Témmples were
analyzed by immunoblotting with antibody againsiGidK5, phospho-Tyrl5
CDK5 (A), GSK /B and phospho Ser9-, Tyr279-, Tyr216-GSK3B).
Alternatively, GSK &/B and PKA activities were measured using

recombinant human tau (C), and Kemptide as a stibstespectively (D).

4. Effect of PDTC plus zinc treatment on mitogen-activated protein
kinases (MAPKSs) activity in SH-SY5Y cells expressing human wild-type
tauy a1

MAP kinases have been shown to phosphorylatértaitro®’. Given the
important role that MAPKs play in oxidative stresgnaling and cell cycle,
especially in neuronal survival and death in varal in brain, there interest in
understanding the role that MAPKs may play in tlahpgenesis of AD.
While total ERK1/2 levels are slightly decrea@aat little changetf between
controls and AD, strong evidence demonstrateddbtive ERK is markedly
increased in AB. The involvement of ERK in phosphorylation of iawells,
however, is not clear. Thus we examined whether NdfR@ses are involved
in tau phosphorylation during PDTC plus zinc treatinin SH-SY5Y cells
expressing wild-type taus:. As shown in Fig. 4, total ERK1/2, JNK/SAPK
and p38 levels were unchanged after PDTC plus zigetment. Also, the
levels of phospho-p38 and phospho-JNK/SAPK werechahged. In contrast,
the level of phospho-ERK1/2 was increased from 1B. nmihese findings
suggest that activation of ERK may be involved irildwwype tau
phosphorylation

Next, we examinedvhether ERK1/2 mediates tau phosphorylation by.zinc
Activating forms of ERK1/2 and upstream activatkipases MEK1/2 were

shown to co-distribute with the progressive netrifary changes in
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Alzheimer’s diseasé To investigate the effect of ERK1/2 activation zinc-
induced tau hyperphosphorylation, SH-SY5Y cells evpre-treated with 10
UM U0126, specific inhibitor of the upstream ERK ldag MEK), for 1 hour
before PDTC plus zinc treatment. As shown in Figaédition of U0126
inhibited the tau phosphorylation at Ser214 siteese results suggest that
ERK hyperphosporylates Ser214 site of tau.

PIC+In 0 12 3 1I0 UV {min}

phospho-
SAPEIINEKE

1ERE1
JERE2

Figure 4. Effect of PDTC plus zinc treatment on mitogen-activated

protein kinase (MAPKS) activity in SH-SY5Y cells expressing human
wild-type tau;.4y. SH-SYS5Y cells expressing wild-type tagwere treated
with 100puM PDTC plus 0.5uM zinc for 0, 15, 30 and 120 min, respectively.
The samples were analyzed by immunoblotting withibady against
SAPK/INK, phospho-SAPK/INK, P38, phospho-P38, ERI @hospho-
ERK.
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In the ERK pathway, the MAPKKK, which are called fRE&inases,
phosphorylated and activate MAPK/ERK kinase (MEKLlAZhich in turn
phosphorylates and activates ERK1/2. Raf kinasestightly regulated by
multiple mechanisms, and as such, they represé&ay aegulatory point for
signal transduction via the MAPK pathwayGiven that Ras, the upstream
activator of Raf-1, is activated in Alzheimer's elis&® and that both MEK1/2
and ERK are activated in perinuclear and nuclegiorein neurons of the

hippocampus of patient with Alzheimer’s dise4se

0I5 3N 12 0 15 30 120 {min)

Figure 5. Effect of U0126, a MEK inhibitor, on zinc-induced tau
hyper phosphorylation in SH-SY5Y cells expressing wild-type taus.44;. SH-
SY5Y cells expressing wild-type tau; were pretreated with 1QM
U0126(MEK inhibitor) and then added with PDTC plziac. The samples
were analyzed by immunoblotting with antibody agaiERK and pSer214-
tau.

To further confirm whether or not ERK1/2-Ras-Rajfrsiling pathways can
directly activate on the tau phosphorylation cassaeve used Ras- and Raf-
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dominant negative plasmid: The pCMV-Ras 17 containsutated from of
Ras with serine to asparagine mutation at residuantl the pCMV-Raf 621
contains a mutated from of Raf with serine to alennmutation at residue 621.
Expression in the SH-SY5Y cells of a dominant-negaRas (N17) or Raf
(S621A) blocked the zinc-induced tau hyperphosphtion at Ser214 site
(Fig. 6). These results suggest that tau hyperfitwgfation associates the
Ras/Raf/ERK signaling pathway.

PDTC+Zn 0 15 30 120 0 15 30 120 (min)

- — p5214

pCMV pCMV-RasN17

PDTC+Zn 0 15 30 120 0 15 30 120 (min)

pS214

pCMV pCMV-RafS621A

Figure 6. Effects of dominant-negative Ras (pCMV-RasN17) and Raf
(PCMV-RafS621A) on PDTC plus zinc-induced tau
hyperphosphorylation in SH-SY5Y cells expressing wild-type tau; .
Dominant-negative Ras (pCMV-RasN17) or Raf (pCMM$GR21A) were
transfected in SH-SY5Y cells expressing wild-type; 45, and, 48 hr after
transfection, cell lysates were prepared. The etdravere analyzed by

immunoblotting with antibody against pSer214-tau.

5. Effect of ERK siRNA on zinc-induced tau hyper phosphorylation
We next sought to determine if tau hyperphosphtipiawas triggered by
increased ERK activity in SH-SY5Y cells expressimid-type tay.s4.. To
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determine any physiological relevance ERK might eéhawn tau
hyperphosphorylation, RNA interference techniques waed to knock-down
ERK expression in SH-SY5Y cells. RNA interferencep&iments were
performed with MAPK1 siRNA in order to prevent zimduced ERK
activation. After 2 days of transient transfectiame observed the down-
regulation of total ERK. Reduced levels ERK prepdarfeom siRNA-
transfected cells inhibited hyperphosphorylatiortanf at Ser214 site (Fig. 7).
All  these  experiments demonstrate that  zinc-inducethu
hyperphosphorylation id dependent on the ERK paghinaSH-SY5Y cells
expressing wild-type tauys;.

ARNA
Comirel

ARNA ERK - - - - + + + +

FITC+In

(Time) el | el
ERK1

ERK2 .-- e e AR

Figure 7. Effect of ERK sSRNA on zncinduced tau
hyper phosphorylation in SH-SY5Y cells expressing wild-type tauy.44. SH-
SY5Y cells were transfected with siRNA ERK for 48and PDTC plus zinc
treated for 0, 15, 30 and 120 min. The samples wamalyzed by
immunoblotting with antibody against ERK and pSdr24u.

6. Effects of Ser202Ala- and Ser214Ala-tau mutation on microtubule
polymerization
One physiological role of tau is to aid in the pobrization of tubulin to
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form stable microtubules. The intracellular neurdfiary lesions consist of
paired helical filaments and straight filaments,ickhare made of the
microtubule-associated protein tau in a hyperphosgéited stat®. When

hyperphosphorylated, tau can no longer efficieriilgd to microtubules,
thereby forms fibrillar aggregates. To determinghis function of tau is
compromised in the presence of activated ERK, wéopaed a microtubule

polymerization assay in eell-free system. Recombinant human wild-type tau

m wild-tau = wildtau + active ERK
A S214A-tau S214A-tau +active ERK
A S202A-tau S202A-tau + active ERK
0.22u -
0.215 4 [ | -
£ 0210 Ja ﬂ'% A A x84 S A
I A“\‘f“" oo o ASA
& 0.205 4 ‘ SLiAA dALMALAA MM ALAL AL AN
e 4 dAL~ ApAAA
8 02004 AFAx
A\‘.‘J
0.195 i"
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v v v v v ' Time(secs)
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Figure 8. Effects of Ser202Ala- and Ser214Ala-tau mutation on
microtubule polymerization. Following the human recombinant tau protein
were incubated in the presence or absence of @diittive ERK for 5 min at
37T, and then was initiated by addition of tubulin Thee-course of tubulin
polymerization was followed over 20 min by the afparin turbidity at 350
nm.
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protein at 2uM (0.1 mg/ml) and tubulin (2QuM) were incubated with
activated ERK in assembly buffer (as described ipusly). Over time,
recombinant human wild-type tau alométhout activated recombinant ERK,
did efficiently polymerize into microtubules (Fi§). Following the addition
of activated recombinant ERK, microtubule polymatian by wild-type tau
was decreased whereas mutant Ser202Ala-tau andl4?da?tau were
normally polymerized into microtubules (Fig. 8).€Be results suggest that
tau hyperphosphorylation at Ser202 and Ser214 sitesferes with stable

microtubule polymerization.

7. Effect of Ser214Ala-tau mutation on sarkosyl-insoluble tau

Interestingly, neuropil threads thought to be thdiest manifestation of
tau pathologl. Some of the sites in tau become phosphorylatedoth
normal and aggregated tau derived from diseasedimmain. Aggregated,
neurofibrillary tangle (NFT)-like tau derived frooverexpression of human
tau has been shown to be enriched in sarkosylib®l fractiond®3®
Sarkosyl-insoluble fractions from AD contain taurpd helical filaments
capable of binding thioflavin S. We examined if wan form tau aggregates
in the presence of zinc. Lysates were prepared @elis expressing the wild-
type tau and Ser214Ala-tau in the presence of aimt then separated into
sarkosyl-soluble and sarkosyl-insoluble fractiorse level of tau aggregation
was measured by tau-5 antibody (epitope 210-230@mcids) but the tau-5
antibody not recognizes insoluble fraction (data sleown). Interestingly,
sarkosyl-insoluble fraction was detected by N-teahitau antibody (epitope
1-48 amino acids). As shown in Fig. 9A, zinc inced tau aggregate in the
sarkosyl-insoluble fractions. The result shows that5 epitopes (amino acids
210-230) does not necessarily lead to zinc-indueedaggregation, whereas
the aggregates were observed with truncated taierfNinal tau). We next
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investigated whether Ser214Ala-tau affects tau eggion by zinc. In the
presence of Ser214Ala-tau, the level of tau aggi@gavas considerably
decreased compared to wild-type tau (Fig. 9B). &hexbservations
demonstrate that Ser214Ala-tau inhibits zinc-indiueel aggregation.

A B
O S R R |

O O Gy o | | -- e
=== EFFC
=
Solubk F. Insoluble F. Soluble F. Insoluble F.
Wild-type Tau Ser214Ala-Tau

Figure 9. Effect of Ser214Ala-tau mutation on sarkosyl-insoluble tau.

Lysates were extracted from SH-SY5Y cells expregssiitd-type tay 44, and

Ser214Ala-tau with RIPA buffer. Supernatant (scdulidaction) and pellet
(Insoluble fraction) were separated by centrifuatiThe RIPA-insoluble
pellets were re-extracted with sonication to recottee most insoluble
cytoskeletal aggregates. All samples were analygetnmunoblotting with
antibody against N-terminal tag
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V. DISCUSSION

Alzheimer’s disease process is apparently accomadaby a substantial
change in the levels of zinc in the different arehthe brain. It has already
been reported that the regions of the control braievealed an even
distribution of zinc as opposed to autopsies frob group where the zinc
level generally differs significantly between tiegions®. The notion that zinc
might be involved in the etiology of AD has beewgosed repeatedly over
the last two cascades, and specific suggestioagotsible role of zinc in the
etiology of AD have been proposed in recent yeSeeral factors could
increase the regional variability of zinc in AD & Therefore, our findings
suggest that zinc is an important metal that camulate tau
hyperphosphorylation through stimulating ERK, leadito microtubule
depolymerization and insoluble tau aggregation.

We incorporate the strategy of inducible tau exgicesto develop cellular
models tauropathy, because self-assembly of taensentration dependent
and stable transfectants are unlikely to expregis level of tau, which would
otherwise lead to microtubule bundling in cell, ghimpeding a successful
mitosis essential for the establishment of statdasfectants. Moreover, the
reliance of tau filament assembly on putative irdtacwould be markedly
diminished following tau overexpression. We es#i#d conditional tau
transfectants from cultured human neuroblastomaSSBY cells. Because
we are concerned with the relevance of their utidit the investigation of
sequence of events leading to neurofibrillary degation in AD and other
tauropathies. The tetracycline off (TetOff) meclsamiwas used to regulate
the expression of wild-type tau. We identified & texpression for 5 days.
Interestingly, based in the findings from this stuektension of the induction

period beyond 5 to 7 days led to generation of kambunts of truncated tau
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fragments that were smaller in molecular weighinthecombinant tay.44;
(data not shown). It is still not clear how thentated tau fragments are
affecting the tau function, but it will be furthexkamined.

Tau hyperphosphorylation has been extensively studecause it could be
toxic in vivo™’, a toxicity that could be manifested before tagragation. In
our studies show that zinc induces hyperphosphiioylaof the tau.
Furthermore, these results are consistent withratiygorts. Harris et 4
showed in N2a cells that 24h of 2(® zinc treatment was shown to induce a
dramatic increase of AT8 (Ser202/Thr205) immunatigdz Many kinases
may be involved in tau phosphorylation vitro and in vivo, including
glycogen synthase kinas@ 8GSK 3), cyclin-dependent kinase-5 (CDK5),
extracellular signal-regulated kinase (ERK), miabetle-affinity regulating
kinase and fyn kinade*™ Our findings suggest zinc activates ERK and
subsequently cause tau hyperphosphorylation in 85l¥Scells expressing
wild-type tay ss;and may be relevant to the pathogenesis of AD. raklees
of evidence suggest that ERK is involved in taugptrylatiod® *% In the
brain, ERKs have been shown to mediate long-tertarpiation, which is the
proposed molecular mechanism that underlies leguaid memory; impaired
memory is prominent in AS. ERK is associated with neuronal microtubules
in the rodent and bovine brains, and phospho-ERKin@eased in a
subpopulation of neurons containing phospho-tauN#fits and in dystrophic
neuritis in senile plagues in AD brains. In additiostress-induced tau
phosphorylation is  associated with increased phaspRK
immunoreactivity in neurons. Finally, phospho-ERKopphorylates serines in
Lys-Ser-Pro repeats in tan vitro. In human and rhesus monkey brains, anti-
ERK immunostaining showed that ERK levels are higlire the CA3 region,
the mossy fiber zone, and the granule cell layeh®fdentate gyrus. These are
areas where observed the greatest increases iphgteSRK and phospho-
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tau in NSE-apoE4 mice, supporting anatomically tekationship between
ERK activation and tau phosphorylatfdnThere have been many reports
suggesting the activated forms of ERK1 and ERKZ2ocalize with the
neurofibrillary lesions in postmortem AD brafh$® also is compatible with a
role for ERKs in the pathological hyperphosphotigiatof tau.

In the upstream events of ERK activation, both B-&tal Raf-1 (also known
as C-Raf) is highly expressed in neurons in sevarahs of the brain
including hippocampus, with the former being restd to the neuronal soma
and the latter to the neuritic extensin®af-1 activation is tightly regulated
process that occurs at the plasma membrane andvésvseveral steps
including Ras-mediated membrane recruitment, comditional changes and
subsequent phosphorylation/dephosphorylation. Gikeah both Ras/Raf and
MEK/ERK are activated in Alzheimer’s disease, thdata provide a missing
link between upstream events and downstream ERKaticn in AD and
give further credence to our study that the erfiRK pathway is abnormally
activated in AD. For a better understanding of ritte on ERK activity,
endogeneous ERK was knocked-down in SH-SY5YcellssiBNA (small
interfering RNA) directed against ERK, which reedliabout 90% decrease in
protein level detected by immunoblotting. Decreasd®K protein level
remarkably diminished tau hyperphosphorylation at2%4 site. In 1986,
Microtubule associated protein tau was discovered be abnormally
hyperphosphorylated in AD brain and to be the mgpootein subunit
PHF/tangle¥. Since this discovery, the hyperphosphorylatiortanf in the
brain of patients with AD and with other tauropatfi *’, and a dysregulation
of the phosphorylation system is believed to belved in this tau pathology.
Therefore, the identification of protein kinasewdlved in the abnormal
hyperphosphorylation and self assembly of tau PittF/tangles has been a

major goal of research on the pathogenesis of ADadiner tauropathies.
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Intracellular protein aggregates underlie a variety neurodegenerative
disease, such as Parkinson’s disease, Huntingttis&ase, prion disease,
FTDs, and AD. All of these present with intracedluprotein aggregates, each
dominated by a specific protein species. One spedie particular, the
microtubule-binding protein tau, characterizes aggtes in two diseases, AD
and FTDs. The protein forms insoluble NFTs thatoaggany and may
promote neurodegeneration in these brain dised®ased on numerous
pathological studies, it is generally assumed thatbnormal
hyperphosphorylation of tau is more or less disertlated to its aggregation
and the biochemically defined sarkosyl-insolublethpbogical tau pool
reflects the histopathologically defined NFTs antbfhen NFTs and NTs are
direct correlates of synaptic deficits and neuredegation.In vitro studies
have demonstrated that small tau aggregates, tepaieetl helical filaments,
precipitate from solution and undergo fibrillizatito form larger aggregates,
which may be related to NFTs found in neuf8ngut the mechanisms
underlying formation of NFTs from aggregates hawt been elucidated.
Based on the findings form this study (Fig. 9)dh be postulated that zinc-
induced insoluble tau aggregates are composedtefminal fraction of tau
protein, which is otherwise soluble. However, muark needs to be done to
clarify the possibility that N-terminal tau fractionight be involved in NFTSs.
Up to now, in contrast to C-terminal truncationtad, little is known about its
N-terminal processing. The N-terminal 15 amino a@fltau are required for
the formation of the Alz-58 conformation of tau, a conformation known to
be a marker for early tangfésRecently, it was reported that early N-terminal
changes of tau could play integral in tangle mdiomain AD. This
observation further supports our finding.

In conclusion, the present study demonstrates thiat induces tau

hyperphosphorylation through Ras/Raf/[ERK cascadwus iaterferes with

_29_



microtubule polymerization, leading to tau aggrematThe findings of this
study offer new insight into the possible relatinipsbetween Alzheimer’s
disease (AD) pathology and brain zinc.
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V. CONCLUSION

The present study demonstrates that zinc activaigracellular signal-
regulated kinases 1/2 (ERK1/2) and activated ERKdudes tau
hyperphosphorylation, leading to tau aggregatiorhese results are

summarized to:

1. Zinc induces hyperphosphorylation of tau at Ser@@2 Ser214 sites.

2. Zinc activates tau hyperphosphorylation throughraedllular signal-
regulated kinase 1/2 (ERK1/2) pathway.

3. Knock-down of ERK expression decreases zinc-induckud

hyperphosphorylation.

4. Zinc-induced tau hyperphosphorylation interferes thwi stable

microtubule polymerization.
5. Zinc-induced tau hyperphosphorylation and N-terrminancation tau

play an important role in a process of aggregatadtion of tau.

From these results, it can be concluded that s@miimportant metal that can
regulate tau hyperphosphorylation through stimntatiERK, leading to

microtubule depolymerization and insoluble tau aggtion.
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ABSTRACT (IN KOREAN)

o} o] extracellular signal-regulated kinase 2/2%- 3

tau hyperphosphorylatich %=

o] Fagh URIRIAE AE2 9 amyloide} AlEU] tau FZ o]
HEAA 7MEZ 5 F AUt ofde T34 A glutamateég X g
gt Alfed AZA 1R FFH JoH, dF= Al
3 AZAAEZ glutamatet 2ol FEHAY jAFoR @E ol
AZdel Fe=HA Hed, olwf ofdol AEWO tau T 3
Aoz FFetar vk wEpA B Aol ofdo] AlgaF Al
BAEES Fho] tau & )5 omg FIFE FEAE
Atk ol & Al A AERLA taud S EAS= SH-SYSYA
EIFE TFINCH, AZHES ofdo aFE BV 95l ofd
<534 (ionophore}] pyrrolidine dithiocarbamate (PDT&) A}-&3}
Rk AIEYE oldS AHstds wl taud ] serine 2023 214
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o] HAks 7 FEE AT mEkA ool FEsks tau FQ14ES)
4ol olw gl kinase B EAE F3 dAUEAE ZASSITH
T F oldo]l AXUE FYEUS w extracellular signal-regulated
kinase 1/2 (ERKY/2} F7t¥& AE s en, o= small
interference RNA ERE A 2]8t3l& W tau T o] #14Hs7t o A
HE ZAoR Hol ofgdo] ERKL/2E vzttt & 4 AT Eg
MEK <AAIQl U01265 ©] &3 AEolA tau @] F4tstrt

ERKY] upstrearl] Ras/Raf/MEK ¢] d# 9] #A4& Eaf dojut:= A
< Gl d#e] AdS B3l ofdo] tawe] IRI4MEE fr:

39S o taw] 5ol oWt JFS FEAE AHEJTH Tau 715
% E A<l microtubule polymerizatiof o}l ojs) <Azt @
F-AE mutatiom] S Wl A/FZ <2 polymerizatiow] dovsE AL
o

ShQlstaL, B o] FAQ tau T FAHE e 5

A== 2 tau hyperphosphorylation, zinc, extracellulamsigregulated

kinase (ERK), microtubule polymerization, tau agton

_39_



PUBLICATION LIST

Ryoo SR, Jeong HK, Radnaabazar C, Yoo JJ, Cho ¢&JHW, Kim IS,
Cheon YH, Ahn YS, Chung SH, Song WJ. DYRK1A-mediate
hyperphosphorylation of Tau: A functional link besn Down
syndrome and Alzheimer's disease. J Biol Chem. 282748):34850-7

_40_



	TABLE OF CONTENTS
	Abstract
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	1. Antibodies and chemicals 
	2. Cloning and purification of human wild-type tau1-441
	3. Bacterial expression and purification of recombinant human tau protein and establishment of N-terminal tau1-48 antibody
	4. Generation of SH-SY5Y cells stably expressing human wild-type tau1-441
	5. Western blot analysis
	6. Protein kinase activity assays
	7. Microtubule assembly assay
	8. RNA interference
	9. Isolation of sarkosyl-insoluble tau from cultured cells

	III. RESULTS
	1. Induction of human wild-type tau1-441 expression in SH-SY5Y cells
	2. Effect of PDTC plus zinc treatment on tau phosphorylation levels in SH-SY5Y cells expressing human wild-type tau1-
	3. Effects of PDTC plus zinc treatment on CDK5, GSK 3α/β, and PKA activities in SH-SY5Y cells expressing human wild-type tau1-441
	4. Effect of PDTC plus zinc treatment on mitogen-activated protein kinases (MAPKs) activity in SH-SY5Y cells expressing human wild-type tau1-441
	5. Effect of ERK siRNA on zinc-induced tau hyperphosphorylation 
	6. Effects of Ser202Ala- and Ser214Ala-tau mutation on microtubule polymerization 
	7. Effect of Ser214Ala-tau mutation on sarkosyl-insoluble tau

	IV. DISCUSSION
	V. CONCLUSION
	REFERENCES 
	ABSTRACT (IN KOREAN)
	PUBLICATION LIST

