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Abstract

Oxidative stress is cne of the eatliest events in Alzheimer’s
disease (AD). A chemical genetic screen revealed that
dereguiated cyclin-dependent kinase .5 (Cdk5) may cause
oxidative stress by compromising the cellular anti-oxidant
defense system. Using novel Cdk5 modulators, we show the
mechanism by which Cdi5 can induce oxidative stress in the
disease’s garly stage and cell death in the late stage. Cdk5
dysregulation upon neurotoxic Insuits results in teactive
oxygen species (ROS) accumulation in nsuronal cells
because of the inactivation of peroxiredoxin | and II. Sole
temporal activation of Cdk5 also increases ROS, suggesting
its major role in this process. Cdk5 inhibition rescues mito-
chondrial damage upon neurotoxic insults, thereby revealing
Cdks as an upstream regulator of mitochondrial dystunction.

Alzheimer's disease (AD) is a faal neurcdegenerative
disorder that is characterized by two major hallmarks:
B-amyloid (AP) plaques and neurofibrillary tangles (NFTs)
with profound death in specific areas of the brain. However,
it i$ unclear whether AP plagues and NFTs represent a cause,
an effect or the end phase in the disease’s pathology. The
molecular mechanism leading to extensive cell death remains
to be fully elucidated.

Extensive recent literature supports oxidative stress,
mitochondrial dysfunction, and calcium dyshomeostasis as
the early contributors in AD pathology that occur prior to the
development of detectable plagques and tangles (Nunomura
et al. 1999, 2000, 2001; Pratico ef al. 2001; Lec et al. 2003).
Notably, both Af} and glutamate induce neurotoxicity via
enhanced oxidative stress (Lafon-Cazal ef ol 1993; Schulz
et al. 2000), mitochondrial dysfunction (Castitho et al
1999}, and calcium dyshomeostasis (Schinder ef al. 1996).

Both Af}- and glutamate-induced toxicities in neurons are
largely dependent on cyclin-dependent kinase (Cdk3) (Alv-
arez er ¢l 1999; Lee et al. 2000; Wei ef al. 2002; O’'Hare
et al. 2005). Cdk3, a serine-threonine kinase, belongs to the
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As mitochondrial damage results In elevated ROS and Ca®*
levels, both of which activate Cdk3, we propose that a
feadback loop occurs in late stage of AD and leads to cell
death (active Cdkb — ROS — excess ROS — mito-
chondrial damage — ROS — hyperactive Cdk5 — se-
vere oxidalive stress and cell injury — cell deaih). Cdk5
inhibition upon neuroloxic insult prevents cell death signifi-
¢anily, supporting this hypcthesis. As oxidative stress and
mitochondrial dysfunction play pivotal roles in promoting
neurodegeneration, Cdks could be a viable therapeutic target
for AD.
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Cdk family (Beaudette ef al. 1993). Unlike other Cdks which
are activated by binding to cyclin partners, CdkS5 is activated
by newron-specific, membrane-localized co-activators, p3s
and p39. Cdk5 is hyperactivated upon oxidative stress,
mitochondrial dysfunction, excitotoxicity, AR exposure,
calcium dyshomeostasis and inflammation, ali of which are
critical in A (Tsai et al. 1994, Patrick et al. 1999; Lee ef al.
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2000; Dhavan and Tsai 2001; Strocchi et @l 2003; Cruz and
Tsai 2004; Quintanilla ef al. 2004; Shea efal 2004,
Kitazawa ef al. 2005). These neurotoxic stimuli activate
calpain which cleaves Cdk5 activator p35 (or p39) into p23
(or p29). These pathological activators not only transform
Cdk5 mto a ‘hyperactive’ kinase, but also change its
subcellular localization from particulate to cytosolic and
nuclear, which triggers various events associated with
neurodegeneration (Lau and Ahlijjanian 2003; Monaco
2004; Smith er al 2004). Although, significant higher
activity of Cdk5 has been observed in AD brains compared
with non-demented control brains, the relative levels of p25
in AD versus healthy brains remains a contentious issue (Lee
ef al, 1999; Patrick ef ¢/, 1999; Taniguchi et al. 2001; Yoo
and Lubec 2001; Tseng ef ol 2002; Tandon et af 2003;
Swatton et al. 2004).

Initially, we investigated Cdk5's role in AD using a
chemical genetic screen which enables unbiased identifica-
tion of a kinase’s dircet substrates in a global environment.
Peroxiredoxin-[ (Prx-I) and peroxiredoxin-11 (Prx-11) were
identified as direct substrates of Cdk5 from mouse brain
lysates, Prx-1 and Prx-Il belong to the Prx family of
peroxidases that efficiently scavenge cellular reactive oxygen
species (ROS) (Mizusawa et al. 2000; Chang ef al. 2002,
Kang et al. 2005; Veal et af. 2007). Ideutification of Prx-I
and Prx-1} as Cdk5 substrates suggested that CdkS deregu-
lation may maintain sustained oxidative stress in AD by
compromising the cellular anti-oxidant defense system. A
recent study identified Prx-II as a substrate of Cdk5 and
showed the kinase’s involvement in Parkinson’s disease
downstream of mitochondrial dysfunction upon MPTP
stimulation (Qu et o/, 2007). However, Cdk5’s role in
promoting oxidative stress in AD has not been clucidated.

Oxidative stress and  dystunctional mitochondria  are
among the earliest events in AD (Nunomura et al. 2001).
Oxidative stress causes DNA damage, protein and lipid
peroxidation, protein aggregation, mitochondrial dysfune-
tion, microglial and astrocyte activation, inflammation,
proteosome malfunction, and cell death (Zhu et al. 2007).
Damaged mitochondria also trigger abnormal onset of
neuronal degeneration and cell death in AD (Moreira ef al.
2007), If cell death cascades are blocked downstream of
mitochendria, death can only be delayed. To evaluate CdkS
as a target for neuroprotective strategies, knowing whether
Cdk5 deregulation precedes mitochondrial dysfunction is
crucial, Thus, the three key questions which this study aims
to tackle are: (i) can CdkS deregulation alone or downstreatn
of AP and glutamate cause oxidative stress, and is it because
of Prx-1 and Prx-117; (ii) s Cdk5 an upstream regulator or a
downstream effector of mitochondrial depolarization?; (iii)
whether Cdk5 inhibition alleviates or delays cell death
following neurotoxic insults.

Novel genctic tools TAT-fused p25 (TAT-p25, activator)
and TAT-fused Cdk5 inhibitory peptide (TAT-CIP) developed

© 2008 The Authors

in our laboratory (Sun et al. 2008) were used to specifically
activate or inhibit Cdk5 activity with high temporal control.
TAT is an {1-mer peptide sequence from residues 47-57 of
HIV-Tat (YGRKKRRQRRR). CIP is a 126-residue artificial
peptide containing p35'>**7, which inhibits Cdk5 specifi-
cally and potently by blocking Cdk5/p25 complex formation
when expressed endogenously (Amin ef al. 2002, Zheng
et al. 2002, 2005). TAT peptide derived from human
immunodeficiency virus TAT sequence allows fast and
efficient transduction of the recombinant proteins into the
cells {Nagahara ef el 1998; Becker-Hapak et al. 2001). With
the aid of these tools, we show that CdkS directly causes
excessive oxidative stress and mitochondrial dysfunction in
neurons leading to cell death, downstream of AP and
glutamate, both of which play key roles in AD pathology.

Experimental procedures

Materials

Glutamate, 3+(4.5~dimethyldiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT,) and poly-L-lysine were obtained from Sigma (St Louis.
MO, USA) ABZS”HS, 5,5%,0,6™tetrachloro-4.,17,3.3 <tetraethylbenz-
imidazoly!carbacyanine iodide (JC-1), and 2°,7-dichiorofluorescein
diacetate (DCFDA) were purchased from Anaspec (San Jose, CA,
USA). Roscovitine was purchased from LC Yaboratory (Woburn, MA,
USA). Antibody for p35/p25 (C-19), actin (C-2), and Prx (1.-20) was
putchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Nerve growth factor (NGF} was obtained from Austral Biologicals
{San Ramon, CA, USA).

Cloning, expression and purification of Cdks, Cdks (FBOG), and
pi5

The mutant CdkS protein (FBOG) (CdkS-asl) construct was
generated from Cdk5 in pGEX-2T bacteriab expression system
using the Quickchange™ protocol from Qiagen (Valencia, CA.
USA) according to the manufacturer’s instructions. Cdk5-as] and
p25 ¢DNA were transformed in BL21-Gold cells (Stratagene, La
Jolla, CA, USA), expressed, and purified using glutathione agarose
beads as reported before (Shah ef al. 1997).

Kinase assays using [y-"*F] Af-phenethyl ATP

Nf-phenethyl ATP was synthesized as described before (Shah and
Shokat 2002). For in vitre labeling of proteins, [0 pg of lysate was
added into kinase buffer (20 mM HEPES, pl 7.3, 50 mM NaCl,
and 10 mM MgCly). One micromolar of ATP was then added 10 the
reaction and incubation was carried out for 10 min at 25°C. The
kinase complex was subsequently added and the kinase reactions
were initiated immediately by adding 0.5 pCi of [y-°2P] ATP or
[v-**P] MS-phenethyl ATP. Reactions were terminated by adding
sodium dodecyl subfate (8DS) sample buffer and boiled for 5 min,
labeled proteins were separated on 8-12% gradient SDS—polyacryl-
amide gel electrophoresis gel and were transferred to Immobilon-P
nylon memhrane (Millipore Corporation, Bedford, MA, USA) by
electroblotting. For autoradiography, the membrane was exposed to
the Phospho sereen overnight and visualized by Storm860 (Molec-
ular Dynamics, Sunnyvale, CA, USA).

Journal Compilation © 2008 International Society for Neurochemistry, /. Newrochem, (2008) 107, 263-278



2P orthophosphorie acid labeling

Either vector or p25 was co-transfected with either myc-tagged-
Prx-1 or myc-tagged-Prx-1l in Hela cells using lipofectamine
{Invitrogen, Carlshad, CA, USA). After 24 or 36 h, cells were
washed with phosphate-free Dulbecco’s modified Eagle’s medium
(DMEM), supplemented with 5% dialyzed fetal bovine serum
(FBS) (Hyclone, Logan, UT, USA), followed by incubation in the
same media for 1 h. Eleven microliter of **P-orthophosphoric acid
(150 mCi/mM, Perkin Elmer) was next added and the cells were
further incubated for 4 h at 37°C. Supernatant was removed and
the cells were washed twice with phosphate-buffered saline (PBS).
The cells were lysed in 0.75 mL of lysis buffer A [(1% NP-40,
0.15 M NaCl, 10 mM NasPO4, pH 7.5, 2 mM EDTA, 50 mM
NaF, 0.1% decoxycholate, 0.1% SDS, protease inhibitors, and
phosphatase inhibitor cocktail 1 and 2 {Sigma)] and the resulting
lysate was centrifuged for 10 min at 25°C. Prx I and Prx [l
immune complexes were isolated using 2ELG myc antibody (Santa
Cruz Biotechnology) and protein G sepharose beads for 4 h at
4°C. The proteins were separated on 16% SDS—polyacrylamide
gel clectrophoresis gel, electrophoretically transferred 1o poly-
vinylidene fluoride membrane, and were cxposed to Kodak
Biomax MS film (Sigma} with a Biomax MS intensifying screen
at ~70°C.

Expression plasmids and constructs

pET-28b-TAT (V2.1} and pTAT-HA vectors were gifts from Steve
Dowdy. m-Plum-Red fiuorescent protein (mPlum-RFP) was a gift
from Roger Tsein. p25, CIP, and wmPlum-RFP were cloned into pET-
28b-TAT (V2.1} vector to generate TAT-fusion proteins. TAT-fusion-
Prx-1 (TAT-Prx-1), Prx-1 (T90A} mutant [TAT-Prx-1 (TS0A)}], Prx-11
{TAT-Pix-11}, and Prx-1l (TEBO9A) mutant {TAT-Prx-1l (T89A)} were
created using overlapping PCR in pTAT-HA vector,

Expression and purification of TAT-fusion proteins

TAT-fusion proteins were expressed and purified as described
previously (Sun et @/, 2008). Protein conceniration was determined
by a Bradford assay and ihe protein purity was assessed by gel
electrophoresis. All expressed TAT-fusion proteins were verified by
western blotting using 6-His antibodies. Imidazole was used to elute
TAT-fusion proteins from Ni-NTA beads, so same amount of elution
buffer was added in the control treatments.

Cdk5 kinase assay

Glutamate or TAT-Tusion protein-treated cells were rinsed twice with
coid PBS and lysed in 1% NP-40 lysis buffer (1% NP-40, 20 mM
Tris, pH 8.0, 150 mM NaCl, | mM phenylmethylsulfony! fluoride,
10 pg/ml, feupeptin, and 10 pg/mL aprotinin). Cleared lysates were
mixed with CdkS antibody and protein A sepharose beads (Sigma)
and incubated at 4°C for 2 h followed by in vitro Cdk5 kinase assay
as previously described (Sun et af. 2008}

1 vitro phesphorylation of Prx by Cdk5{p25 complex and
perpxidase assay

Recombinant Prx-1 and Prx-1I (5 pg each) were phosphorylated by
the purified Cdk5/p25 complex {20 ng) at 30°C in a final volume of
30 pL containing 50 mM Tris, pH 8.0, 20 mM MgCl,, 100 uM
ATP, respectively, followed by peroxidase assay as deseribed
previously (Thunman ef af. 1972; Jiang er al. 2005).
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Ceil culture

HT22 cells were a gift from David Schuben {Salk Institute, San
Diego, CA, USA). HT22 cells were cultured in DMEM supple-
mented with 10% FBS. PC12 celis were grown in DMEM with 10%
FBS and 5% horse serum.

Isolation of primary cortical ceils

Time pregnant CD-1 mice were purchased from Charles River
(Wilmington, MA, USA). Primary cortical neurons were isolated
from E17 CD-1 mouse embryos as described previously (Behrens
et al. 1999, Sun et ol 2608). After 3 days in vitro (DIV), 10 pM
cytosine arabinoside was added to prevent glial prolileration. Under
these conditions less than 5% of total cells were astrocytes, Cultures
were maintained at 37°C in a humidified 5% CO, atmosphere. All
experiments were conducted on 3 and 6 DLV,

BCFDA staining and cytometry

For ROS measurement in HT22 cells, 10° cells were plated per well
in a six-well plate for 12 h. For primary neurons, 3 % 10% cortical
cells were plated for at least 4 days. Roscovitine (10 pM), TAT-CIP
{200 nM), TAT-RFP (200 aM), or the vehicle [0.1% dimethylsulf-
oxide {(DMSQ) or 0.1 mM imidazole] were added 30 min prior to
the neurotoxic stimuli, After the treatment, ROS production was
measured by DCFDA staining using a FACScalibur as described
previously (Sun ef al. 2008).

Mitochondria polarization measurement

PCI2 cells were plated at 0% cells per well, serum-starved
avernight and differentiated for 5 days with 50 ng/mL NGF in the
presence of 0.5% FBS. After various treatments as described in the
figure legend, 0.8 pg/pl of JC-1 was added from a 40 pg/ul stock
solution in DMSOQ. Ceils were incubated at 37°C for 10 min and
then gently detached by pipetting. Cell suspensions were spun and
resuspended in PBS supplemented with 0.5% bovine serum albumin
right before the measurement vsing a FACScalibur, For imaging,
HT22 cells were plated on poly-L-Lys pre-coated Labtek eight-well
chambered coverglass at a 10 000 cells’em? confluence. After 12 h
cells were treated for 20 min with 200 nM TAT-CIP or {1.5 mM
imidazole and then 10 mM glutamate for 10 h. Recombinant protein
or imidazole buffer were re-added every 4 h, At the end of the
treatment, media was changed to PBS with 0.8 pg/ul. JC-1 and
incubated for 10 min at 37°C. JC-1 was removed and PBS was
added for the confocal imaging, Pictures from red and green
fluorescence were taken in a Nikon TE2000 inverted confocal
microscope  (Nikon, Tokyo, Japan) with a Radiance 2100MP
Rainbow Laser (Bio-Rad Laboratories). Representative images were
taken from each sample, Percentage of cells with depolarized
mitochondria was counted as the average of 100 cells from ar least
five random fields.

MTT assay

HT22 cells were seeded onto t2-well plates at 25 000 cells per well
overnight, pre-treated for 30 min either with DMSO (vehicle of
roscovitine) or roscovitine (10 uM} or sustained addition of
imidazole (vehicle of TAT-fusion proteins) or TAT-CIP (200 nM)
(every 4 h) followed by the 10 mM glutamate (reatment. After 18 h,
MTT assay was conducted as described previously (Sun et al
2008).
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Nuclear staining using propidium iodide

HT22 cells plated on coverslips were treated with 10 mM glutamate
along . with zither 10 uM roseovitine, 0.02% DMSO, sustained
addition of 200 nM TAT-CIP or 0.1 mM imidazole (every 4 h) for
12 h. Alter the treatment, nuclear staining using propidium iodide
was conducted as described previously (Sun et al. 2008).

Statistical analysis

Bar graph results were plotted as the average + SEM, Probability
values were caleulated from one-way anova followed by post hoc
analysis and displayed as: *p < 0,05, **p < (.01, ***p < 0.001
when comparing data to the control. # was used when comparing
data to glutamate or AR treatment.

Results

Chemical genetic screen

Lentificarion of direc! substrates of Cdk3 i mowse broin
using a chemical yenetic approach

Identification of Cdk5’s direct substrates in the brain is
important to understand its function at the highest resolution.
A chemical genetic approach which can identify direct
substrates of protein kinases was utilized in this study (Shah
et al, 1997, Shah and Shokat 2002, 2003; Shah and Vincent
2005; Kim and Shah 2007; Sun er af. 2008). The kinase of
interest is engineered to accept a non-natural phosphate
donor substrate (ATP*) that is poorly accepted by wild-type
protein kinases in the cell. A unique active site pocket in the
ATP binding site of the tarpet kinase is created by the
replacement of a conserved bulky residue with glycine or
alanine. A complementary substituent on ATP is created by

fay WBL + + -
Cdk&-as1/p28 - + +

(b)
p28 - +

+

attaching bulky substituents at the N-6 position of ATP (e.g.,
NC-benzyl ATP, N-phenethy! ATP, etc.). As the ATP analog
is not accepted by other wild-type kinases in the cells, this
strategy allows unbiased identification of direct substrates of
any kinase in a global environment. This chemical penctic
approach was used in conjunction with 2D electrophoresis
and mass spectrometry to identify the direct substrates of
CdkS5 in mouse brain extracts.

An analog-sensitive mutation was created in the active site
of Cdk5 by replacing F80 with a glycine residue (Cdk3-
analog sensitive kinase-1, Cdk5-asl). To identify the most
optimal orthogonal phospho-donor for the engineered kinase,
several [v-¥2P] ATP analogs were synthesized and screened
using wt Cdk5/p25 and Cdk5-as1/p25 kinases. Qur results
established [y-**P] N°-phenethyl ATP as the optimal orthog-
onal phosphodoner for Cdk5-as1 kinase.

Identification of divect substrates of CIkS in mouse bratn
Cdk3-ast phosphorylates its direct substrates in the presence
of other kinases using [y-"2P] phenethy! ATP (compare lanes
2 and 3 in Fig. 1a). To identify the direct substrates of Cdk5
in mouse brain lysate, an in vifro kinase reaction was
performed in the presence of orthogonal [v-*2P] A°-phen-
ethyl ATP and the proteins were separated using 2D gel.
Although more than 50 proteins were phosphorytated in a
Cdk5-dependent manner, hardly any showed a distinct
coomassie staining, suggesting that most Cdk5 substrates
were less abundant. We were unable to identify any of these
proteins by mass spectral analysis.

To overcome this problem, mouse brain lysate was
fractionated using both anion and cation exchange columns.

{c)
pes - + o+

12 3

IP: myc

Fig. 1 Prx-l and Prx-1l are direct substrates of Cdk5. (a) Cdk5-asi
specifically uses [y-%2Pl-NS-phenathyl ATP and phosphorylates its
direct substrates in whole mouse brain lysates (WBL). Auteradiogram
of labeted proteins after incubation of WBL (lanes 1 and 2} with
[+-%2P)-AP-phenethyl ATP in the absence {lane 1) or presence of
Cdi5-as1 and p25 (lane 2). Lane 3 shows phosphorylation of Cdk5
and p25. (b} In vivo [v->2P) crthophosphoric acid labeling experiment
shows Prx-l as a cellular substrate of Cdik5/p25. p25 and Myc-tagged
Prx-i were co-transfected in Hela cells and expressed for either 24

© 2008 The Authors

—myc-Prxl

12 3
IP: myc

or 38 h {lanes 2 and 3 respeciivaly)} followead by **P-orthophasphoric
acid radiolabeling and immunoprecipitated as described in Experi-
mental procedures. {c} in vivo [y-?P] orthophospharic acid labeling
experiment shows Prx-ll as a cellular substrate of Cdk5/p25. p25 and
Myc-tagged Prx-1l were co-transfected in Hela cells and expressed
for either 24 or 36 h (lanes 2 and 3 respectively), followad by
32p_orthophosphoric acid radiclabeling and isclation as described in
Experimentai procedures.
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This step ensured that specific protein pools were enriched in
different fractions. The combination of specific polypeptide
labeling, 2D electrophoresis, and mass spectrometry resulted
in the identification of several neuronal substrates of Cdks.
These substrates suggested diverse neurotoxic roles of Cdks
in the brain upon deregulation (Sun ef al. 2008, this study
and K. H. Sun, unpublished data). [dentification of Prx-I and
Prx-I} as direct substrates of Cdk$ suggested a possible role
for Cdk5 in promoting oxidative stress by compromising
these two anti-oxidant enzymes in brain tissues and forms the
basis for the present study.

Validation of novel cdk5 substrates

Confirmation of Pro-l and Pro-lt as CdkS substrates in

the cells

Kinase substrate specificity in vive is maintained by cellular
localization and protein-protein interactions, thus, brain
fractionation and in virre kinase assays may lead to artifacts.
To eliminate this possibility, we confirmed Cdk5 substrate
phosphorylation in HeLa cells. CdkS is ubiquitously expressed
but is primarily active in neurons because of the presence of its
activators p35 and p39 (or their truncated forms, p23 and p29,
respectively) (Lew ¢f al 1994; Tsai et al. 1994, 2004; Lee
ef al. 1996; Patrick ¢f @l 1999; Dhavan and Tsai 2001; Cruz
and Tsai 2004). However, because of the low transfection
efficiency of neuronal cell lines, we took advantage of
ubiquitous expression of Cdk3 in Hel.a cells and transfected
p23 to confirm the phosphorylation of Prx-I and Prx-1I {co-
expressed as myc-tagged proteins) using [y-"2P] orthophos-
phoric acid metabolic labeling, These experiments confirmed
that CdkS5 activation because of p25 transfection indeed results
in both Prx-I and Prx-II phospharylation (Fig. 1h and ¢).

Cdich and oxidative stress

Prx-l and Prx-if lose their peroxidase fimetions upon
phosphorvlaiion by Cidk3p23s
Both Prx-1 and Prx-II contain Cdk consensus phosphorylation
sites and upon phosphorylation by different Cdk members,
their peroxidase activities are reduced (Chang ef al. 2002).
More recently, Qu ef af. 2007 have shown that Prx-Il binds
Cdk5/p35, and is phosphorylated in newrons upon MPP™ and/
or MPTP treatment in animals, which results in reduction of'its
peroxidase activity (Qu er al. 2007). As Prx-I and Prx-11 were
identified as direct Cdk5 substrates in the brain and Prx-I is
highly homologous to Prx-11, Prx-I may also share a similar
regulatory mechanism. More specifically, as p25 is generated
upon Afl and glutamate stimulation, Cdk5-mediated phos-
phorylation of Prx-1 and Prx-[} should reduce their enzymatic
activities resulting in ROS accumulation in the cells.
6-His-tagged Prx-1 and Prx-I1 were gencrated and phos-
phorytated using Cdk5/p25 in vitro, followed by peroxidase
assays at different time-points. Both Prx-1 and Prx-1I were
highly phosphorylated by Cdk5/p25 (data not shown),
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Moreover, Prx-I and Prx-II lost their ability to reduce H,0,
rapidly upon phesphorylation by Cdk5/p25, as reported
earlier using Prx-II (Qu er al. 2007} (Fig. 2a).

Prx-1 and Prx-1l have only one serine-preline/threonine-
proline phosphorylation site (T90 and T89, respectively),
sugpesting they should be the Cdk5 phosphorylation sites,
Indeed, Qu et al. (2007} revealed that Prx-Il is phosphory-
lated at T89 by Cdk5/p25. Thus, Prx-I {T90A) was
generated, which should be resistant to phosphorylation
(Chang ef al. 2002; Jang et al. 2006). Prx-II (T8QA) was
created as a control. These mutant proteins were subjected to
phiosphorylation by CdlcS/p25 and their peroxidase activities
determined. [n contrast to Prx-I and Pex-11, Prx-1 (T90A) and
Prx-tt (TR9A) retained their peroxidase activities at the same
levet even after prolonged incubation with Cdk5/p23
(Fig. 2a) {up to 12 h, data not shown). These results confirm
that Cdk5-mediated phosphorylation of Prx-1 and Prx-II lead
to down-regulation of its peroxidase activity. As Prx-1 and
Pex-H are the most abundant cytosolic anti-oxidants, dereg-
ulated Cdk5 activity because of newrotoxic insults in AD
may promote ROS accumulation in the cells, resulting in
oxidative stress.

inhibition of Cdkd prevenss the loss of Prx peroxiduse
Sunctions in the cells
To unravel if Cdk5 affects endogenous Prx-l and Prx-ll
activities in the cells, HT22 cells (immortalized mouse
hippocampal cells) were used. HT22 cells are widely used
as a model system to menitor intracellular ROS levels upon
glutamate stimulation. These cells respond to extracellular
glutamate by oxytosis, which prevents cystine uptake result-
ing in glutathione loss and increase in ROS levels (Tan er al.
1998), Glutamate activates Cdk3 via p25 formation (Fig. 2b).
Our previous results have revealed that CdkS activation upon
glutamate stimulation in HT22 cells can be inhibited by pre-
treatment with TAT-fusion CIP (Sun ef «f. 2008). TAT-CIP
displays high specificity and no toxicity when added at
approximately 200 nM concentrations (Sun ef ol 2008).
Peroxiredoxin proteins isolated from glutamate-treated
HT22 cells showed reduced perexidase activities as expected
(Fig. 2¢). To confirm if the inactivation of Prx was because
of activation of Cdk3s, TAT-CIP was added at the time of
glutamate stimulation. Roscovitine was used as a positive
control although it is not monospecific for Cdk5 {Meijer
et al. 1997). Prx proteins were isolated and peroxidase assays
were conducted, which showed no change in enzymatic
activities (Fig. 2¢), suggesting that the endogencus Cdk3
modulates Prx peroxidase activities upon activation,

Tuhibition of Cdk¥ leads 1o redncion of ROS accumudation in
HT22 celly upon glutimare stimulation

As glutamate concentration varies from | to 10 mM in the
synaptic cleft and intraneuronal compartments (Dzubay and
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measured as described in Experimental procedures. (b) HT22 cells
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sultate—polyacrylamide gel electrophoresis and transferred to poly-
vinylidene difluoride (PVYDF) membrane. p25 and p35 wers
immunodetected using p35 antlbody (top panel). PYDF membrane
was then stripped and immunoblotted using Cdk& antibody as a
loading contrel (lower panel). (¢) CdkS inhibiticn maintains Prx per-
oxidase activity inside HT22 cells. HT22 ceils were pre-treated for
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(L-20}, followed by peroxidase assay as described in Experimental
procedures. **p < 0.01.
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Jahr 1999), ROS levels were monitored at § mM concentra-
tion. To isolate the contribution of Cdk5, TAT-CIP was used.
For ROS measurement using DCFDA, TAT-mPium-RFP
which emits at 649 nm was generated as a negative control to
avoid overlap at required wavelengths (Shaner er al. 2005,
Sun ef el 2008). Glutamate stimulation increased ROS
levels by wwofold which remained at basal levels in the
presence of TAT-CIP in glutamate-treated cells (Fig, 3a).
TAT-RFP addition showed no effect on ROS levels. These
results demonstrate Cdk5 is a key enzyme that promotes
ROS accurmulation upon glutamate stimulation.

Tnhibition of Cdk3 leads 1o reduciion of ROS aceumulation in
primary newrons wpon AR and gluramare simulation
Next, primary cortical neurons at 6 DIV, isolated from E17
CD-1 mouse embryos were subjected to glutamate stimula-
tion. As in the case of HT22, cortical neurons do not express
NMDA reccptors at this stage, and glutamate toxicity is
exerted by oxytosis. Similar to the results obtained in HT22
cells, ROS levels increased upon glutamate treatment and
remained at basal levels if CdkS was inhibited during this
process (Fig. 3b). TAT-RFP control showed no effect
(Fig. 3b). Similar results were obtained using roscovitine
(data not shown) suggesting a major role for CdkS5 in elevating
ROS levels upon glutamate stimulation in primary neurons.
ABH”‘ treatment of neuronal cells causes pathological
activation of Cdk5 via p25 formation (Lee ef ol 2000;
Dhavan and Tsai 2001; Cruz and Tsai 2004; Tsai ef gl 2004).
As AP causes neurotoxicity by promoting oxidative stress,
Cdk5’s role in this process was investigated. In this study,
AP¥ was used, which is the biologically active and highly
toxic core fragment of full-length AP (AR} (Yankner ef al,
1990; Pike et ol 1995). AR**™ is produced by enzymatic
cleavage of naturally occurring AP in brains of AD patients
{Kubo et al. 2002). Multiple studies have established that the
toxicity and signaling events elicited by AB**® recapitulate
well compared with those elicited by the physiological
neurotoxic peptide A%, AP**® treatment resulted in
more than 2.5-fold increase in ROS levels in primary cortical
cells, which was Cdk5-dependent (Fig. 3¢). These results
suggest that Cdk5 is a key enzyme that controls oxidative
stress downstream of AP and glutamate stimulation in AD,
presumably via Prx-1 and Prx-H phosphorylation in the cells,

Fransduced TAT-Prx proteins are phospliorylated Dby
endogenons Cdk3 inside the cells

We generated TAT-Prx-1 and TAT-Prx-il to probe if excess
ROS can be cffectively eliminated in the cells upon
ghutamate stimulation. Prx-1 and Prx-II were fused with
TAT sequence as thess proteins transduce with high
efficiency and temporal control when added directly to the
cells. TAT-fusion proteins build in sufficient concentrations
in 30-45 min following transduction and degrade in 4-6 h
(Sun et al. 2008). Thus, they can be added every 41 at
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approximately 200 nM concentrations to maintain constant
levels in the cells (Sun et af. 2008).

HT22 cells were stimulated with glutamate for 4 h to
induce ROS formation. To isolate the effect of Pyx-f in this
process, TAT-Prx-l was added 30 min prior to glutamate
addition. Surprisingly, TAT-Prx-1 was not efficient in reduec-
ing ROS (Fig. 4a, column 3). When TAT-Prx-l was added
3 h after glutamate, it reduced ROS levels to a small extent
(column 4). However, sustained addition of TAT-Prx-I
resultéd in substantial decrease in ROS levels (Fig. 4a,
column 6). Similar results were obtained using TAT-Prx-II
(Fig. 4a). These results imply that Prx-I and Prx-lf may be
rendered inactive in the cells because of Cdk5-mediated
phosphorylation upon glitamate stimulation,

To test this possibility, both TAT-Prx-I and TAT-Prx-[j
were phosphorylated in vifro using Cdk5/p25 and added
30 min prior to glutamate addition. Unlike TAT-Prx-1 and
TAT-Prx-11 which showed slight decrease in ROS levels,
phosphorylated TAT-Prx-I and Il were ineffective in reducing
ROS upon glutamate stimulation (Fig. 4b, colwnn 4).
Phosphorylation-resistant TAT-Prx-1 (T90A) and TAT-Prx-I1
(TBRA) were next genervated. Transduction of either Prx-1
(T20A) or Prx-11 {T89A) reduced ROS to basal levels upon
glutamate stimulation (Fig. 4b, column 5), suggesting that
phosphorylation of T90 in Prx-1 and T89 in Prx-Il may cause
them both to losc their peroxidase activitics.

Ta confirm if transduced TAT-Prx profeins are rendered
non-functional by elevated endogenous Cdk5 kinase activity
because of neurotoxic stimulation (5 mM glutamate), TAT-
Prx-transduced HT22 cells were pre-incubated with either
roscovitine or TAT-CIP 30 min prior to glutamate stimula-
tion. After 4 h, TAT-Prx proteins were isolated from cell
lysates and subjected to peroxidase assays. While activation
of endogenous CdkS by glutamate resulted in reduced
peroxidase activity, inhibition of endogenous CdkS using
either roscovitine or TAT-CIP maiatained peroxidase activity
of Prx proteins (Fig. 5a).

We next utilized TAT-p25 transduction, which specifically
activates CdkS independent of any stimulus in a highly
temporal fashion (Sun et ol 2008). Similar to the results
obtained above, fransduced TAT-Prx proteins lost their
peroxidase activity upon TAT-p25 transduction (Fig. Sa, last
column). These results verify that both Prx-I and Prx-II
proteins can be phosphorylated by endogenous Cdk5 upon
glutamate stimulation, which eliminate their enzymatic
activities in the cells.

T4 23 induces axidative siress/ROS accunuilation
independent of stimuli

As both Prx-I and Prx-11 lose their activities upon TAT-p25
transduction, Cdk3 activity alone may be capable of
increasing ROS, independent of any other input. To test this
possibility, p25 was expressed in HeLa and HT22 cells using
transfection and ROS level measured after 36 h. No increase
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After 4 h treaiment, DCFDA staining was carried out. ##p < 0.01,
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(column 2).

in ROS was observed in either cell type {data not shown),
which suggested that either sole activation of Cdk5 was not
sufficient to accumulate significant ROS, or cells are able to
eliminate excess ROS by modulating proteins levels of anti-
oxidant during the 36 & period.

To explore both possibilities, a too! for highly specific
temporal activation of CdkS without causing any other
verturbation to the cells was needed. Thus, TAT-p25 was
used fo activate Cdk5 in HT22 cells, which caused
substantial increase in ROS level within 1 h (Fig, 5b), These
results arc important, as a recent study hypothesized that

© 2008 The Authors
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Cdk5 induces oxidative stress downstream of mitochondrial
dysfunction (Qu et al. 2007). la contrast, our results show
that CdkS initiates oxidative stress and thus may be an
upstream regulator of mitochondrial damage.

CBKS and mitochondrial dysfunction

Celk3 is wpslieamn of mitochodrial depolurizaiion/
dysfinction upon glutemate sifnlation

Cdk5 has been recently described as an effector of
mitochondria, when neuronal death was induced wsing
mitochondrial toxing {(Qu et ol 2007). As our results
indicated that TAT-p25-mediated activation of Cdk5 results
in rapid ROS up-regulation, the possibility exists that it may
also be independent of mitochondrial stress. Furthermore, as
mitochondrial damage can be initiated by excess ROS level,
we hypothesized that Cdk3 may also initiate mitochondrial
dysfunction, downstream of different neurotoxic stimuli.
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Fig. 6 Cdk5 is involved in mitochondrial depolarization following
neurotoxic stimull. {a) HT22 cells were plaied for 12 h and treated with
10 mM glutamate (Glu) in the presence of 200 nM TAT-Cdk§ inhibi-
lory peptide (TAT-CIP) or the vehicle (0.5 mM imidazele}, After 10 h
cells were stained with JC-1 and were analyzed using confocal
microscopy: red and green fluorescence images are merged, JC-1
aggregates in polarized mitcchondria appear in red, JG-1 monomer
appears in green. Scale Bar: 20 ym. (b) Quantification of cells with
depolarized mitochondria scored as those without red mitogchondrial
stainning using epifluorescence microscope as described in Expeti-

[T22 cells were treated with glutamate in the presence or
absence of TAT-CIP and mitochondrial depolarization was
analyzed wsing JC-1 staining and confocal microscopy
(Fig. 6a). While minimal mitochondrial dysfunction was
observed after 6-8 h, the percentage of cells bearing
depolarized mitochondria increased dramafically after 10 h
{Fig. 6a and b). This phenomenon precedes glutamate-
induced neuronal death (Fig. 7). Cdk3 inhibition using either
roscovitine or TAT-CIP prevents mitochondrial depolariza-
tion upon glutamate stimulation, suggesting that CdkS5 is an
upstream activator of mitochondrial dysfunction when sub-
jected to neurotoxic stimulation.

Celk5 is upstream of mitochondrial dvsfunction upon Af
stinudation

As glatamate-induced CdkS activation promoted mitochon-
drial depolarization, we next investigated if CdkS could also
induce mitochondriat dysfunction upon AF**2* stimulation.

© 2008 The Authors
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mental procedures. (g) Differentiated PC12 wers treated for 30 min
with 200 nM TAT-CIP or 0.5 mM imidazole followed by 25 pM B
amyloid (AR} addition for 48 h and sustained addition of TAT-CIP or
imidazole every 6 h. At the end of the troaiment, JC-1 was added and
mitochondrial polarization was measured using flugrescence-activated
cell sorter, Graph shows the percentage of cells localizing in the
depolarized region: decreased red/green fluorescence ratio, {(d) Dil-
ferentiated PC12 cells were pre-treated for 30 min with 10 pM
roscovitine or 0.1% dimethylsulfoxide and then with 25 yM AR for 72 h,
and processed as in ¢. *p < 0.05 compared with untreated cells.

Differentisted PC12 cells were used as a model system, as
sublethal concentration of Af can impair mitochondrial
protein impart in these cells (Sitk et al. 2007). When 10 uM
AR was used in differentiated PCI2 cells, it caused
mitochondrial membrane disruption after 72 h, but not cell
death (Sirk ef @l 2007). However, 50 pM AP promotes
significant cell death after 48 h (Choi et al. 2007). As AP
deposition is a slow process in AD, minimum sublethal dose
was used that allowed us to see a small but significant effect
on mitochondrial polarization after 48--72 h, in agreement
with the previous studies. PC12 cells were differentiated
using NGF, treated with 25 uM AR for 48-72 h, and
mitochondrial depolarization evaluated using JC-1. Our data
revealed modest mitochondrial damage (Fig. 6c and d).
However, when a possible role of Cdk3 was investigated in
this process, Cdk5 inhibition alleviated mitochondrial depo-
larization, supporting the same conclusion that Cdk3 can be
upstream of mitochondrial damage in AD,
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Fig, 7 Cdk& may play & vital role in promoting neuronal death in
Alzheimer's disease (AD). () HT22 calls were treated with 10 mM
glutamate in the presence cf 10 uM roscovitine, 0.62% dimethylsulf-
oxide (DMSQ), 200 nM of TAT-CdkS inhibitory peptide (CIP), or
0.1 mM imidazele for 12 h. Recombinant protein or imidazcle were
added every 4 h. After treatment cells were fixed, permeabilized, and
nuctel were stained with propidium iodide (red). Arrow heads show
apoplotic nuclel. (b) Cdks is involved in glutamate-induced cell death
in HT22 cells. HT22 cells were pre-traated for 30 min with 200 nM
TAT-CIP or its vehicle (0.5 mM imidazole) and 10 pM roscovitine or its
vehicle (0.02% DMSQ), follewsd by 10 mM glutamate addition (gray
hars), TAT-CIP or its vehicla (0.5 mM imidazole) was added every 4 h.
Alfter 18 h, cell viability was analyzed by 3-{4,6-dimethylthiazol-2-yl}-
2,5-diphenyltetrazolium bromide assay, resuits are plotted as per-
cenlage of the untreated control. *p < 0.05, "*p < 0.01. (c) Proposed

Sole activation of Cdk3 is not enough to cause significans
mitochondria! domage

As both AP and glutamate stimulation showed a major role
of Cdk$ in promoting mitochondrial damage, the next step
was to test if Cdk5 deregulation alone is potent enough to
cause mitochondrial damage. HT22 cells were freated with
TAT-p25 for 12 h and mitochondrial dysfunction measured
using JC-1. As TAT-p25 degrades in 6 h, both transient and
sustained activation of Cdk5 were investigated. Although
sole activation of Cdk5 can induce significant ROS formation
(Fig. Sb), it was not toxic enough to cause pronounced
mitochondrial damage in that time (data not shown). This
result is in agreement with our previous findings showing
robust Golgi fragmentation, but not significant cell death
when solely Cdk5 was activated using TAT-p25 (Sun ef al.
2008),

Cdks and cell death

CAkS infiibition rescues HT22 cells from cell death upon
ghitamate stindation

As our results supported CdkS5’s role in promoting cell injury
upon neurotoxic insults, the next question was whether Cdks
inhibition for extended periods could rescue cells from death.
Apoptatic nuclear morphology appeared after 12 h of
10 mM glutamate addition using propidium iodide (Fig, 7a).
At this time-point approximately 20% of cells showed
apoptotic nuclear morphology. However, robust cell death
was observed in HT22 cells after 18 h, as measured by MTT
(Fig. 7b). Although both roscovitine and TAT-CIP {(added
every 4 h) prevented this apoptotic phenotype at 12 h
(Fig. 7a}, only TAT-CIP could effectively rescue the cell
death as observed at 18 h (Fig. 7b). As noted earlier,
roscoviting is also a potent inhibitor of CdcZ/cyclin B
(IC50: 650 nM) in addition te CdkS (IC50: 200 nM), which
may block cell cycle progression, leading to cell death
independent of Cdk5 (Meijer er /. 1997). lndeed, cell
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mechanism for Cdk&'s involvement in AD: (i) in the initial steps of AD,
p-amytoid {AR) and excess glutamate Increase the intracellular cal-
cium activating calpain. Consequently, p35 is cleaved and Cdk5 is
hyperactivated. Cdk5 phosphorylates Prx, preventing it from cleaning
up the reactive oxygen species {(R0OS). This leads to a slow accu-
mutation of ROS level in the cell causing oxidative stress. (ii) Mitc-
chondria are readily damaged because of increase in ROS and Ga®'
levels. Mitochondrial dysfunction promoles more ROS genaration and
alteration of the metabalic state of the cell. (i} In the later stage
mitochendrial damage becomes irreversible, releasing more RCS and
Ca®", which further activates Cdks, which in turn contributes through a
feed-back loop to generate more ROS. Cdks dysregulation may lead
to the phosphorylation of other patholegical substrates causing celt
injury. Damaged mitochandria also release cytochrome ¢, ATP is
depleted, leading to cell death.

viability was reduced upon 18 h roscoviting treatment in the
absence of any other neurotoxic stimulus {Fig. 7b), presum-
ably because of sustained inhibition of Cde2 (Fig. 7a and
Sun et al. 2008). This finding further highlights the benefits
of the temporal and specific tools used in this study.

Our resuits support Cdk5’s role as an upstream activator of
mitochondrial depolarization/dysfunction upeon neurotoxic
stimulation in models of AD. Mitochondrial damage leads to
increase in Ca®* and ROS levels, which should further
activate Cdk5. Thus, we propose that Cdk3 initiates mito-
chondrial dysfunction upon glutamate and A stimulation,
which firther activates Cdk5 and creates a feedback loop
(Fig. 7c).

Discussion

Dysregulation of Cdk$ has been suggested to play a vital role
in the pathogenesis of AD (Lau and Ablijanian 2003; Cruz
and Tsai 2004; Monaco 2004; Smith et al, 2004; Tsai ef al.
2004). To discern the exact mechanism, we identified novel
substrates of Cdk3/p25 in mouse brain extracts using a
chemical genetic screen. These include Prx-l and Prx-ll
which suggested a possible role for CdkS in inducing
oxidative stress in neurodegenerative diseases. Oxidative
stress can further resuit in mitochondrial dysfunction. As
both oxidative stress markers and dysfunctional mitochon-
dria occur early in AD pathogenesis, the goal of the present
study was to identify if Cdk3 is an upstream regulator or
downstream effector of these phenomenon.

Oxidative stress occurs prior to the onset of significant
plaque accumutation in AD (Nunomura et af. 2001), which
is strongly supported by numerous clinical observations.
Reduced mitochondrial mass and DNA content is an early
pathological sign, which precedes the appearance of NFT,
specifically in the neurens most vulnerable to degeneration
{Nunorura ef a/. 2001). Defective energy metabolism is
fundamental to AD (Bedetti 1985; Parker ef al 1094,
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Chandrasekaran ef g/, 1996). Mitochondrial defects and
decreased cytochrome oxidase activity appear to be upstream
of neuronal loss (Davis ef al. 1997). Mitochondrial dysfunc-
tion plays a pivotal role in enhancing oxidative stress,
[ncreased ROS level triggers the opening of mitochondiial
permeability transition pore and inner membrane anion
channel, causing simultaneous collapse of mitochondrial AY
and a transient increase in ROS generation by the electron
transport chain. Release of this ROS burst in the cytosol can
activate ROS-induced ROS release in neighboring mito-
chondria, leading to potentiaily significant mitochondrial and
cellular injury (Zorov et al. 2006).

Thus, our first objective was to investigate how Cdlk5 might
promote oxidative stress, downstream of AB and glutamate,
As mitochondrial dysfunction plays a pivotal role in promo-
ting ROS, the second objective was to examine if Cdks
promotes mitochondrial damage or is activated by it. The
impact Cdk3 inhibition may have on alleviating the toxicity
induced by AP and glutamate to delay or even prevent cell
death was the study’s third objective. In pursuit of thesc
objectives, TAT-p25 and TAT-CIP were employed to specif-
ically activate or inhibit Cdk3 activity (Sun ef al. 2008).

Inn this study, Cdks inhibition upon glutamate stimulation
in HT22 cells and AP stimulation in primary cortical ceils
reduced ROS to basal levels, suggesting that upon activation,
Cdk5 alone may be sufficient to induce significant exidative
damage. However, Cdk5 aclivation using p25 transfection in
HeLa and HT22 cells failed to show any increase in
oxidative stress (data not shown). Two possible explanations
for this intriguing observation are sole activation of Cdk3
could not generate enough ROS or compensatory mecha-
nisms are at play. To explore the second possibility, Cdks
was temporally activated with TAT-p25, which led to a rapid
increase in ROS levels in 1 h (Fig. 5b). We can therefore
conclude that Cdk5 alone is capable of significantly increas-
ing ROS level in the cells. This finding also emphasizes the
importance of temporat tools for specific activation and
inhibition of Cdks5.

Our results further show that oxidative stress induced by
AP and glutamate is because of the inhibition of the
peroxidase activities of Prx-] and Prx-Il, which in tum are
Cdic5-dependent (Fig. 4). This outcome suggested that Cdk5
could aiso initiate mitochondrial injury, which was investi-
gated following A and glutamate stimulation. In HT22
cells, glutamate caused significant mitochondrial depolariza-
tion after 10 h, which was CdkS-dependent (Fig. 6b).
Similarly, Cdk5 inhibition upon AP treatment prevented
mitochondrial damage in differentiated PC12 cells. At this
time-point, cell death was minimal, ruling out the possibility
of the mitochondrial depolarization being a consequence
rather than a cause of cell death. These data support our
contention that Cdk5 is an upstream activator of mitochon-
drial dysfunction in AD. The contrast with the model
propesed in Parkinson’s discase by Qu er ol (2007) is
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noteworthy, [n that model, activation of Cdk5 kinase activity
is downstream of mitochondrial dysfunction upon MPTP
toxicity.

These results prompted us to examine whether sole
setivation of Cdk5 could cause significant mitochondrial
damage. Mitochondrial dysfunction was measured in TAT-
p25-treated cells at different time-points. However, no
significant depolarization was observed (measured up to
12 h, data not shown). Thus, Cdk5 appears to be essential for
celis to undergo mitochondrial stress, albeit only downstream
of neurotoxic insults.

These results are not surprising as intraneuronal Af and
glutamate can cause toxicity via several mechanisms, AP is
known to interact with aleochol dehydrogenase localized in
inner mitochondrial membrane which causes toxicity {Yan
and Stern 2005). Similarly, previous results have shown that
glutamate initially induces slow ROS formation (approxi-
mately two to three fold) in HT22 cells because of
glutathione depletion. However, after 12 h of treatment, it
results in huge increase in ROS level via an unknown
mechanism {Tan et o/, 1998). Thus, excess ROS formation
may be an essential step that leads to mitochondrial
dysfunction in HT22 cells upon glutamate stitnulation,
Although Cdk5 increases ROS by two-fold upon TAT-p25
transduction (Fig. 5b), this level may not be enough to cause
appreciable mitochondrial damage in a short time-frame. In
the context of AD pathelogy, Cdk5 deregulation because of
neurotoxic stimuii should increase ROS level, which should
result in appreciable mitochondrial damage over time.

Mitochondrial cascade hypothesis states that in sporadic
late-onset AD, mitochondrial dysfunction is the primary
gvent that causes AR deposition, synaptic degeneration, and
NFT formation (Swerdlow and Khan 2004). As mitochon-
drial depolarization results in more ROS formation and Ca™
release, both of which activate Cdk5 (Patrick et af. 1999
Shea et 4l 2004), we prapose that CdikS, via a feedback loop,
is both an upstream regulator and a downstream effector of
mifochondrigl dysfunction, which may ultimately promote
celt death (Fig. 7¢). CdkS dysregulation can activate addi-
tional pathogenic pathways by phosphorylating non-physio-
logical substrates. Recent identification of GM130 as a novel
substrate of CdkS5/p25, which causes Golgi fragmentation,
further highlights Cdk5’s role in AD (Sun er al 2008).
Extensive recent findings support oxidative stress, mitochon-
drial dysfunction, and calcium dyshomeostasis as the early
contributors in AD pathology, suggesting that Cdk5 activa-
tion may be an carly event in AD, Cdk$, therefore, could
be a critical drug target for preventing neurodegeneration
in AD.
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