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Significant increase in JNK, c-Jun, and Cdk5 activities are reported in Alzheimer’s disease (AD). Inhibition of c-Jun
prevents neuronal cell death in in vivo AD models, highlighting it as a major JNK effector. Both JNK and Cdk5
promote neurodegeneration upon deregulation; however, Cdk5 has not been mechanistically linked to JNK or c-Jun.
This study presents the first mechanism showing Cdk5 as a major regulator of the JNK cascade. Deregulated Cdk5
induces biphasic activation of JNK pathway. The first phase revealed c-Jun as a direct substrate of Cdk5, whose
activation is independent of reactive oxygen species (ROS) and JNK. In the second phase, Cdk5 activates c-Jun via
ROS-mediated activation of JNK. Rapid c-Jun activation is supported by in vivo data showing c-Jun phosphorylation
in cerebral cortex upon p25 induction in transgenic mice. Cdk5-mediated biphasic activation of c-Jun highlights
c-Jun, rather than JNK, as an important therapeutic target, which was confirmed in neuronal cells. Finally, Cdk5
inhibition endows superior protection against neurotoxicity, suggesting that Cdk5 is a preferable therapeutic target

for AD relative to JNK and c-Jun.

INTRODUCTION

Alzheimer’s disease (AD) is the most common neurodegen-
erative disorder that is characterized by extracellular B-amy-
loid (AB) plaques and intracellular neurofibrillary tangles
(NFTs) with profound neuronal loss (Dickson, 2001). How-
ever, the exact molecular mechanisms underlying disease
pathogenesis remain to be fully elucidated.

The c-Jun NH,-terminal kinase (JNK, aka SAPK) belongs
to a subfamily of mitogen-activated protein kinases
(MAPKs) that are activated by a variety of environmental
stressors (Davis, 2000; Borsello and Forloni, 2007). The
mechanism of JNK activation involves dual phosphorylation
on the motif Thr-ProTyr (Davis, 2000; Borsello and Forloni,
2007). In neuronal cells, JNK is preferentially activated by
oxidative stress, one of the earliest contributors to neurode-
generation in many neurodegenerative diseases including
AD (Nunomura et al., 2001; Pratico et al., 2001; Lagalwar ef
al., 2006; Borsello and Forloni, 2007; Petersen et al., 2007). As
such, not surprisingly, higher JNK activity is observed in the
affected areas of the brain in AD (Shoji et al., 2000; Zhu et al.,
2001). JNK is also a key mediator of AB and glutamate-
induced neurotoxicity, both of which are critical in AD
(Yang et al., 1997; Savage et al., 2002; Borsello and Forloni,
2007). JNK’s contribution to NFT formation is well docu-
mented (Yoshida et al., 2004). Recent studies have further
identified a vital role of JNK in neurotoxic A formation by
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activating y-secretase upon oxidative stress (Shoji et al., 2000;
Zhu et al., 2001; Shen et al., 2008). All these studies suggest
the involvement of the JNK cascade in promoting neurode-
generation in AD.

Activated JNK phosphorylates several downstream tar-
gets, such as c-Jun, activating transcription factor 2 (ATE2),
and Elk-1 (Davis, 2000; Borsello and Forloni, 2007); however,
in AD, c-Jun is the major substrate that mediates JNK-
induced neurotoxicity. JNK potentiates c-Jun activity by
phosphorylation at Ser63 and Ser73 residues in the activa-
tion domain (Davis, 2000; Borsello and Forloni, 2007). Pear-
son et al. (2006) reported that p-c-Jun (Ser63) colocalizes with
NFTs in AD brains, whereas Thakur et al. (2007) showed
p-c-Jun (Ser73) to be more strongly associated with NFTs
and granulovacuolar degeneration in AD brains. In sympa-
thetic neurons, hyperactivation of JNK increases p-c-Jun
levels, which is associated with apoptosis and can be
blocked by expression of the c-Jun dominant negative mu-
tant (Eilers et al., 1998). Suppression of c-Jun expression
protects neonatal hippocampal and sympathetic neurons
from cell death in culture, and neurons from c-Jun knockout
mice are resistant to AB-toxicity (Ham et al., 1995; Kihiko et
al., 1999). Importantly, c-Jun is overexpressed in AD patients
(Anderson et al., 1994, 1996; Martin et al., 1996), and p-c-Jun
staining is only found in affected regions in pathological
brain, which is similar to p-JNK (Shoji et al., 2000; Zhu et al.,
2001; Pearson et al., 2006; Borsello and Forloni, 2007; Thakur
et al., 2007).

Besides JNK, cyclin-dependent kinase 5 (Cdk5) also trig-
gers a number of neurodegenerative pathways in AD upon
deregulation. Cdk5 is a proline-directed serine-threonine
kinase that is activated by neuron-specific activators (p35
and p39; Lew et al., 1994; Tsai et al., 1994, Humbert et al.,
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2000). Genetic etiology studies show Cdk5/p35/p39 in-
volvement in early onset AD (Rademakers et al., 2005). Ex-
posure of neurons to neurotoxic stimuli such as AB or glu-
tamate disrupts intracellular calcium homeostasis and
activates calpain, which cleaves p35 into p25 (Patrick et al.,
1999; Lee et al., 2000). The binding of p25 to Cdk5 not only
transforms Cdk5 into a hyperactive kinase but also mislo-
calizes Cdk5 from particulate to cytosolic and nuclear. De-
regulated Cdk5 phosphorylates multiple pathological tar-
gets and subsequently triggers various pathological events
in AD including amyloid-B processing, NFT formation, and
neurodegeneration (Patrick ef al., 1999; Lee et al., 2000; Cruz
et al., 2003, 2006; Monaco, 2004; Saito et al., 2007; Sun et al.,
2008a,b). Additionally, our recent studies demonstrated that
deregulated Cdk5 not only causes robust Golgi fragmenta-
tion in neuronal cells via GM130 phosphorylation (Sun et al.,
2008a), but also promotes oxidative stress and mitochondrial
dysfunction via inhibitory phosphorylation of antioxidant
enzymes (Sun et al., 2008b). As such, deregulated Cdk5 is
involved in a number of proximal factors leading to neuro-
nal cell death in AD.

Interestingly, a mechanistic link between Cdk5 and the
JNK cascade has not been shown to date. Otth et al. (2003)
showed that p-JNK colocalizes with Cdk5 in transgenic
(Tg)2576 mice, an animal model for AD; however, the con-
sequences of the association were not analyzed. To address
this issue and because deregulated Cdk5 promotes oxidative
stress, which is the most prominent stimulus for JNK acti-
vation (Borsello and Forloni, 2007; Sun et al., 2008b), in this
study, we investigated mechanistic links between Cdk5 and
the JNK cascade.

MATERIALS AND METHODS

Materials

Glutamate, 3-(4,5-dimethyldiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
and poly-L-lysine were obtained from Sigma (St. Louis, MO). B-amyloid>>-35
(AB?>%) and 2',7’-dichlorofluorescein diacetate (DCFDA) were purchased
from AnaSpec (San Jose, CA). Roscovitine was purchased from LC Labora-
tories (Woburn, MA). SP600125 was purchased from Calbiochem (La Jolla,
CA). Antibodies for JNK, phospho-JNK (Thr183/Tyr185), phospho-c-Jun
(Ser63), and phospho-c-Jun (Ser73) were purchase from Cell Signaling Labo-
ratories (Beverly, MA). Antibodies for Cdk5 (C-8), p35/p25 (C-19), c-Jun
(G-4), and actin (C-2) were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA).

Cell Culture

HT22 cells were a gift from David Schubert (The Salk Institute for Biological
Studies, La Jolla, CA). HT22 cells were cultured in DMEM supplemented with
10% fetal bovine serum (FBS).

Isolation of Primary Cortical Cells

Time-pregnant Sprague Dawley rats were purchased from Charles River
(Wilmington, MA). Primary cortical neurons were isolated from Sprague
Dawley rat embryos as described previously (Sun et al., 2008a,b). Cultures
were maintained at 37°C in a humidified 5% CO, atmosphere and were used
for experiments beginning after 5 d.

Cdk5 Kinase Assay

Glutamate or AB?535-treated cells were rinsed twice with cold PBS and
lysed in 1% NP-40 lysis buffer (1% NP-40, 20 mM Tris, pH 8.0, 150 mM
NaCl, 1 mM PMSF, 10 pg/ml leupeptin, and 10 pg/ml aprotinin) and
cleared by centrifugation at 10,000 rpm for 10 min at 4°C. Cleared lysates
were mixed with Cdk5 antibody and protein A-Sepharose beads (Sigma)
and incubated at 4°C for 2 h. Immunocomplexes were washed twice with
1% NP-40 lysis buffer and twice with kinase buffer (50 mM Tris, pH 8.0,
and 20 mM MgCl,). Immunocomplexes were subjected to in vitro Cdk5
kinase assays using [y-*2P]ATP and Cdk5 substrate peptide (KHHKSP-
KHR) in a final volume of 30 ul buffered at pH 8.0 containing 50 mM Tris
and 20 mM MgCl, at 30°C. After 20 min, the reactions were terminated by
spotting 25 ul of the reaction volume onto p81 phosphocellulose disks
(Whatman, Clifton, NJ), which were immersed in 100 ml of 10% acetic acid
for 30 min, followed by three washings in 0.5% phosphoric acid (5 min
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each) and a final rinse with acetone. The radioactivity was measured in a
liquid scintillation counter.

Western Blotting

Inhibitor of Cdk5 (roscovitine) or JNK (SP600125) was added 30 min before
glutamate or AB?>35 treatment. After the indicated treatments, cells were
harvested and lysed in a RIPA buffer (20 mM Tris, pH 8.0, 150 mM NaCl, 1%
NP-40, 0.25% deoxycholate, 0.1% SDS, 10 mM NaF, 1 mM NazVO,, 1 mM
PMSF, 10 ug/ml leupeptin, and 10 pg/ml aprotinin). The total protein
concentration of each cell lysate was determined using the Bradford assay.
Equal amounts of cell extracts were separated with SDS-PAGE and trans-
ferred to a PVDF membrane. After blocking with 5% skim milk in TBST (20
mM Tris, pH 7.4, 150 mM NaCl, and 0.1% Tween 20), the membrane was
probed with a primary antibody overnight at 4°C. The blot was then washed
three times with TBST and incubated with a horseradish peroxidase (HRP)-
conjugated secondary antibody for 1 h at room temperature. After washing
three times with TBST, the blot was developed using a chemiluminescence
detection system (Pierce, Rockford, IL).

Expression Plasmids and Constructs

Glutathione S-transferase (GST)-Cdk5 and GST-p25 was a gift from Laurent
Meijer (CNRS, Bretagne, France). pET-28b-TAT (V2.1) vector was a gift from
Steve Dowdy (University of California, San Diego, La Jolla, CA), mPlum-RFP
was a gift from Roger Tsien (University of California, San Diego, La Jolla, CA),
GST-c-Jun>7? was a gift from Janet Cross (University of Virginia, Charlottes-
ville, VA), and TAM67 was a gift from Ze’ev Ronai (Burnham Institute for
Medical Research, La Jolla, CA). TAT fusion proteins TAT-Prx-II-T89A, TAT-
CIP, and TAT-RFP were generated in our previous studies (Sun et al.,
2008a,b). c-Jun®7° was cloned into pET-28b-TAT (V2.1) vector to generate
His-tagged proteins.

Expression and Purification of Recombinant Proteins

GST-Cdk5/p25 was expressed and purified as described previously (Amin et
al., 2002). The TAT-fusion proteins (TAT-Prx-II-T89A, TAT-CIP, TAT-RFP)
and His-tagged c-Jun>7? were expressed and purified as described previously
(Sun et al., 2008a,b). After purification, protein concentration was determined
using the Bradford assay, and the protein purity was assessed by gel electro-
phoresis. Expressed c-Jun®7° was also verified by Western blotting using
anti-6-His antibody.

Reactive Oxygen Species Measurement

For reactive oxygen species (ROS) measurement, HT22 cells were seeded in a
six-well plate for 12 h, and primary cortical neurons were plated for at least
5 d. After indicated treatments, ROS production was measured by DCFDA
staining as described previously (Sun et al., 2008b). In brief, DCFDA was
added at a final concentration of 30 uM and incubated with cells for an
additional 20 min. Cells were detached by scraping gently and were stored on
ice. Fluorescence intensity was recorded using a FACScalibur (BD Bio-
sciences, San Jose, CA) with excitation and emission wavelengths of 488 and
of 530 nm, respectively.

In Vitro Phosphorylation of c-Jun by Cdk5/p25 Complex

Recombinant c-Jun®>7? (5 ug) were phosphorylated by the purified Cdk5/p25
complex (20 ng) in a final volume of 30 ul containing 50 mM Tris, pH 8.0, 20
mM MgCl,, 100 uM ATP, and 10 uCi [y->?P]ATP. The reaction mixture was
incubated for 30 min at 30°C, after which proteins were separated by SDS-
PAGE and transferred to PVDF membrane. The radioactivity associated with
protein bands was quantified. Next, phosphorylation of c-Jun®7 by Cdk5/
P25 complex was conducted under the same conditions, but in the absence of
[y-*?P]ATP. The reaction mixture was separated by SDS-PAGE and trans-
ferred to PVDF membrane, followed by probing using anti-phospho-c-Jun
(Ser63) antibody and anti-phospho-c-Jun (Ser73), respectively.

Immunofluorescence for Colocalization of Cdk5 and c-Jun

HT22 cells were plated on poly-L-lysine—coated coverslips at a density of
10,000 cells per well in 24-well plates for 1 d, followed by 5 mM glutamate
for 45 min. At the end of the treatment, medium was aspirated, and cells
were fixed with 4% formaldehyde for 15 min, rinsed with PBS, and
incubated for 20 min with 5% BSA and 0.1% Triton X-100. Cells were then
immunostained using antibodies against Cdk5 and c-Jun for 3 h at room
temperature. FITC-labeled goat anti-rabbit and Texas red-labeled goat
anti-mouse antibodies were used at a 1:1000 dilution, together with DAPI
(1 wg/ml). After three washes with PBS and one wash with water, cover-
slips were mounted on microscope slides with Mowiol mounting medium.
Images were taken using a Fluoview laser scanning confocal microscope
(Olympus, Melville, NY). The percentage of cells with colocalization of
Cdk5 and c-Jun was counted in at least 100 cells from three random frames,
in triplicate.
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Figure 1. Neurotoxic stimulation induces
Cdk5 deregulation, followed by JNK activation
and c-Jun phosphorylation in neuronal cells.
(A) Exposure of HT22 cells to glutamate acti-
vates Cdk5 activity in 30 min. Cells were
seeded for 12 h and treated with 5 mM gluta-
mate. After a 30-min incubation, Cdk5 immu-
noprecipitation and kinase assay were con-
ducted as described in Materials and Methods.
(B) HT22 cells were either untreated (lane 1) or
stimulated with 5 mM glutamate for 30 min
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After a 30-min incubation, Cdk5 immunoprecipitation and kinase assays were conducted as described in Materials and Methods. (G) Exposure
of primary cortical neurons to glutamate activates the JNK cascade. Primary cortical neurons were treated with 5 mM glutamate for the
indicated times. Cells were then harvested, lysed, and subjected to Western blot analysis using the indicated antibodies. (H) Exposure of
primary cortical neurons to AB*>® activates the JNK cascade. Primary cortical neurons were treated with 25 uM AB?>=® for indicated times.
Cells were then harvested, lysed, and subjected to Western blot analysis using the indicated antibodies. All Western blot analyses were
conducted at least three times independently, and representative results are shown. All the bar graphs show the mean; error bars, *SEM

(*p < 0.05, **p < 0.01).

Coimmunoprecipitation of Cdk5 (or p35/p25) and c-Jun

HT22 cells were treated with 5 mM glutamate for 45 min. Cells were then
harvested and lysed in RIPA buffer. After centrifugation, whole-cell lysate
was mixed with protein A-Sepharose beads (Sigma) and antibody for either
Cdk5 or p35/p25. After incubation overnight, immunocomplexes were
washed and then subjected to Western blotting using c-Jun antibody.

Immunocytochemistry in p25 Transgenic Mice

CaMKII-TA and tet-o-p25 mice (Cruz et al., 2003) were purchased from
the Jackson Laboratory (Bar Harbor, ME) and mated to generate p25-
inducible transgenic mice. A doxycycline-containing diet (200 mg/kg;
Bio-Serve, Frenchtown, NJ) was provided before weaning (4-6 wk after
birth), and, thereafter, p25 expression was induced by replacing the doxy-
cycline diet with a regular diet for 4 wk. After induction, each mouse was
perfused by PBS/10% Formalin, and brains were extracted and processed
further for the paraffin section (6 wm). Immunocytochemistry was per-
formed by the ABC method according to the manufacturer’s protocol
(Vector Laboratories, Burlingame, CA). All slides were randomized and
blinded with regard to genotype before staining and subsequent analysis.
Briefly, slides were immersed in xylene and hydrated through graded
ethanol solutions, and endogenous peroxidase activity was eliminated by
incubation in 3% hydrogen peroxide for 30 min. For antigen retrieval, each
slide was heated in a pressure cooker in rodent decloaker buffer (Biocare
Medical, Concord, CA). To reduce nonspecific binding, sections were
incubated for 30 min in 10% normal goat serum (NGS) in Tris-buffered
saline (TBS; 50 mM Tris-HCI, and 150 mM NaCl, pH 7.6). After rinsing
briefly with 1% NGS in TBS, the sections were incubated overnight at 4°C
with one of the following primary antibodies: anti-p-c-Jun (Ser63) rabbit
polyclonal antibody or anti-p-c-Jun (Ser73) rabbit polyclonal antibody.
Antibodies were localized using 3-3'-diaminobenzidine as a chromogen
(Dako, Carpinteria, CA) after incubation with a secondary antibody. To
exclude the possibility of nonspecific reaction, all the immunocytochem-
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istry experiments contained at least one sample without a primary anti-
body. Images were acquired through an AxioCam camera on an Axiophot
microscope (Zeiss, Thornwood, NY).

MTT Assay

HT22 cells were seeded onto six-well plates and exposed to the following
treatments. For Cdk5 inhibition, TAT-CIP was added every 5 h, and TAT-RFP
was used as a control. For JNK inhibition, SP600125 was added 30 min before
glutamate treatment, and DMSO was used as a control. For c-Jun inhibition,
TAMS67 was transfected using Lipofectamine (Invitrogen, Carlsbad, CA) 24 h
before glutamate treatment, and empty vector and mock transfection were
used as controls. After 24 h after 5 mM glutamate treatment, MTT assay was
conducted as described previously (Sun et al., 2008a,b). In brief, MTT was
added to the final concentration of 0.5 mg/ml and incubated for 30 min. The
cells were washed twice with PBS and lysed in DMSO, and the absorbance
was measured at 570 nm.

RESULTS

Cdk5 Activation Precedes INK Activation upon
Neurotoxic Stimulation

In HT22 Cells. To dissect the molecular mechanism of neu-
rodegeneration, HT22 cells (immortalized mouse hippocam-
pus cells) and primary cortical neurons were chosen for the
present study. Glutamate toxicity is a major contributor to
pathological cell death in the nervous system, which is me-
diated by oxidative stress (Coyle and Puttfarcken, 1993).
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independent times, and representative results are shown.

As shown in Figure 1A, Cdk5 was activated within 30 min
after glutamate (5 mM) treatment in HT22 cells due to p25
formation (Figure 1B), which is consistent with our previous
studies (Sun et al., 2008a,b).

JNK activation was probed in glutamate-treated HT22
cells using a phospho-JNK (Thr183/Tyr185) antibody which
recognizes all three isoforms of JNK (JNKI, -2, and -3) upon
phosphorylation. As shown in Figure 1C (top two panels), a
robust increase in p-JNK level appeared 4—-6 h after treat-
ment, whereas the level of total JNK was unchanged. Be-
cause oxidative stress has been shown to be a major cause of
JNK activation (Davis, 2000; Borsello and Forloni, 2007),
intracellular ROS levels were measured in parallel. ROS
increased 2-2.5-fold over basal levels 4-6 h after stimula-
tion, which is consistent with the pattern of p-JNK (Figure 1,
C and D). These results demonstrate that glutamate-induced
Cdk5 activation precedes JNK activation and that gluta-
mate-induced JNK activation is coincident with ROS.

In Primary Cortical Neurons. Primary cortical neurons were
isolated from E17 rat embryos and subjected to glutamate
and AB?5-35 stimulation at 5 d in vitro. Activation of Cdk5
occurs within 30 min after glutamate and AB?>-3% stimula-
tion in primary cortical neurons (Figure 1, E and F, respec-
tively; Sun et al., 2008a,b). AB*=35 is the biologically active
and highly toxic core fragment of full-length AB (AB'43
Pike et al., 1995) and is produced by enzymatic cleavage of
naturally occurring A in brains of AD patients (Kubo et al.,
2002). Ap?>35 induces neurotoxic effects similar to those
produced by AB'~*? and generates neuropathological signs
related to those of early stages of AD (Cheng et al., 2006;
Klementiev et al., 2007).

Similar to the results obtained using HT22 cells, p-JNK
appeared at a later time point upon glutamate and Ap*-35
stimulation (Figure 1, F and G, top two panels) when sig-
nificant ROS were accumulated: ROS increased 1.3-fold over
basal levels starting 2 h after glutamate treatment and
reached more than 1.5-fold after 4—6 h; ROS increased about
1.5-fold 6 h after AB?>35 treatment (data not shown). To-
gether, these results suggest that, upon neurotoxic insult,
Cdk5 activation precedes JNK activation and that ROS may
be required for JNK activation.

Inhibition of Cdk5 Prevents JNK Activation and c-Jun
Phosphorylation upon Neurotoxic Stimulation

JNK phosphorylates c-Jun at Ser63 and Ser73 sites, both of
which are relevant in AD pathology (Pearson et al., 2006;
Thakur et al., 2007). Given that Cdk5 deregulation leads to
an increase in ROS levels in neuronal cells (Sun et al., 2008b)
and oxidative stress activates the JNK cascade, we hypoth-
esized that Cdk5 may act as a crucial upstream regulator of
JNK and c-Jun. To examine this hypothesis, neuronal cells
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were pretreated with a Cdk5-specific inhibitor, roscovitine,
followed by neurotoxic stimulation. Glutamate was used for
HT22 cells, and glutamate and AB?>3> were used for pri-
mary cortical neurons. Both in HT22 cells and primary cor-
tical neurons, neurotoxic stimulation-induced JNK activa-
tion and c-Jun phosphorylation were completely prevented
by inhibition of Cdk5 (Figure 2). These results were further
verified by transduction of Cdk5-specific inhibitory modu-
lator, TAT-CIP, which was developed in our previous study
(data not shown; Sun et al., 2008a). Together, these results
revealed that Cdk5 positively regulates JNK activation.

Cdk5-mediated JNK Activation and c-Jun
Phosphorylation Are ROS-dependent

Because Cdk5 deregulation promotes oxidative stress (Sun et
al., 2008b), one of the major stimulants for JNK activation,
and because Cdk5 is an upstream regulator of JNK (Figure
2), we speculated that deregulated Cdk5 mediates JNK ac-
tivation and subsequent c-Jun phosphorylation by increasing
the ROS level. To explore this possibility, “TAT-fused perox-
iredoxin-II-T89A” (TAT-Prx-II-T89A; Sun et al., 2008a,b) was
transduced into cells to reduce ROS after neurotoxic stimula-
tion in neurons.

Prx-II is a major antioxidant protein that is responsible for
eliminating ROS in the cytosol and has been identified as a
direct substrate of Cdk5 (Qu ef al., 2007; Sun et al., 2008b).
Because Prx-II activity is eliminated by phosphorylation at
Thr89, Prx-II-T89A is constitutively active (Sun et al,
2008a,b). The fusion of TAT sequence, the minimal Tat trans-
duction domain derived from human immunodeficiency vi-
rus 1 (HIV-1), enables efficient protein transduction into cells
when directly added to the culture (Nagahara et al., 1998;
Becker-Hapak et al., 2001). Transduction of TAT-PrxII-T89A
has previously shown to successfully reduce ROS in neuronal
cells (Sun et al., 2008a,b). TAT-fusion red fluorescent protein
(TAT-RFP) was used as a control, which showed no effect on
any biological event investigated (Sun et al., 2008a,b).

HT22 cells and primary cortical neurons were transduced
with TAT-PrxII-T89A after neurotoxic stimulation, and phos-
phorylation of JNK and its target c-Jun was analyzed. Al-
though TAT-RFP addition had no effect on the levels of p-JNK
and p-c-Jun, TAT-Prx-II-T89A transduction significantly de-
creased both p-JNK and p-c-Jun (Figure 3). These results sug-
gest that oxidative stress is the mechanism by which Cdk5
up-regulates JNK activity and c-Jun phosphorylation.

Biphasic Activation of c-Jun: Rapid c-Jun
Phosphorylation Precedes JNK Activation upon
Neurotoxic Stimulation

A time course was conducted to examine the levels of p-JNK
and p-c-Jun upon neurotoxic stimulation in HT22 cells and
primary cortical neurons (Figure 1, C, G, and H), and we
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Figure 3. Transduction of TAT-Prx-II-T89A

Cdk5 Is a Major Regulator of JNK Cascade
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mary cortical neurons were exposed to 5 mM — o -
glutamate for 6 h with or without sustained p-c-Jun (S63) — p-c-Jun (S63) - p-c-Jun (S63) —
addition of TAT-Prx-II-T89A. (C) Primary cor- p-cun(s73) [ - - - - p-c-Jun (573) I:I p-c-Jun (573) II]

tical neurons were exposed to 25 uM AR
for 8 h with or without sustained addition of
TAT-Prx-II-T89A. In all these cases, 200 nM
TAT-Prx-II-T89A was initially added together

with the neurotoxin and was readded every 3-4 h. TAT-RFP was used as a control. After indicated incubation times, cells were harvested,
lysed, and subjected to Western blot analysis using the indicated antibodies. All experiments were conducted at least three independent

times, and representative results are shown.

observed biphasic phosphorylation of c-Jun. Specifically, p-
c-Jun phosphorylation, at both Ser63 and Ser73, increased
significantly within 30—45 min and then declined, and later
increased again, when JNK became activated (usually 4-6 h
after neurotoxic stimulation; Figure 1, C, G, and H). These
data suggest that the initial rapid phosphorylation of c-Jun is
not JNK-dependent. However, because Cdk5 is rapidly ac-
tivated upon neurotoxic stimulation (Figure 1, A, E, and F;
Sun et al., 2008a,b), we examined whether Cdk5 could di-
rectly phosphorylate c-Jun.

Cdk5 Phosphorylates c-Jun at Ser63 and Ser73 In Vitro

To determine whether c-Jun is a substrate of Cdk5, 6-His-
tagged truncated c-Jun recombinant protein (c-Jun®7°) was
generated, expressed, purified, and used as a substrate in a
kinase assay with the Cdk5-p25 complex. Cdk5/p25 phos-
phorylated c-Jun in vitro (Figure 4A) at both Ser63 and Ser73
sites (Figure 4, B and C).

Deregulated Cdk5 Binds c-Jun in Cells

To examine the possibility of interaction between Cdk5
and c-Jun in the neuronal cells, localization of both Cdk5

and c-Jun was examined. As shown in Figure 4D (top
panel), c-Jun mainly was nuclear-localized, whereas Cdk5
was cytosolic in untreated cells. On glutamate stimulation
(45 min), colocalization of Cdk5 and c-Jun was observed
in the nucleus (bottom panel), which is consistent with the
findings that Cdk5 mislocalizes upon deregulation (Mo-
naco, 2004). To further verify whether Cdk5 directly binds
c-Jun, Cdk5 was immunoprecipitated from HT22 after
glutamate stimulation (45 min) and probed for c-Jun bind-
ing. Although no c-Jun-Cdk5 association was observed in
untreated cells, c-Jun coimmunoprecipitated with Cdk5
upon glutamate stimulation (Figure 4E). These data sug-
gest that deregulated Cdk5 directly interacts with c-Jun to
mediate the rapid JNK-independent phosphorylation of
c-Jun. This association was further verified by specifically
isolating p35-p25 immunocomplexes, which revealed
c-Jun-Cdk5 association in glutamate-treated, but not in
untreated cells (Figure 4F). Moreover, significantly higher
amount of Cdk5 was coimmunoprecipitated with p35/
p25 from glutamate-treated cells, which is consistent with
the previous studies showing that Cdk5 is hyper-acti-

Figure 4. Cdk5 directly phosphorylates c-Jun

atgboth Ser63 and Ser7?}: Fesidﬁes. {A) Recom- A CdkS/p25 ® B CdkS/p25 -+ c CdkS/p25 -+

binant c-Jun®7° were phosphorylated by cJun(5-79) +  + cJun(5-79) + + cJun(5-79) + +

Cdk5-p25 complex using [y->?P]JATP as de- Autorad !I p-c-Jun (S63) - p-c-Jun (573) -

scribed in Materials and Methods. The reaction A ) )

mixture was incubated for 30 min at 30°C, after Ponceau - 6-His | (> w— 6-His | WD

which proteins were separated by SDS-PAGE E

and transferred to PVDF membrane. The ra- Glu -+

dioactivity associated with protein bands was D c-Jun Cdk5 c-Jun and Cdk5 100, Cdks IP El
: ; ; — c-JuniB

visualized. (B and C) Recombinant c-Jun®7° c e ks 1P

were phosphorylated by the Cdk5-p25 com- 3 80 1T Cdks 1B -

plex for 30 min at 30°C as described in Mate- o ) p—

rials and Methods. The reaction mixture was © S 60l Actin IB

then separated by SDS-PAGE and transferred S

to PVDF membrane, followed by probing us- £ @ 40 F Glu - +

ing anti-phospho-c-Jun (Ser63) antibody and 28 p35/25 IP E

anti-phospho-c-Jun (Ser73) antibody, respec- g o 20 ¢-JunB

tively. (D) Left, HT22 cells were treated with 5  Glu < 1 p35é§ig :g E]

mM glutamate for 45 min, followed by immu- il SednilE

nostaining with c-Jun (red) and Cdk5 (green) Un_ Clu IE

as described in Materials and Methods. Repre-
sentative confocal images are shown. Un, un-
treated cells; Glu, glutamate. Scale bar, 20 um.

Right, the percentage of cells in which c-Jun and Cdk5 colocalized together was determined as described in Materials and Methods. The bar
graphs show the mean; error bars, £SEM (**p < 0.001). (E) HT22 cells were treated with 5 mM glutamate for 45 min, followed by
immunoprecipitation using an antibody for Cdk5 as described in Materials and Methods. Immunocomplexes were then washed and subjected
to Western blotting using c-Jun antibody. Ten percent of total cell lysates were used as control by probing with actin. (F) HT22 cells were
treated with 5 mM glutamate for 45 min, followed by immunoprecipitation using antibody for p35/p25 as described in Materials and Methods.
Immunocomplexes were then washed and subjected to Western blotting using c-Jun antibody. Ten percent of total cell lysates were used as
control by probing with actin. All experiments were conducted at least three independent times, and representative results are shown.
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A Glu (45min) - - - + + o+ B Glu (6h) - -+ + +
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igure 5. irectly mediates a rapid c-
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i > <> BT . osgd to 5 mM glutamate for elther 45 min or
Actin Actin (EEEEDSED SRNEID .i }6)h in the presengce or absence of inhibitors. (C
and D) Primary cortical neurons were exposed
Glu (45min) - - - + + o+ Glu (6h) - - - r o+ o+ to 5 mM glutamate for either 45 min or 6 h in
Roscovitine -  + - - + - Roscovitine -  + -y - - the presence or absence of inhibitors. (E and F)
SP600125 - - + - -+ SP600125 - R + -+ - Primary cortical neurons were exposed to 25
p-c-Jun (S63) P p-c-Jun (S63) ——— uM AB?>-35 for either 45 min or 8 h in the
- presence or absence of inhibitors. In all the
p-c-Jun (S73) — o p-c-Jun (573) h— cases above, 10 uM roscovitine was used as a
Actin | e e o» = QDS A T . Cdk5-specific chemical inhibitor, and 10 uM
E F SP600125 was used as a J]NK-specific chemical
. inhibitor. Both inhibitors were added 30 min
AB (45rT1!n) . ot ot AB (Sh), X R A before treatment of any stimulus. After indi-
Roscovitine - o - Roscovitine -+ - - cated incubation times, cells were harvested,
SP600125 - - + - S5P600125 - r - lysed, and subjects to Western blot analysis
p-c-Jun (563) — — p-c-Jun (563) bl using the indicated antibodies. All experi-
p-c-Jun (S73) @ == p-c-Jun (573) — ments were conducted at least three indepen-
. . dent times, and representative results are
Actin | — G S w— ACHN [ o S S— shown.

vated by forming complexes with p25 (Patrick ef al., 1999;
Lee et al., 2000).

Cdk5 Mediates Rapid c-Jun Phosphorylation before [NK
Activation upon Neurotoxic Stimulation

To confirm that Cdk5 directly phosphorylates c-Jun indepen-
dent of JNK activation, HT22 cells and cortical neurons were
pretreated with either Cdk5-specific inhibitor (roscovitine) or a
JNK-specific small-molecule inhibitor (SP600125), followed by
neurotoxic stimulation for 45 min and 6 h, respectively. As
shown in Figure 5, A-F, inhibition of Cdk5 prevents phosphor-
ylation of c-Jun at both times; however, inhibition of JNK only
suppressed phosphorylation of c-Jun at 6 h, but not in short-
term treatment. Importantly, JNK inhibition largely prevented
¢-Jun phosphorylation at 6 h, suggesting that phosphorylation
of c-Jun at later time is mostly indirect (Cdk5—~ROS—]NK—
c-Jun), and is not aided by direct phosphorylation of c-Jun by
Cdk5 (Figure 5, B and D). These results were further confirmed
using TAT-CIP (Supplementary Figure S1).

Overall, these results indicate that the later phosphor-
ylation of c-Jun is due to Cdk5-induced JNK activation,
whereas the rapid c-Jun phosphorylation at early time
point is directly by Cdk5 in a JNK-independent manner.
These results provide the first link between deregulated
Cdk5 and two members of JNK cascade: ]NK and c-Jun,
both of which are involved in promoting neurodegenera-
tion in AD. These results show a novel mechanism by which
Cdk5 deregulation may promote neuronal death in AD.

Increased p-c-Jun in p25 Transgenic Mice

We further advanced our studies into an animal model to
verify the direct interaction between Cdk5 and c-Jun. In a
number of studies, the expression of p25, which induce
Cdk5 activity, has been shown to cause profound neurode-
generation, cognitive dysfunction, and tau-associated pa-
thology in forebrain neuron-specific p25-inducible mice
(Cruz et al., 2003; Fischer et al., 2005; Muyllaert et al., 2008).
To examine whether levels of p-c-Jun are also induced by
Cdk5 in vivo, we examined the level of p-c-Jun in p25-
inducible transgenic mice. After a 4-wk induction of p25, the
number of both p-c-Jun (Ser63)- and p-c-Jun (Ser73)—posi-
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tive cells was significantly increased in the cerebral cortical
area compared with control mice, which have the same
genotype but no induction of p25 (Figure 6). These data
strongly confirm our in vitro studies and suggest that the
activation of Cdk5 in p25-inducible mice induces the phos-
phorylation of c-Jun in cortical neurons. Importantly, no
neuronal death was observed after 4 wk, which is consistent
with the previous study showing neuronal cell death after 8
wk of induction (Cruz et al.,, 2003). Thus, our data also
indicate that the induction of c-Jun phosphorylation is an
early event after Cdk5 activation and precedes neuronal cell
death in this mouse model.

Inhibition of c-Jun Activity Confers a Higher Degree of
Neuroprotection than JNK Inhibition

To investigate the exact contribution of Cdk5, JNK and
c-Jun in promoting neurotoxicity in neuronal cells, each of
these were independently inhibited in glutamate-treated
cells, and cell viability was quantified. TAT-CIP was used
for Cdk5 inhibition, because roscovitine causes apprecia-
ble toxicity upon longer exposure (>24 h; Sun et al.,
2008a,b), presumably because of Cdkl and Cdk2 inhibi-
tion. JNK was inhibited using SP600125 and c-Jun using
TAMS67. TAM67 is a dominant-negative truncated mutant
of c-Jun, which inhibits the c-Jun-mediated signaling
pathway (Alani et al., 1991). Cdk5 inhibition protected
glutamate-treated HT22 cells significantly from cell death
(>80%), whereas JNK or c-Jun inhibition was only par-
tially protective (Figure 7A). Importantly, c-Jun inhibition
rescued a higher percentage of cells than JNK inhibition
(>60 and 40%, respectively), suggesting that c-Jun is not
only downstream of JNK but also receives other inputs in
neuronal cells. Because Cdk5 deregulation activates many
neurodegenerative pathways, it is not surprising that JNK
and c-Jun inhibition were not as neuroprotective as Cdk5
inhibition.

DISCUSSION

Numerous studies have shown the vital role of Cdk5/p25,
JNK, and c-Jun in mediating AB- and glutamate-induced
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Figure 6. Induction of c-Jun phosphorylation
by Cdk5 activation in vivo. The phosphoryla-
tion of c-Jun is significantly induced in the
nuclei of cortical neurons 4 wk after induction
of p25 (arrows). Although, in noninduced mice
(left panels), the immunoreactivity for both an-
ti-p-c-Jun (Ser 63) and p-c-Jun (Ser 73) is weak
and has a diffuse staining pattern, the number
of positive cells for both antibodies is strongly
increased after p25 induction (right panels).
Scale bar, 50 um. All experiments were con-
ducted at least three independent times, and
representative results are shown.

toxicity in neuronal cells; however, no evidence has linked
them functionally. Interestingly, one study has reported the
colocalization of Cdk5 and p-JNK in an animal model of AD,
although the consequence of this association was not ana-
lyzed (Otth et al., 2003). In this study, we provide a novel
mechanism linking deregulation of Cdk5 and activation of
two members of the JNK cascade (Figure 7B): JNK and c-Jun,
both of which are involved in promoting neuronal cell death
in AD both in concert and independently. Specifically, we
demonstrate that Cdk5 deregulation downstream of AB or
glutamate triggers JNK activation by increasing the ROS
level. Inhibition of Cdk5 activity or removal of ROS fully
prevents JNK activation, as indicated by c-Jun phosphory-
lation, suggesting that Cdk5 is a major upstream regulator of
the JNK cascade upon neurotoxic stimulation (Figure 7B). In
addition, our studies further reveal c-Jun as a direct sub-
strate of Cdk5, which was also confirmed in vivo in the
p25-inducible transgenic mouse (Figure 7B). This is the first
report that shows Cdk5 deregulation initiates c-Jun phos-
phorylation at both Ser63 and Ser73, both of which have
been shown to be relevant in AD (Pearson et al., 2006;
Thakur et al., 2007). Therefore, we postulate that deregulated
Cdk5 induces a biphasic activation of c-Jun. Initial deregu-
lation of Cdk5 causes it to associate directly with c-Jun,
resulting in its phosphorylation, which is independent of
both JNK and ROS. At a later stage, Cdk5 induces p-c-Jun
levels through activation of JNK by promoting oxidative
stress (Figure 7B).

Importantly, after the initial phosphorylation by Cdk5,
c-Jun phosphorylation subsides briefly and then increases
with JNK activation (Figure 1, C, G, and H). Similar to the
c-Jun phosphorylation pattern, Cdk5 activity also peaks at
1 h after glutamate or AB stimulation in HT22 cells and
the primary cortical neurons, return to basal levels at 2-3
h, and subsequently increase again at 5-6 h (data not
shown). Down-regulation of Cdk5 activity occurs in the
presence of increased p25 and Cdk5, suggesting that other
mechanisms also contribute to Cdk5 activity. This result is
consistent with a previous study showing a similar down-
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regulation of Cdk5 activity 2-3 h after excitotoxic stimu-
lation (O’Hare et al., 2005). The mechanism remains un-
clear. Thus, drop in c-Jun phosphorylation, just before
JNK activation, could be due to the temporary loss of
Cdk5 activity.

Notably, there is one study that shows Cdk5/p35 can
confer neuroprotection upon UV irradiation by inhibiting
JNKS activity via phosphorylation (Li et al., 2002). However,
because of different cellular localization of Cdk5/p35 and
Cdk5/p25 (particulate vs. cytosolic and nuclear localiza-
tion), aberrant Cdk5 activation via p25 formation upon neu-
rotoxic stimulation is expected to reveal a different outcome.
To test this possibility, we conducted a kinase assay using
immunoprecipitated JNK, Cdk5/p25, and [y-**P]JATP. No
significant phosphorylation on JNK isoforms was observed
(data not shown), suggesting that unlike Cdk5/p35, NK is
not a direct substrate of Cdk5/p25. This result is consistent
with the findings showing cytosolic Cdk5/p35 as neuropro-
tective, whereas nuclear Cdk5/p25 as neurotoxic (O’Hare et
al., 2005).

Previous studies have revealed that inhibition of the
JNK cascade using JNK-specific inhibitors, CEP-1347
(Cephalon) or SP600125, prevents neuronal cell death in
in vivo models of AD and Parkinson’s disease (PD). Fur-
thermore, c-Jun phosphorylation has been implicated in
promoting AD pathogenesis in several instances. Because
JNK is the only known upstream regulator of c-Jun dis-
covered to date, its inhibition is a viable therapeutic ap-
proach for AD. These results have prompted pharmaceu-
tical companies to direct their attention toward treatment
of AD and PD using specific JNK inhibitors. Therefore,
our findings revealing the mechanistic link between Cdk5
and two crucial members of JNK pathway have important
therapeutic significance. Inhibition of Cdk5 endows supe-
rior protection against neurotoxicity, which further con-
firms that Cdk5 acts upstream to regulate the JNK cascade
along with other unidentified Cdk5-mediated down-
stream effectors. In conclusion, deregulation of Cdk5 trig-
gers diverse events that are fatal to neurons. One such
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Figure 7. Role of Cdk5 in regulating the JNK cascade in neurons
upon neurotoxic insults. (A) Inhibition of Cdk5 or c-Jun activity
confers higher degree of neuroprotection compared with JNK inhi-
bition. Inhibition of Cdk5, ]NK, or c-Jun was performed in HT22
cells as described in Materials and Methods, followed by 5 mM
glutamate stimulation. After an additional 24-h incubation, cell
viability was analyzed by MTT assay. This assay was conducted
three independent times. Representative results are shown. (B) Pro-
posed model of Cdk5 in regulation of the JNK cascade. Cdk5 reg-
ulates JNK pathway both directly and indirectly. Yellow squares
highlight three therapeutic targets in AD. Inhibition/ablation of any
of these targets confers neuroprotection from neurotoxic signals in
neuronal cells. Cdk5 deregulation increases oxidative stress via
inactivation of two antioxidant enzymes, Prx1 and Prx2, which lead
to ROS-mediated JNK and c-Jun activation. In addition, deregulated
CdkS5 also directly phosphorylates c-Jun, suggesting that Cdk5 in-
hibition is expected to be more neuroprotective than JNK or c-Jun in
AD. Cdk5 in yellow square denotes deregulated Cdk5.

event is mediated via the JNK cascade. Therefore, our
study suggests that Cdk5 is a preferable therapeutic target
for AD relative to JNK and c-Jun.
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