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Golgi fragmentation is a common feature in multiple neurodegenerative diseases; however, the precise mechanism that
causes fragmentation remains obscure. A potential link between Cdk5 and Golgi fragmentation in Alzheimer's disease
(AD) was investigated in this study. Because Golgi is physiologically fragmented during mitosis by Cdc2 kinase and
current Cdk5-specific chemical inhibitors target Cdc2 as weli, development of novel tools te modulate Cdk5 activity was
essential. These enzyme modulators, created by fusing TAT sequence to Cdk5 activators and an inhibitor peptide, enable
specific activation and inhibition of Cdk5 activity with high temporal control. These genetic tools revealed a major role
of Cdk3 in Golgi fragmentation upon B-amyloid and glutamate stimulation in differentiated neuronal cells and primary
neurons. A crucial role of Cdk5 was further confirmed when Cdk5 activation alone resulted in robust Golgi disassembly.
The underlying mechanism was unraveled using a chemical genetic screen, which yielded cis-Golgi matrix protein
GM130 as a novel substrate of Cdk5. Identification of the Cdk5 phosphorylation site on GM130 suggested a mechanism
by which Cdk5 may cause Golgi fragmentation upon deregulation in AD, As CdKkS5 is activated in several neurodegen-
erative diseases where Golgi disassembly also occurs, this may be a common mechanism among multiple disorders.

INTRODUCTION

Golgi fragmentation manifests itself in several neurodegen-
erative diseases including Alzheimer’s disease (AD), Parkin-
son’s disease (D), amyotropic lateral sclerosis {ALS), corti-
cobasal degeneration, spinocerebelar ataxia type 2 (SCAZ),
and Creutzfeldt-Jakob disease (Gonatas ef al., 2006). In con-
trast to pathological Golgi fragmentation, physiological
Golgi disassembly is a highly orchestrated process that is
essential for entry into mitosis (Sutterlin ef al., 2002; Colanzi
ef al., 2003; Altan-Bonnet ¢f al., 2004). A number of kinases
such ag Cde2, RAF/MEK1/ERK1c, Plk1, and Plk3 have been
shown to phesphorylate several Golgi proteins that promote
Gaolgi dispersion during mitosis (Acharya et al., 1998; Sutter-
lin ef al., 2001; Xie et al., 2004; Shaul and Seger, 2006; Colanzi
and Corda, 2007}, Although mitotic Golgi fragments reas-
semble after cytokinesis, Golgi fragmentation during apo-
ptosis is irreversible, Apoptotic Golgi dispersion is due to
caspase-mediated proteolytic cleavage of several Galgi pro-
teins such as golgin-160, GM130, GRASP65, pl115, syntaxin 5,
and giantin (Mancini ef al., 2000; Chiu et af,, 2002; Lane ¢ al.,
2002; Lowe et al., 2004; Walker ef al., 2004; Mukherjee ef al.,
2007}). These findings suggest that Golgi fragmentation dur-
ing neurodegeneration may follow a similar route. How-
ever, recent studies suggest that Golgi fragmentation in
neurodegeneration, rather than being a consequence of ap-
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optosis, may be an early and irreversible trigger for apopto-
sis (Gonatas et g, 2006; Nakagomi et al., 2008). Gelgi frag-
mentation in PD occurs before the aggregation of fibrillar
mutant a-synuclein, supporiing this hypothesis. In AD,
Golgi fragmentation and mitochondrial dysfunction coexist
in neurons that lack neurofibrillary tangles (NFT), suggest-
ing that these events occur early in the disease (Baloyannis,
2006}). Despite such evidence, the mechanism of Golgi frag-
mentation in neurcdegenerative diseases remaing obscure.
Because aberrant Cdk5 activity is present in several neuro-
degenerative diseases such as ALS, AD, and PD, we hypoth-
esized that deregulated Cdk5 could be involved in Golgi
disassembly in AD,

Cdk5 associates with Golgl to regulate membrane traffic
under physiological conditions (Paglini ef al., 2001). How-
ever, it has not been linked to Golgi pathologically. Cdk5
belongs to the Cdk family of serine/threonine kinases, most
of which play key regulatory roles in the progression of cell
cycle (Beaudette et al,, 1993; Noble ¢f al,, 2003). Although
highly homologous to other members of the Cdk family,
Cdk5 is not activated by cycling. Instead, it is activated by
specific regulatory binding partners, p35 or p39 (or their
truncated forms, p25 and p29; Lew ef al., 1994; Tsai et al.,
1994, 2004; Lee et al., 1996; Patrick et al., 1999; Dhavan and
Tsai, 2001; Cruz and Tsai, 2004). Although other Cdks are
active in mitotic cells, Cdk3 was initially believed to be
primarily active in postmitotic neurons. Cdk5’s vitat role in
regulating various neuronal functions during embryogene-
sis and in adult brains has received broad acceptance (Ohs-
hima et al,, 1996; Dhavan and Tsai, 2001; Ko ef al., 2001;
Fischer et al., 2003; Benavides and Bibb, 2004; Cruz and Tsai,
2004; Tsai et al., 2004; Fischer et al., 2005). Recent studies have
revealed multiple extraneuronal roles of Cdk5 in various cell
types (Rosales and Lee, 2006; Strock ef al.,, 2006; Goodyear
and Sharma, 2007; Lin et gl., 2007},
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Cdk5's kinase activity is tightly regulated by the spatial
and temporal expression of p35 and p39. However, p35 and
p39 are cleaved into p25 and p29 under a variety of patho-
logical conditions such as oxidative stress, calcium dysregu-
lation, AB exposure, excitotoxicity, inflammation and mito-
chondrial dysfunction in AD and PD (Patrick ef 4f., 1999; Lee
et al., 2000; Dhavan and Tsai, 2001; Strocchi ef al., 2003; Cruz
and Tsai, 2004; Quintanilla ef al., 2004; Shea ef al., 2004; Tsal
et nl., 2004; Kitazawa et al., 2005; Qu et al., 2007). Generaticn
of p25 and p29 not only constitutively activates Cdks, but
also changes its subcellular localization from particulate to
cytosolic and nuclear, This event allows CdkS to access a
variety of pathological substrates, which triggers a cascade
of neurotoxic pathways, ultimately causing neuronal death
(Lau and Ahlijanian, 2003; Monaco, 2004, Smith ef al., 2004).

Cdk5/p25’s role in NFT formation in AD has been well
delineated (Liu ef af., 1995; Yamaguchi ef al., 1996; Pei ef al.,
1998; Takahashi et al., 2000; Augustinack ¢f al,, 2002; Noble et
al., 2003). However, some studies support a more pivotal
role of GSK3 (Plattner ef al., 2006), p38 and JNK in NFT
formation. Moreover, it is not clear if tau hyperphosphory-
lation is enough to cause cell death. Nonetheless, Cdk5
deregulation can directly cause neuronal death independent
of NFT formation. Transgenic mice expressing tetracycline
inducible CamKII-p25 show significant brain atrophy, exten-
sive astrogliosis, and NFT formation (Cruz et al., 2003; Noble
ef al., 2003). Deregulated p25/Cdk5 activity leads to aberrant
APP processing, generating intracellular A accumulation
in vivo {(Cruz et al., 2006). Intracellular AB,_,, has been
detected in AD-vulnerable regions in human brains (Gouras
ef al., 2000} and Tg animal models of AD (Oddo ¢t al., 2003;
Casas et al., 2004; Billings ef al., 2005; Cruz et al., 2006} and is
closely associated with neuronal loss (Casas et a/., 2004) and
cognitive decline (Billings ef al, 2005). Oxidative stress can
induce Cdkb-mediated cell death by either downregulating
nestin scaffold (Sahlgren et af., 2000) or nuclear MEF2 activ-
ity (Gong et al., 2003). The mechanism of Cdk5-mediated cell
death in AD, however, is not completely established. Be-
cause recent studies show that Golgi disassembly precedes
neuronal cell death (Nakagomi ef al., 2008), the goal of this
study was investigate if Cdk5 is involved in fragmenting
Golgi.

B-Amyloid (Ag) and glutamate are two primary neuro-
toxic stimuli in AD, and, hence, were chosen for this study.
These stimuli activate Cdk5 by increasing intracellular levels
of Ca?* and reactive oxygen species (ROS; Patrick et al.,
1999; Shea et al,, 2004). However, their connection with Golgi
fragmentation is not known. Cdk5 activity has not been
linked to Golgi disassembly either. Qur aim, therefore, was
fourfold, Does Cdk5 promote Golgi disassembly down-
stream of AB and glutamate? Can Cdk5 initiate Golgi frag-
mentation, independent of other inputs? Is Golgi fragmen-
tation alone sufficient to cause cell death? How does Golgi
fragmentation occur via Cdk5? To pursue our first objective,
we needed a Cdk5-specific inhibitor. Our second objective
demanded an approach that specifically activates Cdk5 with
high temporal control both in serum-starved and differenti-
ated neuronal cells. Finally, the search for direct Cdk5 sub-
strates could help in understanding Cdk5-mediated mecha-
nism of Golgi fragmentation.

Cdk5's role has been mostly investigated by either consti-
tutively expressing p25 or p35 or by using Cdk5-specific
chemical inhibitors, such as roscovitine, the most widely
used inhibitor to modulate Cdk5 activity (Meijer at al., 1997;
Gray et al., 1999; Mapelli ¢t al., 2005). Both approaches have
limitations. Overexpression of p25 or p35 lacks temporal
control, which may be essential to uncover dynamic biolog-
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ical processes such as Golgi disassembly. Small molecule
inhibitors of Cdk5 can provide high temporal control, but
are not monospecific for Cdk5 (Meijer et al., 1997; Sridhar ef
al., 2006). Another preblem with roscovitine from our per-
spective was its high affinity for Cdc2, a kinase that divectly
promotes Golgi fragmentation during mitosis. An ideal in-
hibitor should specifically target CdkS, but not cross-react
with Cdc2.

Cdk5 inhibitory peptide (CIP), a 126-residue artificial pep-
tide containing p35'%-%7 inhibits Cdk5 specifically and
potently by blocking Cdk5/p25 comptlex formation, but not
Cdk5/p35, when expressed endogencusly (Amin et al,, 2002;
Zheng et al,, 2002; Zheng et al., 2005). CIP's affinity for Cdk5
is higher than p25s. However, as CIP needs to be overex-
pressed, this approach lacks temporal and dosage control.

To progress toward our objectives, novel tools to specifi-
cally activate and inhibit Cdkb kinase activity in-a highly
temporal manner were required, To this end, we generated
TAT-p25/TAT-p35 and TAT-CIP by fusing an 11-mer TAT
sequence (residues 47-57 of HIV-Tat: YGRKKRRORRR) to
Cdkb-specific modulators {p25, p35, CIF). The first two spe-
cifically activate Cdk5 activity; the latter inhibits it. The
fusion of TAT sequence, the minimal Tat transduction do-
main derived from human immunodeficiency virus 1 (HIV-
1), results in efficient transduction into cells when directly
added to cell culture or injected in vivo into mice (Nagahara
et al., 1998; Becker-Hapak ¢f af., 2001). These TAT-fusion
proteins modulate Cdk5 activity in vitro and in various cell
types {including primary neurons) with high temporal and
dosage control. As our results showed that TAT-fusion pro-
teins degrade in ~6 h in the cells, these tools provide an
inducible control over CdkS activity. The versatility of these
tools was demonstrated by maintaining inhibition of Cdk5
activity for 48 h during neuronal differentiation, which pre-
vented neurite ouigrowth, Cdk5 inhibition using TAT-CIP
showed minimal effect on HT22 cell viability. In contrast,
roscovitine was notably toxic, presumably due to the inhi-
bition of Cdc2 and Cdk2.

With the aid of these novel genetic tools, we show that
Cdk5 is responsible for Golgi fragmentation upon Af and
glutamate stimulation in differentiated PC12 and SH-5Y5Y
cells, as well as in primary cortical neurons. Crucially, Cdkb
deregulation alone resulted in robust Golgi disassembly;
however, this process alone is an insufficient trigger for cell
death. A chemical genetic screen revealed ¢is-Golgi matrix
protein GM130 as a novel substrate of Cdk5. Identification of
Cdk5 phosphorylation site on GM130 suggested the mech-
anism by whicli Cdk5 may cause Golgi fragmentation upon
deregulation in AD, As Cdk5 activity is deregulated in sev-
eral neurodegenerative diseases where Golgi disassembly
also occurs, we propose that Cdk5 may have a broader role
beyond AD,

MATERIALS AND METHQODS

Materials

Glutamate, poly-lysine, 3-(4.5-dimethyldiazol-2-y1}-2,5-diphenyltetrazolium
bromide (MTT), and anti-FLAG antibody were obtained from Sigma (8t
Louis, MO}, g-amyloid?™?% (AB*35) and 2°,7'-dichlorofluorescein diacctate
(DCFDA) were purchased from Anaspec (San Jose, CA). Antibodies for Cdk5
(C-8), p35/p25 (C-19), actin {C-2), and GM13Q (H-65) were purchased from
Santa Cruz Biotechnalogy (Santa Cruz, CA). Antibody for phosphospecific
GM130 was a gift from Martin Lowe, All transretinoic acid was purchased
from Acros (Pittsburgh, PA), and roscovitine was cbtained from L Labora-
taries (Woburn, MA). Nerve growth factor (NGF) was obtained from Austral
Biologicals (San Ramon, CaA). Phalladoin-FITC, DAPL, FITC-geat anti-rabbit
and Texas red goat anti-mouse antibodies were purchased from Molecular
Prabes (Eugene, OR).
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Expression Plasmids and Constructs

Glutathione S-transferase (GST)-Cdk5 was a gift from Laurent Meijer, pET-
28L-TAT (V2.1) and pTAT-HA vectors were gifts from Steve Dowdy. mPlum-
RFP was a gift from Roger Tsein. p25, p35, CIP and mPlum-RFP (RFP) and
GFP were cioned into pET-28b-TAT (V2.1) vector to generate TAT-fused
profeins. TAT-fusion Peroxiredoxin-U {T89A) mutant {TAT-Prx-1I (T89A))
was created using overlapping PCR in pTAT-HA vector, GM130 was cloned
into pTAT-HA vector into BamH1 and Xhel sites. TAT sequence was removed
as a consequence of GM130 cloning into these sites.

Expression and Purification of GST-Cdk5 and TAT-Fusion
Proteins

GST-Cdk5 was expressed and purified as described previously (Amin et al.,
2002). TAT-fusion proteins (TAT-p25, TAT-p35, TAT-CIP, TAT-RFP, TAT-
GFP, GM130, and TAT-Prx-Il (TBYA)] were expressed in BL21 gold cells
(Stratagene, La Jolia, CA). A single colony was inoculated inte 50 ml of LB
terrific broth liquid media with either 50 pg/ml kanamycin (TAT-p25, TAT-
p35, TAT-CIP, TAT-RFP, and TAT-GFP) ar 100 pg/ml ampicilkin [TAT-Prx-11
(T89A) and GMI130] and was grown at 37°C overnight. This culture was
added to 500 m] LB terrific broth. After it had grown to an OD ~ 0.6, protein
synthesis was induced by the addition of PTG (100 pM) and further shaking
at 37°C for 6 h. After centrifugation at 5006 rpm for 15 min at 4°C, the cell
peilet was frozen at ~80°C for 1 h. The pellet was resuspended in chilled lysis
buffer (20 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1% NP-40, 10 mg /1 aprotinin,
16 mg/l, 10 mg/1 leupeptin, and 1 mM PMSF} and was French-pressed three
times (Thermo Scientific, Waltham, MA). The resulting lysate was centrifuged
at 10,000 rpm for 30 min at 4°C, and the supernatant was added to Ni-NTA
beads and incubated at 4°C on a rotating whee). The beads were washed five
times by wash buffer (20 mM Tris-HCL, pH 8.0, 150 mM NaCl). The protein
was eluted using 100 mM of imidazole in wash buffer. Protein concentration
wag determined using Bradford assay, and the protein purity was assessed by
gel electrophoresis. All expressed TAT-fusion proteins were verified by West-
em blotting using 6-His antibodies.

Cell Culture

HT22 cells were a gift from David Schubert. Tela and HT22 cells were
cultured in DMEM supplemenied with 10% fetal bovine serum (FBS). ’C12
cells were grown in DMEM with 10% FBS and 5% horse serum. SH-5Y5Y cells
were cultured in DMEM plus 15% F85.

Isolation of Primary Cortical Cells

Time pregnant CI mice and Sprague Dawley rats were purchased from
Charles River (Wilmington, MA). Primary cortical neurans were isolated from
Ei7 CD1 mice and Sprague Dawley rats embryos in Hanks' balanced salt
selution. The tissue was minced, treated with 0.25 mg/mi trypsin, and dis-
sociated by frituration in minimum essential media (MEM) supplemented
with 130 U/ml DNase and 10% FBS. Cells were plated on poly-i-lysine—
coated coverslips or plates in MEM supplemented with 5% FBS, 5% horse
serum, 0.5 mM glutamine, 2.6 g/l glucose, 2.2 g/f NaHCO;, and 1 mM
pyruvate. Cultures were maintained at 37°C in a humidified 5% CO, atmo-
sphere. All experiments were conducted on day 5.

Cdk5 Kinase Assay

Glutamate, AB®3%, or TAT-fusion protein-treated cells were rinsed twice
with cold PBS and lysed in 1% NP-40 lysis buffer (1% NTP-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 Cdkd antibody and protein A Sepharose beads (Sigma) and
incubated at 4°C for 2 h. lmmune complexes were washed twice with 1%
NP-40 lysis buffer and twice with kinase buffer (30 mM Tris, pH 8.0, 20 mM
MgCly). Immune complexes were subjected to in vitro Cdk3 kinase assays
using [v-32PIATP and 5 pg of Cdk5 substrate peptide (KHHKSFKHR) in a
final volume of 30 pl buffered at pl4 8.0 containing 50 mM Tris and 20 mM
MpCl, at 30°C. After 20 min. the reactions were terminated by spotting 25 ui
of the reaction volume onto p8l phosphoeceliulose disks (Whatman, Clifton,
NJ) and immersing in 100 ml of 10% acetic acid for 30 min, foliowed by three
washings in 0.5% phosphoric acid (5 min each) and finally rinsing with
acatone. The radioactivity was measured in a liquid scintillation counter,

Degradation Profile of TAT-Fusion Proteius

TAT-p25-treated Hel.a cells and TAT-ClP-treated HT22 cells were harvested
at indicated time points and lysed in 1% NP-40 buffer, respectively. TAT-
p25/TAT-CIP was isolated from cell lysates using Ni-NTA beads for 1 h at
4°C. The beads were washed three times with wash buffer (20 mM Tris, pH
84, 150 mM NaCl), boiled in SDS loading buffer, and separated by electro-
phoresis. After fransfer, the PYDF membrane was probed using 6-His anti-
body and the amount of TAT-p25/ TAT-CIP was visuaiized using anti-mouse
HRF in conjunction with West Pica (Pierce}.
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TAT-CIP Binding to Endogenous Cdk5

FI722 cells were lysed in 1% NP-4¢ buffer 45 min and 1 h after TAT-CIP
adelition. Cdk5 immune complexes were isclated for 4 hat 4°C. Beads were
washed, proteins separated, transferred, probed with anti-6-His antibody,
and visualized as described above.

ROS Measurement

For ROS measurement, 107 cells were seeded per well in a six-well plate in
DMEM without phenol red. After 4-h treatment, DCFDA was added at a final
concentration of 30 uM and incubated with cells for 20 additional min, Cells
were detached by scraping gently and stored on ice. The fuorescence was
measured immediately using a FACScalibur (BD Biosciences, San Jose, CA)
with excitation wavelength of 488 nm and emission of 530 nm. Gated cells
{n = 10,000) were analyzed for each sample.

PC12 Cells Differentiation

Cells were grown on poly-L-lysine-coated coverslips until 50-60% conflu-
ency, followed by serum starvation for 24 h. DMSO, roscovitine (10 pM),
TAT-REP (200 nM), or TAT-CIP (200 nM) were added 30 min before NGF (50
ng/ml) addition. For sustained treatment, TAT-fusion proteins were added
every 6 h for 48 h. After incubating the cells for 48 h at 37°C, coverslips were
washed three Hmes with PBS, fixed in 3.7% Formalin/PBS for 10 min, and
permeabilized with D.1% Triton in PBS for 20 min. The cells were washed
twice with PBS and blocked in 5% BSA /PBS for 1 h at 25°C. Cells were labeled
with phalloidin fluorescein isothiocyanate (FITC; 800 ng/ml) and DAPI
{1 pg/mi) for 1 h. Coverslips were mounted using Mowiol meunting media
and neurite differenlialion were scored using, & Nikon E1000 fluorescence
microscope (Melville, NY) equipped with a Retiga EXI cooled mono 12-bit
camera, using a 20X objective. Two hundred cells were counted in each of five
random fields, and celis bearing meurite extensions longer than twice the
cell-body size were scored as differentiated cells.

MTT Assay

HT22 cells were seeded onto 12-well plates at 25,000 cells per well overnight,
followed by DMSQ), rescovitine (10 uM), TAT-RFF (200 nM), or TAT-CIF {200
n) treatments. After 24 b, MTT was added to the final concentration of 0.3
mg/ml and incubated for 30 min. The cells were washed twice with PRS and
lysed in dimethy! sulfoxide (DMSO), and the absorbance was measured at 570
nm. SH-5YBY and PCI2 cells were differentiated using NGF or retinofe acid
for 3 d before the aforementioned (realments,

Immunofluorescence for Golgi Fragmentation

PC12 and SH-SYSY cells were plated on poly-L-lysine—coated coverslips at a
density of 12,000 cells per well in 24-well plates for 1 d. After 12 h of serum
starvation, PC12 differentiation was induced using 50 ng/ml NGF for 3 d in
DMEM supplemented with (.5% FBS. SH-SY5Y cells were differentiated using
10 uM retinoie acid for 5 ¢ in regular growth media. Differentiated cells and
5 d in vitro {DIVDE) rat cortical cells were treated For 24 h with either 10 mM
glutamate or 25 uM AR togother with either 200 nM TAT-CIP added
every 4 hoor 10 uM roscovitine. For the untreated samples, either 0.5 mM
imidazole or 0,1% DMSO were used as controls for TAT-CIP and roscovitine,
respectively, For TAT-p25 experiment 200 nM protein was added every 4 h,
and 200 nM TAT- RFF was added as control. At the end of the freatment,
media was aspivated and ceils were fixed with chilled methanol for 5 min,
rinsed with PBS, and incubated for 20 min with 3% BSA, 1% FBS, and 0.1%
Triton X-100. An antibody against the Golgi resident enzyme mannosidase 11
was used: PC12 and primary cortical eells were immunostained using anti-
manngsidase Ll from Covance Laboratories (Madison, W1; 1:3000). SH-SY5Y
celis were stained with anti-mannosidase [ from Chemicon (Temecula, CA;
1:100) for 2 h at room temperature. FITC-labeled goat anti-rabbit and Texas
red-labeled goat anti-mouse antibodies were used at a 1:1000 dilution, to-
gether with DAPI (1 pg/ml). After three washes with PBS and ane wasl with
wafer, coverslips were mounted on imicroscope slides with Mowiol mounting
media. Images were taken using an E1008 Nikon fluorescence micraoscope
equipped with a Retiga EXI cooled mono 12-bit camera using a 60 oi
immersion objective. Hela calls were plated for 12 h, serum-starved over-
night, and- treated with 100 pM AS2723 in the absence or presence of either 10
1M roscoviting, 200 nM TAT-CIF, or the controis: 0.5 mM imidazole or 0.1%
DMSQ0. After 12 h of treatment, Hela cells were fixed and processed in the
same way as described for PC12 and SH-5Y5Y cells and visualized in a
confocal Niken TE2000 inverted microscope with a Radiance Technologies
2100MP Rainbow Laser (Sunnyvale, CA). Percentage of cells with Golgi
fragmentation was counted in at least 100 cells from 10 different frames, in
triplicates. Cells with specific mannosidase 1 staining spread in the cyto-
plasm, with only a small amount of remaining juxtanuclear staining were
scored as cells with fragmented Golgi.

Measurements from HeLa Confocal Images

[mage | 1.36b software {Wayne Rasband, NIH; http:/ /rsbinfo.nih.gov/ij/)
was used for the parameter quantification from the mannosidase -stained

Molecular Biology of the Cell



Hela images. Perimeter of total cell area and Golgi area were manually
selected and the number of pixels and intensity were scored. Area occupied
by the intact Golgi or cluster of Golgi stacks (AOG parameter) was trans-
formed to pm? according to the ratio 0.13 pm/pix, which corresponds to the
magnification used for the imaging. To obtain a measurement of the disper-
sion, we measured the fluorescence per unit of area In the cytosol (CF/A):
Golgi fluorescence was subtracted from the total cell Auorescence, and di-
vided by the area of the cell excluding the Golgi. Background flucrescence
measured from an area not occupied by cells was subtracted from this value
to obtain the CF/A paramcter. Percentage of fluorescence present in Golgi (%
GFL) was obtained by dividing the fluorescence from the Golgi by the total
cell fluorescence. These parameters were calculaied on six representative cells
from at least three random frames. Results are shown as the average with SE
and ¢ test significance; *p < 0.05, **p < 0.0

Nuclear Staining Using Propidium lodide

Differentiated FC12 and SH-5Y5Y cells plated on caverslips were treated
either with 10 mM glutamate or 25 uM AB?™3 along with either 200 nM
TAT-CIP added every 4 h or equal amount of TAT-GFT as a control, After the
treatment, ceils were fixed with cold methanol for § min, followed by rehy-
dration in PBS and and permeabilization using 0.1% Triton X-100 in PBS plus
2% BSA. Cells were treated with 0.3 pg/ml RNase A in PBS for 1 h, rinsed,
and stalned with 2.5 pg/ml propidium iodide in PBS for 1 h. Before mounting
with Mowiel, coverslips were washed twice with PBS and once with H,O.

In Vitro Phosphorylation of GM130 by Cdk5lp25

HelLa ceils were lysed in modified RIPA lysis buffer (50 mM Tris, pH 7.5, 150
mM NaCl, 1% NIP-40, 0.25% sodium deoxycholate, 1 mM PMSF, 10 e/ ml
leupeptin, and 10 ug/ml aprotinin) for 20 min on ice. After centrifugation, cell
lysates was incubated with GM130 antibody (H-65, Santa Cruz) and protein
Sepharose beads for 2.5 h at 4°C on a rotating wheel. The beads were washed
twice with 1% NP-40 buffer and once with kinase buffer (20 miM MgCl., 20
mM Tris, pH 7.5). The beads were then incubated in # 30 el reaction volume
containing purified 6-His-Cdk5/p25 (isolated from SF9 cells), 10 mM Tris, pH
7.5, 20 mM MgCl,, and 1 mM cold ATP for | h. The reaction mixture was
separated on 10% SDS-PAGE, transferred to a PYDF membrane, and immu-
noblotled with Ser-25 phosphospecific GM130 artibody (gift frem Martin
Lowe). For Toading control, the membrane was stripped with stripping solu-
tion (62.5 miv Tris, pid 6.8, 2% SDS and 100 uM 2-mercaptoethanol) at 60°C
for 30 min and then washed with TBST extensively. The membrane was
incubated overnight with 5% milk and probed with GMI3C antibody, fol-
lowed by HRP-linked secondary antibedy.

p115 Binding Assay for GMI130

GM130 was expressed in BL21 cells and purified using Ni-NTA beads. GM130
was phosphorylated using Cdk5/p25 complexes in vitro, plis in
pCMVTag2B vector was a gift from Dennis Shields. Hela cells were trans-
fected with p115 using the calcium phosphate method. After 36 h, cells were
Iysed using 1% NP0 buffer, followed by immunoprecipation {IP} using
anti-Fl.AG antibody. The beads were washed two times with 1% NP-40 buffer
and once with kinase buffer. Unphosphorylated or phosphorylated GM130
was added o pl15 beads and incubated at 4°C for 4 h. After washing, the
binding of GMI30 to pll5 beads was detected by Western blot using 6-His
antibody.

GM130 Phosphorylation and p115 Binding in HeLa Cells

Hela cells were Iransfected with myc-GM130 using the calcium phosphate
methed. Serum slarvation was started 12 h after transfection. 100 uM, ApB, or
200 nM TAT-p25 was added and incubated for different times as indicated in
the figire legends, At the end of treabment cells were rinsed with cold PBS,
detached, and lysed in lysis buffer containing 1% NP-40, 50 mM Tris, 150 mM
NaCl, 10% glycerol, 2 mM EDTA, 15 mM NaF, 1 mM PMSF, and 1 mM
Nay V0, Cleared lysates were toaded directly en SDS-PACE gels or used for
immunoprecipitation with 1 pg GML30 anttbody and 5 pl protein A Sepha-
rose. GM130 phosphorylation and p115 binding was probed using Western
blat.

Statistical Significance

Bar graphs results are plotted as the average * SEM. Significance was cval-
uated using Student’s ¢ test analysis and is displayed as follows: *p < 0.05,
*p < 001, **p < (.001.

RESULTS

TAT-p25 Is a Temporal Activator of Cdk5 in Cell Lines
and Primary Neuvons

TAT-p25 was constructed by fusing TAT sequence with p25
for specific temporal activation of Cdk5, independent of
other stimuli. TAT-RFP was generated as a control. An in
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vitro kinase assay was performed with increasing amount of
TAT-p25 using GST-Cdk5 (50 nM). As shown in Figure 14,
maximal Cdk5 activation (set as 100%) was observed at
~B00 nM TAT-p25 concentration. When equal concentration
of TAT-RFP was incubated with GST-Cdk5, no change in
Cdkb activity was observed (data not shown).

TAT-p25 transduction in Hela cells resulted in rapid ac-
tivation of endogenous Cdk5 {~2.5-fold), which can be con-
trolled by modulating TAT-p25 levels (Figure 1B). No Cdk5
activation was observed, when TAT-RFP was added (data
not shown), Previous studies have recommended adding
~30-300 nM TAT-fusion proteins to the cells to dissect
biological functions (Nagahara ef al., 1998; Becker-Hapak et
al., 2001). We consistently observed maximal Cdk5 activa-
tion at ~200 nM TAT-p25 in several independent experi-
ments, However, when a large excess of TAT-p25 was added
{usually >300 nM), less Cdk5 activation was observed. Pre-
sumably, at a higher concentration TAT-protein interacts
with other serum proteins, causing aggregation, and thus
sufficient protein may not get inside the cells (Becker-Hapak
and Dowdy, 2003). Te further confirm if TAT-p25 activates
Cdk5 maximally at 200 nM concentrations, HeLa cells were
transfected with p25, and Cdk5 activation was measured.
Cdkb activation increased 2.5-fold upon p25 overexpression
(Figure 1, C and D), suggesting that TAT-p25 transduction
and p25 overexpression activate Cdk5 to comparable levels.
Similar results were obtained when TAT-p25 was trans-
duced in primary cortical neurons isolated from mouse em-
bryos (Figure 1E}. TAT-RFP transduction showed no effect
on Cdk5 activity (Figure 1E). As Cdk5 plays a key role in
neurodegenerative diseases, this tool should be particularly
useful in dissecting Cdk5d’s function in neurons.

TAT-p25 Activates Endogenous Cdk5 with Inducible
Temporal Control

A potential advantage of TAT-p25-mediated transduction is
to have inducible control over endogenous Cdk5 activity, as
exogenously added proteins should degrade over time in-
side the cells. We conducted a time course of TAT-p25-
induced Cdk5 activation {measured up to 6 h), TAT-p25 was
isolated from TAT-p25-treated Hela cells at different times
after transduction. As shown in Figure 1F, the highest con-
centration of TAT-p25 was observed at 1 h, which slowly
returns to basal levels in 6 h. As TAT-p25-mediated activa-
tion of Cdk5 wanes after 4 h, it confirms the same conclusion
(Figure 1(G). This important feature can be used for transient
activation of Cdkb. Alternatively, if sustained Cdk5 activa-
tion i1s required, TAT-p25 can be added every 4-6 h,

TAT-p35 Is a Temporal Activator of Cdk5

TAT-p35 was generated and used to activate GST-Cdk5 in
vitro, Similar to TAT-p25, TAT-p35 activated Cdk5 in a
dose-dependent manner (Figure 1H); however, the maxi-
mum Cdkb activation by TAT-p35 was only ~80% of the
maximum Cdk5 activation by TAT-p25 (cf. Figure 1, A and
H}. TAT-p35 was next transduced in HelLa cells, and Cdk5
kinase activity was evaluated (Figure 1I). The maximal en-
dogenous Cdk5 activation by TAT-p35 was ~1.5-fold com-
pared with p25-mediated activation, which was ~2.5-fold
(compare Figure 1, B and I). This result was expected as
p35-mediated Cdk5 activation is lower than p25-mediated
activation in vitro {cf. Figure 1, A and B; Amin ¢f al., 2002).
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Figure 2. TAT-CIP prevents Cdkb activation A

by p25 or p35 when added before Cdk5/p25 & '
or Cdlk5/p35 complex formation in vitro. {A) £ 400
TAT-CIP is inefficient in inhibiting Cdk5 ac- H
tivity in TAT-p25/CdkS preformed com- £ gp
plexes in vitro. For maximum activation of =
Cdkh by p25 (set as 100%), 50 nM GST-Cdk5 £ a0
and 500 nM TAT-p25 were preincubated at 8
30°C for 30 min according to Figure 1A. Next, £ *
Q

increasing amounts of TAT-CIP* were added
and incubated at 30°C for additional 30 min,
followed by kinase assays. Cohumnn 1, Cdk5; 2, 0
Cdk5/p25 (set as 100%); 3, Cdk5/p25 + 100

nM TAT-CIP; 4, Cdk5/p25 + 250 nM TAT-

CIP; 5, Cdk5/p25 + 500 nM TAT-CIP; 6, 100
Cdk5/p25 +  pM TAT-CIP. (B) For maximal §
Cdk5 inhibition by CIP, 50 nM GST-Cdk5 and £ w0
500 nM TAT-CIF were preincubated at 36°C E
for 30 mir: to form the complexes according to £ 6o
Figure 2A. Next, increasing amounts of TAT- g
p25 were added and incubated for additional B 40
30 min, followed by kinase assays. Column 1, 19
Cdk5; 2, Cdk5/p25 (set as 100%); 3, Cdk5/ S 20

CIP; 4, CdkG/CIP + 100 nM TAT-p25; §,
Cdk5/CIP + 250 nM TAT-p25; 6, Cdk3/CIP
+ 375 nM TAT-p25; 7, Cdk5/CIP + 500 nM
TAT-p25; 8, Cdk5/CIP + 1.5 uM TAT-p25. (C)
TAT-CIP is inefficient in inhibiting Cdk5 ac-
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tivity in TAT-p35/Cdk5 preformed complexes in vitro. For maximum activation of Cdk5 by p35, 50 nM GST-Cdk5 and 500 nlvi TAT-p35 were
preincubated at 30°C for 30 min according to Figure 1H. Next, increasing amounis of TAT-CIP were added and incubated at 30°C for
additional 30 min, followed by kinase assays. Column 1, Cdk5; 2, Cdk5/p35 (100% represents maximum activity of Cdk5/p25); 3, Cdk5/p35
+ 100 nM TAT-CIP; 4, Cdk5/p35 + 250 nM TAT-CIP; 5, Cdk5/p35 + 500 nM TAT-CIP; 6, Cdk5/p35 + 1 pM TAT-CIP. (D) For maximal Cdk5
inhibition by CIF, 50 nM GST-Cdk5 and 500 nM TAT-CIP were preincubated at 30°C for 30 min to form the complexes according to 2C. Nexi,
increasing amounts of TAT-p35 were added and incubated for additional 30 min, followed by kinase assays. Column 1, Cdk5; 2, Cdk5/ p3s;
3, Cdk&/CIP; 4, Cdk5/CIP + 100 nM TAT-p35; 5, Cdk5/CIP + 250 nM TAT-p35; 6, Cdk5/CIP + 375 nM TAT-p35; 7, Cdk5/CIP + 500 nM
TAT-p35; 8, CdkB/CIP + 1.5 uM TAT-p35, All the data shown are mean = SEM.

TAT-CIP Is a Specific Inhibitor of Cdk5 with High
Temporal Control

Although TAT-p25 and TAT-p35 provide effective ways to
isolate the sole consequences of Cdk3 activation in a tempo-
ral manner, they do not allow isolating specific Cdk5 func-

tions downstream of various stimuli. Because CIP peptide is
specific for Cdk5 (Amin ef al., 2002; Zheng et al., 2002, 2005),

Figure 1 {coni). and anti-actin antibody as loading conirol. (E}
Transduction of TAT-p25 activates endogenous Cdk5 in primary
cortical neurons. Primary cortical neurons were isolated from E17
CD-1 mouse embryos and seeded onte 100-mm plates for at least
4 d. Indicated amounts of TAT-p25 or TAT-RFP were incubated
with cells for 1 h. Cdk5 IP and kinase assays were conducted. (F)
TAT-p25 is degraded over time in the cells, TAT-p25 was isolated by
Ni-NTA beads from TAT-p25-treated HeLa cells at indicated times,
separated by SDS-PAGE, and transferred to PVDF membrane. TAT-
P25 was visualized using 6-His antibody (top panel). Ten percent of
the whale cell lysate was used as a loading control and immuno-
blotted using actin antibody (bottom panel). (G) Time course of
Cdi5 activation in HeLa cells induced by TAT-p25. TAT-p25 at 200
nM was incubated with cells at indicated times. Cdk5 IP and kinase
assays were conducted. (H) Activation of Cdk5 as a function of
TAT-p35 concentration in vitre. The reaction mixtures containing 50
nb GST-Cdk5 and the indicated amounts of TAT-p35 were incu-
bated at 30°C for 30 min, followed by kinase assays. One hundred
percent of Cdih activation represents the maximum activation of
Cdk5 by TAT-p23 shown in A. All values are significantly above
baseline {p < 0.0001). (I) Transduction of TAT-p35 activates endog-
enous Cdk5 in Hela cells. Indicated amounts of TAT-p35 were
incubated with cells for 1 h, Cdk5 IP and kinase assays were
conducted. All the data shown are mean *= SEM; *p < 0.05; *p <
0.01; #*p < 0.001 compared with untreated sample.
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it was chosen to develop a specific Cdk5 inhibitor. To encode
the temporal contr(_)l feature in CIP, TAT-fusion CIP was
generated.

TAT-CIP Prevents Cdk5 Activation by p25 In Vitro

An earlier study showed that CIP can bind to Cdk5 and
inhibit its activity to basal levels in vitro, but not when it is
in preformed complex with p1é, the minimum active trun-
cated peptide of p35 (Amin et ql., 2002). However, all the
proteins used in that study were GST-tagged, which could
cause artifacts due to GST dimerization. Furthermore, it has
been shown that CIP transfection inhibits Cdk5 activity in
the cells {Zheng et al., 2002, 2005), which could occur either
by breaking the Cdk3/p25 complex or by preventing p25
from binding/activating Cdk5.

In our study, although Cdkb was expressed as a G57-
tagged protein, both TAT-p25 and TAT-CIP were gener-
ated as 6-His tagged. Increasing amounts of TAT-CIP
were added to the preformed Cdk5/p25 complex that had
maximum Cdk3 activity (set as 100%) according to Figure
1A, and Cdk5 activity was measured. Similar to results
reported earlier (Amin et al., 2002), TAT-CIP could only
decrease Cdk5 activity by ~50% when added to the
Cdk5/p25 preformed complex (Figure 2A). However,
when TAT-CIP was added to Cdkd before p25, it pre-
vented p25 activation of Cdk5 (Figure 2B). Only slight
increase in Cdk5 activity was observed when a large
excess of p25 was added to the Cdk5/CIP complex. This
result suggests that TAT-CIP could protect the cells from
Cdk5-mediated toxicity when added before the neuro-
toxin or any other toxic stimulation.
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TAT-CIP Prevents p35 Activation of Cdk5 In Vitro

We next investigated if TAT-CIP can inhibit Cdk5/p35 com-
plex formation. Addition of TAT-CIP in the presence of the
Cdk5/p35 preformed complex led to maximum inhibition of
~50% (Figure 2C), similar to the results obtained using p25
(Figure 2A). Interestingly, a previous study showed that CIP
is unable to inhibit the Cdk5/p35 complex when expressed
endogenously (Zheng ef al., 2002, 2005)%; in contrast, our
results revealed that TAT-CIP efficiently prevents p35 acti-
vation of Cdkd, when added before Cdk5/p35 complex
formation (Figure 2D).

TAT-CIP Inhibits Cdk5 Activity upon Glutamate
Stimulation in HT22 Cells

Because glutamate activates Cdk5 activity in neuronal cells,
HT22 cells {immortalized mouse hippocampal cells) were
chosen to investigate Cdk5’s role on glutamate stimulation.
HT22 cells do not respond to excitotoxicity upon glutamate
stimulation. Instead, they respond to extracellular glutamate
by oxytosis, which prevents cystine uptake, resuiting in
glutathione loss in the cells. As glutamate concentration
varies from 1 to 10 mM in the synaptic cleft and intraneu-
ronal compartments (Dzubay and Jahr, 1999), the Cdk5 ac-
tivation profile was monitored at 10 uM and 5 mM concen-
tration. Cdk5 was activated at both concentrations (see
Figure 3, A and B). However, the peak activation, after 10
pM and 5 mM glutamate treatment, was observed at 60 and
30 min, respectively (data not shown).

TAT-CIP was added to HT22 cells upon 10 pM glutamate
stimulation at t = 0, and Cdk5 activity was measured after
1 h. Glutamate at 10 uM activates Cdk5 more than twofold
within i h, which was inhibited by TAT-CIP (Figure 3A).
Importantly, TAT-CIP was added at the same time as glu-
tamate in these experiments, suggesting that TAT-CIP can
inhibit Cdk5 activity to basal levels if added at the time of
stimulation by preventing Cdk5/p25 complex formation
(Figure 3A).

Similar results were obtained when HT22 cells were
treated with 5 mM glutamate, and Cdk5 activity was mea-
sured after 30 min (Figure 3B). As maximal Cdk5 activation
is relatively more rapid at 5 mM glutamate than at 10 M (30
min vs. 1 h), TAT-CIP needs to be added 30 min before
stimulation for maximal Cdk5 inhibition.

TAT-CIP Inkibits Cdkd Activity in Primary Neurous upon
AP35 Stimulation

Multiple studies have documented Cdk5 activation upon
AB stimulation due to cleavage of p35 to p25 (Patrick ef al.,
1999; Dhavan and Tsai, 2001; Cruz and Tsai, 2004; Tsai ef al.,
2004). In this study, we used AR5, which is the biologi-
cally active and highly toxic core fragment of full-length AB
(AR Yankner ef al., 1990; Pike et al, 1995). AB¥S jg
produced by enzymatic cleavage of naturally occurring Ag
in brains of AD patients (Kubo ef al., 2002). Previous studies
have shown that acute icv administration of A% induces
the deposition of endogenously produced amyloid protein.
In addition, AB?53% induces neurotoxic effects similar to
those produced by AB'-*? and generates neuropathological
signs related to those of early stages of AD (Maurice ef al.,
1998; Stepanichev et al., 2003; Cheng et al., 2006; Klementiev
et al,, 2007).

When TAT-fusion proteins were added to AB*>*-treated
primary cortical neurons, TAT-RFP showed no effect (Figure
3C). However, TAT-CIP addition 30 min before AB*-55
stimulation resulted in complete inhibition of Cdk5 activity
(Figure 3C), This result confirms that TAT-CIP inhibits Cdk5
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activity to basal levels in a highly temporal manner in pri-
mary neurons by preventing Cdk5 from binding to p25
formed upon neurotoxic stimulation.

TAT-CIP Specifically Binds Cdk5 in the Cells

To further ensure that TAT-CIP-mediated inhibition of
Cdk5 activity was due to its specific binding, Cdk5 immune
complexes were isolated from TAT-CIP-treated cells and
probed using 6-His antibody. As shown in Figure 3D, TAT-
CIP specifically binds Cdk5 inside the cells.

TAT-CIP Provides Inducible Control over Cdk5 Activity
Similar to TAT-p25, TAT-CIP was expected to degrade over
time in the cells, TAT-CIP was isolated from TAT-CIP-
treated HT22 cells at different times after transduction. As
shown in Figure 3E, the highest concentration of TAT-CIP
was observed at 1 h, which degraded to background levels
in & h after addition to FT22 celis. This property of TAT-
fusion proteins can be used to examine Cdk5s role in a
pathway by specifically inducing either transient or sus-
tained inhibition (or activation) of Cdk5.

Examination of Possible Tovicity Induced by TAT-Fusion
Proteins

The strategy of TAT-mediated protein transduction has been
used extensively in recent years for studying signal trans-
duction. Because both CIP and p25 are small proteins, their
transduction was very efficient. However, there are two
main concerns with TAT-transduction studies. First, TAT-
fusion proteins often employ the endosomal pathway, re-
sulting in improper destination, which renders them non-
functional (Shiraishi et al., 2005). Second, as TAT is derived
from HIV, cytotoxicity is a concern. Recent studies have
documented that the HIV protein Tat induces neurotoxicity
and oxidative stress both directly and indirectly (Pocernich
ef al., 2005)., Although we used TAT-peptide (residues 47-57
of HIV-Tat: YGRKKRRQRRR) instead of Tat, both concerns
were addressed in this study.

Previous studies have shown that cationic peptides like
TAT-fusion proteins predominantly enter via the endosomal
pathway, which can be released using either 6 mM Ca®' or
lysosomotrophic agents such as chloroquine (Shiraishi et al.,
2005). However, in that study, a large excess of TAT-fusion
proteins (0.5-4 uM) was used compared with the amount in
the present study {200 nM}, which may contribute to toxic-
ity. Nevertheless, to elucidate if TAT-p25 transduction was
mediated by the endosomal pathway, TAT-p25-treated cells
were further treated with either CaCl, (1-10 mM) or chlo-
roquine, both of which facilitate endosomal release. Nei-
ther CaCl, nor chloroquine showed any increase in Cdk3
activation (data not shown), implying that either sufficient
TAT-p25 is able to bind Cdk5 independent of the endo-
somal pathway or that TAT-p25 transduction is not pre~
dominantly due to endocytosis. However, addition of
excess TAT-fusion protein may lead to transduction via
the endosomal pathway.

Because full-length HIV-Tat can cause ROS formation, we
next examined a possible role for TAT-fusion protein in
inducing oxidative stress. Peroxiredoxin-II (T89A) [{Prx-I
(T89A)] mutant protein was cloned as the corresponding
TAT-fusion protein. Prx-II is a major antioxidant protein that
is responsible for eliminating ROS in the cytoso! (Kang et al.,
2005). Because Prx-II activity is eliminated upon phosphor-
ylation, we generated Prx-II (T89A), which is resistant to
phosphorylation (Chang et al., 2002; Jang ef al., 2006). This
step eliminates any artifact that may be caused upon post-
translational modification in the cells.
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Figure 3. TAT-CIP binds and inhibits endogenous Cdk5 specifically upon neurotoxic stimulaton in the celis, (A) TAT-CIP inactivates
endogenous Cdk5 in HT22 cells stimulated with 10 uM of glutamate. Cells (n = 10%) were seeded on 100-mm plates overnight. Indicated
amounts of TAT-CIP and 10 uM glutamate were added simultaneously. After 1-h incubation, Cdk5 TP and kinase assay were conducted.
Column 1, no treatment; 2, glutamate; 3, glutamate + 100 nM TAT-CIF; 4, glutamate + 200 nM TAT-CIP; 5, glutamate + 500 nM TAT-CIP,
(B} TAT-CIP inactivates endogenous Cdkb in HT22 cells stimulated with 5 mM of glutamate. Indicated amounts of TAT-CIP were added 30
min before 5 mM glutamate, After 30 min of glutamate stimulation, Cdk5 IP and kinase assay were conducted. Column 1, no treatment; 2,
glutamate; 3, 100 nM TAT-CIP + glutamate; 4, 200 nM TAT-CIP + glutamate; 5, 500 nM TAT-CIP + glutamate. (C) Transduction of TAT-CTP
inactivates endogenous CdkS in primary cortical neurons upen AB2555 stimulation. TAT-CIP at 200 nM was added to primary cortical
neurons 30 min before stimulation of 20 pM Ap?% TAT-RFP at 200 nM was used as control. After additional 30 min of AB¥3% stimulation,
Cdk5 IP and kinase assay were conducted. Colurmn 1, no treatment; 2, A3, 3, TAT-CIP + Ag?5-35; 4, TAT-RFP + A% All the data
shown are mean ® SEM., (D) TAT-CIP binds to endogenous Cdk5 in the cells. After TAT-CIP was added to the HT22 cells for indicated times,
Cdk5 immune complexes were isolated, separated by SDS-PAGE, and transferred to PVDFE membrane. TAT-CIP was immunodetected using
6-His antibody {top panel). Ten percent of the whole cell lysate was used as a loading conirel and immuncblotted using actin antibody
(bottom panel). (E} TAT-CIP is degraded over time after addition to the culture. TAT-CIP was isolated by Ni-NTA beads from TAT-CIP-
treated HT22 cells at indicated times, separated by SDS-PAGE, and transferred to PYDF membrane. TAT-CIP was immuncdetected using
6-His antibody {top panel). Ten percent of the whole cetl lysate was used as a loading contrel and immunchblotted using actin antibody
(bottom panel). (F) TAT-Prx-IT (T8%A) reduces ROS formation upon 5 mM glitamate stimulation in HT22 cells. indicated amounts of either
TAT-Prx-I1 (TE?A) or TAT-REP were added to HT22 cells, followed by 5 mM glutamate stimulation. After 4-h incubation, DCFDA staining
was conducted as described in Maferials and Methods. Column 1, no treatment; 2, glutamate; 3, 50 nM TAT-Prx-11 (T89A) + glutamate; 4, 100
nM TAT-Prx-1I (TE9A) + glutamate; 5, 200 nM TAT-Prx-II (T89A) + glutamate; 6, 500 nM TAT-Prx-11 (T89A) + glutamate; 7, 50 nM TAT-RFP
+ glutamate; 8, 100 nM TAT-RFP + glutamate; 9, 200 nM TAT-REP + glutamate; 10, 500 nM TAT-RFP + glutamate. All the data shown are
mean + SEM.

For ROS measurement using DCFDA staining, fluorescence
was recorded at an excitation wavelength of 488 nm and an
emission wavelength of 530 nm. To avoid overlap at these
wavelengths, TAT-RFP was used as a negative control. mPlum-
RFP emits at 649 nm, and thus is the farthest-red emitter
identified so far {Shaner ef al., 2005). As mentioned above,
preliminary experiments using TAT-RFP revealed neither
toxicity nor Cdkb activation in HT22 {data not shown) and
primary cortical cells (Figures 1E and 3C).

To induce ROS formation, HT22 cells were stimulated
using glutamate (5 mM), and ROS levels were evaluated
using DCFDA staining via flow cytometry (Stanciu ef al.,
2000). Although addition of TAT-Prx-II (T89A) with opti-
mized concentration (50-200 nM) to HT22 cells eliminated
ROS upon glutamate stimulation, TAT-RFP showed no ef-
fect (Figure 3F). These results suggest that TAT-fusion pro-
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teins may not cause ROS formation unless added at very
high concentrations. TAT-Prx-1I (T89A)-mediated elimina-
tion of ROS presents another example of an active TAT-
fusion enzyme, which can be used in a highly temporal and
dose-dependent manner,

TAT-CIP Reduces Cell Differentiation upon NGF
Stimulation

We next wanted to investigate if TAT-fusion proteins could
be used for prolonged modulation of Cdk5 activity without
causing any toxicity. Because differentiated PC12 cells are
well-studied models for isolating Cdk3 contribution, these
cells were chosen. Previous studies have shown that Cdkb is
inactive in dividing neurcnal cells. It becomes progressively
more active in differentiating cells (Yan and Ziff, 1995;
Harada et al., 2001} and is predominantly expressed in ter-
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minally differentiated neurons {Lew et al., 1994; Tsai ef al.,
1994; Dhavan and Tsai, 2001). NGF treatment triggers PC12
cells differentiation into sympathetic-like neurons, which is
characterized by neurite outgrowth (Greene and Tischler,
1976; Marshall, 1995; Harada et al., 2001; Li et al,, 2007).
Cdk5/p35 complex is essential for neurite outgrowth (Ni-
kolic et al., 1996; Xiong et al, 1997, Paglini et al, 1998).
Disruption of either of the genes that encode these proteins
leads to defects in neuronal migration and cortical lamina-
tion in mice (Ohshima et al., 1996; Chae ¢f al., 1997). The
expression of p35, and thus the kinase activity of Cdk5, is
strongly induced by NGF stimulation. Inhibition of Cdk5 by
roscovitine blocks NGF-induced neurite outgrowth (Harada
et al., 2001).

PC12 cells were serum-starved for 24 h, followed by NGF
treatment (50 ng/ml) up to 48 h. To assess Cdk5's contribu-
tion, PC12 cells were treated with either roscovitine (10 wM)
or TAT-CIP (200 nM), 30 min before NGF stimulation. TAT-
CIP was either added once or every 6 h (sustained). TAT-
RFP was used as a control. Although TAT-CIP efficiently
inhibited neurite outgrowth, TAT-RFP showed no effect
{Figure 4, A and B). Thus, TAT-CIP can be used for both
transient and sustained inhibition of Cdk5 activity.

in addition, although previous studies have shown that
CIP does not inhibit Cdk5/p35 in the cells (Zheng et al., 2002,
2005), our results show that TAT-CIP can inhibit Cdk5/p35
complex formation both in vitro (Figure 2D} and inside the

A

untreated NGF

NGF + Roscoviting

B

NGF + TAT-RFP (transient) NGF + TAT-RFP (sustained)

NGF + DMSO

NGF + TAT-CIP (transient) NGF + TAT-CIP (sustained) : ]

cells {Figure 4, A and B} if added before Cdk5/p35 complex
formation. As neurite outgrowth is due to Cdk5/p35 activ-
ity, TAT-CIP-mediated inhibition of neurite outgrowth fur-
ther confirms that TAT-CIF can prevent Cdk5 from binding
of endogenous p35 upon NGF stimulation. Reduction in
neutite cutgrowth observed upon transient addition of TAT-
CIP after NGF stimulation further supports this conclusion.

Cdk5 Inhibition Using TAT-CIP Shows Minimal Effect on
Cell Viability

As noted earlier, roscovitine inhibits both Cdc2 and Cdk2
(Meijer et al., 1997), which should result in cell death irrve-
spective of CdkE. Several studies support Cdk5’s role in cell
differentiation, proliferation, or survival in various cell types
using roscovitine (Harada ef al., 2001; Sharma et al., 2004;
Goodyear and Sharma, 2007; Zheng ¢t al., 2007), The key
advantage of using TAT-CIP compared with other pharma-
cological inhibitors of Cdk5 is its ability to isolate the con-
sequences of Cdk5 activity solely in the presence of other
Cdks.

An MTT assay was conducted to assess cell viability of
HT22 cells subjected to either 10 uM roscovitine or TAT-CIP
{transient and sustained addition) for 24 h, which allows
completion of at least one cell cycle. Although roscovitine
treatment curtailed cell viability by 50% in 24 h, both tran-
sient and sustained addition of TAT-CIP showed minimal
effect (Figure 4C). Reduced ceil viability upon roscovitine
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Figure 4. Consequences of Cdkb activity can be isolated using transient or sustained TAT-CIP addition with minimal toxicity. (A and B)
Inhibition of Cdk5 by TAT-CIP reduces newrite outgrowth in PC12 cells upon NGF stimulation. FC12 cells were serum-starved for 24 h,
followed by 50 ng/ml NGF stimulation plus freatments as indicated for 48 h. (A) Images show the distribution of nuclei and F-actin staining
as described in Materials and Methods. (B) The percentage of neurite outgrowth: column 1, no treatment; 2, NGF; 3, DMSO + NGF; 4, 10 M
roscovitine + NGF; 5, transient TAT-CIP addition + NGF; 6, sustained TAT-CIP addition + NGF; 7, transient TAT-RFP addition + NGF; 8§,
sustained TAT-RFP addition + NGF. (C) Although roscovitine arrests the cells presumably by blocking Cde2 and Cdk2, TAT-CIP is specific
for Cdk5 and is not toxic to the cells, HT22 cells were seeded 25,000 cells per well in 12-well plates overnight, followed by treatments as
indicated for 24 h. MTT assay was performed as described in Materials and Metheds. Calumn 1, no treatment; 2, DMSQO; 3, 10 uM roscovitine;
4, transient addition of TAT-CIF; 5, sustained addition of TAT-CIP; 6, transient addition of TAT-RFF; 7, sustained addiion of TAT-RFP. All
the data shown are mean * SEM.
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treatment was presumably due to inhibition of Cde2 for a
prolonged period. Because TAT-CIP efficiently prevented
neurite formation upon NGF stimulation (Figure 4, A and
B), but did not affect cell viability, it suggests that Cdk5
inhibition is not toxic in HT22 cells, contrary to the results
obtained using rescovitine (Figure 4C).

TAT-CIP Rescues Golgi Fragmentation in HeLa Cells
Induced by AB*3%

Having established the validity of these novel tools, we
proceeded to evaluate Cdk5’s role in Golgi fragmentation.
To examine the morphology of fragmented Golgi at high
resolution, Hel.a cells were initially chosen for their rela-
tively large size and flat-adherent phenotype. A direct link
between Af and Golgi morphology has not been delineated
in any cell type. Our initial goal was to investigate if AB
treatment could promote Golgi disassembly. To eliminate
Golgi fragmentation during mitosis, these cells were starved
for 12 h in serum-free media, followed by 100 pM AB25-35
treatment for 12 h. Golgi morphology was evaluated using
mannosidase 1I. In control cells, Golgi can be seen in two
maorphologies: Gelgi ribbon that represents a 17.8 + 1.8% of
total number of cells (§ in Figure 5, A and B) or a round
accumulation of short ministacks: 77 7 1.5% of total number
of cells (# in Figure 5, A and B). Confocal pictures showed
that Golgi ribbon measures 16 + 3 um in length, 1 = 0.3 pm
thickness, whereas round Golgi (#) has a diameter of 5 = 2
pm. In conlrast, in AB*53>-treated cells, only 5.9 = 1.4% of
cells have a Golgi ribbon, and in 38.9 + 7% of the cells Golgi
stacks are frapmented, and vesicles are dispersed all over the
cytosel (1 in Figure 5A). In this case, the remaining Golgi
measures 2.3 * (.7 um in diameter.

To quantify the degree of dispersion, several parameters
were measured: AOG (area occupied by Golgi); CF/A (cell
fluorescence exciuding the Golgt per unit of area), and GFL
(% of fluorescence in the Golgi). As shown in Figure 5B, the
area occupied by Golgi decreases in Ap*535-treated cells,
confirming that Ag induces robust Golgi fragmentation in
HeLa cells. When dispersion of the fragmented Golgi was
measured, it showed that CF/ A increases with A% treat-
ment, which was prevented by Cdk5 inhibition using either
TAT-CIP or roscovitine. Finally, the percentage of fluores-
cence present in the Golgi decreased in A#*53>-treated cells
and increased in all samples where Cdk5 was inhibited,
regardless of the presence of AB2%5, The percentage of cells
with fragmented Golgi was counted using an epifluores-
cence microscope, which correlated well with the result
obtained using confocal microscope (Figure 5C). Dispersed
vesicular immunostaining could be readily differentiated
from juxtanuclear compact Golgi staining using an epifluo-
rescence microscope, which confinned that Ap-induced
Golgi fragmentation was prevented by Cdk5 inhibition (Fig-
ure 5C). Together, these results reveal a critical role of Cdkb
in causing Golgi fragmentation upon Af treatment (Figure
5, A-C).

Role of Cdks in Golgi Disassembly in PC12 Cells upon
AR*-3 gnd Glutamate Treatment

We next used differentiated neuronal cells as a model both to
circumvent mitotic Golgi fragmentation and to study Cdk5
in a more physiclogical environment. PC12 were differenti-
ated using NGF for 3 d, after which they were subjected to
either AB (25 pM) or glutamate (10 mM) treatment for 24 h.
Similar to AB, glutamate have also not been linked to Golgi
fragmentation either. Both treatments induced robust Golgi
fragmentation after 24 k, which was prevented only if TAT-
CIP was present during this process (Figure 5, D and E). In
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contrast, roscovitine-mediated inhibition of Cdk5 during
Af-reatment did not prevent Golgi disassembly, presum-
ably because of its toxicity upon longer exposure (Fgure 5,
D and E).

Role of Cdk5 in Golgi Disassembly in SH-SY5Y Cells
upon AR*%% and Glutamate Treatment

Human neurcblastoma SH-SY5Y cells undergo slow cell
death upon exposure to both glutamate and A and are
used as a tissue culture model for AD. Therefore, these cells
were selected next to investigate Cdk5's role in Golgi disas-
sembly. Similar to PC12 cells, glutamate causes SH-SY5Y cell
death due to oxytosis and increased Ca?* levels (May et al.,
2006). SH-SY5Y cells were differentiated into neuronal like
cells using retinoic acid for 5 d. Retinoic acid differentiation
causes basal Golgi fragmentation (Sarkanen ef al., 2007). In
this case, however, Golgi vesicles are not dispersed around
the cell, but remain grouped next to the nucleus. Glutamate-
treatment for 24 h resulted in strong Gelgi disassembly
(Figure 5, F and G). In this case, both TAT-CIP and rosco-
vitine rescued Golgi disruption; however, roscovitine was
not as efficient (Figure 5, F and G). When Af was used to
induce Golgi fragmentation, it showed a similar pattern.
These results strongly support Cdk5’s role in Golgi fragmen-
tation in AD downstream of AB and glutamate.

Role of Cdk5 in Golgi Disassembly in Primary Cortical
Cells upon AB*3% and Glutamate Treatment

To investigate if CdkB-mediated Golgi fragmentation is a
common mechanism in primary neurons as well, primary
cortical cells isolated from E-17 Sprague Dawley rats were
subjected to AfB and glutamate treatments, The percentage
of cells with fragmenied Golgi was monitored 24 h after AS
stimulation and 12 h after glutamate treatment. Both Ag and
glutamate caused robust Golgi fragmentation, which was
also Cdk5-dependent (Figure 6, A and B).

Sole Activation of Cdk5 Causes Golgi Fragmentation in
Pritnary Cortical Cells

Because our result showed an essential role of Cdk3 in
glutamate- and Ap-induced Golgi fragmentation, we ana-
lyzed if Cdk5 hyperactivation was enough to induce frag-
mentation in the absence of other toxic stimuli. TAT-p25
transduction revealed strong Golgi fragmentation in 12 h
{(Figure 6, A and C), suggesting that Cdk5 activaticn alone is
sufficient to induce fragmentation in the absence of other
neurotoxic stimuli.

Sole Activation of Cdk5 Causes Golgi Fragmentation in
PC12 and SH-SY5Y Cells

TAT-p25 was next transduced in differentiated PC12 and
SH-5Y5Y cells and Golgi disassembly analyzed at different
times using anti-mannosidase immunostaining (Figure 6D).
TAT-p25 treatment resulted in strong Golgl fragmentation,
similar to the results obtained using primary neurons (Fig-
ure 6, C and E).

AB- and Glutamate-medinted Cell Death in Differentiated
PC12 and SH-SYSY is Cdkb-dependent

Both AfS- and glutamate-induced toxicity in neurons have
been shown to be largely Cdk5-dependent (Alvarez et al,
1999; Lee et al,, 2000; Wei et al., 2002; O'Hare et al., 2005). As
robust Golgi fragmentation was observed after 24 h of
AR5 and glutamate treatments in both differentiated
PC12 and SH-5Y5Y cells, we next investigated if these events
lead to celt death.
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Figure 5. Cdk5 is involved in Golgi fragmentation induced by neurotoxic stimuli. {A) Serum-starved Hela cells were treated with 200 nivi
TAT-CIP, 10 pM rescovitine, 100 uM AB*35, or the vehicle {no treatment) as indicated. After 12 h of treatment cells were fixed with methanol
and immunostained with mannosidase Il {(green). DAPI was used to stain the nuclei (blue). Representative confocal pictures are shown. Scale
bar, 20 um. §, Golgi ribbon; #, round Golgi; and 9, fragmented Golgi. (B) Morphological parameters quantification: confocal pictures from
six cells for each condition were measured as described in Materinls and Methods. AOG area of Galgi, CF/A mannosidase labeling intensity
outside the Golgi, GFL percentage of fluorescence in the Golgi. *p < 0.05, **p < 0.01. {C) HeLa cells were tzeated and immunostained in the
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Cell viability in differentiated PC12 and SH-5Y5Y cell
was quantified by MTT assay afler 4872 h of glutamate and
Af treatments, For both treatments PC12 and SH-SY5Y cells
showed significant loss in cell viability after 48 h. TAT-CIP
treatment revealed it to be Cdk5-dependent both in SH-
SY5Y and PC12 cells (Figure 7, A and B, respectively).

To further quantify cell death in glutamate and A treated
differentiated PC12 and SH-SY5Y cells, nuclear morphology
was observed using propidium iodide. After neurotoxin
treatments, cells were fixed and stained with PI at different
time points and analyzed using fluorescence microscopy.
Although few cells showed apoptotic nuclei after 24 h, they
increased considerably after 48 h in both the cell types upon
glutamate and A treatment (Figure 7, D and F).

As shown in Figure 7, E and G (PC12 and SH-SY5Y,
respectively), apoptotic nuclear counting revealed a similar
trend: both glutamate and A curtailed significant cell via-
bility in 48 h, which was prevented if Cdk5 kinase activity
was inhibited.

Golgi Fragmentation Afone Is Not Sufficient to Induce
Cell Death

Because Goigi fragmentation may precede neuronal death
(Nakagomi ef al., 2008), we next wanted to investigate if
Cdk5-mediated Golgi fragmentation is enough to promote
death. To this end, TAT-p25 was used to induce Golgi
fragmentation. Robust Golgi fragmentation was observed at
12 h after TAT-p25 treatment in both differentiated PC12 and
SH-5Y5Y cells (Figure 6, D and E); however, cell death was
only observed after 24 h (Figure 7, D, F, and H) but not at
12 h (data not shown). Similarly, AB and glutamate treat-
ments in SH-SY5Y and PPC12 cells also showed minimal cell
death, but showed robust Golgi fragmentation at 24 h (Fig-
ure 7, A and B), suggesting that Golgi fragmentation may
precede neuronal death, but is not enough to induce cell
death. Because Golgi fragmentation has been suggested to
be an early event in AD pathology (Baloyannis, 2008), it
supports our hypothesis that Golgi fragmentation alone may
not be sufficient to cause acute toxicity. Notably, TAT-p25,
AB, and glutamate showed considerable toxicity in 48—72 h
that was Cdk5~dependent (Figure 7, A-G). These findings
suggest that Cdk5 activates other neurotoxic pathways as
well causing toxicity (our unpublished data).

Mechanism of Cdk5-induced Golgi Fragmentation

To unravel the mechanism of Cdk5-mediated Golgi frag-
mentation, a chemical genetic screen was conducted to iden-

Figure 5 (cont). same way as in A. Percentage of cells with frag-
mented Gelgi was scored as percentage of cells with significant
cytosulic labeling and small remaining Golgi using an epifluores-
cence microscope; 100 cells were counted for each sample in triph-
cates, *p << (.05, () Differentiated PC12 were treated with 25 pM
AB* gr 10 mM glutamate for 24 h in the presence of 200 nM
TAT-CIP, 10 M roscovitine or the vehicle as described in Materials
and Methods, Representative pictures from methanol fixed cells
stained with anti-mannosidase II (red) and DAPT (blue) are shown.
Scale bar, 20 um. (E) Graph shows the percentage of differentiated
PC12 cells with fragmented Golgl, i.e., diffused Galgi staining in the
cytosol. Average of 100 cells from five random fields; *p < 0.05. (F)
Differentiated SH-5Y5Y were treated with 25 uM A5 or 10 mM
glutamate for 24 h in the presence of 200 nM TAT-CIP, 10 pM
rogcovitine, or the vehicle as described in Materizls and Metiods.
Representative pictures from methanol-fixed cells stained with anti-
mannosidase IT {green} and DAPI (blue) are shown, Scale bar, 20
pm. (G) Quantification: percentage of SH-SYSY cells with diffused
Golgi staining in the cytosol. Average of 100 cells from five random
fields; *p < 0.05.
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tify novel substrates of Cdk5 kinase in mouse brain lysates
(Shah et al., 1997; Shah and Shokat, 2002; Shah and Shokat,
2003; Shah and Vincent, 2005; Kim and Shah, 2007}, Cdk5
was engineered to accept a nonnatural phosphate donor
substrate (A*TP) that is poorly accepted by wild-type pro-
tein kinases in the cel! (our unpublished observations). This
analog-sensitive mutation was created in the active site of
Cdkb by replacing F80 with a glycine residue (Cdk5-analog-
sensitive kinase-1, Cdk5-asl; our unpublished data). To
identify the most optimal orthogonal phospho-donor for the
engineered kinase, several [v3?PJATI analogs were
screened using Cdkb-asl/p25, which identified [y-#P]N-6-
phenethyl-ATP as the optimal orthogonal phosphodonor for
Cdk5-as1 kinase. This chemical genetic approach was used
in conjunction with 2D electrophoresis and mass spectrom-
etry ta identify the direct substrates of Cdk5 in mouse brain
extracts {our unpublished data).

This screen revealed cis-Golgi matrix protein GM130 as a
novel substrate of Cdk5. Both Cdc2 and Cdk5 have similar
substrate specificity and preferentiaily phosphorylate S/TP
sites. As Cdc? phosphorylates GM130 at Ser25, causing
Golgi fragmentation, deregulated Cdk5 may also phosphor-
yiate the same site resulting too in Golgi fragmentation. To
examine this possibility, an in vitro kinase assay was con-
ducted using Cdk5/p25 and GMI130 immune complex
isolated from Hela cells, GM130 phosphorylation was
probed using Ser25-phosphospecific GM130 antibody.
Our result revealed that Cdk5 phosphorylates GM130 at
Ser 25 (Figure 8A).

GM130 Phosphorylation Inhibits Its Binding to p115

GM130 phosphorylation at Ser25 should inhibit its binding
to vesicle-docking protein p115 causing Golgi disassembly
(Nakamura et al, 1997). To investigate this possibility,
o-His-tagged GM130 was expressed, purified, and subjected
to kinase assay with Cdk5/p25. p115 was expressed in Hela
cells using transfection and isolated using FLAG antibody.
Untreated and Cdk5/p25-treated GMI30 were added to
P15 beads, and their binding was investigated. GM130
phosphorylation abrogates its binding to p115 (Figure 8B},

AB Treatment Causes GM130 Phosphorylation and
Inhibits p115 Binding

To confirm the relevance of Cdk5-mediated GM130 phos-
phorylation in a cellular context, HeLa cells were transfected
with GM130, serum-starved, and treated with A8 to induce
Golgi fragmentation. GM130 was phosphorylated at Ser25
upont A treatment, which was prevented upon Cdkb inhi-
bition (Figure 8C, top panel). These results were further
cortfirmed by investigating p115 binding, which decreased
substantially upon GM130 phesphorylation, which was
Cdk3-dependent as expected (Figure 8C, middle panel).

Sole Activation of Cdk5 Promotes GM130
Phosphorylation and Inhibits p115 Binding

Next, TAT-p2% was transduced in Hela cells and GM130
phosphorylation was investigated. GM130 phosphorylation
at Ser2d increased substantially in 3 h with simultaneous
dissociation of p115 (Figure 8D). Together, these results
suggest that GM130 phosphorylation by Cdk5 is an impor-
tant mechanism by which Golgi fragmentation can occur in
AD. As deregulated Cdk5 activity is reported in several
neurodegenerative diseases that show Golgi fragmentation
as well, the phenomenon may be Cdk5-dependent.
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Figure 6. (A) Rat cortical cells plated on coverslips were used on DIVS. TAT-CIP or TAT-GFP at 200 nM were added 30 min before adding
glutamate or A% Cells were treated with 10 mM glutamate, 25 pM A%, or different amounts of TAT-p25. All recombinant TAT
proteins were readded every 4 h. After 12 h (glutamate and TAT-p25) or 24 h (A treatment) cells were fixed and immunostained using
mannosidase IT antibody to detect Golgi (red} and Hoechst was used to stain the nuclei (blue). Percentage of cells with fragmented Goigi were
counted from a total 300 cells from random fields in duplicates (B and C). (D} TAT-p25 induces Golgi fragmentation, Differentiated PC12 and
SH-SHSY cells were transduced with 200 nM TAT-p25, 200 nM TAT-GFP (PC12), or TAT-RFP (SH-SY5Y); 0.5 mM imidazole was used as a
confrol. After 12 and 24 h of sustained addition of protein, cells were fixed and immunostained against mannosidase IT with a second
antibody red (PC12) or green (SH-5Y3Y), together with DAPI {blue), Scale bat, 20 um. (E) Quantification of the percentage of cells with
fragmented Golgi. Average of 100 cells counted from five different random felds; *p <2 G.05, ¥p < 0.01, *p < 0.001.

DISCUSSION sembled in early prophase and later reassembled in telo-

Golgi apparatus plays a central role in posttranslationa] ~ Phase (Robbins and Gonatas, 1964). Pathologically, neu-

maodification, transport, and targeting of a variety of pro- ron?\l Golgi apparatus 1s.frag{nented or dispersed in a
teins destined for lysosomes, plasma membrane, or secre-  variety of neurodegenerative diseases. A recent study has
tion. Newly synthesized proteins in neurons are pro-  shown that expression of C-terminal fragment of GOIS}‘
cessed through Golgi for fast axoplasmic transport. associated protein GRASP6S (G65A200) prevents mitotic
Fragmentation of Golgi apparatus during mitosis is a  Golgi disassembly (Sutterlin et al,, 2002), but only par-
physiological phenomenon, during which Golgi is disas- tially rescues Golgi fragmentation initiated via apoptotic

3064 Molecular Biology of the Cell



Cdk5's Role in Golgt Fragmentation

A B
14054 TAT-GFP 140 TAT-GFP 140, B TAT-CEP
& TAT-CIP = TAT-CIP Tat g o
120 120 1204
. Rk k&kk
=100 _ 1004 = = 1004
£ 5o | E 20, = £ 80+
@ I @
& 80 3 o] % 60
Ed e Ed
40 4 40 40
20 4 20 20
o J ] 0 MES : i i
untreated  Glutamate AR untreated  Glutamate SH-SY5Y PCY
D TAT-GFP AR + TAT-GFP Glu + TAT-GFP TAT-p25 (24h)
TAT-CIP Al + TAT-CIP Giu + TAT-CIP TAT-p25 (72h)
F TAT-GFP AR + TAT-GFP Glu + TAT-GFP TAT-p25 (24h)
AR + TAT-CIP Giu + TAT-CIP TAT-p26 (72h)
E s TAT-GFP G TAT-GFP H wwm TAT-GFP
48, koo TAT-CIP e T TATGIE 5] o o TATEE At
81 bl Fdenk
L aa 20
2 z B 20
3 12 2 g
£ €15 £
£ 104 2 o 15
£ 2 &
s 8 o
& 8104 ©
<8 < 2 104
* % = ®
4 ' 5 5
R
0 é i

SH-8YSY PC12

Tuntreatad Glutamate
Figure 7. Differentiated SH-5Y5Y (A} and PC12 (B) cells were treated with 10 mM glutamate for up to 48 h or 25 pM AB%5 for 72 h in
the presence of 200 nM TAT-CIP or TAT-GEP (C} or with 200 nM TAT-p25 for 24 and 72 h. All recombinant proteins were added every 4 h.
Cell viability was measured at the end of the treatment by the addition of MTT reagent for 30 min, and cells weve rinsed with PBS and lysed
in DMS0. Graph presents the percentage of absorbance (in proportion to cell viability) compared with the TAT-GFP-treated control.
Differenttated PC12 (D) or SH-SY5Y (F) were treated with 10 mM glutamate or 25 uM AB*" in the presence of 200 nM TAT-CIP or TAT-GFP
for 48 h or with 200 nM TAT-p25 for up to 24 ar 72 h. All recombinant proteins were added every 4 h. After treatment, cells were fixed and
permeabilized, and nuclei were stained with PI (red). The percentage of celis with apoptotic nuclei {pycnotic or fragmented) is shown (E, G,
and H); 300 cells from random fields were counted in duplicate. *p < 0.05, *p < 0.01, **p < 0.001,

insult (Nakagomi ef al., 2008). These findings suggest that investigate if a relationship exists between deregulated
irreversible Golgi dispersion in degenerating brains may Cdk5 activity and Golgi fragmentation in AD.

be catalyzed by additional neurotoxic signals. Because Two popular methods have been used to probe Cdkd's
aberrant Cdk5 activity is present in several neurodegen- role, constitutive expression of Cdk5 activators and inhibi-
crative disorders, the goal of the present study was to tion using small molecule inhibitors (e.g., roscovitine). Stud-
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Figure 8. (A) GM130 is phosphorylated by Cdk5 GM130 imimu-
noprecipitated from Hela cells was used as a substrate for Cdk5/
p25 (right lane) or loaded directly (left lane) and probed in a
Weslern blot with phosphao-serine 25-GM130-specific antibedy (top
panel) and stripped and reprobed with total GM130 as a loading
control (bottom panel). (B) Soluble recombinant 6-His-GM130 was
phosphorylated in vitro with Cdk5/p25 (+) or used directly {-).
Flag-p115 was immunoprecipitated from Hela cells and used for
binding with GM130. Bound proteins were resolved in SDS-PAGE
and 6-His-GM130 was detected by Western blot (top panel). The
same samples were blotted in parallel against FLAG-p115 to check
the TP efficiency {bottom panel), (C) Hela cells were transfected
with myc-GM130. Serum starvation was initiated 12 h after trans-
fection and was continued for 24 h. TAT-CIP was added as indi-
cated 30 min before 100 uM B-amyloid treatment. After 12 h, GM130
was immunoprecipitated, and GM13( phesphorylation and p115
binding were detected by Western blot (top and middle panel).
Total GM130 is shown in the bottom panel as loading control. (D)
GM130-ransfected Hela cells were serum-starved for 20 h and
transduced with TAT-p25 for 3 h. GM130 Ser25 phosphorylation is
shown in the top panel. P115 bound to immunoprecipitated GMI130
was detected by Western blot (middle panel), and total GM130 was
used as loading control,

ies in p25 transgenic mice that compared chronic and inducible
activation of Cdk5 led to different pathological consequences
(Takashima et al., 2001; Cruz et al., 2003). Constitutive acti-
vation did not result in tau hyperphosphorylation or neuro-
nal damage (Takashima ef 4f., 2001). Inducible activation, on
the other hand, caused NFT formation, astrogliosis and ex-
tensive neurodegeneration (Cruz et al, 2003). Thus, Cdk5
deregulation may have fatal consequences in the cell, but its
activity can be masked by a compensatory mechanism if
expressed constitutively.

Chemical inhibitors of Cdk5 provide high temporal con-
trol, but are not absolutely specific. Roscovitine, the maost
widely used molecule, is also a potent inhibitor of Cde2 and
Cdk2 (Meijer ef al., 1997}, It also inhibits Cdk5, Cdc2/cyclin
B, Cdk2/cyclin A, and Cdk2/cyclin E with an IC30 of 200,
650, 700, and 700 nM, respectively. As roscovitine is com-
monly used at 10-100 pM concentrations, it may inhibit
ather Cdks significantly (especially Cdc2), leading to cell
cycle arrest or cell death. This could be particulariy disad-
vantageous for dissecting Cdk5's role in cell survival and
cell death pathways, as Cdk5 can be proapoptotic or anti-
apoptotic,

Recent studies have utilized small interference RINA
(siRNA) of Cdk5 to eliminate its activity (Griffin et al., 2004;
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Lin ¢f al., 2004; Song et al., 2005; Kanungo et al., 2006, 2007;
Strock et al., 2006; Li et al., 2007; Zheng ¢t al., 2007). Although
faster than the traditional gene knockout approach, siRNA
modulates CdkS5 levels slowly (~24-48 h} and lacks dosage
control. In addition, the sequence specificity for CdkS siRNA
varies in different species and cell types and needs to be
optimized for each cell type.

Because none of the available methods were suitable for
deconvoluting Cdk5's role in Golgi disassembly, we devel-
oped highly specific and temporal modulators of Cdk5. The
key feature of our approach is to fuse modulators specific for
Cdk5 with the TAT sequence to create transducible proteins.
TAT-fusion protein can enter primary cells, alleviating the
need for transfection, which is relatively inefficient. Al-
though lentiviral infection is efficient for primary cells, it
lacks temporal control. TAT-fusion protein should allow for
a rapid readout in primary neurons with very high effi-
ciency.

TAT-p25 proved to be a potent inducible tool for specific
and temporal activation of Cdk5 in various cells, including
primary neurons. The temporal control afforded by this
approach prevents any cellular compensation. By tightly
controlling Cdk5 activation levels using TAT-p25, additional
Cdk5 substrates and their functions may be uncovered.

On the other hand, TAT-CIP is an inhibitor specific for
Cdk5 with high temporal control. TAT-CIP inhibits Cdk5 in
vitro (Amin ef al., 2002; Figure 2, B and D) and in cells
downstream of various stimuli (glutamate and A25-35; Fig-
ure 3, A-C), when added before Cdk5/p25 complex forma-
tion. Although CIP does not inhibit Cdk5/p35 when ex-
pressed endogenously (Zheng et gl., 2002, 2005), our data
show that TAT-CIP inhibits Cdk5/p35 if added before com-
plex formation in vitro (Figure 2, B and 1). NGF-induced
neurcnal differentiation in PC12 cells depends on p35 up-
regulation and consequently p33-mediated Cdk5 activation.
Thus, inhibition of neurite outgrowth by TAT-CIF supports
the same conclusion in the cells (Figure 4, A and B).

We next proceeded to evaluate Cdkb’s role in Golgi frag-
mentation. Robust fragmentation was observed upon AS
and glutamate stimulation in differentiated PC12 and SH-
SY5Y celis and primary neurons. Gelgi disassembly was
fully rescued if Cdk5 was inhibited using TAT-CIP, suggest-
ing Cdk5’s vital role in Gelgi disassembly. Inhibition with
roscovitine, in contrast, did not prevent Golgi fragmentation
as well, presumably due to its toxic side effects as noted
above. Cdk5's role was further confirmed using TAT-p25,
which caused robust Golgi fragmentation without any other
input,

To delineate the mechanism leading to Golgi fragmenta-
tion via Cdk5, we identified GM130 as a novel substrate of
Cdk5 using a chemical genetic screen. GM130 is phosphor-
ylated by Cdc2 at the onset of early prophase and remains so
during metaphase and anaphase {Lowe ef al., 1998), Phos-
phorylation occurs at serine-25, disrupting the interaction
between GM130 and vesicle-docking protein pl15, causing
Golgi fragmentation. GM130 is dephosphorylated during
telophase, resulting in Golgi reassembly (Lowe et al., 1998).
As Cdc2 and Cdkb have similar substrate specificity, it sug-
gested that Cdk5 may act in a similar manner as Cdc2, Cdk5
indeed phosphorylates this SP site upon AR stimulation,
which inhibits it's binding to pll5, suggesting that Cdk5
may cause Golgi fragmentation upon deregulation via a
similar mechanism, Notably, our results further show that
Golgi fragmentation alone is not sufficient trigger for acute
toxicity.

In conclusion, TAT-p28 and TAT-CIP were developed,
which specifically activate and inhibit Cdkb activity, respec-
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tively, in vitro and in the cells, With the help of these toals,
we show a critical role for Cdk5 in Golgi fragmentation in
AD. In contrast, roscovitine was relatively toxic presumably
due to Cde? and Cdk2 inhibition, especially upon prolonged
incubation (>>24 h). This finding reinforces the importance of
the novel tools developed in this study. Although, an earlier
study identified a physiclogical function for Cdk5/p35 in
Golgi apparatus in regulating membrane traffic during neu-
ronal process outgrowth (Paglini ef al., 2001), this is the first
report that shows a pathological role of Cdk5 in disrupting
Golgi apparatus.

Inducible control over Cdk5 activity using either transient
or sustained addition of Cdk5 modulators should provide
useful tools to dissect Cdk5’s function in various cell types.
Moreover, because TAT-CIP is highly specific for Cdks5, it
may be especially useful for isolating Cdk5's role down-
stream of different biological stimuli. Due to the high spec-
ificity of the TAT-fusion Cdk5 modulators, these genetic
approaches should be valuable additions to researchers’
toolkits for the functional study of Cdk5 in various cellular
processes. As all Cdks require cyclin binding partners, these
approaches can be extended to other family members too.
Finally, as Golgi disassembly is a common occurrence in
many neurodegenerative diseases, this study suggests a vi-
tal role for Cdk5 in other diseases as well.
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