
J
o
u
rn
a
l
o
f
C
e
ll
S
c
ie
n
c
e

Deregulated Cdk5 triggers aberrant activation of cell

cycle kinases and phosphatases inducing neuronal

death

Kuei-Hua Chang, Fabien Vincent and Kavita Shah*

Department of Chemistry and Purdue University Center for Cancer Research, Purdue University, West Lafayette, IN 47907, USA

*Author for correspondence (shah23@purdue.edu)

Accepted 5 July 2012
Journal of Cell Science 125, 5124–5137
� 2012. Published by The Company of Biologists Ltd
doi: 10.1242/jcs.108183

Summary

Aberrant activation of cell cycle proteins is believed to play a critical role in Alzheimer’s disease (AD) pathogenesis; although, the molecular
mechanisms leading to their activation in diseased neurons remain elusive. The goal of this study was to investigate the mechanistic link
between Cdk5 deregulation and cell cycle re-activation in b-amyloid1-42 (Ab1-42)-induced neurotoxicity. Using a chemical genetic approach,
we identified Cdc25A, Cdc25B and Cdc25C as direct Cdk5 substrates in mouse brain lysates. We show that deregulated Cdk5 directly
phosphorylates Cdc25A, Cdc25B and Cdc25C at multiple sites, which not only increases their phosphatase activities but also facilitates their
release from 14-3-3 inhibitory binding. Cdc25A, Cdc25B and Cdc25C in turn activate Cdk1, Cdk2 and Cdk4 kinases causing neuronal death.
Selective inhibition of Cdk5 abrogates Cdc25 and Cdk activations in Ab1-42-treated neurons. Similarly, phosphorylation-resistant mutants of
Cdc25 isoforms at Cdk5 sites are defective in activating Cdk1, Cdk2 and Cdk4 in Ab1-42-treated primary cortical neurons, emphasizing a
major role of Cdk5 in the activation of Cdc25 isoforms and Cdks in AD pathogenesis. These results were further confirmed in human AD
clinical samples, which had higher Cdc25A, Cdc25B and Cdc25C activities that were coincident with increased Cdk5 activity, as compared to
age-matched controls. Inhibition of Cdk5 confers the highest neuroprotection against Ab1-42 toxicity, whereas inhibition of Cdc25 isoforms
was partially neuroprotective, further emphasizing a decisive role of Cdk5 deregulation in cell-cycle-driven AD neuronal death.
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Introduction

Alzheimer’s disease (AD) is a fatal neurodegenerative disorder that

has no known cure, nor is there a clear mechanistic understanding of

the disease pathology. Accumulating evidence has highlighted the

reactivation of cell cycle in AD neurons as a potential mechanism

that drives cells towards neuronal atrophy. The presence of ectopic

markers like phosphorylated histone H3, replicated DNA, active

Cdc25 isoforms and active Cdk1 support alterations in cell cycle

control in AD etiology (Ding et al., 2000; Vincent et al., 2001;

Vincent et al., 1997; Ogawa et al., 2003). Active Cdk1 and cyclin B1

colocalize with AD-specific mitotic phospho-epitopes, suggesting

that Cdk1 may phosphorylate neuronal tau protein causing

neurofibrillary tangles (NFT) formation (Vincent et al., 1997).

Notably, cell cycle disturbances emerge in the early stages of mild

cognitive impairment (MCI) before the formation of amyloid

plaques and neurofibrillary tangles (NFT), and persist as the

patient’s condition worsens (Vincent et al., 1996; Nagy et al., 1997a;

McShea et al., 1997). Ectopic cell cycling occurs both in AD

patients and mouse models, signifying that the loss of cell cycle

control is an important pathological root of the disease. Similar to

humans, in transgenic R1.40 AD mouse model, cell cycle markers

appear months before the formation of amyloid plaques and NFT

and persist throughout the disease process (Yang et al., 2003). Its

activation pattern within the cortex also resembles the pattern in

humans, with the upper layers activated first followed by the deeper

layers, which further supports the hypothesis that cell cycle

activation is an early and central event in AD pathogenesis, rather

than being an ancillary symptom.

Moreover, ectopic expression of cell cycle markers spatially and

regionally correlates well with neuronal cell death in AD patients

(Busser et al., 1998; Nagy et al., 1997a; Yang et al., 2003). Early loss

of neurons in the entorhinal cortex is preceded by the appearance of a

large numbers of cell cycle markers (Yang et al., 2003). Only

degenerating neurons are positive for different cell cycle proteins,

suggesting that cell cycle antigens may be the best markers for dying

neurons in all cell stages (Yang et al., 2003; Arendt et al., 2003).

Additional evidence for the link between cell cycle and AD is the

presence of higher levels of active cell cycle proteins in the

hippocampus, the region most vulnerable in AD pathology. All these

findings support the notion that cell cycle aberrations contribute

significantly to AD pathogenesis. Thus, therapeutic interventions

targeted toward ameliorating mitotic changes are predicted to have a

profound and positive impact on AD progression. Small molecule

inhibitors of Cdks are neuroprotective, supporting this hypothesis

(Monaco and Vallano, 2003). However, despite the strong

immunohistochemical correlation between cell cycle activation and

neurodegeneration in AD patients and mouse models, the mechanism

leading to their activation in AD brains and subsequent neuronal

death remains incompletely understood, which has hindered the

development of neuroprotective and target-based therapies in AD.

In this study, we unraveled a novel mechanism of cell cycle

activation in post-mitotic neurons triggered by deregulated Cyclin
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dependent kinase-5 (Cdk5). Cdk5 belongs to the Cyclin dependent
kinase (Cdk) family of serine/threonine kinases, which play
important regulatory roles in cell cycle progression. Unlike other
members of Cdk family, Cdk5 is not activated by cyclins but by
specific regulatory binding proteins, p35 or p39 (or their truncated
forms, p25 and p29). While other Cdks are active in mitotic cells,
Cdk5 is primarily active in post-mitotic neurons due to the restricted
expression of its activators. Cdk5 is vital in regulating neuronal
migration, neurite extension and synapse formation during
embryogenesis (Ohshima et al., 1996). In adult brains, it regulates
neuronal survival, synaptic plasticity, stress enhanced memory
consolidation, associative learning and long-term behavioral
changes (Hisanaga and Endo, 2010; Shea et al., 2003; Li et al.,
2003; Zheng et al., 2010). Cdk5 is hyperactivated in several
neurodegenerative diseases including AD and is highly neurotoxic.

Under pathological conditions such as b-amyloid (Ab)
exposure, oxidative stress, calcium dysregulation, mitochondrial
dysfunction, excitotoxicity and inflammation, p35 and p39 are
cleaved into p25 and p29 in AD (Patrick et al., 1999; Cruz and
Tsai, 2004). These truncated proteins constitutively activate Cdk5
and change its subcellular localization from particulate to cytosolic
and nuclear. Cdk5 can then access a variety of pathological
substrates, triggering a cascade of pathways, contributing to all
three hallmarks of AD: neurotoxic b amyloid (Ab) and
neurofibrillary tangles (NFT) formation and neuronal death
(Patrick et al., 1999; Cruz et al., 2006; Wen et al., 2008;
Kanungo et al., 2009). Interestingly, increased p25 levels in AD
brains remain a contentious issue. While a few studies have
reported an increase in the p25:p35 ratio and active calpain in AD
brains (Grynspan et al., 1997; Patrick et al., 1999; Tseng et al.,
2002), others have shown either reduced or equal levels of p25
(Yoo and Lubec, 2001; Taniguchi et al., 2001; Tandon et al.,
2003). Nonetheless, significantly higher Cdk5 activity has been
observed in AD brains compared to age-matched controls (Lee
et al., 1999), suggesting additional Cdk5 regulators may exist and
further contribute to Cdk5 deregulation observed in the diseased
state. Recently, we identified glutathione S-transferase P1
(GSTP1) as a potent negative regulator of Cdk5 activity in
human AD brains and various neuronal and non-neuronal cells.
GSTP1 directly inhibits Cdk5 by dislodging p35/p25 and indirectly
by eliminating oxidative stress, thereby uncovering an alternate
mechanism for triggering Cdk5 deregulation in AD (Sun et al.,
2011).

In AD, deregulated Cdk5-induced phosphorylation of signal
transducer and activator of transcription 3 (STAT3) upregulates b
secretase 1 (BACE1) levels, causing neurotoxic Ab formation
(Wen et al., 2008). Cdk5/p25-mediated tau and neurofilament
hyperphosphorylation contributes significantly to NFT formation
(Hashiguchi et al., 2002; Shea et al., 2004; Rudrabhatla et al.,
2011). Our studies have demonstrated several novel neurotoxic
roles of Cdk5 in primary neurons and AD mouse models. Cdk5
deregulation in neurotoxin-exposed primary neurons promotes
robust Golgi fragmentation via GM130 phosphorylation (Sun et al.,
2008a), and oxidative stress and mitochondrial dysfunction by
inactivating peroxiredoxin-1 and peroxiredoxin-2 (Sun et al.,
2008b). We identified c-Jun as a direct transcriptional target of
Cdk5 in primary neurons and an AD mouse model, which causes
neurotoxicity independent of JNK (Sun et al., 2009). We have
determined the mechanism by which Cdk5 deregulation activates
p38MAPK in primary neurons and ADmouse model (Chang et al.,
2010). We have also shown that deregulated Cdk5 triggers robust

nuclear fragmentation by direct phosphorylation of lamin A and
lamin B1 in neurons and AD animal model, which mislocalizes
several proteins, including Cdk5 to the nucleus, which is highly
neurotoxic (Chang et al., 2011).

Nuclear Cdk5 can trigger cell death by multiple mechanisms.
Cdk5-mediated phosphorylation of p53 promotes apoptosis. Cdk5
also increases p53 expression via ATM phosphorylation causing
cell death (Zhang et al., 2002; Lee and Kim, 2007; Tian et al.,
2009). Cdk5 degrades pro-survival transcription factors MEF2A
andMEF2D, promoting neuronal death (Tang et al., 2005). Nuclear
Cdk5/p25 promotes cell death in ER-stressed neurons (Saito et al.,
2007). Cdk5 activates DNA damage signaling by inhibiting histone
deacetylase 1 (Kim et al., 2008) and apurinic/apyrimidinic
endonuclease 1 (Huang et al., 2010), leading to cell death.

In this study, we unraveled a novel mechanism of AD
pathogenesis following our discovery of mammalian cell
division cycle 25 A (Cdc25A), Cdc25B and Cdc25C
phosphatases as direct substrates of Cdk5/p25 in mouse brain
lysates using a chemical genetic screen. Cdc25 phosphatases are
key cell cycle regulators in proliferating cells, which initiate
activation of Cdks by dual dephosphorylation of conserved Thr
and Tyr residues. Interestingly, Cdc25A, Cdc25B and Cdc25C
phosphatases are expressed in normal adult brain despite the
absence of active cell cycle, and display basal enzymatic activities,
although they are not known to play any roles. In contrast, in AD,
their levels and activities are significantly increased, which is
hypothesized to activate Cdk1/cyclin B and vice versa, leading to
subsequent neurodegeneration. However, despite the strong
immunohistochemical evidence demonstrating active Cdc25
phosphatases and Cdks in degenerating neurons, the mechanisms
leading to their activation in AD remain elusive.

Results

Identification of Cdc25A, Cdc25B and Cdc25C as direct

Cdk5 targets in mouse brain lysates

We have reported a chemical genetic approach for the
identification of direct substrates of Cdk5 (Sun et al., 2008a; Sun
et al., 2008b; Chang et al., 2011). A kinase of interest is engineered
(analog-sensitive kinase), which in the presence of a radioactive
orthogonal ATP analog (e.g. N6-phenethyl ATP) specifically
transfers the radioactive tag to its substrates (Shah et al., 1997;
Shah and Shokat, 2002; Shah and Shokat, 2003; Shah and Vincent,
2005; Kim and Shah, 2007; Sun et al., 2008a; Sun et al., 2008b;
Chang et al., 2011; Johnson et al., 2011, Johnson et al., 2012). The
engineered pocket is generated by replacing a conserved bulky
residue (gatekeeper residue) with glycine in the active site of the
kinase. The mutant kinase shows the same substrate specificity as
the corresponding wild-type kinase. Since this ATP analog is
biologically orthogonal to the endogenous kinases, this approach
offers unbiased identification of direct substrates of the engineered
kinase in a global environment. Using this chemical genetic
approach, we have identified several direct targets of Cdk5/p25 in
mouse brain lysates (Sun et al., 2008a; Sun et al., 2008b; Chang
et al., 2011). In this study, we focused on novel Cdk5 substrates,
Cdc25A, Cdc25B and Cdc25C phosphatases and their
contributions in Ab1-42-mediated neurotoxicity.

Cdc25A, Cdc25B and Cdc25C are directly phosphorylated

by Cdk5 in vitro

Since proteomic screens can often lead to false positives, Cdk5-
mediated phosphorylation of Cdc25A, Cdc25B and Cdc25C were

Cdk5 causes Cdc25 and Cdk activation 5125
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examined using an in vitro kinase assay. Cdc25A, Cdc25B and

Cdc25C were generated as 6xHis-tagged proteins and subjected

to kinase assays with Cdk5/p25. Cdk5 efficiently phosphorylated

all Cdc25 phosphatases confirming them as direct Cdk5 targets in

vitro (Fig. 1A–C).

Cdc25A, Cdc25B and Cdc25C associate with Cdk5 upon

Ab1-42 stimulation

Since kinase substrate specificity in vivo is regulated by protein–

protein interactions and subcellular localization, we investigated

whether Cdk5 and Cdc25 associate in primary neurons under

basal or neurotoxic conditions. Any insult that affects neurons

leads to increased Ab production. Thus, Cdk5 immune

complexes were isolated from primary cortical neurons treated

with oligomeric Ab1-42 (Fig. 1D), and probed for Cdc25A,

Cdc25B and Cdc25C binding. Although little Cdc25–Cdk5

association was observed in untreated cells, their association

increased significantly upon Ab1-42 stimulation (Fig. 1E–G).

These results were verified by specifically isolating Cdc25A,

Cdc25B and Cdc25C immune complexes from untreated and

Fig. 1. Identification of Cdc25A, Cdc25B and Cdc25C as direct Cdk5 substrates. (A–C) Cdc25A, Cdc25B and Cdc25C are phosphorylated by Cdk5 in vitro.

Recombinant 6xHis-Cdc25A, 6xHis-Cdc25B and 6xHis-Cdc25C were incubated with Cdk5/p25 complex-bound beads in the presence of [c-32P]ATP at 30 C̊ for

20 min. Phospho-Cdc25A, phospho-Cdc25B and phospho-Cdc25C were visualized using autoradiography. (D) Oligomeric Ab1-42 was prepared as described in

Materials and Methods. (E–G) Ab1-42 increases the association of Cdc25A, Cdc25B or Cdc25C with Cdk5 in cells. Rat primary cortical neurons were treated with

Ab1-42 (100 nM) for 0.5 h. Cdc25A, Cdc25B, Cdc25C or Cdk5 was immunoprecipitated from cell lysates and analyzed using the indicated antibodies.

(H–J) Ab1-42 increases the association of Cdc25A, Cdc25B or Cdc25C with Cdk5 in primary neurons but scrambled Ab1-42 has no effect. Rat primary cortical

neurons were treated with scrambled Ab1-42 (SC) or Ab1-42 (100 nM) for 0.5 h. Cdc25A, Cdc25B, Cdc25C or Cdk5 was immunoprecipitated from cell lysates and

analyzed using the indicated antibodies. (K) Recombinant 6xHis-Cdc25A was preincubated with Cdk5/p25 complex bound on beads in the presence of ATP

(10 mM) at 30 C̊ for 20 minutes. The supernatant containing Cdc25A was collected, followed by addition of OMFP (100 mM) at 30 C̊ at the indicated time points.

The fluorescence intensity emitted from the product of the hydrolyzed OMFP was measured. (L) 6xHis-Cdc25B preincubated with Cdk5/p25 complex and ATP

was incubated with OMFP for the indicated times and fluorescence intensity measured. (M) 6xHis-Cdc25C preincubated with Cdk5/p25 complex and ATP was

incubated with OMFP for the indicated times and fluorescence intensity measured.

Journal of Cell Science 125 (21)5126
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Ab1-42-treated neurons, which also revealed that Cdc25–Cdk5
association increases considerably in Ab1-42-treated neurons
(Fig. 1E–G). We also compared Cdc25–Cdk5 association in
scrambled Ab1-42-treated and Ab1-42-treated neurons by isolating
Cdk5 and probing for Cdc25A, Cdc25B and Cdc25C association,
or by isolating Cdc25 isoforms and analyzing Cdk5 binding. As
shown in Fig. 1H–J, scrambled Ab1-42-treatment does not promote
Cdk5–Cdc25 association, whereas Ab1-42 treatment specifically
increases their association. These data thus support that Cdc25A,
Cdc25B and Cdc25C are direct targets of deregulated Cdk5 in
neurons.

Cdk5 increases phosphatase activities of Cdc25A, Cdc25B

and Cdc25C in vitro

Since active Cdks directly phosphorylate Cdc25 isoforms causing
their activation, we hypothesized that Cdk5 may similarly
activate Cdc25 isoforms by phosphorylation. The phosphatase
activities of recombinant Cdc25A, Cdc25B and Cdc25C were
measured in the absence or presence of Cdk5/p25 in a time
course experiment. Cdk5/p25 complex induced a rapid and
profound increase in phosphatase activities of Cdc25A, Cdc25B
and Cdc25C. Their basal activities in the absence of Cdk5/p25
remained unaltered during the course of the experiment, thereby
suggesting that Cdk5/p25 positively regulates Cdc25A, Cdc25B
and Cdc25C activities via direct phosphorylation (Fig. 1K–M).

Ab1-42 stimulates Cdc25A, Cdc25B and Cdc25C activation

in a Cdk5-dependent manner

The in vitro activation of Cdc25 isoforms by Cdk5 prompted us
to investigate this mechanism in neurotoxic Ab1-42-exposed
primary neurons. Endogenous Cdk5 kinase activity and Cdc25
phosphatase activities were analyzed at different times in Ab1-42-
treated primary cortical neurons (ranging from 0.5 h to 6 h),
which revealed biphasic activation of Cdk5 (Fig. 2A). The first
phase was initiated within 0.5 h of Ab1-42 stimulation, which
gradually decreased, however remained higher than the basal
levels. The appearance of secondary phase was triggered by
prolonged Ab1-42 incubation (6 h). This result was similar to our
previous report showing the biphasic pattern of Cdk5 activation
in glutamate or Ab25-35-treated neuronal cells (Sun et al., 2009).

Cdc25A, Cdc25B and Cdc25C also showed biphasic activation
upon Ab1-42 treatment in primary cortical neurons (Fig. 2B–D).
The first wave was rapid (0.5 h), followed by a second wave of
activation, both of which coincided with Cdk5 activation profile.
However, the degree of activation varied between different
isoforms. In contrast to Cdc25B and Cdc25C, where the levels of
first and second phases of activation were similar, for Cdc25A,
the second wave of activation was more profound. Notably, the
endogenous levels of Cdc25A, Cdc25B and Cdc25C did not
change significantly in response to Ab1-42 (Fig. 2E), suggesting
that the observed Cdc25 activation arises due to Cdk5-mediated
phosphorylation.

To test this hypothesis, we used TAT-fused Cdk5 inhibitory
peptide (TAT–CIP) to specifically inhibit Cdk5 in primary neurons
with high temporal control (Sun et al., 2008a; Sun et al., 2008b; Sun
et al., 2009; Chang et al., 2010; Sun et al., 2011; Chang et al., 2011).
CIP is a 126-mer artificial peptide containing p35154–279, which
inhibits Cdk5 specifically and potently by blocking Cdk5/p25
complex formation when expressed endogenously (Kesavapany
et al., 2007). Transduction of TAT–CIP fully suppressed both early
and late activations of Cdc25A, Cdc25B and Cdc25C induced by

Ab1-42 in rat primary cortical neurons (Fig. 2F–H). These results
confirm that Cdk5 is a key regulator of Cdc25A, Cdc25B and
Cdc25C activities in neurons under neurotoxic conditions.

Cdk5 upregulates the kinase activities of Cdk1, Cdk2

and Cdk4

Multiple studies have documented active Cdks in AD neurons
(Vincent et al., 1997; McShea et al., 1997; Busser et al., 1998).
However, the mechanism underlying their activation has not been
delineated. Since in proliferating cells Cdc25 phosphatases
positively regulate the activities of Cdk by dual
dephosphorylation at T14 and Y15 (for Cdk1), we postulated
that activated Cdc25 proteins may be responsible for Cdk
activation in AD neurons. To pursue this hypothesis, kinase
activities of endogenous Cdk1, Cdk2 and Cdk4 were analyzed in
Ab1-42-treated neurons, which gradually increased from 0.5 h to
6 h (Fig. 3A–C). For Cdk1, the maximal activation (2.5-fold) was
observed at 1 h, Cdk2 (2.0-fold) at 4 h and for Cdk4 (1.5-fold) at
4 h; however, the levels of Cdk1, Cdk2 and Cdk4 remained
unaltered in Ab1-42-treated neurons (Fig. 3D). In parallel,
phosphotyrosine levels of Cdk1, Cdk2 and Cdk4 were also
analyzed in primary cortical neurons, which decreased
significantly in Ab1-42-exposed neurons suggesting possible
dephosphosphorylation of the Y15 site by active Cdc25
phosphatases (Fig. 3E). Transduction of TAT–CIP completely
prevented the Ab-induced activation of Cdk1, Cdk2, and Cdk4
(Fig. 3F–H), suggesting that Cdk5-mediated activation of Cdc25
isoforms trigger Cdk activation in Ab1-42-treated post-mitotic
neurons in the manner similar to proliferative cells. Most
importantly, these results highlight Cdk5 as a critical upstream
regulator that initiates re-activation of cell cycle proteins in
neurons upon neurotoxic insults.

Cdk5 deregulation facilitates the release of active Cdc25

from 14-3-3e

In proliferating cells, activities of Cdc25 phosphatases are
regulated both by phosphorylation and protein–protein
association. Scaffolding protein 14-3-3e binds Cdc25
phosphatases, sequestering them in the cytoplasm, and rendering
them inactive (Hermeking and Benzinger, 2006). This led us to
postulate that Cdk5 may also regulate Cdc25 activities by
inhibiting its binding to 14-3-3e. As shown in Fig. 4A, Ab1-42

treatment induces the dissociation of Cdc25A, Cdc25B or Cdc25C
from 14-3-3e, which was prevented by transduction of TAT–CIP
(Fig. 4B).

Since 14-3-3 binding sequesters Cdc25 phosphatases in the
cytoplasm in proliferating cells, we examined the sub-cellular
distribution of Cdc25A, Cdc25B and Cdc25C in Ab1-42 neurons.
We hypothesized that analogous to dividing cells, the release from
14-3-3ewill enable cytosolic Cdc25 phosphatases to migrate to the
nucleus in primary neurons. However, subcellular fractionation
analysis showed that in untreated primary cortical neurons,
Cdc25A predominantly resides in the nucleus, Cdc25C primarily
in the cytoplasm, and Cdc25B both in the nucleus and the
cytoplasm. Upon Ab1-42 stimulation, increased amounts of
Cdc25C were observed in the nuclear fraction of primary
cortical neurons, whereas no obvious changes in the subcellular
distribution of Cdc25A and Cdc25B could be detected (Fig. 4C).
In agreement with these findings, immunofluorescence studies also
revealed significant nuclear localization of Cdc25C in the nucleus
in Ab1-42-treated neurons, but Cdc25A or Cdc25B sub-cellular

Cdk5 causes Cdc25 and Cdk activation 5127
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localization appeared almost unaltered (Fig. 4D). Since Cdc25A

and Cdc25B already show significant nuclear residence in

untreated neurons, dislodging from 14-3-3e may not show an

obvious increase in the nuclear pool. Taken together, these results

suggest that increased catalytic activity and the release from the

inhibitory binding of 14-3-3 are the two key mechanisms by which

Cdk5 deregulation causes Cdc25 activation.

Identification of phosphorylation sites on Cdc25A, Cdc25B

and Cdc25C

To gain further insight into Ab-triggered activation of Cdc25,

we investigated Cdk5-mediated phosphorylation sites on

Cdc25A, Cdc25B and Cdc25C. Since Cdk5 is a proline-

directed kinase with preference for basic residues close to the

phosphorylation site, we generated multiple phosphorylation-

resistant mutants of Cdc25 isoforms and subjected them to

kinase assays using Cdk5/p25. As shown in Fig. 5A, Cdc25A

was phosphorylated at S40, S116 and S261 residues by Cdk5/

p25. S116 and S261 appeared to be the major phosphorylation

sites, whereas S40 was a minor site. To confirm this finding, we

generated (S116A, S261A) Cdc25A double mutant and (S40A,

S116A, S261A) triple mutant and conducted the kinase assays

with Cdk5/p25. While the double mutant showed severely

reduced phosphorylation, the triple mutant completely

Fig. 2. Ab1-42 induces the activation of Cdc25A, Cdc25B and Cdc25C in a Cdk5-dependent manner. (A) Rat primary cortical neurons were treated with

Ab1-42 (100 nM) for the indicated times. For the in vitro kinase assay, Cdk5 immunoprecipitated from lysed cells was incubated with the synthetic Cdk substrate

peptide in the presence of [c-32P]ATP at 30 C̊ for 20 min. *P,0.05, **P,0.01 when comparing data obtained from Ab1-42-treated neurons at the indicated

incubation times to the untreated samples (0 h). (B–D) Rat primary cortical neurons were treated with Ab1-42 (100 nM) for the indicated times. For the in vitro

phosphatase assay, Cd25A, Cdc25B or Cdc25C immunoprecipitated from lysed cells was incubated with OMFP (100 mM) at 30 C̊ for 1 h. The fluorescence

intensity emitted from the product of the hydrolyzed OMFP was measured. *P,0.05, **P,0.01, ***P,0.001 when comparing data obtained from Ab1-42-treated

neurons to untreated ones (0 h). (E) Rat primary cortical neurons were treated with Ab1-42 (100 nM) for the indicated times. Levels of endogenous Cdc25A,

Cdc25B and Cdc25C were analyzed using the indicated antibodies. (F) Rat primary cortical neurons were treated with TAT–CIP (200 nM) for 0.5 h, followed by

incubation with Ab1-42 (100 nM) for 0.5 or 6 h. Cdc25A was immunoprecipitated for in vitro phosphatase assay. *P,0.05, **P,0.01 was determined for

intergroup comparisons. (G) Rat primary cortical neurons were treated with TAT–CIP (200 nM) for 0.5 h, followed by incubation with Ab1-42 (100 nM) for 0.5 or

6 h. Cdc25B was immunoprecipitated for in vitro phosphatase assay. *P,0.05, **P,0.01 was determined for intergroup comparisons. (H) Rat primary cortical

neurons were treated with TAT–CIP (200 nM) for 0.5 h, followed by incubation with Ab1-42 (100 nM) for 0.5 or 6 h. Cdc25C was immunoprecipitated for in vitro

phosphatase assay. *P,0.05 was determined for intergroup comparisons. All experiments were performed at least five times independently; representative data

are shown.

Journal of Cell Science 125 (21)5128
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obliterated it, suggesting that all three sites are phosphorylated

by Cdk5/p25 in vitro (Fig. 5B). This result also confirms that

S40, S116 and S261 are the only sites on Cdc25A that are

phosphorylated by Cdk5/p25.

Using similar approaches to those described for Cdc25A, we

identified S50, T69, S160, S321 and S470 as Cdk5 phosphorylation

sites on Cdc25B (Fig. 5C). Among these, S50A, T69A, S321A and

S470A substitutions were more resistant to Cdk5-mediated

phosphorylation, while S160A mutant showed relatively enhanced

phosphorylation, indicating that Ser160 is the minor phosphorylation

site compared to other sites. These results were verified by generating

the corresponding double (S50, T69A), triple (S50, T69, S321A),

quadruple (S50, T69, S321A, S470A) and quintuple mutants of

Cdc25B (S50, T69, S160, S321, S470A) and subjecting them to

Cdk5-mediated phosphorylation (Fig. 5D). While all five sites were

phosphorylated by Cdk5, phosphorylation-resistant quintuple mutant

did not show any phosphorylation, thereby confirming that S50, T69,

S160, S321, S470 are the only Cdk5 sites on Cdc25B.

Similarly, we identified T48, T67, S122, T130, S168 and S214

as direct Cdk5 sites on Cdc25C (Fig. 5E). Among these T48,

S122, T130, S168 and S214 were identified as the major Cdk5

sites, while T67 appeared to be relatively weak site.

Phosphorylation-resistant double, triple, quadruple, quintuple

and sextuple Cdc25C mutants further confirmed these findings

(Fig. 5F). Taken together, our results demonstrate that Cdc25A is

phosphorylated at S40, S116, S261 residues, Cdc25B at S50,

T69, S160, S321, S470 sites, and Cdc25C at T48, T67, S122,

T130, S168, S214 sites by Cdk5/p25 (Fig. 5B–F). Sequence

alignment of Cdc25A, Cdc25B and Cdc25C revealed that the

three Cdk5 phosphorylation sites (S40, S116 and S261 on

Fig. 3. Ab1-42 induces the activation of Cdk1, Cdk2 and Cdk4 in a Cdk5-dependent manner. (A–C) Rat primary cortical neurons were treated with Ab1-42

(100 nM) for the indicated times. For the in vitro kinase assay, Cdk1, Cdk2 or Cdk4 immunoprecipitated from lysed cells was incubated with the synthetic Cdk

substrate peptide in the presence of [c-32P]ATP at 30 C̊ for 20 min. *P,0.05, **P,0.01, ***P,0.001 when comparing data obtained from Ab1-42-treated

neurons at the indicated incubation times to the untreated samples (0 h). (D) Levels of endogenous Cdk1, Cdk2 and Cdk4 in Ab1-42-treated cortical neurons were

analyzed using indicated antibodies. (E) Rat primary cortical neurons were treated with Ab1-42 (100 nM) and Cdk1, Cdk2 or Cdk4 immunoprecipitated from lysed

cells, and their tyrosine phosphorylation analyzed using phosphotyrosine antibody. (F–H) Cells were incubated with Ab1-42 (100 nM) and TAT–CIP (200 nM) for

6 h. 100 nM TAT–CIP was re-added in the middle of the experiment. Total cell lysates were prepared and endogenous Cdk1, Cdk2, or Cdk4 immunoprecipitates

were subjected to in vitro kinase assay. TAT–RFP was chosen as the control. *P,0.05, **P,0.01 was determined for intergroup comparisons. All experiments

were performed at least five times independently; representative data are shown.
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Cdc25A) were conserved among the three Cdc25 isoforms, while

T69 was conserved between Cdc25B and Cdc25C (Fig. 5G).

Other Cdk5-mediated phosphorylation sites were unique in

Cdc25B and Cdc25C (Fig. 5G).

We also monitored the phosphatase activities of

phosphorylation-resistant Cdc25AS40, S116, S261A (Cdc25A3A),

Cdc25BS50, T69, S160, S321, S470A (Cdc25B5A), and

Cdc25CT48, T67, S122, T130, S168, S214 (Cdc25C6A) mutants in the

absence or the presence of Cdk5/p25 using OMFP as the substrate.

In contrast to their wild-type counterparts, the presence of Cdk5/

p25 did not induce the activation of these Cdc25 mutants (Fig. 5H–

J), which further support that Cdc25 phosphatases are activated via

direct phosphorylation by Cdk5.

Phosphorylation-resistant Cdc25 isoforms prevents Ab1-42-

induced Cdk1, Cdk2 and Cdk4 activations in cortical

neurons

To determine the consequences of Cdk5-mediated phosphorylation

of Cdc25 isoforms in primary neurons, we generated 6xHis-tagged

TAT-fused wild-type and phosphorylation-resistant mutants of

Cdc25 isoforms. Fusion of TAT sequence allows rapid and

efficient transduction of the recombinant proteins into the cells

(Becker-Hapak et al., 2001). TAT-fused wild-type Cdc25 proteins

(Cdc25WT) and the corresponding mutants Cdc25AS40, S116, S261A

(Cdc25A3A), Cdc25BS50, T69, S160, S321, S470A (Cdc25B5A) and

Cdc25C T48, T67, S122, T130, S168, S214 (Cdc25C6A) were transduced

into primary neurons, and the kinase activities of endogenous Cdk1,

Cdk2 and Cdk4 were analyzed. Transduction of TAT–Cdc25AWT

markedly promoted the activation of Cdk1, Cdk2 and Cdk4,

whereas the phosphorylation-resistant TAT–Cdc25A3Amutant was

unable to activate Cdk1, Cdk2 and Cdk4 in cortical neurons

(Fig. 6A), although similar levels of transduced WT and mutant

Cdc25A were detected (Fig. 6B). In a similar manner, TAT–

Cdc25BWT induced significant activation of Cdk1, Cdk2 and Cdk4,

but the neurons transduced with TAT–Cdc25B5A mutant merely

displayed basal kinase activities for Cdk1, Cdk2 and Cdk4

(Fig. 6C,D). Endogenous Cdk1 was specifically activated by

transduction of TAT–Cdc25CWT in primary cortical neurons but

none of other Cdks were activated by transduction of TAT–Cdc25C

mutants (Fig. 6E,F). These results in primary neurons are similar to

previous reports in proliferating cells showing Cdc25A and

Cdc25B-mediated activation of Cdk1, Cdk2 and Cdk4, while

Fig. 4. Ab1-42 facilitates the release of Cdc25 phosphatases

from 14-3-3 inhibitory binding. (A) Rat primary cortical

neurons were treated with 100 nM Ab1-42 for 6 h. Total cell

lysates were immunoprecipitated using antibodies against

Cdc25A, Cdc25B or Cdc25C, and the immunoprecipitates

(IPs) were analyzed using antibodies against 14-3-3e. (B) Rat

primary cortical neurons were treated with Ab1-42 (100 nM)

for 6 h in the presence of TAT–CIP (200 nM). Cdc25

immunoprecipitates were analyzed using antibodies against

14-3-3e. (C) Rat primary cortical neurons were treated with

Ab1-42 (100 nM) for 6 h. Total cell lysates were separated into

nuclear (N) and cytoplasmic (C) fractions upon centrifugation.

Each fraction was analyzed using antibodies against Cdc25A,

Cdc25B and Cdc25C. (D) Rat primary cortical neurons were

treated with Ab1-42 (100 nM) for 6 h. Cells were fixed and

immunostained using antibodies against Cdc25A, Cdc25B or

Cdc25C (green).
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Fig. 5. Identification of phosphorylation sites on Cdc25 phosphatases. (A) In vitro kinase assay of 6xHis-Cdc25A proteins with different single mutation sites

using 6xHis-Cdk5/p25 complex and [c-32P]ATP. The radioactive intensity of 32P was visualized on X-ray film. (B) Kinase assay of 6xHis-Cdc25A proteins with

multiple mutation sites using 6xHis-Cdk5/p25 complex and [c-32P]ATP. Cdc25A2A5Cdc25A (S116, S261A); Cdc25A3A5Cdc25A (S40, S116, S261A).

(C) Kinase assay of 6xHis-Cdc25B proteins with different single mutation sites using 6xHis-Cdk5/p25 complex and [c-32P]ATP. (D) Kinase assay of 6xHis-

Cdc25B proteins with multiple mutation sites using 6xHis-Cdk5/p25 complex and [c-32P]ATP. Cdc25B2A5Cdc25B (S50, T69A); Cdc25B3A5Cdc25B (S50,

T69, S321A); Cdc25B4A5Cdc25B (S50, T69A, S321, S470A); Cdc25B5A5Cdc25B (S50, T69A, S160, S321, S470A). (E) Kinase assay of 6xHis-Cdc25C

proteins with different single mutation sites using 6xHis-Cdk5/p25 complex and [c-32P]ATP. (F) Kinase assay of 6xHis-Cdc25C proteins with multiple mutation

sites using 6xHis-Cdk5/p25 complex and [c-32P]ATP. Cdc25C2A5Cdc25C (T48, T67A); Cdc25C3A5Cdc25C (T48, T67, S122A); Cdc25C4A5Cdc25C (T48,

T67, S122, T130A); Cdc25C5A5Cdc25C (T48, T67, S122, T130, S168A); Cdc25C6A5Cdc25C (T48, T67, S122, T130, S168, S214A). (G) Cdk5-mediated

phosphorylation sites on Cdc25A, Cdc25B and Cdc25C. Green stars indicate phosphorylation sites are conserved in all three Cdc25 isoforms. Blue stars indicate

phosphorylation sites are conserved in Cdc25B and Cdc25C. Red stars indicate unique phosphorylation sites on Cdc25 isoforms. (H) Recombinant 6xHis-

Cdc25AWT or 6xHis-Cdc25A3A mutant was preincubated with Cdk5/p25 complex bound on beads in the presence of ATP (10 mM) at 30 C̊ for 20 minutes. The

supernatant containing Cdc25A was collected, followed by addition of OMFP (100 mM) at 30 C̊ for the indicated times. The fluorescence intensity emitted from

the product of the hydrolyzed OMFP was measured. (I) 6xHis-Cdc25BWT or 6xHis-Cdc25B5A mutant preincubated with Cdk5/p25 complex and ATP was

incubated with OMFP for the indicated times and fluorescence intensity measured. (J). 6xHis-Cdc25CWT or 6xHis-Cdc25C4A mutant preincubated with Cdk5/

p25 complex and ATP was incubated with OMFP for the indicated times and fluorescence intensity measured.
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Cdc25C specifically activating Cdk1 (Lyon et al., 2002; Donzelli
and Draetta, 2003). These findings also confirm that activation of
Cdc25 via phosphorylation is essential for activating Cdks in

neurons.

We next investigated whether dominant-negative
phosphorylation-resistant Cdc25 mutants could inhibit

endogenous Cdk activation in Ab-treated neurons. The
primary cortical neurons were treated with Ab1-42 in the
presence of Cdc25-phosphorylation-resistant mutants and Cdk

activities analyzed. Ab1-42 induced significant activation of

Cdk1, which was largely inhibited by TAT–Cdc25A, TAT–

Cdc25B or TAT–Cdc25C phosphorylation-resistant mutants

(Fig. 6G). Similarly, complete suppression of Cdk2, and Cdk4

activation by Ab1-42 was observed in cortical neurons by

transducing TAT–Cdc25A, TAT–Cdc25B or TAT–Cdc25C

phosphorylation-resistant mutants (Fig. 6H,I). Interestingly,

transduction of three phosphorylation-resistant mutants

together exhibited similar inhibition of Cdks as transduction of

Fig. 6. Cdk5-phosphorylation-resistant mutants of Cdc25 prevents Ab1-42-induced activation of Cdk. (A) Rat primary cortical neurons were transduced with

TAT–RFP (200 nM), TAT–Cdc25AWT (200 nM) or TAT–Cdc25A3A (200 nM) for 1 h. Total cell lysates were immunoprecipitated with antibodies against

Cdk1, Cdk2 and Cdk4. The immunoprecipitates were further subjected to in vitro kinase assay. *P,0.05, **P,0.01 was determined for intergroup comparisons.

(B) Rat primary cortical neurons were transduced with TAT–RFP (200 nM), TAT–Cdc25AWT (200 nM) or TAT–Cdc25A3A (200 nM) for 1 h. Total cell lysates

were immunoblotted using FLAG antibody, which shows transduced levels of wt and mutant Cdc25A in neurons. TAT–RFP lacks Flag tag. (C) Cells transduced

with TAT–RFP, TAT–Cdc25BWT, or TAT–Cdc25B5A were lysed and immunoprecipitated using antibodies against Cdk1, Cdk2 and Cdk4 for in vitro kinase

assay. *P,0.05, **P,0.01, ***P,0.001 was determined for intergroup comparisons. (D) Rat primary cortical neurons were transduced with TAT–RFP

(200 nM), TAT–Cdc25BWT (200 nM), or TAT–Cdc25B5A (200 nM) for 1 h. Total cell lysates were immunoblotted using FLAG antibody, which shows

transduced levels of wt and mutant Cdc25B in neurons. (E) Cells transduced with TAT–RFP, TAT–Cdc25CWT or TAT–Cdc25C6A were lysed and

immunoprecipitated using antibodies against Cdk1, Cdk2 and Cdk4 for in vitro kinase assay. *P,0.05, **P,0.01 was determined for intergroup comparisons.

(F) Rat primary cortical neurons were transduced with TAT–RFP (200 nM), TAT–Cdc25CWT (200 nM) or TAT–Cdc25C6A (200 nM) for 1 h. Total cell lysates

were immunoblotted using FLAG antibody, which shows transduced levels of wt and mutant Cdc25C in neurons. (G–I) Primary cortical neurons were treated with

Ab1-42 upon transduction of TAT–RFP, TAT–Cdc25A3A, TAT–Cdc25B5A, TAT–Cdc25C6A for 6 h. Total cell lysates were immunoprecipitated against the

indicated antibodies for in vitro kinase assay. Cdc25A3A5Cdc25A (S40, S116, S261A); Cdc25B5A5Cdc25B (S50, T69A, S160, S321, S470A);

Cdc25C6A5Cdc25C (T48, T67, S122, T130, S168, S214). *P,0.05, **P,0.01, ***P,0.001 when comparing data to the Ab1-42- and TAT–RFP-treated

neurons. All experiments were performed at least five independent times. Representative data are shown.
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either one of them, indicating that transducing one species of

Cdc25 phosphorylation mutants is sufficient to prevent the

activation of Cdks induced by Ab1-42 stimulation (Fig. 6G–I). It

is likely that the TAT–Cdc25 phosphorylation-resistant mutants

can either interact with Cdk5 or Cdks, thereby hindering the

access of Cdk5 to endogenous Cdc25 or the access of

endogenous Cdc25 to Cdks.

Inhibition of Cdk5 provides the highest neuroprotection

against Ab1-42 toxicity

Accumulating evidence suggests that cell cycle reactivation is a

critical element in AD pathogenesis, which prompted us to investigate

Cdk59s role in promoting synaptic toxicity and neuronal death. The

distribution of PSD95, a postsynaptic protein, was analyzed to

examine the integrity of cortical neurons upon cellular treatments.

The immunofluorescence studies showed that the cortical neuron

immunostained with antibodies against PSD95 (green) displayed the

intact neurites, but Ab1-42 treatment caused severe neuritic shrinkage

(Fig. 7A). Inhibition of Cdk5 using roscovitine or TAT–CIP

significantly prevented the shrinkage of neurites (Fig. 7A,B). In
agreement with this, Ab1-42 treatment showed significant decrease in

cell viability (40%). Pre-treatment of pan Cdc25 inhibitor NSC95397

in Ab1-42-exposed neurons was considerably neuroprotective,

suggesting that the activation of Cdc25 phosphatases is neurotoxic

in Ab1-42-induced signaling. More importantly, inhibition of Cdk5

using roscovitine or TAT–CIP treatment conferred higher

neuroprotection than NSC95397 (Fig. 7C), revealing an upstream

role of deregulated Cdk5 in Cdc25 signaling cascade.

Upregulation of Cdk5, Cdc25A, Cdc25B and Cdc25C in

AD tissues

To investigate the clinical significance of our findings, we

examined Cdk5 and Cdc25 enzymatic activities in human AD

and age-matched control brain tissues. We focused on prefrontal

cortex area 9 (Brodmann’s area 9), a prefrontal association region

located in the superior frontal gyrus of the brain, which is

severely affected in AD (Braak and Braak, 1991). These neurons

are especially vulnerable in AD and their loss strongly correlates

with the severity of the disease, with .90% loss occurring in the

end stages of AD (Bussière et al., 2003). Cdk5 activity and

Cdc25A, Cdc25B and Cdc25C phosphatase activities were

analyzed in tissues obtained from AD patients at moderate

stage (n52), severe stage (n52), and end stage (n52) along with

age-matched controls (n54). The upregulation of Cdk5, Cdc25A,

Cdc25B and Cdc25C activities began at the moderate stage of
AD (Fig. 8). The highest activities of Cdk5 and Cdc25C were

observed in AD patients at moderate stage, while the activity of

Cdc25A peaked at the severe stage. The intensity of Cdc25B

activation remained the same at all stages and persisted till the

end stage of AD. This suggests that Cdk5 deregulation is one of

Fig. 7. Cdk5 inhibition effectively

suppresses Ab1-42-mediated neuronal

death. (A) Immunofluorescence studies of

PSD95, MAP-2 and DAPI staining in rat

primary cortical neurons in response to

Ab1-42 toxicity. Cells were treated with

roscovitine (ROS) (10 mM) or TAT–CIP

(200 nM) 0.5 h prior to Ab1-42 (100 nM).

After 24 h, cells were fixed and

immunostained with antibodies against

PSD95 and MAP-2. (B) Quantification of

the number of Ab1-42-treated rat primary

cortical neurons with intact neurites with or

without roscovitine (ROS) or TAT–CIP

treatment. **P,0.01, ***P,0.001 for

intergroup comparisons. (C) Cortical

neurons were treated with Ab1-42 in the

absence or presence of roscovitine (10 mM),

NSC95397 (NSC; 2.5 mM) or TAT–CIP

(200 nM). After 72 hours, MTT was added

and the absorbance at 590 nm was

measured. All experiments were performed

at least five times independently.

Representative data are shown. ***P,0.001

for intergroup comparisons. (D) Our model

showing an upstream role of Cdk5 in

activating Cdc25 phosphatases and Cdks in

Ab-mediated neurotoxicity.
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the earliest pathological events in AD, which triggers the

reactivation of Cdc25 proteins upon neurotoxic insults.

Discussion

The re-activation of cell cycle proteins in AD neurons is

supported by multiple lines of investigation. In addition to active

Cdc25 and Cdks, ectopic upregulation of Cdk1, Cdk4, phospho-

pRb, Cyclin B, Cyclin D, proliferating cell nuclear antigen

(PCNA), Histone H3 (pSer10) and Plk have been reported in AD

neurons (Nagy et al., 1997a; Nagy et al., 1997b; Busser et al.,

1998; McShea et al., 1997; Thakur et al., 2008; Ding et al., 2000;

Vincent et al., 2001; Ogawa et al., 2003; Harris et al., 2000).

Studies from cultured cortical neurons and AD mouse models

further demonstrate that Ab induces the activation or the levels of

DNA polymerase-b, Cdk4, pRb, PCNA (Copani et al., 2006;

Lopes et al., 2009; Varvel et al., 2008); however, the mechanism

remains unclear.

In this study, we unraveled the mechanistic link between Cdk5

deregulation and activation of Cdc25 phosphatases and Cdk

kinases in Ab-induced neurotoxicity. Cdk5 directly phosphorylates

Cdc25A, Cdc25B and Cdc25C at multiple serine and threonine

sites, which not only stimulate their catalytic activities, but also

facilitate their release from inhibitory sequestration of 14-3-3.

Interestingly, unlike proliferating cells, where phosphorylation of

Cdc25 proteins by Cdks enhances their protein levels, our data

revealed that Cdc25 proteins levels are not altered in Ab1-42-

treated neurons, suggesting that increase in Cdc25 proteins levels

is not the key mechanism by which deregulated Cdk5 initiates the

activation of Cdc25 isoforms in Ab-induced neurotoxicity.

More importantly, Ab-treated primary cortical neuron model

not only captures the deregulation of Cdk5, Cdc25A, Cc25B and

Cdc25C observed in human AD brain samples, but also

elucidates the molecular mechanism leading to re-activation of

Cdks in AD neurons (Lee et al., 1999; McShea et al., 1997;

Giovanni et al., 1999). Deregulated Cdk5 triggers the activation

of neuronal Cdk1, Cdk2 and Cdk4 in Ab1-42-exposed neurons

by activating Cdc25 isoforms. Accordingly, phosphorylation-

resistant mutants of Cdc25 proteins at Cdk5 sites are defective in

activating Cdks both in vitro and in Ab1-42-treated neurons. This

finding is in contrast with the mechanisms operative in

proliferating cells, where Cdks are known to activate Cdc25

proteins. Thus, despite the presence of active Cdks in AD

neurons, our results show that Cdk activation occurs after Cdc25

activation, and inhibition of Cdc25 prevents Cdk activation in

Ab1-42-treated cortical neurons. These findings support the notion

that Cdk5 is responsible for the deregulation of Cdc25 isoforms

and Cdk kinases observed in AD. These results were further

confirmed in human AD clinical samples which displayed higher

Cdc25A, Cdc25B and Cdc25C activities that coincided with

increased Cdk5 activity as compared to age-matched controls.

Importantly, we show that inhibition of Cdc25 activity is

neuroprotective in Ab-induced neurotoxicity, thereby suggesting

that cell cycle re-activation is an important pathway causing AD

neurodegeneration (Copani et al., 2006; Giovanni et al., 1999).

Although previous studies posited that aberrant activations of

Cdc2 and Cdc25 is fatal in AD pathogenesis (Shi et al., 1994;

Niida et al., 2005; Castedo et al., 2002; Yang et al., 2003; Webber

et al., 2005), the mechanism by which they cause AD neuronal

death is not fully understood. Active Cdk1 and cyclin B1 are

present in AD neurons and colocalize with AD-specific mitotic

phospho-epitopes, suggesting that they may contribute to tau

pathology (Vincent et al., 1996; Vincent et al., 1997).

In addition, the loss of cell cycle control might be another

mechanism underlying cell cycle-driven AD neurodegeneration.

Despite the presence of several cell cycle markers in AD patients

and mouse models, these neurons do not complete mitosis, as there

is no evidence of mitotic spindle formation or chromosome

condensation in any study. Ectopic expression of cell cycle

proteins can make it through S or G2/M phases, but not any further.

Thus, their death could be due to the genetic imbalance caused by

aneuploidy (Yang et al., 2001). While one study showed that 4% of

hippocampal pyramidal and basal forebrain neurons undergo

partial or full DNA replication (Yang et al., 2001); another study

found ,20% of vulnerable AD neurons possessing 2n–4n DNA,

which were also cyclin B1 positive (Mosch et al., 2007). No such

anomalies were discovered in unaffected regions of the AD brain

or in non-demented age-matched controls. Active Cdk1 promotes

neuronal death in post-mitotic granule neurons by phosphorylating

FOXO1 upon depolarization (Yuan et al., 2008); however, whether

this pathway exists in b-amyloid-mediated neurotoxicity in AD

models remains to be seen. Thus, aberrant activation of cell cycle

proteins can trigger neuronal death by multiple mechanisms.

Future studies are needed to uncover these pathways.

In conclusion, we identified Cdc25 phosphatases as novel

Cdk5 substrates. Cdk5-mediated hyperphosphorylation of Cdc25

isoforms increases their enzymatic activities, and trigger their

dissociation from 14-3-3e inhibitory binding. Active Cdc25

isoforms, in turn activate Cdk1, Cdk2 and Cdk4 leading to

neuronal death in response to Ab1-42, underscoring a crucial role

of deregulated Cdk5 in AD pathogenesis. Inhibition of Cdk5 is

highly neuroprotective, strongly supporting the idea that Cdk5 is

an important therapeutic target in AD.

Materials and Methods
Materials

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), NSC95397,
3-O-methylfuorescein phosphate cyclohexylammonium salt (OMFP), and poly-L-
lysine were obtained from Sigma (St Louis, MO). Ab1-42 was purchased from
AnaSpec (Freemont, CA). Antibodies against actin (C-2), cdc2 p34 (C-19), Cdk2
(H-298), Cdk4 (DCS-35), Cdk5 (C-8), Cdk5 (J-3), Cdc25A (144), Cdc25B (H-85),
Cdc25C (C-20), 14-3-3e (T-16), PSD95 (7E3) and MAP-2 (H-300) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Fluorescein isothiocyanate
(FITC)-labeled goat anti-rabbit and Texas-Red-labeled goat anti-mouse antibodies
were bought from Invitrogen (Carlsbad, CA).

Fig. 8. Upregulation of Cdk5, Cdc25A, Cdc25B and Cdc25C activities in

AD patients. Cdk5, Cdc25A, Cdc25B and Cdc25C activities were analyzed

in tissues obtained from AD patients at moderate stage (n52), severe stage

(n52), and end stage (n52) along with age-matched controls (n54). The

immune complexes were subjected to in vitro kinase assay and phosphatase

assay. All experiments were performed at least five times independently.

Representative data are shown.
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Expression plasmids and constructs

To generate 6xHis-tagged TAT fusion proteins, Cdc25A (human) in pGEX-4T-1
vector was subcloned to pET-28b-TAT (V2.1) at BamHI and EcoRI sites, and
Cdc25B (human) and Cdc25C (human) in pGEX-4T-1 vector were subcloned to
pET-28b-TAT (V2.1) at BamHI and SalI sites. Serine to alanine substitution
mutation on Cdc25 proteins were generated using overlapping PCR.

Isolation of primary cortical neurons

Time pregnant Sprague Dawley rats were purchased from Charles River
(Wilmington, MA). Cortices isolated from E17 rat embryos were treated with
trypsin (0.2 mg/ml) at 37 C̊ for 30 minutes and triturated in minimum essential
medium (MEM) supplemented with DNase (130 U/ml) and 10% FBS, and passed
through the cell strainer (40 mM mesh). After centrifugation at 1000 rpm for
4 minutes, the isolated cortical neurons were further seeded on poly-L-lysine-coated
coverslips in a 24-well plate at the density of 56104 cells or in a 6-well plate at the
density of 16106 cells in MEM supplemented with 5% FBS, 5% horse serum,
0.5 mM glutamine, 2.6 g/l glucose, 2.2 g/l NaHCO3, and 1 mM pyruvate. The
medium was changed after overnight incubation and half amount of medium was
replaced every 5 days. All experiments were conducted after 10 DIV (days in vitro).

Preparation of soluble Ab1-42 oligomers

Soluble oligomers of Ab1-42 were prepared by modifying the protocol as described
previously (Stine et al., 2003). 1 mM of Ab1-42 solution was prepared in
hexafluoroisopropanol (HFIP), which was immediately separated into aliquots
(10 ml each). HFIP was removed using a Speed Vac for 10 minutes and the formed
peptide film was stored in desiccators at 220 C̊. The peptide film was resuspended
in DMSO (DMSO; 2 ml), vortexed for 30 seconds, sonicated for 5 minutes, and
centrifuged. 100 mM of Ab1-42 were prepared by addition of medium (98 ml),
which was incubated at 37 C̊, 225 rpm for 24 hours. Upon centrifugation at
13.2 rpm for 10 minutes, the supernatant containing soluble oligomeric Ab1-42 was
collected for further cellular experiments.

In vitro phosphorylation of Cdc25 by Cdk5/p25

Purified recombinant 6xHis-Cdc25 (20 mg) was incubated with Cdk5/p25 complex-
bound beads (10 ml) in the presence of 10 mCi of [c-32P]ATP in kinase assay buffer
(50 mM Tris pH 8.0, 20 mM MgCl2) at 30 C̊ for 30 minutes. Proteins were
separated by 10% SDS-PAGE and transferred to polyvinylidene fluoride (PVDF)
membrane (Millipore). The intensity of radioactivity was visualized following
exposure on X-ray film.

In vitro phosphatase assay for Cdc25A, Cdc25B, and Cdc25C

Purified recombinant 6xHis-Cdc25 proteins (20 mg) were incubated with Cdk5/
p25 complex-bound beads (10 ml) in the presence of 10 mM ATP in kinase assay
buffer (50 mM Tris pH 8.0, 20 mM MgCl2) at 30 C̊ for 20 minutes. At the end of
kinase reaction, the supernatant was collected and incubated with 3-O-
methylfuorescein phosphate cyclohexylammonium salt (OMFP; 100 mM) in
phosphatase assay buffer (50 mM Tris pH 8,0, 50 mM NaCl, 5 mM EDTA,
1 mM DTT, 20% glycerol). The reactions were conducted at 30 C̊, 225 rpm
ranging from 0 to 360 minutes. The fluorescence intensity was measured by
excitation at 485 nm and emission at 535 nm using a microplate reader Tecan
Spectrafluor Plus (Männedorf, Switzerland).

Co-immunoprecipitation

Primary cortical neurons were treated with Ab1-42 (100 nM) for 0.5, 1, 3 or
6 hours. Cells were lysed in 1% NP40 lysis buffer (20 mM Tris-HCl pH 8.0,
150 mM NaCl, 1% NP40, 1 mM PMSF, 10 mg/ml leupeptin, and 10 mg/ml
aprotinin) and placed on ice for 30 minutes. Upon centrifugation at 10,000 rpm,
4 C̊ for 20 minutes, the homogenous cell lysates were incubated with protein-A–
Sepharose (Sigma) and indicated antibodies at 20 rpm, 4 C̊ for 6 hours. Proteins
were separated by 12% SDS-PAGE, transferred to polyvinylidene fluoride (PVDF)
membrane, and blocked with 5% non-fat milk in TBST. The membrane was
incubated with the indicated antibodies (1:1000 dilution in 2% milk/TBST) at 4 C̊
for overnight. After washed with TBST, the membrane was incubated with
horseradish peroxidase-conjugated goat anti-rabbit (1:5000 dilution in 5% milk/
TBST). The X-ray film was exposed using a Pierce ECL western blot substrate kit
(Thermo Scientific, Rockford, IL).

In vitro phosphatase assay for Cdc25A, Cdc25B and Cdc25C

immunocomplex

Cultured cortical neurons (DIV10–15) were treated with Ab1-42 for 0.5, 1, 2, 4 or
6 hours in the absence or presence of 200 nM TAT–CIP. Cells were lysed in 1%
NP40 lysis buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% NP40, 1 mM
PMSF, 10 mg/ml leupeptin, and 10 mg/ml aprotinin), and put on ice for 30 minutes.
Upon centrifugation at 10,000 rpm, 4 C̊ for 20 minutes, the homogenous cell lysates
were immunoprecipitated using antibodies against Cdc25A, Cdc25B or Cdc25C at
4 C̊ for 4 hours. The immunocomplex-bound beads were incubated with 100 mM 3-
O-methylfluorescein phosphate cyclohexylammonium salt (OMFP) in phosphatase

assay buffer. The reaction was conducted at 30 C̊, 225 rpm for 1 hour. The
fluorescence intensity was measured by excitation at 485 nm and emission at
535 nm using a microplate reader Tecan Spectrafluor Plus (Männedorf,
Switzerland).

Transduction of TAT-fusing proteins

TAT–Cdc25A, TAT–Cdc25B, TAT–Cdc25C or TAT–CIP (200 nM) proteins were
directly added to primary cortical neurons 0.5 hour prior to Ab1-42 treatment. For
6-hour incubation, the half amount of TAT-fusing proteins (100 nM) was added
3 hours later. For more than 24-hour incubation, 100 nM TAT–CIP was added
every 6 hours until the end of the Ab1-42 treatment. TAT–GFP or TAT–RFP was
used as the control in untreated cells. The proteins concentration was determined
by Bradford assay.

In vitro kinase assay for endogenous Cdk1, Cdk2, Cdk4 or Cdk5 activities

After cellular treatments, cells were lysed in 1% NP40 lysis buffer (20 mM Tris-
HCl pH 8.0, 150 mM NaCl, 1% NP40, 1 mM PMSF, 10 mg/ml leupeptin and
10 mg/ml aprotinin). Upon centrifugation at 10,000 rpm, 4 C̊ for 20 minutes, the
homogenous cell lysate was incubated with protein A Sepharose (Sigma) and
antibodies against Cdk1, Cdk2, Cdk4, or Cdk5 at 20 rpm, 4 C̊ for 2 hours. The
beads were washed with kinase assay buffer (50 mM Tris pH 8.0, 20 mM MgCl2)
three times, and incubated with 5 mg of Cdk substrate peptide (KHHKSPKHR) in
kinase assay buffer at 30 C̊, 225 rpm for 20 minutes. The solution was evenly
spotted onto P81 phosphocellulose disc (Whatman, Clifton, NJ), placed in 10%
acetic acid at room temperature for 30 minutes, washed with 0.5% phosphoric
acid, and rinsed with acetone. Finally, the disc was placed in a scintillation bottle
containing complete counting cocktail ‘Budget Solve’ (Research Products
International, Mount prospect, IL). The reading was recorded by Packard Tri-
Carb liquid scintillation counter (GMI, Ramsey, MN).

Immunofluorescence studies

Rat primary cortical cells were treated with Ab1-42 (100 nM) for the indicated
times in the absence or presence of TAT–CIP (200 nM). At the end of the
treatment, the medium was aspirated and the cells were fixed with 4%
formaldehyde for 15 minutes, rinsed with phosphate-buffered saline (PBS), and
incubated for 20 minutes with 5% BSA and 0.1% Triton X-100. Cells were then
immunostained using antibodies against Cdc25A, Cdc25B, Cdc25C, PSD95 or
MAP2 at a 1:50 dilution in PBS for 3 hours at room temperature. FITC-labeled
goat anti-rabbit and Texas-Red-labeled goat anti-mouse antibodies were used at a
1:250 dilution in PBS, together with DAPI (1 mg/ml). The coverslips were
incubated at room temperature for 1 hour in the dark. After three washes with PBS
and one wash with water, coverslips were mounted on microscope slides using
Mowiol 4-88 reagent (Calbiochem). Images were taken by a Nikon Eclipse E600
microscope (Nikon Instruments, Melville, NY).

MTT assay

Roscovitine (10 mM), NSC95397 (2.5 mM) and TAT–CIP (200 nM) were added to
cultured primary cortical neurons in a 96-well plate. After 0.5 hours, Ab1-42

(100 nM) was added and incubated at 37 C̊ for 72 hours. During the period of
treatment, TAT–CIP (100 nM) was added every 6 hours. At the end of treatment,
MTT (0.5 mg/ml) was added and incubated for additional 30 minutes. The media
were aspirated and the cells on wells were dissolved in DMSO (100 ml). The
absorbance value at 590 nm was measured using a microplate reader Tecan
Spectrafluor Plus (Männedorf, Switzerland).

Statistical analysis

Bar graphs show the means 6 s.e.m. Significance was determined using one-way
ANOVA followed by post hoc analysis.
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