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Abstract

Alzheimer’ s disease (AD), the most devastating chronic neurodegenerative disease in adults,
causes dementia and eventually, death of the affected individuals. Clinically, AD is characterized
as late-onset, age-dependent cognitive decline due to loss of neuronsin cortex and hippocampus.
The pathologic corollary of these symptoms is the formation of senile plaques and neurofibrillary
tangles. Senile plagues are formed due to accumulation of oligomeric amyloid beta (Ap) forming
fibrillary plagues. This occurs due to the amyloidogenic processing of the amyloid precursor
protein (APP) by various secretases. On the other hand, neurofibrillary tangles are formed due to
hyperphosphorylation of cytoskeleton proteins like tau and neurofilament. Both are
hyperphosphorylated by cyclin-dependent kinase-5 (Cdk5) and are part of the paired helical
filament (PHF), an integral part of neurofibrillary tangles. Unlike other cyclin-dependent kinases,
Cdk5 plays a very important role in the neuronal development. Cdk5 gets activated by its neuronal
activators p35 and p39. Upon stress, p35 and p39 are cleaved by calpain resulting in truncated
products as p25 and p29. Association of Cdk5/p25 islonger and uncontrolled causing aberrant
hyperphosphorylation of various substrates of Cdk5 like APP, tau and neurofilament, leading to
neurodegenerative pathology like AD. Additionally recent evidence has shown increased levels of
p25, AB, hyperactivity of Cdk5, phosphorylated tau and neurofilament in human AD brains. This
review briefly describes the above-mentioned aspects of involvement of Cdk5 in the pathology of
AD and at the end summarizes the advances in Cdk5 as a therapeutic target.
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Introduction

Among many neurodegenerative disorders, Alzheimer’s disease (AD) causing dementia
affects the elderly population globally. Clinical characterization of AD is described as alate-
onset, age-dependent, progressive cognitive decline resulting in irreversible loss of neurons,
especialy in the cortex and hippocampus. Pathological hallmarks of AD are the presence of
extracellular senile plagues and intracellular neurofibrillary tangles (NFTS). Senile plagues
are formed due to accumulation of amyloid-beta 42 peptide (AB42), a proteolytic cleavage
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product of the amyloid precursor protein (APP), and NFTs are formed as a result of tau
hyperphosphorylation and medium/heavy neurofilament proteins (NF-M/H) (1,2). Usually,
most (90%) cases of AD are late-onset and sporadic but there are 5-10% of cases of familial
AD (FAD), which occur early in life. FAD occurs due to gene mutations in APP and/or
presenilinl and 2 (PS1, PS2), whereas sporadic AD occurs due to alarge number of external
and internal insults involving environmental factors and lifestyle stresses.

It is now well established that neuronal stress and toxic factors induce hyperactivation of
CdK5. In addition to the presence of senile plagues and NFTS, it has also been reported that
AD brains have p25 due to the proteolytic cleavage of p35, the Cdk5 activator (3,4). Cdk5is
aproline directed serine (Ser)/threonine (Thr) kinase, a member of CDK family dueto its
close sequence homology to human CDC2 (5,6). Normally, Cdk5 activity istightly
regulated in the nervous system by neuron-specific cyclin-related molecules p35 and p39.
Activity of Cdk5/p35 is essential for neuronal development and function. Regulated Cdk5
activity plays an important role in cytoskeletal protein phosphorylation, neurogenesis,
synaptic plasticity, cognition, and neuronal survival in embryo and adult (7-10). Under
neuronal stressinsults (e.g., oxidative stress, glutamate, AP etc), calpain, a Ca?* activated
protease, cleaves p35 into apl0 and p25 fragment. The latter forms a more stable and
hyperactive Cdk5-p25 complex, causing aberrant hyperphosphorylation of tau and
neurofilament proteins (NF-M/H) and induces neuronal cell death (11-13).

Plague Formation in AD

Plaque formation is a pathological hallmark of AD and is usually formed due to
accumulation of the AP peptide. Under physiological conditions, sequential cleaving of
amyloid precursor protein (APP) isinitiated by aspartyl proteases a-secretase followed by
y-secretase to yield nonamyloidgenic fragments (14). Due to environmental factors,
mutationsin APP and presenilinl and 2 (PS1, PS2), the sequence of cleavage by proteaseis
changed and a.-secretase is replaced by B-secretase (BACEL) followed by -y-secretase to
yield two principle Ap peptides, namely, AB4o and AB42 (15). AP peptides are usually the
natural products of cleavage and monomers of A4 are much more prevalent than Ap4» and
act as atrophic factor. Among the two, AP 4z is generated more due to neuronal insults and
more easily becomes aggregated and formsinsoluble amyloid plaques disrupting the normal
homeostasis resulting in hyperactivation of kinases (as shown in Figure 1). Monomeric AB 42
forms oligomeric units, which are still soluble but at higher concentrations become
aggregated form the insoluble amyloid plague. An imbalance between the production,
clearance and aggregation of these peptides causes plague formation, leading to the initiation
factor in AD and istermed as amyloid hypothesis (16,17). During physiological conditions,
cleavage by a-secretaseis carried out within the Ap sequence; therefore, it prevents Apa»
generation. Most of the AD cases are usually late-onset and sporadic but there are 5-10% of
cases of familial AD (FAD) occurring as early-onset and in an autosomal-dominant manner.
The cause of FAD is due to mutationsin APP, either PS1/PS2 or both (14,18). There are 32
APP, 179 PS1 and 14 PS2 gene mutations resulting in early-onset fully penetrant AD.
Mainly, APP mutations either cluster around the -y-secretase cleave site or BACEL cleavage
site, causing changes in peptide formation. Presence of either a single mutation or a
combination of mutations all result in the increased production of the less soluble and more
toxic AP relative to AB4o (19).

Loss of APP function is not deleterious but accumulation of AP istoxic to the cells. Various
cell culture studies have shown that Ap4» causes toxicity, resulting in death of all cells
within 24 h exposure (20). The likely mechanism of cell death is via apoptosis triggered by
oxidative effects of Ap (21,22). To better understand the AD mechanism, several transgenic
mouse models have been developed with human APPs or PS1 or both mutations. Most of

Arch Med Res. Author manuscript; available in PMC 2013 November 07.



a1 ewRrMS DRI ewRreMS

a1 rewRerMS

Shuklaet al.

Page 3

these transgenic mice that overexpress mutant human APPs develop Ap deposition by 46
months and show evidence of subsequent neuronal 10ss (23). These mice show synaptic
dysfunction, abnormalities on spatial memory tests and inflammation (24-27). In parallel
with AD, these AD transgenic mice also display activation of multiple caspases including
caspases 3, 6, 7, 8 and 9 (28,29).

During a person’s lifetime, alarge amount of APP is metabolized into A in the brain but
during aging the delicate equilibrium of production and clearance is affected. In the initial
stages of AD, the concentration of AR in the cerebrospinal fluid (CSF) startsto fall, while
in the brain concentration of A4 risesin the brain (30,31). This could be due to either
change in the AP transport from CSF to brain or aso could be due to the change in the ratio
of AB42 to A4 within the brain. Other reasons for this imbalance could be due to age-
associated acetylation of the a.-secretase gene reducing the nonamyloidogenic process of
APP (32). Also, an increase in BACEL activity has been reported in early AD brain, which
would result in increased amyloidogenic processing (33,34).

In addition to the genetics, environmental factors also play an important role in the onset as
well as the progression of the disease. Recent studies carried out in Ap transgenic mice as
well as human AD patients have shown that exercising and intellectual stimulation have
reduced AP thereby showing improvement in memory loss by stimulating synaptic
processes and growth factors (35—-37). These results are indicative of potential exploration in
the area as to cure or delay the onset of AD.

Tangle Formation in AD (Tau and Neurofilament)

The event that follows plague formation in AD isthe formation of NFTSs. In contrast to AP
plagues, NFTs so far have not been associated with mutations but are due to modulations of
kinase and phosphatase activities. NFTs are composed of aberrantly hyperphosphorylated
cytoskeletal components like tau and neurofilament proteins.

Normally, tau functions to regulate microtubule (MT) assembly and transport. There are six
tau isoforms in human brain produced from a single gene through alternative mRNA
splicing (38). Based on the number of microtubule-binding repeats, tau can be categorized
into two groups, one with three repeats (3R) and the other with four repeats (4R) as shown
in Figure 2. In the tau filaments obtained from AD brain, similar to normal human brain, all
six isoforms are found. Tau, an abundant soluble protein in axons, normally promotes
assembly and stability of microtubules and vesicle transport but, when hyperphosphorylated,
becomes insoluble, lacks affinity for microtubules and forms paired helical structures. Like
AP oligomers, intermediate aggregates of abnormal tau molecules are cytotoxic and impair
cognition (39-41). Filamentous tau is also found in other neurodegenerative disorders like
corticobasal degeneration (CBD), progressive supranuclear palsy (PSP), Pick’s disease and
Parkinson-dementia complex of Guam (42). None of these diseases, unlike AD, lack Ap
pathology. When tau becomes hyperphosphorylated in AD, it dissociates from MT
assembly, resulting in destabilizing MTs and impairment of axonal transport. The phospho-
tau aggregates form filamentous structures called paired helical filaments (PHFs), which
further combine to form the aggregates of insoluble NFTs (43). Under physiological
conditions, proteasome assembly cleans up any aggregate that may be potentially toxic to
the system. Inhibition of this clean-up process by the proteasome is sufficient to induce
neuronal degeneration and death (44). Also, various reports suggest that, at least in some
part, formation of highly insoluble NFT is associated with oxidative stress (45,46). Due to
hyperphosphorylation of tau, not only the normal function of stabilizing microtubulesis
hampered, but a gain of toxic function is exhibited due to sequestering of normal tau.
Reports have shown that the absence of normal tau results in the disruption of microtubules
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(47,48). Abnormal hyperphosphorylation of tau is areflection of both an abnormal
activation of kinases aswell as decreased phosphatase activity (49). Among others, cyclin-
dependent kinase 5 (Cdk5) is one of the mgjor players causing aberrant
hyperphosphorylation of tau (discussed later).

In AD brain, in addition to hyperphosphorylated tau, another cytoskeleton protein,
neurofilaments are also known to be aberrantly hyperphosphorylated (1,2,50).
Neurofilament preparations from rat and mouse also revealed that Cdk5 can phsophorylate
specific KSP repeatsin NF-H and NF-M (51). Neurofilaments play an important rolein
maturation and maintenance of axonal integrity asthey are necessary for axon caliber and
conduction velocity of the nerve fiber. Based on their molecular weight, neurofilaments are
classified as neurofilament heavy, medium and light (NF-H; 200-kDa, NF-M; 150-kDa and
NF-L; 68-kDa, respectively). They are the most abundant neuronal cytoskeleton proteins
and are normally found phosphorylated in axons but in neurodegenerative diseases like AD
and amyotrophic lateral sclerosis (ALS), they are aberrantly hyperphosphorylated in the cell
bodies and form aggregates. Neurofilaments may become hyperphosphorylated by the same
kinase as tau because most of the phospho-neurofilament antibodies cross-react with
phospho-tau antibodies indicative of shared epitopes at various phosphorylated sites (52).
Therefore, along with tau, neurofilaments are another target for AD therapeutics. In addition
to Cdk5, tau can also be phosphorylated by other kinases like glycogen synthase kinase-3f
(GSK 3pB), cyclic AMP-dependent protein kinase (PKA), calcium, calmodulin-dependent
protein kinase Il (CaMKII) and mitogen-activated protein kinase (MAPKS). Some of these
kinase share same epitopes on tau for phosphorylation.

Cdk5: An Atypical Cyclin-dependent Kinase

Cyclin dependent kinase 5 (Cdk5), a proline-directed serine/threonine kinase, has a sequence
homology to the other cell cycle kinases like Cdk1 and Cdk2. Functionally, Cdk5 does not
play any rolein cell cycle; on the contrary it has multiple roles in neuron development,
neuronal survival, phosphorylation of cytoskeletal proteins and synaptic plasticity (7—10).
Like the other cyclin-dependent kinase family members, Cdk5 also requires association with
aregulatory protein for its activation. In mammals, p35 and p39 are the two known proteins
to activate Cdk5. The active form of Cdk5 isfound primarily in the nervous system dueto
its activator proteins being specifically expressed in neuronal cells (53-55). Activity of
Cdk5 istightly regulated and plays an important role in CNS devel opment by
phosphorylating the specific serine or threonine site of numerous substrate proteins closely
associated with neuronal migration, synaptogenesis, and synaptic transmission as well as
synaptic plasticity as shown in Figure 3, (7-10). Mice lacking Cdk5 or its promoter p35/p39
are either embryonically lethal or are born with severe disruption in the migration and
position of the neurons and axonal fiber tracts (7,26,56). Among the two, p35 is the major
and most well-studied activator protein of Cdk5 comprised of 307 amino acids with 35-kDa
mass; p35 can be separated into two regions—pl0 and p25. The N-terminal p10 region is 98
amino acids containing the myristoylated region important for membrane targeting of p35
(4). Also, p10 contains the signal for degradation via ubiquitin-proteosome pathway (57).
The C-terminal p25 region isrich in proline stretch and comprises 209 amino acids. p25 has
the Cdk5 binding as well as activation domain (58). A large body of evidence shows that
both p35 and p39 have a short half-life /n vitro and are prone to ubiquitin-mediated
proteosome degradation, indicating that Cdk5 activity is short-lived and tightly regulated
(57,58).
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Deregulation of Cdk5

Thetight regulation of Cdk5 is disrupted under many neurotoxic or stress conditions.
Various stress like ischemic brain damage, oxidative stress, mitochondrial dysfunctions,
excitotoxicity, Ap exposure, calcium dyshomeostasis and inflammation lead to arisein the
intracellular Ca2*. High Ca2* concentration activates cal pain-mediated cleavage of p35 to
p25, forming a more stable Cdk5/p25 complex (12,53,54,60,61). p25 can effectively activate
CdK5 both /n vitroand in vivobecause it contains the necessary elements for activation (4).
Both p35 and p25 have distinct properties as p35 has avery short half life due to its
susceptibility to degradation via a ubiquitin-proteosome pathway, whereas p25 has avery
long half-life. Also, localization of p35 differs from p25. Due to the p10 myristoylated N-
terminal end, p35 is bound to the membrane, whereas lack of p10 makes p25 localize to the
cell soma and nucleus. These properties of p25 form a stronger association with Cdks5,
leading to the formation of a more stable and hyperactive Cdk5/p25 complex. This
hyperactive complex then causes aberrant hyperphosphorylation of various cytoskeletal
components such as tau and neurofilaments (medium/heavy, NF-M/H), leading to
neurodegeneration and cell death (11-13). Also, deregulated activity of Cdk5/p25 promotes
oxidative stress and mitochondrial dysfunction (62). Oxidative stress further inhibits the
neurofilament axonal transport in response to neurofilament phosphorylation (63). Also,
reactive oxygen species areincreased in cell culture studies when cells were exposed to Ap
and glutamate toxicity causing Cdk5 to promote mitochondrial damage and induce p38
activation (62,64). Therefore, hyperactivity of Cdk5 isinvolved in promoting cell death via
afeedback loop mechanism by being an upstream regulator as well as a downstream effector
of mitochondrial dysfunction (62). Additionally, AD brains display a significant increasein
CdK5 activity along with an increase in p25 and p38 levels (65,66). In addition to AD,
increased Cdk5 activity is aso found in amouse model aswell asin patientswith ALS and
Parkinson’ s disease (PD) (67-69). Consequently, Cdk5 has been closely associated with
various neurodegenerative diseases such as AD, ALS, PD and Huntington’s disease (HD)
(70).

Role of Cdk5 in Plaque Formation

Asdiscussed earlier, senile plagues are formed due to accumulation of fibrillar Ap
aggregates. Ap isformed due to the sequential cleaving of APP by p-secretase (BACEL)
followed by y-secretase in the transmembrane region liberating Ap peptides (71). Dueto the
abundance of extracellular deposition of AP peptides, plagues are formed. Hyperactivity of
Cdk5 produces AP aggregates that induce neurotoxicity resulting in activation of kinases
and inhibition of phosphatases preceeding NFT formation (12,21). Upon neuronal insult
with either Ap or glutamate, primary cortical neurons showed enhanced Cdk5 activity. After
treatment with inhibitors like roscovitine or Cdk5 inhibitory peptide (CIP), cells displayed
reduction in hyperactive Cdk5 (21,72,73).

Various cell culture studies indicated that APP is also a substrate of Cdk5 and
phosphorylation at Thr668 has been demonstrated by Cdk5 (74). Thr668 phosphorylation /n
vitro affects the binding of APP to the cytoplasmic adaptor protein Fe65, indicating that
phosphorylation of APP at Thr668 plays an important role in normal functioning (75).
Recent evidence indicates upregulation of Thr668-mediated phosphorylation of APPin AD
brain tissues whereit is enriched in large endocytic vesicles. Interestingly, in cultured
neurons inhibition of Thr668 phosphorylation using Cdk inhibitors or expression of the
mutant APP (Thr668A) display marked reduction in Ap peptides (76). Additionally, in p25
transgenic mice increased APP Thr668 phosphorylation has been observed compared to
wild-type mice (77). These studies together strongly suggest that Cdk5 hyperactivation may
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be an early event in AD because Cdk5 isimplicated in phosphorylation of APP, making it
more prone to AP formation.

Role of Cdk5 in Tangle Formation

Tangleis another pathological hallmark for AD and is comprised of hyperphosphorylated
cytosketal proteins such as tau and neurofilaments. Various studies indicated that Cdk5 and
tau can be co-purified from microtubule preparations (78). Using phosphoepitope specific
antibodies and mass spectrometric analysis, various phosphorylation sites on tau were
revealed (79-81). Figure 4 depicts the various phosphorylation sites on tau mediated by
Cdk5. These sites are particularly hyperphosphorylated in AD brains. PHF preparations have
shown that tau is phosphorylated at S202, T205, S396 and S404, among others. In human
brains, immunohistochemical analysis revealed Cdk5 localization to NFT-bearing neurons
(82,83). Additionally, an increase in Cdk5 immunoreactivity has been observed in the
pretangle neurons indicating involvement of Cdk5 during the early stage of pathogenesis
(84,85). Results from /n vitro studies indicated that the kinase activity of Cdk5in
phosphorylating tau is significantly higher in the presence of p25 compared to p35 (86).
Similarly, p25 transgenic mice exhibit hyperphosphorylation of tau and neurofilaments (13).
Another tau transgenic mice p301L, when crossed with p25 transgenic mouse, exhibits
development of NFTs (11). In another transgenic mouse model where expression of p25 can
be induced, similar pathology was displayed (77). Recent studies indicated that antibodies
against phospho-neurofilaments (like SMI 31) cross-reacts with phospho tau antibodies and
vice versain human AD brain, suggesting the close association of both. Studies carried out
using phospho-proteomics technique confirms that the human AD tangle preparation
contains phosphorylated NF proteinsin addition to tau (87,88). Similar to tau,
neurofilaments in culture, when exposed to increased expression of Cdk5/p25, resultsin
hyperphosphorylation and impaired axonal transport (89). Cumulative evidence suggests
that the cleavage of p35 into p25 is an extremely important event as it leads to alteration of
substrate specificity for Cdk5. Because of its contribution to tau pathol ogy and tangle
formation, Cdk5/p25 has been identified as a prime therapeutic target for AD.

Cdk5: A Possible Drug Target for AD

During the last two decades multiple approaches have been used to fight against AD starting
from the use of AP antibody, antioxidants, neurotrophins, statins to the use of hormone
replacement and gene therapy (90). Also, multiple drug treatments such astargeting Ap
clearance or as cholinesterase inhibitors have been used but the results have not been very
promising (91,92). In order to test these various drug/gene treatments and approaches,
various transgenic mouse models have been used. Whether in animal or human trials, the
most effective drug treatment or regimen has yet to be determined because all current
therapies either have strong side effects or are not very effective.

Involvement of Cdk5/p25 with not only the formation of AP plagues but also NFTSs, the two
important pathological hallmarks of AD, makes it an obvious choice as a therapeutic target.
Recent studies carried out in the transgenic AD mouse models using lentiviral or adeno-
associated vira vectorsto silence Cdk5 via RNA interference (RNAI) show reduction in
phosphorylation of tau and decreased number of NFTs in the hippocampus (93). Due to the
involvement of Cdk5/p25, kinase inhibitors (such as roscovitine) have been an obvious
choice as therapeutic targets. Accordingly, the effect of compounds such as aminothizole,
resembling roscovitine, akinase inhibitor targeting ATP binding sitesin Cdk5 and other
kinases, have been studied (94-96). However, these compounds are not very specific as they
not only inhibit Cdk5/p25 but also Cdk5/p35 and other cyclin-dependent kinases, leading to
serious side effects and thereby reducing the therapeutic efficacy.
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In recent years our laboratory has attempted to overcome this problem by generating several
truncated peptides of p25, based on the structure and kinetics of the Cdk5/p25 complex
(21,73,79). Among several others, peptides like Cdk5 inhibitory peptide (CIP) and p5in cell
culture studies have shown specific inhibition of Cdk5/p25 hyperactivity without inhibiting
endogenous Cdk5/p35 or other cyclin-dependent kinase activities. In particular, peptide p5
also displayed areduction in tau hyperphosphorylation in cortical neurons when subjected to
AB-induced stress along with reduction in neuronal apoptosis. These results indicate the
potential of the candidate peptide p5 to be further investigated in animal and human clinical
trials.

In conclusion, it may be mentioned that many promising candidates reducing the
hyperactivity of Cdk5 are being introduced in the field of AD therapeutics but careful
evaluation and testing of these promising candidates need to be carried out on transgenic AD
mouse models before proceeding to human clinical trials.
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Figure 1.

(A) Schematic representation of APP processing by various secretases under physiological
and pathological conditions. (B—C) Cortex of a 9-month-old AD model mouse (5XFAD)
with APP and PS1 mutations stained with antibody against AR, (in red) and nuclear stain
DAPI (in blue). Arrows indicate the presence of amyloid plagues. Bar = 20 pm.
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Figure2.

Six isoforms of human tau. Absence of exon 2 and 3 (E2, E3) near the N-terminus of tau
givesriseto ON tau isoforms whereas presence of E2 givesrise to 1N and both E2 and E3
giveriseto 2N tau isoforms. Similarly, presence or absence of R1-R4 repeatsin the
microtubule binding domain givesrise to 3R or 4R tau isoforms. The proline-rich domainis
found in between the N and C termina and is present in all six isoforms. Most of the
phosphorylation sites are found in proline-rich domain.
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Figure 3.

Role of Cdk5/p35 in physiology. Under physiological conditions, Cdk5 istightly regulated
due to its neuron-specific promoter p35 and isinvolved in various biologically important
processes as shown.
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Figure4.
Cdk5-mediated phosphorylation sites detected on tau from Alzheimer brain. The sites are

shown in red color and are mostly located in proline-rich domain with afew at the C-
terminal.
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