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Abstract

Cellcyclere-entry hasbecome awell established model of neuropathogenesis
in Alzheimer’s disease (AD). We and others have demonstrated expression of
early phase cell cycle-related proteins in the vulnerable neurons in AD. Evidence
that this represents a bona fide mitotic event is verified by the observation that
DNA replication does in fact occur in these cells. Notably, the relatively early
occurrence of cell cycle events in AD suggests that a mitotic cell cycle related
mechanism may play a pivotal role in the disease. Still, a number of features of
the cell cycle re-entry phenotype have remained elusive to the role of ectopic
protein expression in the process of neuronal cell death. Late phase cell cycle
proteins regulate separation and segregation of chromosomes. The centromere
region is crucial to this process. Until recently there has been no data on the
role of proteins controlling the centromere region in postmitotic neurons. This
new data suggests that cohesin complexes that mediate sister—chromatid
cohesion in dividing cells may also contribute to gene regulation in postmitotic
cells. Therefore, centromere-cohesin proteins may play a secondary role in
the cell, i.e. one that is independent of their role in cohesion and chromosome
segregation. Evidence demonstrating that instability of centromere-cohesion
dynamics in the early phases of the cell cycle which coincide with re-entry
alteration of cortical neurons enables the possibility to further elucidate initial

processes leading to AD.
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Abbreviations

AD: Alzheimer’s disease; APC: Anaphase Promoting
Complex; APLP2: Amyloid Precursor-Like Protein 2; APP: Amyloid
Precursor Protein; AB: Amyloid-p; Cdc20: Cell-Division Cycle Protein
20; Cdhl: Cdc20-Homologue 1; CDK: Cyclin Dependent Kinase;
GSK3p: Glycogen Synthase Kinase 3 3; NFT: Neuro Fibrillary Tangle;
NR: N-methyl-D-aspartate Receptor; PCD: Premature Centromere
Division; PSD-95: Postsynaptic Density-95; PTTG: Pituitary Tumor
Transforming Gene; SAC: Spindle Assembly Checkpoint; Scc: Sister
Chromatide Cohesion Protein; SMC: Structural Maintenance of
Chromosome; TIM-1: Timeless 1

Introduction

The canonical markers of AD are extracellular senile plaque
composed primarily of fibrilar amyloid-p (AP) peptides, and the
intracellular neurofibrillary tangle (NFT), amass of irregularly folded
proteins composed mainly of hyperphosphorylated tau protein.
The causes and consequences of both AP and tau accumulation are
a primary focus in the field. In particular, the relationship between
tau and AP on other mechanisms known to be involved in disease
pathogenesis has garnered considerable attention. In this regard
changes involving cell cycle dynamics appear to be centrally involved.
Indeed, the intracelullar accumulation of highly phosphorylated tau
is linked to the cell cycle and cell cycle dependent kinases [1]. Cell
senescence, oxidative stress, misregulated apoptosis are important
factors in the pathogenesis of AD [1,2] and are influenced by
aberrations in the cell cycle dynamics and, in particular, telomere

length. Notably, the link between cell cycle related events and
apoptosis is becoming increasingly recognized in neurodegeneration
[3] and it is apparent from studies of neuronal cultures that AP
mediated cell death [4], only occurs if cells re-entry into a mitotic
state [5]. The post-mitotic, quiescent state of adult neurons is long
standing dogma in neuroscience. However, there is accumulating
evidence that neurons re-enter the cell division cycle in AD [4, 6-18].
In mammalian cells, this mitotic re-entry depends on extracellular
signals, namely on the balance between mitogenic stimuli and
differentiating factors [4,19,20]. Sequential expression, activation and
degradation of cyclin/Cyclin Dependent Kinase (CDK) complexes
drive the cell cycle, and their regulation is achieved via mechanisms
of transcription, phosphorylation, proteolysis, and association with
CDK Inhibitors (CDKI) [21]. G,/G, phase transfer in the cell cycle is
triggered by the presence of cyclin D/Cdk4 and Cdké6 complex [22].
When DNA replication is completed, the cyclin A/Cdk2 complex
enables transition from the S to the G, phase (S/G,) of the cell cycle.
For the cell to enter the G, phase of mitosis (G,/M), degradation of
cyclin A/Cdk 2 complex and expression of cyclin B which activates
Cdk2 must take place [22]. Two major observations have helped
establish the cell cycle hypothesis for AD neurodegeneration. First,
activation of cell cycle regulators generally precedes formation of
degenerative lesions such as NFT's, and the regulators and downstream
effectors eventually become incorporated into NFTs [23]. Therefore,
it has been postulated that cell-cycle regulators initiate and mediate
the neurodegenerative process . Second, with the exception of
karyokinesis and cytokinesis, markers from every phase of the cell
cycle, early and late phase (metaphase-anaphase transition) which
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Table 1: Expression of cell cycle markers with accompanied phenotype in the AD brain.

Cell cycle phase Cell cycle markers Accompanied Phenotype
G0-G1 Mitogenic/trophic factors and receptors, downstream signaling, increased pRb and E2F1 None
G1-S Cdk4; cyclins E and A, PCNA, p105, Cdc25A,CDK 5 None
tetraploidy;
Cdc2; cyclin B1; Cdc25B; Weel, Cdk7,PLK1, increased phosphorylation of nucleolin, RNA pol II; Weel; Cdc25 A aneuploidy;
G2-M and B, Cdk 5, Cohesin, APC, Cdk11 bi-nucleation,
premature centromere
division

Abbreviations: CDK: Cyclin Dependent Kinase; Cdc: Cell-division Cycle Protein; PCNA: Proliferating Cell Nuclear Antigen; pRb: Retinoblastoma Protein; PLK 1: Polo

Kinase 1; RNA pol II: RNA Polymerase

* The phenotypes represent only that the AD cell has passed the G1-S phase of the cell cycle but went into a G2/M block as no AD cell has ever completed a full cell
cycle. The proteins reported in the G2/M phase of Table 1, are ectopically expressed in AD and have been extensively been reviewed elsewhere.

are consequently presented by duplicated chromosomes (tetraploidy)
[24-27], aneuploidy [27-35], bi-nuclear cells [36] and Premature
Centromere Division (PCD) [37] have been found in degenerating
neurons (Table 1). The present phenotypes represent a cell ahead of
the S phase. Still, the AD cell goes into a G2/M block and eventually
dies through the process of apoptosis. Except for chromosome 21 that
has been found to be aneuplodogenic and in a tetraploidy state in
neurons affected by AD [24-35], chromosome X has been recently
reported to show instability reported as aneuploidy [38] and skewing
[39]. Both, aneuploidy and skewing are related to the centromere
instability phenotype, or PCD [37] (Table 1).

This has led to the hypothesis that vulnerable neurons re-enter
the cell cycle and proceed through the S phase, but then abort somatic
division and eventually degenerate. These observations have raised
the following questions: What triggers this final cycle? When does
this occur? Are neurons truly postmitotic, or they do cycle very, very
slowly? To answer these questions and to fully understand the AD cell,
we have postulated a new hypothesis that says “A new shift toward
understanding the regulation of centromere-cohesion associated
proteins in the processes of cell cycle re-entry in the AD brain is
needed”. This means that in a postmitotic cell the function of proteins
have changed, once they functioned for the cell to dived and now they
function in a postmitotic cell in order to actively retain the interphase
state, quiescent state. Cell cycle regulators have diversified roles in
postmitotic neurons, i.e. Cdc25 A and B, Wee 1 are constitutively
active in normal postmitotic neurons of the brain [40-43]. Cyclins of
the S phase and B1 are commonly expressed in postmitoic neurons
of middle aged and elderly humans [1,9,20,25,28,43-45] as are cyclin
H [46], and anaphase promoting complex (APC) [47-54]. Wendt et
al [55] showed that cohesin has a transcriptional role during the G1
phase and in postmitotic neuronal cells. This shows that chromosome
segregation, transcriptional regulation and repair of DNA double
strand breaks require the cohesin protein complex [56,57] (Figure 1).

Alzheimer Disease-Associated Proteins and
the Cell Cycle are intimately Linked

Tau phosphorylation

The major protein component of the NFT, the major intracellular
pathology of AD, is a highly phosphorylated form of the microtubule
associated protein tau [58]. The increased phosphorylation of
tau destabilizes microtubule dynamics and, consequently, results
in neuronal dysfunction [58-60]. However, a near identical
phosphorylation of tau, driven by CDKs, also occurs when cells
are mitotically active [1,25,44]. Interestingly, in AD, cell cycle

protein expression precedes the appearance of phosphorylated tau
[61] indicating a possible cause-effect relationship. In this regard,
CDKs localized in neurons in AD are known to phosphorylate tau
in in vitro assays in a manner similar to that found in AD in vivo
[1,25,44]. Ittner et al [62] showed that tau as an axonal protein has
a dendritic function in postsynaptic targeting of Fyn, i.e. reduced
levels of postsynaptic Fyn and instability of N-methyl-D-aspartate
receptor/postsynaptic density-95 complexes (NR/PSD-95) in tau -/-
mice prevent AP toxicity. Recently we found that astrin a substrate
of glycogen synthase kinase 3 p (GSK3p) is increased in AD brains
(results not shown). Astrin has a role in cohesion [63] and it is a non-
motor associated protein essential for the cell cycle progression, sister
chromatid cohesion and for the completion of mitosis [63]. GSK3
interacts with and phosphorylates astrin resulting in targeting astrin
to the microtubules and kinetochores. GSK3p is one of the most
implicated tau kinases and its hyperphosphorylation in AD [64].

Amyloid-
The major protein component of senile plaques is a 4.2 kDa

polypeptide AP, which is derived from a larger precursor - Amyloid
Precursor Protein (APP) encoded on chromosome 21. Attesting to
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Figure 1: A schematic representation showing a normal neuronal cell cycle
and excocytotxic action of AR on the postmitotic neuron altering crucial late
phase cell cycle proteins.

This figure represents a generalized interaction between late phase cell cycle
proteins *(Cohesin, APC/Cdh 1, CDK 5, CDK 11) that have an active role
in the maintenance of a postmitotic state of a neuron and early phase cell
cycle proteins that are represented on the left. Extensive research have been
done on early phase proteins and are not the subject of this present paper.
Mitotic signals from AR lead to our view to an abortive cell cycle in which
ectopic expression of the late phase cell cycle proteins in coordination with
early phase proteins induce a G2/M block leading cell death.
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the importance of this protein, mutations in the APP gene are linked
to the inevitable onset of familial AD. Given the role of mitotic
re-entry in AD, it is notable that APP is upregulated secondary to
mitogenic stimulation [65] and that APP metabolism is regulated
by cell cycle-dependent changes [66]. Interestingly, AP itself is
mitogenic in vitro [23,67] and therefore may play a direct role in the
induction and/or propogation of cell cycle-mediated events in AD.
In this regard, recent seminal work by Karl Herrup’s group found
that in APP transgenic mouse models, including Tg2576, which
are AP rich [68], the cell cycle is also induced and leads to DNA
duplication (i.e. neurons enter S phase). How centromere-cohesion
associated proteins are related to APP and tau is not known. One
view is that proteins that have a role in cohesion and when altered
produce a phenotype that is commonly found in AD (cohesion
imbalance or PCD), and may have a secondary role in the re-entry
neuronal processes in AD [69]. Presenilin (PS) proteins were recently
suggested to play a role in chromosome segregation [29,31,70]. These
proteins are functionally related to APP, with a possible topological
interaction in the cell membrane [70]. One might therefore speculate
that they are also functionally connected with amyloid precursor-like
protein 2 (APLP2) [71,72]. Rassoulzadegan et al [73] postulated a
different function for an APP family protein. The same gene which
was designated Aplp2 (due to sequence similarities between APP and
the encoded protein) had been originally described under the name
Cdebp. It is a DNA-binding protein that recognizes the sequence
[A/G]TCAC[G/A]TG, which is identical to the CDEI element of
the yeast centromere. Immunocytochemical analysis localized the
protein to discrete spots in the interphase nucleus, and a series of
convergent observations then suggested a role in the replication
and/or segregation of genomic DNA. Protein binding to a CDEI
motif in the genome of bovine papillomavirus type 1 was found to
be required for maximal efficiency of replication of the viral DNA
in transfected cells and for its subsequent episomal maintenance in
stable transformants. A strong inhibitory effect on early development
had been observed upon microinjection into fertilized mouse eggs of
double-stranded oligonucleotides containing the CDEI sequence, and
after treatment of one-cell embryos with antisense oligonucleotides.
In both instances, the development was arrested before the blastocyst
stage, with the characteristic accumulation of abnormal nuclear
structures and DNA contents [73], suggestive of a possible role for
the protein in DNA replication and/or chromosome segregation.
Many sporadic and familial AD patients, including those carrying PS
mutations, exhibit a defect in chromosome segregation that leads to
aneuploidy, including trisomy 21, in many cells throughout the body
[24,25,29,74,75]. This finding is intriguing because individuals with
full trisomy of 21 (Down syndrome) all develop AD pathology ata very
early age [29,31,76-78]. Boeras et al [31] found that PS-1 transfected
cells indicate that PS cause abnormal chromosome missegregation
by altering the structure/function of the mitotic cells. Also, others
showed that a number of APP over expressing lines, including the
Tg2576 line proposed herein, show increases in cell cycle protein by
immunocytochemistry and chromosome duplication by fluorescence
in situ hybridization [25]. Therefore, established models in vivo
(Tg2576) and in vitro models that display alterations in cell cycle, tau
phosphorylation, AP, neurodegeneration, and cognitive parameters,
(i.e. cardinal features of AD), show that chromosome-centromere
instability is not merely a correlative manifestation of the disease

process but is possibly a contributing factor to AD.

Secondary Role of Cohesion and Related Proteins in AD:
a hypothesis

Temporal instability seen as PCD of vulnerable chromosomes
in neuronal and peripheral blood cells in AD show that cohesion/
cohesin is altered resulting in the impairment of the secondary roles
of cohesin in the neuronal cell which may lead to more instability and
consequently cell death [67]. The centromere and chromatid arms
are held by a protein called cohesin [79,80]. Cohesin contains two
subunits from the Structural Maintenance of Chromosome (SMC)
family, Smc1 and Smc3, and two non-SMC subunits, sister chromatide
cohesion protein 1 (Sccl) also called Rad21, and Scc3. Cohesin is
loaded onto chromosomes before S phase and establishes cohesion
between the duplicated chromosomes (sister chromatids) during
DNA replication. This regulated linkage is released in preparation
for chromosome segregation through a well-defined mechanism
that involves the phosphorylation and proteolytic cleavage of the
non-SMC cohesin subunit Sccl. In contrast, the mechanisms that
underlie the loading and assembly of cohesin onto chromosomes
are poorly understood [79]. The cohesion complex can influence
gene expression [81], regulation of time directly through the clock
gene paralogue Timeless 1 (TIM-1) [82], homologue repair [83] and
check point control [84]. AD patients show centrally and peripherally
circardian dysfunction, leading to increased aneuploidy [29,32,33,35]
and to neuronal cell death - the basis on which symptoms of dementia
in AD reside. Cohesion is maintained during interphase and the cell
cycle by a number of proteins [80] and the most abundant proteins
in sister chromatid separation are securins, separins and cohesins.
Securin accumulation during interphase and their binding to
separin prevents premature separin activation. During the normal
cell cycle, APC eventually degrades securin, thus activating separin
to facilitate chromosome segregation. Accordingly, loss of securin,
the inhibitor of separin function, would lead to constitutive separin
activation, enabling cohesion removal from heterochromatin regions
resulting in Premature Centromere Separation (PCD) [85]. Mice
lacking securin show aberrant cell cycle progression and PCD [86].
The Pituitary Tumor Transforming Gene (PTTG), a securin, was
cloned initially from a rat pituitary tumor. Overexpression of PTTG
activates the expression of p53 and modulates its function, with this
action of PTTG being mediated through the regulation of c-myc
expression. PTTG also up-regulates the activity of the bax promoter
and increases the expression of bax through modulation of p53
expression. PTTG can regulate apoptosis in both a p53-dependent
and a p53-independent manner. Structural homology suggested that
PTTG may be a mammalian securin and this has been confirmed
by its involvement in regulating sister chromatid separation during
mitosis [86,87]. Also, Jallepali et al [87] show that PTTG in mice and
securin appears to be critically for the maintenance of chromosome
stability and cell cycle progression. By using a hybrid model
for exploring chromosome 21 instability and RNAi processing,
Fukagawa et al [84] showed that dicer-deficient cells express mitotic
defects and that many cells died in interphase by apoptosis. The data
showed that cells died of aberrant localization of cohesion protein
Rad21 with chromosomes expressing PCD and Bubl inactivation
[84]. Inactivation of Bubl shows that the check point pathway
has a defect. If the mitotic checkpoint is defective, the cells should
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progress through anaphase. However, cells cannot enter anaphase
because the sister chromatids and centromeres have separated
prematurely and the chromosomes are not aligned at the metaphase
plate leaving the cells with multiple spindles. Leland et al [88] showed
that abnormal Bubl function results in a premature separation of
chromosomes into separated sister chromatides, a mechanism that
has been proposed to be involved in the genesis of the majority of
human germ cell aneuploidy. We conclude that a number of Spindle
Assembly Checkpoint (SAC) proteins [89,90] cohesion proteins
[91,92] and a specific cyclin, Cdk11 [93] when inhibited can express
centromere instability phenotype in various cells. The findings that
cohesion instability leads to late phase phenotype in affected neurons
or PCD [35] and tetraploidy [25] are bound to an alteration of the
SAC control. This is strengthen by the notion that mitotic catastrophe
can occur after failed mitosis, during the activation of the polyploidy
checkpoint, in a partially p53-dependent fashion. DNA damage repair
that is p53 dependent is known to be altered in AD [94]. The spindle-
assembly checkpoint and the postmitotic checkpoint (DNA re-
replication in these cells is prevented by a p53-dependent mechanism
that arrests cells in postmitotic G1 phase, often referred to as the
postmitotic checkpoint) have a fundamental role in safeguarding
chromosomal stability [95]. Based on our current knowledge of PCD
we postulate that centromere instability of neuronal cells increase
over time leading to mitotic catastrophe and premature cell death.
Mitotic catastrophe which has been recognized as one of the earliest
events in neuronal degeneration, may in fact be sufficient to initiate
the neurodegenerative cascade [96].

Anaphase promoting complex in postmitotic neurons

Anaphase-promoting complex or cyclosome is an E3 ubiquitin
protein ligase that together with cell-division cycle protein 20
(Cdc20) and Cdc20-homologue 1 (Cdh1) targets mitotic proteins for
degradation by the proteosome and functions in regulating cell cycle
transitions in proliferating cells and has, as revealed recently novel
roles in postmitotic neurons [48-54]. APC/C triggers the onset of
anaphase and inducing the destruction of sister chromatid cohesion
by ubiquinating a protein called securin. Securin is an inhibitory
chaperone of a thiol protease called separase. Activated separase
cleaves Sccl that holds sister chromatides together (see Figure 2).

APC is regulated by its activator Cdh-1, which is abundantly
found in postmitotic neurons. Cdh 1-APC and Cdc20-APC have
emerged as key regulators of diverse aspects of neuronal connectivity,
from axon to dendrite morphogenesis to synapse remolding and
development [47-54]. This shows that APC has multiple roles at
different cellular locations and appear not to be connected to cell
cycle regulation. Auila et al [51] show that APC may have a role
in suppression of cyclin B in postmitotic neurons, thus preventing
terminally differentiated neurons to re-enter the cell cycle. This
role may be impaired in AD, i.e. it provides an explanation for the
mechanism of cyclin Bl reactivation in AD [25,48].

Wirth et al [97] showed that inactivation of APC subunit Apc2
in quiescent hepathocytes may stimulate re-entry into the cell cycle,
without any mitogenic stimulus, leading to hepatic failure. They
concluded: “This finding implies that the APC has a crucial role in
quiescent hepatocytes, namely, to restrain their re-entry into the cell
cycle. The APC could perform this function either by suppressing the

production of extracellular mitogens or more directly by suppressing
accumulation of intracellular proteins capable of promoting
proliferative growth. The authors conclude that abolition of the APC
causes a major change in the state of quiescent hepatocytes such that
they are more readily stimulated to embark on cell proliferation.
Crucial to post mitotic maintenance of neurons except APC is
CDKS5. CDK 5 is an atypical cyclin that inhibits the cell cycle in order
to keep neurons in their postmitotic state. Transfer of CDK 5 out
of the nucleus to the cytoplasm induces neurodegeneration. APP
alfa , a neuroprotective APP cleavage product is found to regulate
expression and activity of CDK 5 in primary cortical neurons [98].
CDK 5 dysregulation has been associated with amyloid-beta. This
CDK 5/Abeta association triggers the neuronal abortive cell cycle
[99]. CDK 5 is associated to APC through phosphorylation and thus
inactivation of Cdhl, thus regulating the post mitotic state [100].
These observations possibly link APC ectopic expression through a
CDK 5 dependent mechanism and to the beginning of neuronal cell
cycle re-entry and to associated phenotypes (Table 1).

Cdk11 and cohesion

Cyclin-dependent kinase 11 (CDKI11) mRNA produces a 110-
kDa protein (CDK11p110) throughout the cell cycle, a 58-kDa
protein (CDK11p58) that is specifically translated from an internal
ribosome entry site and expressed only in the G2/M phase of the cell
cycle, and a 46-kDa protein (CDK11p46) that is considered to be
apoptosis specific. CDK11 is required for sister chromatid cohesion
and the completion of mitosis. Cdkl1l which is activated only in
the G2/M phase of the cell cycle has been found to be adversely
affected by AD [70]. A number of researchers have found that, when
inhibited, Cdkl1 can have a devastating effect on the animal or cell
culture phenotype. Corresponding knockout mice do not survive
and cells depleted of Cdkl1 show cytogenetic abnormality, such as
PCD. Dongli et al [93] showed that depletion of Cdk11 delocalizes the
cohesion protein Rad21. A number of authors have reported that cells
with depleted Rad21 show centromere instability (PCD phenotype).
Rad 21 has been demonstrated to cleavage by caspase proteins
to trigger sister chromatid separation during apoptotic signaling
[101]. Rad21 may show dependence on the presence of the swedish
mutation in M17 cells and the TG 2576 mouse (data not shown).
Using immunoflourescence Rad21 and Cdk11 are found to localize
in the nuclei of M17 cells and M17 APP and M17 swedish mutant
type. Based on western blot and densitometry, Rad21 expression
is decreased in M17 APPswed mutant The decrease is also found in Tg+

Mad2
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—_ e e

Kinetochore
Microtubules
Prometaphase Metaphase Anaphase Telophase
Figure 2: A schematic presentation on the role of APC in the separation and
segregation of a chromosome (published in [107]).
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mice. This correspondence indicates that cohesion in postmitotic
neurons is linked to expression of APP and that decreased levels
of Rad21 may also show impaired DNA repair in the AD brain. In
respect to these results, increased expression of Cdkll has been
found in cellular processes [70] may indicate that Cdkl1 is linked
to APP signal transduction processing in neuronal synapses [70].
The PCD phenotype has lead us to the conclusion that the AD cell
has impaired regulation of cohesion and may have activated the cell
cycle checkpoint showing that the AD cell goes ahead of its time. Still,
mechanisms that regulated the AD cell does not favor abrogation of
the G2/M phase, i.e. not one AD cell has successfully completed its
cycle.

Cell Cycle Alterations in Post-Mitotic
Neurons May Lead to Cell Death in Alzheimer
Disease

Although various mitotic markers are upregulated in vulnerable
neurons in AD and these neurons successfully replicate DNA (i.e.
proceeds to S phase), no evidence of actual mitosis has ever been
found. This suggests that they are arrested at a point (s) prior to the
actual event of cellular division. However, it is well known that once
cyclin A is expressed, the arrested cells lack the ability to return to GO
and therefore must either complete the cycle or die. Therefore, given
the lack of evidence for successful completion of the cell cycle, it is
likely that the re-activation of cell cycle machinery in post-mitotic
neurons leads to their death. How this is achieved is not currently
known. A new hypothesis [69] has been postulated in which alteration
of centromere dynamics may play an intrinsic role in cell death by
mitotic catastrophe. Ogawa et al [96] state that mitotic catastrophe,
recognized as one of the earliest events in neuronal degeneration,
may, in fact, be sufficient to initiate the neurodegenerative cascade.
Mitotic catastrophe is a poorly defined type of cell death linked to
the abnormal activation of cyclin B/Cdkl. Here we propose that a
conflict in cell cycle progression or DNA damage can lead to mitotic
catastrophe, provided that cell cycle checkpoints are inhibited (in
particular the DNA structure checkpoints and the SAC. SAC is
required for mitotic catastrophe induced by DNA-damaging agents
[102]. Thus, checkpoint proteins which have a role in maintaining
the postmitotic state in neurons also influence intrinsic resistance
to stress [103]. Oxidative stress and DNA damage in neurons
and astrocytes have been found to be elevated in AD [104-106].
Chromosome stability is compromised in vulnerable neurons of the
AD brain. To elucidate expression patterns of centromere-cohesion
regulated proteins which include the SAC could reveal an underlying
mechanism of instability which expresses itself not only in neuronal
cells of the frontal cerebral cortex but also in the peripheral blood
lymphocytes of AD patients.

Conclusion

Aside from its two characteristic pathologies, Ap and NFTs, AD
demonstrates a mitotically active phenotype. These affected cells
show features of activation of the beginning of a full cell cycle, from
activation of cyclins and CDKs to activation of cell cycle checkpoint
control proteins. Replication of DNA in AD neurons (cyclin B and
CDK 1) has been successfully correlated with various cytogenetic
alterations of neuronal chromosomes, and one corresponds to the
occurrence of tetraploidy in AD neurons [25,36]. Other groups have

found chromosome instability, PCD of chromosome X in cortical
neurons [37], bi-nuclear neuronal cells in AD brains. Regardless,
these cytogenetic alterations not only show that replication has
occurred in these cells, but that a number of proteins which constitute
the centromere complex have been misregulated meaning that the
post mitotic state has been compromised. By elucidating expression
patterns of centromere regulated proteins including those of the SAC,
we may be able to reveal an underlying mechanism of instability. This
review in which we elaborate a role of late phase cell cycle proteins in
maintaining a stable post mitotic state of neurons may enable to find
new biomarkers that could lead us to better prevention strategies and
possible new pathways for pharmacological intervention. Ultimately,
the curious mitotic alterations in neurons and peripheral blood
lymphocytes of AD, believed to be a result of aberrant cohesion
processing, is a characteristic that warrants further investigation.
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