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ABSTRACT

Several lines of evidence link Alzheimer’s disease (AD) to atherosclerosis (CVD),
including that elevated low density lipoprotein (LDL)-cholesterol is a common risk
factor. Development of genomic instability could also link the two diseases.
Previous fluorescence in situ hybridization (FISH) analyses revealed a clonal
expansion of aneuploid smooth muscle cells underlying atherosclerotic plaques.
Likewise, cellular and mouse models of AD revealed tau-dependent mitotic
defects and subsequent aneuploidy partly resulting from amyloid-beta (AB)
interference with microtubule (MT) stability, and specific MT motors function.
Moreover, AD patients develop aneuploid/hyperploid cells in brain and peripheral
tissues, implicating similar mechanism that may lead to apoptosis and
neurodegeneration.

This dissertation tested the hypothesis that elevated lipoproteins and
cholesterol may contribute to genomic instability in AD and CVD and showed
that: (1) treatment with oxidized LDL (OX-LDL), LDL and water soluble
cholesterol, but not high density lipoprotein (HDL), induced chromosome mis-

segregation, including trisomy and tetrasomy 12, 21, and 7 in human epithelial

Vii



cells (h-TERT-HME1), primary aortic smooth muscle cells, fibroblasts, mouse
splenocytes and neural precursors; (2) LDL-induced aneuploidy may depend on
a functional LDL receptor (LDLR), but not amyloid precursor protein (APP) gene;
(3) fibroblasts and brain cells of patient with the mutation in the Niemann-Pick C1
gene (NPC1) characterized by impaired intracellular cholesterol trafficking and
changed intracellular cholesterol distribution harbored trisomy 21 cells; (4) young
wild-type mice fed high and low cholesterol diets developed aneuploidy in spleen
but not in brain cells within 12 weeks; (5) like with the studies on AB-induced
aneuploidy, calcium (Ca®") chelation reduced OX-LDL and LDL-mediated
chromosomal instability; and (6) altering plasma membrane fluidity with ethanol
attenuated OX-LDL and LDL-induced aneuploidy.

These results suggest a novel biological mechanism by which disrupted
cholesterol homeostasis may promote both atherosclerosis and AD by inducing
chromosome mis-segregation and development of aneuploid cells.
Understanding the cause and consequence of chromosomal instability as a
common pathological trait in AD and CVD may be beneficial to designing

therapies relevant for both diseases.
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CHAPTER ONE

INTRODUCTION?

The accurate transmission of genetic material from a mother cell to the daughters
requires not only a faithful replication of the genome, but also a precise
segregation of chromosomes during the cell division. To accomplish this
remarkable process, the cell has to disentangle replicated DNA molecules and
pull them accurately to the opposite poles of the mitotic spindle before
completing cytokinesis (Figure 1). In eukaryotic, including mammalian cells, the
cohesion between sister chromatids, a duplicated set of chromosomes, is
sustained long after DNA replication, which allows for successful completion of
mitosis (M). During the M phase of the cell cycle, microtubules (MT), highly
dynamic protein polymers of the mitotic spindle, attach the kinetochores of the
sisters chromatids to opposite spindle poles and drive chromosome movement
and traction (reviewed in Morgan, 2007). A tightly controlled interaction between
activating and inhibiting factors of the cell cycle assures chromosomal stability

and integrity (Draviam et al., 2004), whereas dysregulation of the genes that

! Portions of the results in this chapter have been published (Granic et al., 2010) and are utilized with the permission from
the publisher. The contributions of the authors are: A. Granic, experimental designs and implementation, data collection
and analysis, and manuscript preparation; J. Padmanabhan, important scientific insights for the manuscript, M. Norden,
mice genotyping and assistance with the surgical procedures, and H. Potter experimental designs and manuscript
preparation.

1



Metaphase Anaphase

hTERT-HME1 cells

Figure 1. Metaphase to Anaphase Transition in hTERT-HME1 Cells

Immortalized human epithelial cells were stained for mitotic spindle (a-tubulin, red), centrosomes/spindle
poles (y-tubulin; green) and nuclear DNA (DAPI, blue) to visualize the transition through the M phase of the
cell cycle. Granic and Potter, unpublished data.

govern the spindle checkpoints (Bharadwaj and Yu, 2004; Kinzler and Voglstein,
1997) and DNA repair result in various genomic alternations, including
mutations, chromosomal rearrangements, deletions, inversions and aneuploidy
(Draviam et al., 2004; Rao et al., 2009). Despite numerous cytogenetic
pathways that ought to preserve this fundamental principle of life, spontaneous
and induced chromosome mis-segregation happens frequently in humans during
normal and pathological conditions (Cimini et al., 1999; Rasnik, 2000; Peterson
et al., 2008; Rao et al., 2009; Rehen et al., 2005; Shi et al., 2000; Wojda et al.,
2007).

Aneuploidy, a numerical abnormality of chromosomes compared to the
normal genome (King and Stansfiled, 1990) arises as a consequence of mitotic

errors (Kops et al., 2005; Rao et al., 2009) and has been linked to (1)



tumorigenesis of solid tumors (Boveri 1929; reviewed in Duesberg and Rasnik,
2000; Jefford and Irminger-Finger, 2006; Ried 2009); (2) spontaneous abortions
and embryonic lethality (Lebedev et al., 2004; Ljunger et al., 2011); (3) etiology of
genetic diseases with abnormal phenotype such as Down syndrome (DS)
(reviewed in Hassold and Sherman, 2000; Nizeti¢, 2008); (4) aging (Aviv et al.,
2001; Carere et al., 1999; Faggioli et al., 2011; Ly et al., 2000; Vijg and Dolle,
2007); (5) atherogenesis (Matturri et al., 1997; 2001); (6) neurogenesis (Peterson
et al., 2008; Rehen et al., 2005; Yang et al., 2003); and (7) neurodegeneration
and dementia (Arendt et al., 2010; Potter, 2004). Mitotic division of an aneuploid
cell is believed to be an evolutionary experiment resulting in cellular diversity and
constant genomic redistribution (Rasnick, 2000), but also a phenomenon
characterizing or contributing to the disease process.

This chapter will focus on genomic instability and chromosomal
aneuploidy in normal and diseased human brain, the functional consequence and
relevance thereof, the theoretical foundation for the role of altered gene dosage
and abnormal cell cycle in dementia of the Alzheimer's type, cancer, and

cardiovascular disease (CVD).

GENOMIC INSTABILITY IN NORMAL HUMAN BRAIN

Ever since the numbers of human chromosomes have been determined (2n = 46;
Tjio and Levan, 1956), numerous molecular cytogenetic studies reported

genomic imbalance and the presence of euploid and aneuploid cells (i.e.,

3



mosaicism) in various pathogenic and nonpathogenic human conditions. The
cells from normal tissues have been assumed to contain identical genomes in
which aging, environmental and endogenously-induced insults may compromise
the accuracy of mitotic machinery, initiating or causing the diseased state (Aviv et
al.,, 2001; Beetstra et al., 2005; Benassi-Evans and Fenech, 2011; Mukherjee
and Thomas, 1997; Ried, 2009). In addition, higher cellular proliferation rates of
renewable tissues in a complex human organism during embryogenesis
(Biancotti et al., 2010; Mantzouratou and Delhanty, 2011), neurogenesis (Yurov
et al., 2005; 2007; Westra et al., 2008), tissue development and cell
differentiation put at risk tightly regulated mitotic checkpoints, often resulting in
chromosome mis-segregation and aneuploidy (i.e., aneugenesis) (Draviam et al.,
2004). Primary neurons in the normal human brain have been traditionally
viewed as post-mitotic and in GO (Obrenovich et al., 2003), and thus genetically
stable. However, with advancements in cytogenetic techniques (Figure 2) from
the classic karyotype analysis of colcemid-arrested cells at metaphase (Barnicot
and Huxley, 1961) to more sophisticated examination of dividing and post-mitotic
cells via fluorescent DNA probes to target a part of a chromosome in interphase
cells (i.e., fluorescent in situ hybridization, FISH; Pinkel et al., 1986) or different
chromosome paints to visualize one or all chromosomes in dividing cells (i.e.,
spectral karyotyping, SKY; Schrock et al.,, 1996; Speicher et al., 1996), the
mosaic nature of developing and adult normal mammalian, including human
brain has been identified (Rehen 2001; 2005; Peterson et al., 2008; Yurov et al.,

2005; 2007).



Colcemid-arrested metaphase FISH Chromosome paint

I,

Mouse splenocytes

Figure 2. Examples of Cytogenetic Methods for Analysis of Chromosome

Complements in Metaphase and Interphase Cells

Chromosomes in dividing cells can be visualized and analyzed via colcemid-arrested metaphase spread (left
panel), FISH with fluorescent DNA probe (middle panel), and chromosome paint (right panel). Granic and
Potter, unpublished data.

Mosaic Nature of Neurogenesis

For almost a century, a central dogma in neuroscience (Ramon y Cajal, 1913;
Rakic, 1985) viewed neurogenesis as a process confined to the embryonic stage
of mammalian development, and only recently a series of studies in various
animal models and human brain samples confirmed that new neurons are indeed
being born in distinct regions of the adult brain throughout life (reviewed in
Christie and Cameron, 2006; Gross, 2000; Kempermann and Gage, 2000; Ming
and Song, 2005; Zhao et al., 2008). Adult neurogenesis, a continuous
generation of functional neurons in the dentate gyrus, olfactory bulb and
neocortex from the neural precursor cells (NPCs) occurs via mitosis (Eriksson et
al., 1998; Christi and Cameron, 2006) adding thousands of new neurons to the
brain per day (Cameron and McKey, 2001; Hastings et al., 2000), which become
an integral part of existing neuronal circuits (Carleton et al., 2003; Kingsbury et

al., 2005; Van Praag et al., 2002).



Methodological limitations of the techniques used to identify neurogenesis (e.g.
incorporation of the synthetic thymidine into mitotically active cells indicates DNA
synthesis and not necessarily cell division, and neuronal-specific markers cross-
react with other brain cells or do not detect all types of neurons) (Cristie and
Cameron, 2006; Ming and Song, 2005; Rakic, 2002) suggest that the renewal of
the brain tissue may be happening at higher rates and in other brain regions than
has been reported. In addition, several modulators of adult neurogenesis have
been recognized (Ming and Song, 2005). Unfavorable conditions such as
exposure to acute and chronic stress and aging may decrease (Kuhn et al.,
1996; Gould and Tanapat, 1999; Jin et al., 2003), whereas environmental
complexity (Brown et al., 2003) and learning of hippocampal-dependent tasks,
may increase the proliferation of neuronal cells in the dentate gyrus (Gould et al.,
1999; Leuner et al.,, 2004). Accumulated evidence has shown that chronic
neurodegenerative diseases (e.g., Huntington’s and Alzheimer’s disease; Curtis
et al.,, 2003; Jin et al., 2004) and brain injury (Magavi et al., 2000) trigger a
significant increase in neuronal marker-positive cells, suggesting an induction of
brain’s self-repair mechanism under pathologic stimuli.

Advanced cytogenetic analyses by FISH and SKY have provided new
insights into the nature of the developing and adult mammalian brain. Numerous
chromosomal aberrations in the embryonic cerebral cortex, postnatal ventricular
zone (VZ) and other adult cortical regions of normal mouse and human brains
were observed among neuronal stem cells, NPCs and mature neurons (e.g.,

Kaushal et al., 2003; Kingsbury et al., 2006; Peterson et al., 2008; Rehen et al.,
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2001; 2005; Yang et al., 2003; Yurov et al., 2005; 2007; Westra et al., 2008),
which were functionally active and had been incorporated into the present
neuronal circuitry (Kingsbury et al., 2005). Up to 33% metaphases cultured from
mouse embryonic neural cells exhibited both loss and gain of autosomal and sex
chromosomes (Rehen et al., 2001), and about one-third of postnatal NPCs that
give rise to neurons and glia were aneuploid for more than one chromosome
(Kaushal., et al.,, 2003). Analyzing mitotic defects in prenatal cortical
hemispheres by co-immunolabeling for histone H3 to detect chromosomes and
for vimentin, a cytoplasmic marker of NPC, Yang et al. (2003) identified 4.6% of
NPCs with lagging chromosomes, 3.2% with multipolar cell division events, and
various aneuploidies by SKY. The rate of aneuploidy per mouse chromosome in
developing brain may be estimated as high as 1.65% assuming that every
chromosome has an equal chance to be gained or lost (Faggioli et al., 2011).
Similarly, application of multicolor interphase FISH with DNA probes for the
chromosomes exhibiting a frequent mosaic autosomal aneuploidy in humans
(i.e., chromosome 13, 18, and 21; lourov et al., 2006) on isolated fetal brain
nuclei revealed between 30-35% of aneuploidy or estimated aneuploidy rate of
1.25-1.45% per chromosome (Yurov et al.,, 2005; 2007). Taken together, the
data indicates that genetic mosaicism or co-existence of euploid and aneuploid
cells is a universal feature of the developing mammalian brain.

Several hypotheses have been put forth to explain the susceptibility of the
central nervous system (CNS) to genomic instability, aneuploidy generation (i.e.,

aneugenesis) and the phenotypic benefits thereof (Dierssen et al.,, 2009).
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Extreme brain complexity manifested by cellular diversity, lateral asymmetry,
regional interconnection of specialized microdomains, functional and structural
plasticity, and enhanced responsiveness to environmental stimuli and cues make
the brain more sensitive to genomic variations (Gericke, 2008) compared to other
organs. Chromosome mis-segregation in neural precursors and consequent
genetic mosaicism could be a mechanism for biological variability and diversity in
neurons contributing to the functional complexity of the brain and differences in
intellectual abilities, personality, and psychiatric diseases in humans (Muotri and
Gage, 2006). Neuronal genomic heterogeneity as a universal organizational and
functional property of developing and adult brain may play a role in the late-onset
neurodegenerative diseases if the level of aneuploidy exceeds a physiologically
sustainable threshold and the mechanisms of aneuploidy clearance fail (Arendt
et al., 2009; Potter, 2004). Increased apoptosis of aneuploid neuroblasts during
cortical development (Rehen et al., 2001) suggests an inherent susceptibility to
the cell death and/or decreased proliferative potential (Blaschke et al., 1996; Kai
et al., 2009; Williams et al., 2008).

Advancements in neuroscience in the past couple of decades challenged
two scientific dogmas: (1) the adult brain is not capable of renewal, and (2)
normal neural cells possess identical genomes. However, complete
understanding of the mechanism, extent, regional distribution and the role of both
neurogenesis and aneugenesis under normal and pathological conditions in

developing and mature human brain remains to be explored.



Mechanism of Aneuploidy Generation

Numerous tightly regulated processes and checkpoints throughout mitosis should
ensure equal chromosome segregation and accurate separation of synthetized
genetic material into two daughter cells (reviewed in Morgan, 2007). Molecular

biology and cytogenetic studies using mostly human cancer cells revealed

1. Dysregulation of SAC 2. Improper MT-kinetochores 3. Cohesion defects 5. Lagging chromosome
attachment

Multipolar division

Adapted from Fagagioli et al. (2011). Mech. Ageing Dev.

Figure 3. Mechanisms of Aneuploidy Generation

During the separation of sister chromatids, several pathways may lead to gain or loss of chromosomes such
as: (1) dysregulation in the spindle assembly checkpoints (SAC) genes in which one daughter cell gets both
chromosome copies after cell division; (2) improper attachment of microtubules and kinetochores to spindle
poles (e.g., one kinetochore attached to both spindle poles); (3) incorrect cleavage of cohesin; (4) multiple
spindle poles leading to asymmetric cell segregation; and (5) lagging chromosomes left after anaphase may
result in one or both daughter cells to be hypoploid.



several pathways that lead to aneugenesis: (1) dysregulation of spindle assembly
checkpoint (SAC) genes; (2) improper cross-linking of microtubules and
kinetochores; (3) sister chromatid cohesion defects; (4) supernumerary
centrosomes; and (5) incomplete cytokinesis (Chi and Jeang, 2007; Gisselsson,
2011; King, 2008; Yang et al.,, 2003). These mechanisms of neoplastic
aneuploidy generation and persistence of chromosomal instability in tumors may
also explain chromosomal aberrations in the normal CNS (schematically
presented in Figure 3).

The SAC is a surveillance system responsible for delaying the separation
of the sister chromatids and progression into the anaphase until all chromosomes
are properly oriented across the mitotic plate and attached on the mitotic spindle
via kinetochores (Ito and Matsumoto, 2010; Straight, 1997). Dysfunction and
epigenetic modification of the signaling within the SAC (e.g., in the Mad and Bub
protein family) can result in a mother cell with mis-aligned or unattached
chromosomes proceeding with chromosome segregation towards opposite
spindle poles, producing a daughter cell with both chromosome copies.
Furthermore, inhibition of mitotic spindle motors such as kinesins, a group of
proteins that aid connecting antiparallel MT and segregation of spindle poles
resulted in massive aneuploidy in cultured cells (Borysov et al., 2011).

Proper cleavage of cohesin, a complex of four proteins that holds
duplicated DNA molecules together from the S phase through the metaphase is
the central event in chromosome segregation (Nasmyth, 2001; Uhlmann, 2003).

Experimental evidence in cellular and animal models has indicated that both
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defects in expression of cohesin (Barbero, 2011) and cohesin protease separase
leads to mitotic errors, aneuploidy and tumor formation (Meyer et al., 2009;
Mukherjee et al., 2011; Zhang et al., 2008).

Additionally, erroneous number of spindle poles due to centrosome
replication defect (Godinho et al., 2009) may separate chromosomes to several
nuclei or give rise to asymmetric segregation and generation of laggards (Falck
et al., 2002; Norppa and Falck, 2003), which are chromosomes left at the mitotic
plate after anaphase and frequently captured into the micronuclei (Figure 3).

Studies on human neoplastic tumors have shown that despite bipolar
mitosis and accurate metaphase-anaphase transition, cytokinesis failure in
combination with spindle multipolarity may generate clones with high levels of
aneuploidy evident as trisomies and tetrasomies of multiple chromosomes, which
continue to propagate in similar fashion (Gisselsson et al., 2010), allowing for
long-term clonogenic survival of aneuploid cells (Gisselsson, 2011).

Chromosome gain and chromosome loss observed in human tissues
under normal and pathologic conditions may also arise through bipolar mitotic
nondisjunction in which chromosomes fail to separate, and both sister chromatids
move to one of the daughter cells (Kirsch-Volders et al., 2002; Torosantucci et
al., 2002; Weaver et al., 2006), resulting in trisomic and monosomic progeny.

Lastly, correct disassembly of both membrane layers, the nuclear pore
complexes and the nuclear lamina of the nuclear envelope (NE) at the onset of
mitosis requires the concerted action of duplicated centrosomes, microtubules

and mitotic motors (i.e., dynein complexes) to generate tension and
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fragmentation of the NE (Burke and Ellenberg, 2002; Foisner, 2002; Gdnczy,.
2002, Salina et al., 2003). Changes in the composition and dynamics of the
nuclear envelope prior to the M phase may affect the dismantling process of the
NE and its dynein-mediated attachment to MT and centrosomes, consequently
influencing the release and arrangement of the chromosomes.

In summary, several mechanisms may lead to the formation of trisomic
and monosomic cells during mitosis such as anaphase lagging, multipolar
centrosomes, sister chromatid nondisjunction (Yang et al.,, 2003), as well as
other pathways commonly observed in cancer cells, which allow for stable

propagation and persistence of aneuploid karyotype (Gisselsson, 2011).

Aneuploidy in Developing and Aging Brain

As mentioned previously, mitotic division of neuroblasts in embryonic human
brain is characterized by chromosomal instability in which nondisjunction is the
essential mechanisms of aneuploidy formation (Peterson et al., 2008; Yang et al.,
2003; Yurov et al., 2005). The invention of interphase FISH with DNA probes
(i.e., centromeric, locus-specific, and translocation) or chromosome paints
combined with immunocytochemistry allowed for analysis of low-level mosaicism
in non-dividing cells, and refuted the idea that mature neurons must possess
identical genomes to be functionally active. Studies utilizing various FISH
approaches on isolated nuclei from normal adult brains revealed aneuploidy for

chromosome 1, 13, 21, 18, X and Y at a total aneuploidy rate of 2.3% (Yurov et
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al, 2005), and 4% of monosomy and trisomy 21 (nondisjunction) in neurons and
glia which varied within the cell types and age of an individual (Rehen et al.,
2005).

In a more comprehensive study of aneuploidy incidence in normal brain
tissue, lourov et al (2009) used interphase chromosome-specific multicolor
banding (lourov et al., 2007) and multicolor FISH (mFISH) for chromosomes 1, 7,
11, 13, 14, 17, 18, 21, X and Y, and determined the average rate of aneuploidy
per chromosome as 0.5% and total aneuploidy as 10%, but noted wide variations
between the chromosomes and individuals. Constitutive or basal aneuploidy,
including trisomy 21 in normal human brains increased with advancing age
(Rehen et al., 2005; Yurov et al., 2007; lourov et al., 2009), suggesting that
chromosomal instability may account not only for intrinsic genomic diversity but
also for susceptibility to aging and disease.

FISH analysis of the neurons prepared from several brain regions (i.e.,
cerebral cortex, hippocampus, and cerebellum) of normal human brains (aged
40-75) using the probes for chromosomes 1, 3, 6, 7, 8, 9 and 11 identified about
40% of total aneuploidy and 20% of loss of heterozygosity (LOH) and allelic
instability events in isolated subgroups of neurons (Pack et al.,, 2005). The
authors speculated that constitutive neuronal aneuploidy may be necessary for
some neurons to preserve differentiated state and interconnectivity under
changing environmental conditions (Pack et al., 2005).

Furthermore, FISH analysis of non-telencephalic brain cells such as

cerebellar neurons and glia of both adult mice and humans with DNA probes for
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mouse chromosome X and 16, and human chromosome 6 and 21 revealed
chromosome gains and losses at the level of 1% per chromosome in both cell
populations (Westra et al. 2008). This study reported that mosaic aneuploidy in
both developing and adult cerebellum of mice and humans arises at a lower rate
than in, for example in cerebral cortex (~20% verses ~33%), suggesting that
aneuploid NPCs not only survive into adulthood as an integral part of brain
circuits, but that the level of genomic variation may be region specific and
contribute to overall CNS diversity.

Combining retrograde immunocytochemistry with the neuronal tracer
FluoroGold in vivo with immunolabeling to identify mature neurons in tissue
sections and FISH probes for chromosomes X and Y, Kingsbury et al. (2005)
showed that aneuploid neurons in the adult mouse brain possess axonal
connections, demonstrate functional activity, and are likely to be present in all
brain regions, and probably contain mis-segregated autosomal chromosomes.

Another study compared a slide-based cytometry (SBC) and PCR
amplification of alu-repeats with chromogenic in situ hybridization (CISH) for
chromosome 17 to quantify the DNA content of a single neuron on a fixed brain
slice (Mosch et al., 2007). About 12% of adult neurons isolated from the brains
without any known neurological or psychiatric disease (mean age ~72 years) had
hyperploid DNA content (here defined as more than diploid [2n] and less than
tetraploid [4n] karyotype), and included a subpopulation of cells expressing cyclin
B1, an early M phase marker (Darzynkiewicz, 1996). In addition, between 6-7%

brain cells showed three hybridization spots for chromosome 17 and about 0.4-
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0.7% cyclin Bl-negative neurons were tetraploid, representing constitutional
tetraploidy.

Taken together, the results from all the studies suggest that: (1) the brain
genome is not constant—mosaic aneuploidy is a constitutive complement of the
developing and mature mammalian brain; (2) aneuploid neurons are functionally
active and incorporate into brain circuits; (3) aneuploidy levels may vary between
brain regions and change through the developmental stages; (4) basal
aneuploidy may be needed for brain diversification, cellular heterogeneity and
complexity of gene expression; (5) aberrant mitosis of neuroblasts in the
ventricular zone may not be the sole source of aneuploid neurons; and (6) overall
aneuploidy prevalence and incidence in human brain remains to be determined.
To date, comprehensive cytogenetic studies of chromosomal variations in normal
human brain compared to other somatic tissues throughout life are lacking, but it
is generally postulated that even a low level of aneuploidy may significantly
contribute to neuronal diversity, brain function and structure, and susceptibility to
aging, psychopathological and neurodegenerative conditions (Arendt. et al.,

2009; 2010; Muotri and Gage, 2006; Potter, 2004; Rehen et al., 2001).

Consequence of Genomic Instability in CNS

Gain or loss of at least one chromosome is associated with increased or
decreased expression of many genes in cancer cells (e.g., Sellmann et al., 2010)

and yeast strains (e.g., Pavelka et al., 2010), and exert a profound change at the
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transcriptome and proteome level, altering cell physiology and function (Torres et
al., 2007). Similarly, analysis of gene expression of aneuploid NPCs born in the
postnatal subventricular zone and olfactory bulb revealed loss of heterozygosity
and altered gene expression in cells missing one copy of chromosome 15
(Kaushal et al., 2003). Some aneuploid neurons survive into adulthood (Rehen
et al., 2001), escape ‘apoptotic pruning’ (Blaschke et al., 1996; Kai et al., 2009;
Harrison et al., 2000), and function aside mostly euploid cells (Kingsbury et al.,
2005). This suggests that a mosaic brain network may produce a unique
variation in gene dosage and consequent gene expression profile with both
beneficial and detrimental consequences as observed in cancer cells (Shelzer
and Amon, 2011; Weaver et al.,, 2007;) and genetic diseases (Dowjat et al.,
2007; Gardiner et al., 2010). For example, Down syndrome (DS), a full trisomy
of chromosome 21 (HSA 21) is a genetic condition that provides some insights
into how constitutive aneuploidy (a change in one chromosome copy number)
may lead to altered gene expression, brain dysfunction and degeneration
(discussed below).

It is unclear how much aneuploidy a single brain cell can sustain under
normal developmental conditions (Kingsbury et al., 2006; Arendt at al., 2009),
and what overall ‘aneuploidy burden’ would prompt the susceptibility to disease
and consequent neurodegeneration. It has been suggested that the neural
aneugenesis beyond the basal levels may represent an early or contributing
event in the brain disease process (Arendt et al., 2009; Potter, 2004), triggered

either by unfavorable genetic polymorphism and/or environmental stimulus.
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GENOMIC INSTABILITY IN DISEASED BRAIN

Recent cytogenetic studies have revealed an increase in genomic instability in
several human brain diseases compared to normal aging and development,
including Alzheimer’'s disease (AD) (Arendt et al., 2010; Mosch et al., 2007,
lourov et al., 2009; reviewed in Kingsbury et al., 2006; Thomas and Fenech,
2007), mosaic variegated aneuploidy (MVA) (Matsuura et al., 2000),
schizophrenia (Yurov et al., 2008), autism (Yurov et al.,, 2007b), ataxia-
telangiectesia (AT) (lourov et al., 2009; lourov et al., 2009b), and frontotemporal
dementia (FTD) (Granic and Potter, unpublished data; Rossi et al., 2008). All
aforementioned diseases share chromosome mis-segregation and cell cycle
defects as an underlying pathological trait that may be associated with a gene
mutation, environmental insults or gene-phenotype interaction leading to brain

dysfunction and/or neuronal death.

Aneuploidy in Alzheimer’s Disease (AD)

Hypotheses of AD Neuropathology

Alzheimer’s disease is a multifactorial neurodegenerative disorder characterized
by the aberrant accumulation of two misfolded proteins—extracellular amyloid
beta (AB), a main constituent of senile plaques, and intracellular
hyperphosphorylated tau protein (p-tau) assembled into neurofibrillary tangles
(NFTs) (reviewed in Selkoe 2004; Querfurth and LaFerla 2011). Both early

diagnosis and successful treatment of AD will be greatly aided by a complete
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understanding of initiators of pathological processes that lead to formation of
neurotoxic proteins, inflammation, oxidative damage, impaired calcium
homeostasis, and neurodegeneration.

Over the past decades several hypotheses have been developed to
explain complex and heterogeneous nature of AD pathogenesis, which may not
be mutually exclusive. For example, a central hypothesis of AD, the Amyloid
Cascade Hypothesis, postulates that the imbalance between AB production,
aggregation and clearance from the brain is the major driver of the disease
process leading to synaptic loss, formation of senile plaques, inflammation,
oxidative stress, neurodegeneration, and dementia (Blennow et al., 2006; Hardy
2006; Potter et al, 2001). A highly neurotoxic isoform of the Af protein, AB42, is
produced by consecutive action of two cleaving enzymes, 3- (BACE-1) and y-
secretase, from a larger transmembrane protein, the amyloid precursor protein
(APP) (Haass and Selkoe, 1993; Wolfe, 2003) within cholesterol-rich membrane
domains (Wahrle et al., 2002). A crucial step in AD pathogenesis is
oligomerization or polymerization of AB peptide driven by inflammatory proteins
(Potter et al., 2001; Hardy, 2006), coupled with AB-mediated phosphorylation of
tau that causes destabilization of microtubules (Small and Duff, 2008). In
addition, intracellular AR accumulates in diseased neurons and contributes to
disease progression by affecting the function of mitochondria, calcium ion
channels and synapses (La Ferla et al.,, 2007). NFTs clustering within the
neurons cause disruption in neuronal signaling, synaptic failure, and impaired

nutrient trafficking through the cell body and axons, and ultimately lead to
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neuronal death (Alonso et al., 2006). Because of their branched cell structure
and large surface, neurons are especially sensitive to depletion of oxygen and
nutrients, and impaired transport of key molecules and organelles essential for
the cell survival and communication (Mattson and Magnus, 2006; Stokin and
Goldstein, 2006).

The Vascular Hypothesis of AD (de la Torre and Mussivand, 1993) posits
that cardiovascular risk factors (CRF) play a substantial role in AD pathogenesis,
especially in the pre-clinical phase, by lowering cerebral blood flow (CBF) to a
critical point where the high metabolic demand of the brain for oxygen, glucose
and other nutrients cannot be sustained, leading to chronic cerebral brain
hypoperfusion (CBH) and a neuronal energy crisis (de la Torre, 2004). Reduced
ATP synthesis and depletion in affected neurons may promote oxidative stress,
dysfunction in ion pumps, neurotransmitter failure, abnormal APP metabolism
and increased production of AB, and microtubule damage (reviewed in de la
Torre, 2010). While CBH can be present in cognitively intact older adults
decades before the appearance of first clinical symptoms and classic AD
markers (Vermeer et al., 2003), a combination of unfavorable vascular factors
(e.g., hypertension, hypercholesterolemia and atherosclerosis) and vascular-
related susceptibility genes (e.g., apolipoprotein (APOE) ¢4 allele) can
exacerbate the disturbance in the cerebrovascular environment and weaken
brain hemodynamic function (Bell and Zlokovic, 2009; de la Torre, 2004).

The mechanisms that could lead to impaired cerebral perfusion in AD

include: (1) atherosclerotic changes in small and large vessel walls of both
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central and peripheral vascular systems (e.g., Hofman et al., 1997; Beach, et al.,
2007); (2) anatomical defects and atrophy of cerebral arterioles and capillaries
resulting in reduced microvascular density and injury to brain endothelium
(Farkas and Luiten, 2001; Grammas et al., 2002); (3) microvascular lesions; (4)
loss of cholinergic innervations in brain blood vessels (Farks and Luiten, 2001);
and (5) development of cerebral amyloid angiopathy (CAA) and AR deposits in
the smooth muscle cell (SMC) layers of cerebral microartheries (Olichney et al.,
1995), causing damage to the neurovascular unit (NVU) and decreased AP
clearance across the blood brain barrier (BBB) (Bell and Zlokovic, 2009). The
NVU at the BBB includes neurons and glia, vascular and perivascular brain cells
(e.g. vascular SMC, endothelial cells and perivascular macrophages), which are
responsible for cerebral homeostasis by regulating blood flow and molecular
exchange across the BBB, and by providing immune surveillance and trophic
support to the brain (ladecola, 2010).

Both hypotheses try to answer several important questions regarding AD
initiation and treatment: (1) whether vascular or cerebral (i.e., Ap-related) pre-
clinical pathologies are the early markers of the disease process; (2) which
markers should be targeted therapeutically before progressive clinical symptoms
(i.e., cognitive decline) emerge, and (3) which preventive strategies should be
implemented so that neurovascular integrity and brain health remain at the
optimal level in old age.

The Down Syndrome Model/Chromosome Mis-segregation Hypothesis of

AD (Potter, 1991; 2008) suggests that genomic instability and a slow
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accumulation of aneuploid, including trisomy 21 cells through mitotic defects and
aberrant cell cycle events in peripheral organs and in the brain of an individual
over a lifetime could initiate or promote both familial (FAD; caused by mutations
in presenilin 1 and 2 [PS1 and PS2] and APP genes) and sporadic form of
Alzheimer’s. The universal presence of AD-like pathology and
neurodegeneration in Down syndrome (Epstein, 1990; Glenner and Wong,
1984), the development of FAD in patients with a duplicated APP region on one
chromosome 21 (McNaughton et al., 2010; Rovelet-Lecrux et al., 2006; Sleegers
et al., 2006), and occurrence of ectopic cell cycle events and chromosome mis-
segregation in the cells and mice expressing FAD genes (e.g., Boeras et al.,
2008; Granic et al., 2010; Nagy et al., 1997; Potter, 2004; Vincent et al., 1996;
Yang et al., 2006), and in fibroblasts, lymphocytes, buccal cells, and neurons of
AD patients (e.g., Arendt et al., 2010; Geller and Potter, 1999; lourov et al., 2009;
Kingsbury et al., 2006; Migliore et al., 1999; Mosch et al.,, 2007; Thomas and
Fenech, 2008; Trippi et al., 2001) reinforced the hypothesis that chromosomal
instability and mosaic aneuploidy could be a ‘cytogenetic hallmark’ of AD
neurodegeneration, initiated by either genetic mutations, APP overexpression,
AB overproduction or by environmental insults (reviewed in Granic and Potter,
2011). Thus several molecules and processes associated with AD pathology
may act as aneugens and contribute to chromosome mis-segregation and
generation of aneuploid, apoptosis-prone neurons (Busciglio and Yankner, 1997)
and neural progenitors. Increase in surviving hyperploid and hypoploid brain

cells might contribute to other commonly observed features of AD, such as
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overexpression of inflammatory proteins, amyloidogenic processing of APP and
defective microtubule function and protein trafficking between and within the cells

(Potter, 2004).

The Level of Central Aneuploidy in AD

The advancements in DNA technologies and visualization of chromosomal
aberrations in mitotically active and dormant cells allowed for the establishment
of aneuploidy mosaicism in healthy and diseased tissues, including neuronal.
However, the hypothesis of unscheduled cell cycle re-activation in quiescent
neurons under pathological conditions of AD is not novel. Analyzing with the less
refined technique the brain tissue from Alzheimer’s patients, Ramon y Cajal and
Bouman suggested in the early twentieth century that the senile plaques may
arise from hyperproliferation and subsequent degeneration of diseased neurons
that re-enter a de novo cell cycle trying to self-repair (Bouman, 1934; Ramon y
Cajal, 1913). It would take another three-quarter of the century for the evidence
of the ectopic cell cycle events in fully differentiated neurons in AD brains to
emerge (e.g., McShea et al., 1997; Nagy et al., 1997; Vincent et al., 1996; Smith
and Lippa, 1995), which challenged the dogma of their post-mitotic nature.
Several studies have shown that mature neurons are capable of re-entering the
cell cycle in vitro and in vivo, and that, depending on the external cues, they are
either committed to finishing the M phase and divide, or abort the cell cycle via
apoptosis (Howard et al., 1993; reviewed McShea et al., 1999; Yang and Herrup,

2007).
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As discussed above, genomic instability in the normal adult and
developing fetal human brain in the form of mosaic aneuploidy (~10% or 0.5%
per chromosome, and 30-35% or 1.25-1.45% per chromosome, respectively)
with the gains and losses of whole chromosomes is part of neuronal complexity
and diversity (e.g., lourov et al., 2009; Yurov et al., 2005; 2007; Arendt et al.,
2010), but could also play a pathogenic role if the level of aneuploidy exceeds
the sustainable physiological threshold, and the mechanisms responsible to
correct erroneous cells fail. To date, the evidence drawn from animal models of
AD and autopsy studies of human brains indicates that (1) reactivation of the cell
cycle and DNA duplication (Yang et al., 2001; Zhu et al., 2008) in the vulnerable
population of AD neurons may present a fundamental initiator of AD
pathogenesis (e.g., Heintz, 1993; McShea et al., 1999; Nagy, 2005; Obrenovic et
al., 2003; Varvel et al., 2008; Vincent et al., 1996; Yang et al., 2006) and occur
before fibrilar AR deposition and cell death; and (2) AD brains harbor up to 35%
of hyperploid, including trisomy 21 neurons, which are detectable at mild stages
of AD before neuronal loss (Arendt et al., 2010; lourov et al., 2009). These
cycling or aneuploid mature neurons may arise during prenatal and/or adult
neurogenesis throughout an individual’s lifetime (Eriksson et al., 1998) and may
either die or be functionally active.

The above-mentioned study by Mosch et al. (2007) that used three
independent methods to compare single-cell DNA content in normal and AD
entorhinal cortices immunolabeled with the cell cycle markers, revealed about

20% cyclin B1-positive neurons with hyperploid DNA content (i.e., >2n and <4n),
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and about 12% neurons from early and 13% from advanced AD brains with
trisomy 17 compared to 6% in the age-matched control group. In addition, ~2%
of cyclin Bl-positive neurons had tetraploid DNA content (4n karyotype)
compared to ~0.3-0.5% in the controls. The authors concluded that hyperploid
AD neurons undergo an incomplete DNA replication compared to a complete
replication observed in cyclinBl-positve tetraploid cells, and that these cells,
although committed to the cell cycle (i.e., progressing beyond the G1 restriction
checkpoint; Bybee and Thomas, 1991), would rather die than finish the cell
division. The majority of neurons with a more than diploid content which were
elevated in the early-stage of AD by 2-3 folds remained stable through the mild-
stage, but died off as the patients progressed to more severe dementia,
accounting for about 90% of total cell loss (Arendt et al., 2010). A shift from
physiologically sustainable levels of ~10% of hyperploidy to pathological ~30-
35% in the preclinical AD might trigger selective clearance of vulnerable,
genetically unstable neurons during AD development and progression. Thus,
mature neurons residing in the brain regions susceptible to AD pathology entered
a lethal cell cycle, but could survive in a hyperploid or diseased state for years or
decades (Morsch et al., 1999; Yang et al., 2001).

A recent study by lourov et al. (2009) assessed aneuploidy in AD brains
using eight different FISH DNA probes and paints, and observed a 10-fold
increased level of trisomy and monosomy 21 (10.7% versus 1.7% in controls,
95% CI 6.5-14.7%) as the most predominant chromosome mis-segregation

event, and less than 0.04% tetrasomic (i.e., a chromosomal duplication of a
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single chromosome pair) and polyploid (4n) neuronal and glial cells. To date, this
is the latest and the most comprehensive analysis of neural genomic instability in
AD utilizing the FISH assay. Similarly, a study by Westra et al. (2009) that used
a combination of DNA fluorescence-activated cell sorting (FACS), FISH for
chromosomes 4, 6 and 21, and immunolabeling to analyze the level of tetraploidy
(4n karyotype) verses tetrasomy (2n+2) for a specific chromosome in AD and
normal brains determined that tetraploid cell are mostly non-neuronal, do not
occur explicitly in AD, and are present at extremely low level (0.003%).

The discrepancies among the described studies in the level and type of
aneugenesis and genomic instability, and the emphasis on either tetraploidization
(Arendt et al., 2010; Frade and Lépez-Sanchez, 2010; Mosch et al., 2007; Yang
et al., 2001; Yang and Herrup, 2007) or aneuploidization of the brain cells
(Granic and Potter, 2011; lourov et al., 2009; lourov et al., 2011; Potter, 2004;
2008) as an important hallmark of AD pathology could be explained by the
differences in working hypotheses, methodology employed, and definition of
hyperploid state. Nonetheless, the accumulated evidence suggests that elevated
chromosome mis-segregation and aneuploidy in cycling neurons in AD may
represent a critical molecular event contributing to neurodegeneration (Potter,
2004; Arendt et al., 2009; lourov et al., 2011; Yang and Herrup, 2007; McShea et
al., 1999).

It is generally accepted that (1) cell cycle dysregulation and aberrant cell
cycle re-entry in a subpopulation of susceptible neurons are early events in AD

pathogenesis that can ultimately lead to cell death (cycle-related neuronal death
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[CRNDYJ; reviewed in Fiorelli and Padmanabhan, 2011); (2) how far into the cell
cycle postmitotic AD neurons progress and whether they complete the cell
division after DNA replication is unknown—an authentic mitotic event has yet to
be recorded; and (3) neurons with abnormal DNA content (>2n) are present at an
elevated level in AD brain regions prone to neuropathology and are capable of

surviving throughout early to mid-stage of AD and contributing to the brain

physiology.

The Level of Peripheral Aneuploidy in AD

Early cytogenetic studies have shown an increase in chromosomal abnormalities
in human lymphocytes with advancing age in which sex chromosomes and
chromosomes belonging to E, F and G group (i.e., short submetacentric and very
short acrocentric chromosomes; Robinson, 1960) were more readily lost or
gained than other autosomes (Jacobs et al., 1963; Galloway and Buckton, 1978).
The aging process has been recognized as the strongest risk factor for dementia
and AD; the risk of AD increases exponentially and doubles every 5-6 years after
about age of 60 (Jorm et al., 1987; Kawas et al., 2000; Ziegler-Graham et al.,
2008). The discovery that Down’s syndrome patients who live beyond the 4™
decade of life invariably develop AD-like neuropathology (Glenner and Wong,
1984; Olson and Shaw, 1969; Wisniewski et al., 1988), and the fact that APP
gene resides on chromosome 21 (HSA21) (Goldgaber et al., 1987; Neve et al.,

1988; Tanzi et al.,, 1987), a small acrocentric chromosome, instigated the
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research on nondisjunction in AD and on the common biological mechanisms
between AD and DS (Potter, 1991; 2008; Geller and Potter, 1999).

Initial cytogenetic studies investigating the rate and type of chromosomal
aberrations in patients with dementia used a classic karyotype analysis and G-
banding on blood cultures, and yielded inconclusive (e.g., Nordensen et al.,
1980) or negative results (e.g., Buckton et al., 1987; Kormann-Bortolotto et al.,
1993; Mark and Brun, 1973; Moorhead and Heyman, 1983) due to a small
sample size and technical limitations of the assay. The advent of FISH (Ried,
1998) allowed for analysis of chromosome mis-segregation in poorly dividing or
non-dividing cells or cells with a low-level aneuploidy such as human
lymphocytes, which in a mosaic living person are subjected to negative selection,
and may be ‘masked’ by diploid cells in the tissue culture and thus may not
represent the accurate level of chromosomal abnormality of an individual
(discussed in Potter, 2004).

Utilizing the advantages of FISH, Geller and Potter (1999) analyzed
primary fibroblasts from AD patients carrying familial mutations in the PS1, PS2
or APP gene and those of sporadic origin, and revealed twice the frequency of
trisomy 21 (~5%) compared to age-matched controls (~2.5%), which was not
associated with the age of the affected individual. A parallel assessment of
trisomy 18 nondisjunction revealed an increase in aneuploidy, indicating that the
mitotic defects in AD likely affected other chromosomes. Both trisomy 21 and 18
are the most common trisomies in newborns linked to erroneous maternal

meiosis | or I, respectively and to 5-15% of postzygotic (mitotic) nondisjunction
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(reviewed in Nicolaidis and Petersen, 1998). In both trisomies, errors in maternal
meiosis | is associated with reduced genetic recombination between non-
disjoined chromosomes and an increased recombination in meiosis Il errors
(Lamb et al., 1996). The susceptibility of chiasmata, the points of crossing over
and genetic material exchange between to homologous chromosomes observed
in meiosis, and the fact that HSA21 is the smallest, gene-poor autosome in
humans (Gardiner and Davisson, 2000) might also explain a preferential
occurrence of HSA21 nondisjunction in genetic disorders and in AD.

Thomas and Fenech (2008) used FISH analysis and DNA probes for
chromosome 21 and 17 to compare aneuploidy levels in buccal cells (BC)
collected from young and older healthy adults, DS individuals, and clinically
diagnosed AD patients. Young controls harbored 5% of trisomy 17 and 21,
whereas older adults had 13.8% trisomy 17 and 9.6% trisomy 21, confirming the
previous results that aneuploidy levels increase with advancing age. There was
a 1.5-fold increase in trisomy 21 and a 1.2-fold increase in trisomy 17 in AD
subjects compared to age-matched cognitively intact older adults. DS individuals
had 16% aneuploidy of chromosome 17 compared to 5% of young controls. The
use of BC in this study has several advantages: they are easy to collect and
share the same origin as a neural tube epithelium from which nervous system is
developed, and thus they may exhibit chromosomal defects similar to the brain
tissues.

Along with the studies described above, separate lines of investigation

provided evidence that other mitotic defects and mitosis-specific proteins may be
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present in the cells of AD patients (reviewed in Potter, 2004). For example, the
mitotic spindles in dividing AD cells exhibited abnormalities and susceptibility to
premature centromere division (PCD) and micronucleation (MN) upon chemically
induced (e.g., colchicines, griseofulvin) microtubule damage (e.g., Fitzgerald et
al., 1975; Spremo-Potparevic et al., 2004; Trippi et al., 2001; Potter et al., 1995).
The PCD in which individual sister chromatids are separated by a clear gap and
not connected at the centromeres, has been observed in lymphocytes and
fibroblasts of AD patients and individuals prone to chromosome mis-segregation,
and recently confirmed in neurons of individuals with sporadic AD (Spremo-
Potparevic¢ et al., 2008).

In summary, the universal presence of genomic instability and increased
aneuploidy, including trisomy 21 in peripheral tissues (i.e., blood, skin, and
mucosa) from patients with both familial and sporadic AD indicates that mitotic
defects may not only be associated with FAD mutations but also with exogenous
risk factors, and possibly other susceptibility AD genes. A larger scale
cytogenetic autopsy and biopsy study employing various FISH techniques at the
single-cell level is needed to establish the type and level of genomic instability in

AD and other neurodegenerative disorders.
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The Evidence for the Down Syndrome/Chromosome Mis-segregation
Hypothesis

Down Syndrome: Consequence of Altered Gene Dosage

As indicated previously, chromosomal instability and the resulting chromosomal
aneuploidy in somatic and germ-line cells have been implicated in the etiology of
genetic diseases and cancers in which the presence or absence of an entire
chromosome(s) alters the expression of the genes and gene products resulting in
a specific, abnormal phenotype (reviewed in larmarcovai et al., 2008; Ye et al.,
2007). Down syndrome, a phenotypic result of trisomy 21, is the most common
chromosomal instability in surviving humans.  Triplication of HSA21 s
responsible for about 95% of DS cases (reviewed in Sherman et al., 2005), and
arises as a direct result of meiotic error mostly of maternal origin (Ghosh et al.,
2008; Nicolaidis and Petersen, 1998; Warburton, 2005). The remaining cases
are due to mosaicism or translocations of parts of chromosome 21 with a hetero-
or homologous acrocentric chromosome (i.e., 13, 14, 15, 22) (Kim and Sheffer,
2002), and are usually associated with a less prominent DS phenotype (Devlin
and Morrison, 2004a). Overexpression of the critical genes in DS within the
Down syndrome critical region (DSCR; 21922; Korenberg et al., 1990) has been
associated with several DS phenotypes, and instituted the research on genotype-
phenotype relationship. Besides intellectual disability, DS individuals share over
80 clinical traits including congenital heart disease, muscle hypotonia, leukemia,
deficits in vision and hearing, seizures, immune system deficiency, accelerated

aging and neurodegeneration of the Alzheimer's type (Epstein, 1990;
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Antonarakis and Epstein, 2004; Patterson, 2009). There are two hypotheses that
explain the relationship between the DS specific phenotype and triplication of
HSA21. Certain gene combinations might predispose DS individuals to a
disease (e.g., Alzheimer’s) while other gene groupings might be protective (e.g.,
lower incidence of atherosclerosis and solid tumors; Draheim et al., 2010; Hasle
et al., 2000) because of (1) gene dosage imbalance (Korenberg et al., 1990) or
(2) increased gene expression and altered genetic homeostasis (Shapiro, 1983).
For example, overexpression of APP gene may reflect the increased gene
dosage of 50% leading to overproduction of AP, increased ratio of more

amyloidogenic AB42 over AB40 (Teller et al., 1996) and neurodegeneration.

Trisomy 21: Links between DS and AD

Epidemiological evidence suggesting that chromosome mis-segregation and
trisomy 21 mosaicism might be associated with AD pathogenesis originated from
studies showing a significantly higher frequency of DS children in some families
with familial AD (Heston et al., 1981; Heyman et al., 1983). Another important
result that provided support for the Trisomy 21 Model of AD came from a
retrospective study of young mothers (aged <35) of Down syndrome children
who showed a 5-fold increased risk of developing AD later in life compared to
either older DS mothers or the general population (Schupf et al., 1994; 2001). In
the vein of the Trisomy 21 Model of AD, it could be postulated that the young DS
mothers most likely had HSA21 mosaicism and were predisposed for genomic

instability, which resulted in DS offspring and their own increased risk of AD later
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in life. Recently, Migliore et al. (2006; 2009) confirmed the susceptibility to
aneuploidy and trisomy 21 nondisjunction in young mothers of DS children.
Furthermore, case studies of patients with HSA21 mosaicism and no mental
impairments of the DS type who developed AD by the age of 40, strongly
suggest that a small percentage of chromosomal instability sufficed to result in
early-onset AD (e.g., Ringman et al. 2008; Schapiro et al., 1989).

Therefore, a slow accumulation of a low number of trisomy 21 and other
aneuploid cells over the course of life may initiate and/or contribute to the
pathogenesis of both genetic and sporadic form of AD. Furthermore, a dose
response effect could be suggested in which full trisomy 21 in DS individuals
produces AD-like pathology by age 20 and by middle age in familial AD and even
later in sporadic Alzheimer's patients, who also belonged to the trisomy 21
mosaic group with an increased frequency of DS children before the age of 35.
The recent discovery that an extra copy of APP gene on one HSA21 is sufficient
to cause early-onset AD (McNaughton et al., 2010; Rovelet-Lecrux et al., 2006;
Sleegers et al., 2006) suggests that APP overexpression and consequent
overproduction of AB peptide is the likely cause of AD in both DS and trisomy 21

mosaic individuals.

Experimental Evidence for DS Model/lChromosome Mis-segregation
Hypothesis
Several predictions under the Down Syndrome Model/Chromosome Mis-

segregation Hypothesis have been tested so far in the laboratory of Dr.
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Huntington Potter and others: (1) AD patient should harbor mis-segregated,
including trisomy 21 cells which could contribute to dementia onset and
neurodegeneration but at slower pace than in DS due to modulating effect of
normal cells in the body; (2) FAD mutations should occur in genes directly or
indirectly involved mitosis; and (3) AD cells should exhibit defect in microtubules,
mitotic spindle and mitosis-related proteins that could lead to aneuploidy and
trisomy 21 mosaicism.

As mentioned previously, the cytogenetic studies confirmed the first
prediction: the cells and tissues obtained from both familial and sporadic AD
patients are mosaic for several chromosomes, including HSA21.

Over the past two decades the lab of H. Potter investigated the role of
mutant PS1, PS2 and APP genes and their proteolytic product, the AB peptide in
the cell cycle, chromosome mis-segregation and induction of HSA21 aneuploidy.
All assays, tissues and cells from FAD transgenic mice and cells harboring FAD
genes or treated with AB peptide yielded comparable results: overexpression of
presenilin or APP in vivo and in vitro or exposure to AB peptide induced genomic
instability and trisomy 21 mosaicism through several defects in mitotic spindle,
dysfunction of microtubules and inhibition of mitotic motors (Boeras et al., 2008;
Borysov et al., 2011; Granic et al., 2010; Potter et al., 2008).

Additional experimental and epidemiological evidence has also suggested
the involvement of presenilins and APP in mitosis: (1) PS1/2 proteins localized to
the centromeres and nuclear envelope in dividing cells, and the kinetochores

during interphase (Li et al., 1997; Honda et al.,2000); (2) the PS1 gene inhibited
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the cell cycle (Janicki and Montero, 1999) and induced apoptosis in the cultured
cells (Wolozin et al, 1996); (3) APP was found to get increasingly
phosphorylated (Judge et al., 2011) and to localize to the centrosomes and
nuclear membrane during mitosis (Nizzari et al., 2007; Zitnik et al., 2006); and (4)
polymorphisms in the PS1 gene have been associated with an increased risk of
AD (e.g., Wragg et al., 1996; Higuchi et al., 1996) and with an increase of DS
offspring via a meiosis Il defect (Lucarelli et al., 2004; Petersen et al., 2000) .

The possible mechanisms by which PS and APP mutations may induce
chromosome mis-segregation involves their inability to properly link the
chromosomes to the nuclear envelope and to release them at the appropriate
time during mitosis, which may lead to chromosome mis-segregation and other
cell cycle defects. Another possibility links PS1/PS2 and APP to the increased
production of neurotoxic AB42 as a likely effector molecule responsible for the
cell cycle dysfunction, including mitotic spindle abnormalities and chromosome
mis-segregation (Boeras et al., 2008; Borysov et al., 2011, Granic et al., 2010).

To determine whether genomic instability observed in fibroblasts and
lymphocytes from FAD and sporadic individuals could be mimicked in peripheral
and brain tissues of AD mice, we investigated the level of total and chromosome-
specific aneuploidy in animals carrying PS1 and APP mutations. For instance,
guantitative FISH analysis with a mouse chromosome 16 BAC probe (Kulnane et
al., 2002) of neurons isolated from APP-V177F mutant mice showed about 6.5%
of trisomy 16 compared to 1.5% in nontransgenic littermates (Figure 4; Granic et

al., 2010). Similar levels of aneuploidy were observed in lymphocytes and brains
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Figure 4. Induction of Trisomy 16 in Neurons of APP-V177F Mice

(A-B) Quantitative FISH analysis with a mouse chromosome 16 BAC probe (orange) revealed significantly
higher levels of trisomy 16 NeuN-positive (green, neurons) cells in transgenic mice compared to controls but
no induction of tetrasomy in whole brain single-cell suspension (D).

(C) No induction of trisomy 16 was observed in NeuN-negative cell.

“Reprinted from Antoneta Granic, Jaya Padmanabhan, Michelle Norden, and Huntington Potter, “Alzheimer
AB Peptide Induces Chromosome Mis-Segregation and Aneuploidy, Including Trisomy 21: Requirement for
Tau and APP”, Molecular Biology of the Cell, Vol. 21, 511-520, February 15, 2010 with the permission of
The American Society for Cell Biology.”

of animals carrying either a mutant PS1 or APP human gene or in mutant PS1
knock in mice (Boeras et al., 2008; Granic et al., 2010).

To investigate whether FAD mutations or some other factors were
responsible for the chromosomal instability observed in mouse models of AD,
parallel cultures of human cells with a stable karyotype were transiently
transfected with plasmids carrying either PS1 or APP mutant genes (e.g., M146L
or Swedish mutation [K595N/M596L], respectively). Overexpression of these

genes induced about 2-3% of trisomy 21 and/or trisomy 12, and up to 30% of
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total aneuploidy in metaphase cells (Granic et al., 2010; Boeras et al., 2008),
indicating that an aneugenic effect of FAD mutations likely affected all
chromosomes, and that chromosome mis-segregation was not restricted only to
transfected cells. We hypothesized that AB peptide itself found at increased
levels in both familial and sporadic AD might be the effector molecule interfering
with the cell cycle and chromosome segregation (Potter, 2008).
Immunocytochemistry of PS1-expressing cells revealed several abnormalities in
the mitotic spindles, with disarrayed microtubules, multiple centrosomes and
lagging chromosomes as the most frequent spindle errors (Boeras et al., 2008).
Following the initial observation that more cells became aneuploid than
transfected, we examined the aneugenic effect of AB42 peptide in vitro. Human
epithelial cells treated with 1uM AB40 and AB42 for 48 hr develop more than 20%
total aneuploidy and 2% of trisomy 21 and 12 compared to 6% total and less than
1% chromosome 21 aneuploidy, respectively in the cells treated with various
control peptides (e.g., AB42-1) (Figure 5, Granic et al., 2010).

Further in vitro studies investigated the mechanism(s) by which AR exerts
its aneugenic activity on dividing cells, especially those related to microtubule
function, mitotic spindle integrity and tau. It has been shown that Ap requires
downstream changes in tau protein and in microtubules to exert its toxic effect on
neurons—Ap induces tau phosphorylation (Small and Duff, 2008) and AR
neurotoxicity depends on the presence of tau (Rappaport et al., 2002). Our data
indicated that (1) mouse splenocytes lacking one or both Tau genes developed

up to 5% aneuploidy; (2) AB aneugenic activity depended on tau, suggesting that
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Figure 5. AB Peptides-induced Trisomy 21 and 12 In Vitro

(A-C) Quantitative FISH analysis with a dual color probe (Abbott, Vysis) showed an increase in trisomy 21
(SpectrumOrange) and trisomy 12 (SpectrumGreen) in AB-treated cells. Adapted and used with permission
from Granic et al., 2010, Molecular Biology of the Cell, The American Society for Cell Biology.

the peptide interfered with the tau’s normal MT-stabilizing function; (3) AP
induced similar mitotic spindle defects observed in the cell expressing PS1
mutations, and inhibited three motor kinesins, the Eg5, KIF4A, and MCAK,
required for proper spindle formation and chromosome mis-segregation (Borysov
et al., 2011), and (4) a functional APP gene was necessary for aneugenic effect
of AB. Additionally, we determined that chelation of extracellular Ca®* with
BAPTA and thus inhibition of, for example, calpain, and inactivation of GSK-3[3
by LiCl, reduced AB-induced aneuploidy. Previous studies have shown that both
BAPTA and LiCl inhibit AB toxicity (Sofola et al., 2010; Kuwako et al., 2002).

Future studies will determine if the interference with microtubule function
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by AR contributes to defective neuronal plasticity, neurotoxicity, as well as
impaired neurogenesis and generation of aneuploid neurons prone to AP
overproduction and neurodegeneration. Chromosomal instability, including
trisomy 21 may be a cause and an effect of AB-induced microtubule dysfunction

creating a feed-forward loop that stimulates AD progression.

Aneuploidy in Other Neurodegenerative Diseases

Ataxia-telangiectasia (AT) and frontotemporal dementia (FTD) are examples of
neurodegenerative diseases in which mutations in genes involved in mitosis and
the cell cycle regulation may be associated with chromosomal instability and
neuronal death.

AT is an autosomal recessive genetic disorder caused by mutation in a
single gene, the ‘ataxia telangiectasia mutant’ (ATM) which encodes the ATM
protein, a kinase responsible for the G1 cell cycle checkpoint, maintenance of
genomic integrity and elimination of cells with damaged DNA (Abraham, 2001,
McKinnon, 2004; Shiloh, 2003). This single point mutation leads to a wide range
of defects including neurodegeneration, cognitive impairment, immune
dysfunction and high susceptibility to malignant tumors (McKinnon, 2004).
Because of the loss of function in ATM, one of the main pathological hallmark of
the disease is a significant increase in aneuploid cells, including neuronal cells
early in disease progression both in murine models of AT ( ~38%; McConnell et

al., 2004) and in humans (2-3 fold increase over normal human brain; lourov et
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al., 2009). The data suggest that absence of ATM results in failed clearance of
mis-segregated cells, which in turn instigates increased incident of lymphatic
tumors, immunodeficiency because of accumulated oncogenic T and B cells, and
defective neurogenesis and progressive neurodegeneration (lourov et al.,
2009Db).

A recent study by Rossi et al. (2008) proposed another function for the
protein tau—protection of genomic stability and chromosomal integrity.
Cytogenetic analysis of lymphocytes and skin fibroblasts from individuals
harboring a P301L mutation in Tau gene showed several chromosomal
instabilities compared to non-demented controls (e.g., aneuploidy, chromosome
and chromatid breaks, translocations and de-condensed chromosomes). In the
Potter laboratory, we have been investigating the role of microtubule defects in
AD and FTD by determining the level of MT-based transport deficiency in mouse
models of FTD and human brains evidenced by aneuploidy and reduced
expression of neurotransmitters and neurotrophin receptors. Preliminary data
indicate an increased induction of trisomy 21 in human brains with FTD, and
elevated levels of trisomy 16 in spleens and brains of mice harboring P301S

mutation compared to non-transgenic controls.

GENOMIC INSTABILITY IN CARDIOVASCULAR DISEASE

Atherosclerosis is a leading cause of death in developed countries and a major

component of cardiovascular disease (CVD). The pathogenesis of
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atherosclerosis is complex and involves multiple factors. It has been generally
accepted that three dominant pathways are implicated in atherogenesis:
disturbed cholesterol homeostasis, inflammatory response, and oxidative
damage. Therefore, atherosclerosis has been described as an inflammatory
disorder that is induced and progresses within a high cholesterol environment
(Steinberg, 2002). As with AD, several hypotheses have been proposed to
elucidate the initiating agent or process responsible for atherogenesis.

The Response to Injury Hypothesis postulates a tear in the endothelial
lining of an artery caused by e.g., mechanical injury or oxidized low density
lipoprotein (OX-LDL) (Ross, 1993; Carmena et al., 2004) as a first atherogenic
step followed by overexpression of adhesion molecules, infiltration of
inflammatory cells, an excessive migration and proliferation of smooth muscle
cells, accumulation of cholesterol, fats, and cellular debris, and consequent
plaque formation and calcification (Ross, 1993; Libby et al., 2002; Steinberg,
2002).

The Monoclonal Proliferation Theory posits a monoclonal expansion of
SMC and chromosomal instability as an initiating mechanism for the
development of atherosclerosis, similar to the development of aneuploid, benign
tumors (Benditt and Benditt, 1975; Casalone et al., 1991; Fernandez et al., 2000;
Lavezzi et al., 2005; Matturi et al. 1997; 2001; Murry et al., 1997; Vanni and
Licheri, 1991). Cytogenetic analysis of unstable atherosclerotic plaques revealed
clonal proliferation of SMC in artery intima and the presence of several

chromosomal instabilities, including trisomy and tetrasomy 7, trisomy 10, 18, and
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20, monosomy 11, and loss of Y, suggesting the involvement of genomic

alternations in atherosclerotic process.

THEORETICAL FRAMEWORK

Discovering the genetic origin of AB (Glenner and Wong, 1984) and the mapping
of the APP on chromosome 21 (e.g., Goldgaber et al., 1987), allowed for new
insights into pathogenic pathways of AD, and for the establishment of a unique
link between genomic instability in DS and Alzheimers (Potter, 1991).
Constitutive trisomy 21 has been associated with intellectual impairment, and
development of Alzheimer's like neuropathology by the 4™ decade of life
(Epstein, 1990). Overexpression of APP due to altered gene dosage, may lead
to overproduction of AR and neurodegeneration (Head and Lott, 2004). Similarly,
accumulated trisomy 21 and other aneuploid cells in AD patients both in the brain
(e.g., Arendt et al., 2010; Mosch et al., 2007; lourov et al., 2009) and peripheral
tissues (Geller and Potter, 1999; Migliore et al., 1999; Thomas and Fenech,
2008) over the course of life may present an initiating event in AD pathogenesis
and/or promote neurodegeneration (Potter, 2008). Likewise, the evidence from
animal models of AD and autopsy studies of human brains suggests that
reactivation of the cell cycle and DNA duplication (e.g., Yang et al., 2001) in the
vulnerable population of AD neurons may present an important initiator of AD

(Nagy, 2005; Vincent et al., 1996; Varvel et al., 2008; Yang and Herrup, 2007,
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Yang et al., 2006) present before AB deposition and neuronal death, and could
also lead to chromosome mis-segregation and aneuploidy.

A unifying hypothesis for Alzheimer's and Down syndrome
neurodegeneration has been proposed (Potter, 1991)—development of a mosaic
population of aneuploid, including trisomy 21, cells and alternation in genomic
homeostasis may lead to classic AD neuropathology observed in both diseases.
The Trisomy 21 Hypothesis of familial and sporadic AD posits that slow
development and accumulation of a small number of trisomy 21 cells over a
lifetime could cause or help promote neurodegeneration (Potter, 1991; 2004;
2008). Trisomy 21 mosaicism could be the first step in AD pathogenesis, and
might lead to: (1) neurodegeneration and apoptosis; (2) higher expression of a
neurotoxic version of AR peptide; (3) induction of an inflammatory cascade; and
(4) defects in microtubule function and protein trafficking between and within the
neurons (Potter, 2008).

Genomic imbalance has been observed in other diseases of the brain
such as ataxia telangiectasia (lourov et al., 2009; 2009b), schizophrenia (Yurov
et al., 2008), autism (Yurov et al., 2007b), and it has been recently implicated as
an early event in frontal temporal