








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

26



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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Thus, the ER as the central cholesterol sensing site regulates cholesterol
synthesis, esterification into lipid bodies, trafficking to intracellular and plasma
membranes and catabolism into oxysterols for excretion.

Cholesterol distribution between the organelles and intracellular
membranes is heterogeneous, the highest being in the plasma membrane (~40%
of lipid molecules; Maxfield and Wustner, 2002)—mostly packed into lipid raft
microdomains (Brown and London, 2000; Crane and Tamm, 2004; Simons and
Toomre, 2000), and the lowest in the ER (~1% of total cell cholesterol; Lange,
1991). Endocytic organelles and Golgi complex are also enriched in cholesterol
(Hao et al., 2002), but how this asymmetric compartmentalization is achieved,
and the mechanisms of cholesterol transport and movement within the cells is
not completely revealed (reviewed in lkonen, 2008; Prinz, 2007). It is widely
accepted that cholesterol content and organization within the membrane affects
many cellular functions such as signal transduction and membrane trafficking
(Maxfield and Tabas, 2005). Cholesterol interacts with other membrane lipids
and proteins, and because of its biophysical properties (e.g., rigid ring structure),
it preferentially associates with hydrocarbon chains of saturated lipids causing
increased lateral ordering and decreased membrane fluidity (Demel and De
Kruyff, 1976; Mukherjee and Maxfield, 2004; Simons and Vaz, 2004). According
to the ‘fluid mosaic model' of the plasma membrane, membrane lipids and
proteins are organized into bilayer leaflets (Ikonen, 2008) in either highly-ordered
(gel-like), liquid-ordered, or liquid-disordered (the most fluid) phases, which often

coexist with different types of microdomains. For example, the disordered lipid
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phases are characterized by poorly-organized and loosely-packed acyl chains,
which allow for easy diffusion of water and other molecules into the bilayer
structure (Mukherjee and Maxfield, 2004; Simons and Vaz, 2004), and is usually
cholesterol poor. Cholesterol-rich plasma membrane, on the other hand, is
consistent with the ordered lipid phase—because of its rigid ring structure,
cholesterol has the ability to increase the order of more fluid membranes. The
lipid microdomains (e.g., lipid rafts) are involved in signal transduction and
segregation of the membrane-anchored proteins based on their preference for
different types of lipid ordering.

Cholesterol, as an important regulator of plasma membrane organization,
can be manipulated in culture, and the effect of changed biophysical membrane
properties on proteins and other cellular functions can be readily studied. In
mammals, dietary intake of cholesterol and saturated/unsaturated fats are
significant factors affecting membrane organization and therefore cell functioning
(e.g., Aoun et al., 2011; McMurray et al., 2011; Raza, 2010; Wang and Schreurs,
2010; Wassall and Stillwell, 2009).

In summary, intracellular cholesterol distribution and organization between
different organelles and membranes in eukaryotic cells is heterogeneous in
nature and characterized by differential lipid ordering which, if changed, may
affect the functioning of various proteins and lead to a diseased state. The
mechanism by which cells maintain these differences, and keep in check the
sterol sensing response over a narrow range of cholesterol concentration, and

readily transport and distribute intracellular cholesterol is only partly understood.
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Brain Cholesterol Homeostasis and AD Pathology

Cholesterol is essential for normal brain development and function, including
formation of synapses and synaptic plasticity, neurotransmission, signaling
transduction, membrane biosynthesis and repair (Goritz et al., 2002; Koudinov
and Koudinova, 2001; Pfrieger, 2003). Brain cholesterol homeostasis is a
complex, strictly regulated process not fully explained (Pfrieger and Ungerer,
2011). As in the periphery, this process includes cholesterol synthesis, shuttling,
storage and turnover, which are mostly independent of hepatic cholesterol pools,
and protected by the BBB (Bjorkhem and Meaney, 2004). The tight junctions
between cerebral endothelial cells that form the barrier prevent the brain to
compete for cholesterol from circulation (Ballabh et al., 2004). Alternations in
cholesterol/lipoprotein metabolism and brain cholesterol homeostasis have been
linked to several pathologic processes that, for example, lead to production of
neurotoxic proteins and changes in plasma membrane integrity (reviewed in Liu
et al., 2010). To understand the complexity of the role that cholesterol may play
in neurodegenerative diseases, one has to appreciate the unique aspects of
brain cholesterol homeostasis, the proteins and transporters involved in its
maintenance, and intermediary steps and enzymes interacting between

peripheral and central cholesterol pools.
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Figure 9. Brain Cholesterol Homeostasis

Brain cholesterol homeostasis is accomplished by a tight cooperation between the two main cell types of
CNS, astrocytes (left) and neurons (right). Astrocytes provide mature neurons with cholesterol, which is
synthetized in the ER from sterols and transported to Golgi apparatus and lipid rafts in the plasma
membrane (PM). Cholesterol with ApoE is exported to neurons via the ABC transporter family, internalized
via receptor-mediated endocytosis (e.g., LDLR), and further shuttled through the endosomes, lysosomes
and ER to the PM. The excess cholesterol is converted by 24-hydrocylase (CYP46) to 24-
hydroxycholesterol (24-OH-Chol) which crosses the BBB.

The brain is the most cholesterol-rich organ in the human body: it contains 25%
of the total body cholesterol, but accounts only for 2% of total body weight
(Dietschy and Turley, 2004). Intracellular cholesterol is present mainly in the
myelin sheaths and cell membranes (e.g., lipid rafts), where it is essential for
membrane fluidity and elasticity, synaptogenesis, signal transmission, and
functioning of membrane-associated proteins (Pfrieger, 2003). Brain cholesterol
is synthesized de novo by neurons, astrocytes, and oligodendrocytes,
independently of peripheral production. While oligodendrocytes supply

cholesterol for myelin formation, it is believed that astrocytes, the major neuronal
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supporting cells, produce cholesterol required to sustain the integrity of neuronal
membranes and synapse (Bjorkhem and Meaney, 2004; Pfrieger and Ungerer,
2011). As the neurons mature, they reduce production of endogenous
cholesterol and become dependent on effective cholesterol synthesis and
transport from adjacent cells, primarily astrocytes (Figure 9; Liu et al., 2010).
Slowed rate of cholesterol biosynthesis in adult neurons may reflect the overall
reduced requirement for surplus cholesterol in the brain after maturation, and the
need for optimal energy efficiency. Furthermore, astrocytes not only synthesize,
but also recycle extracellular cholesterol released from dying neurons (Jurevics
and Morell, 1995).

Cholesterol exchange and uptake between the brain cells is a multifaceted
process not fully elucidated (reviewed in Liu et al., 2010; Pfrieger and Ungerer,
2011). As in peripheral cells, several key acceptors, receptors, transporters and
enzymes involved in regulation of the brain cholesterol homeostasis have been
recognized. For example, both ApoE (the main carrier protein) and lipoprotein
receptors are essential for cholesterol transport and clearance within the brain.
The ATP-binding cassette transporter (ABCAL) is responsible for cholesterol flux
from neurons to glia, preventing accumulation of excess cholesterol inside the
cells (Dietschy and Turley, 2004). The neurons also internalize cholesterol in
several intercellular compartments (e.g., endosomes, lysosomes, and Golgi
apparatus), where it is released from its lipoprotein complex in the form of free
cholesterol, or transformed into cholesterol esters for storage. Free intracellular

cholesterol serves as a negative feedback loop to HMGR to reduce cholesterol
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synthesis in the ER, while cholesterol esters have a role in dendritic and synaptic
remodeling (Pfrieger, 2003; Poirier, 2003). Because the brain has no mechanism
for cholesterol degradation, excess cholesterol is transformed into 24S-
hydroxycholesterol (240H) by oxidation (encoded by CYP46 gene), a brain-
specific lipophilic cholesterol metabolite that passes through the plasma
membranes and crosses the BBB (Bjorkhem et al, 1998). Another oxysterol, 27-
hydroxycholesterol (270H) is produced in the periphery, and enters the brain at
an estimated rate of 1% a day. The exchange between the two oxysterols
across the intact BBB has been proposed as a missing link between cerebral and
plasma cholesterol pools, suggesting that the brain cholesterol homeostasis is
not entirely independent of the periphery (Dietschy and Turley, 2004). Moreover,
vascular insults compromise the integrity of the BBB causing an increase in
exchange of oxysterols between the brain and circulation (Xie et al., 2003).

Any disturbance in the brain cholesterol homeostasis due to, for example,
presence of interfering molecules such as AB; and diminished efficiency of
transporting proteins (e.g., ApoE); or compromised BBB and injury to the
neurovascular unit could contribute to neurodegeneration.

Differential distribution of cholesterol in the cell membranes and
intracellular cell compartments makes the analysis of total cholesterol in aged
and diseased brain technically challenging. Studies involving aged mouse and
human brains have shown an increase of cholesterol in the membranes
(Igbavboa et al, 1996; Schroeder, 1984) and decreased synthesis in

hippocampus but stable levels of total cholesterol (Thelen et al., 2006).
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However, there is a little consensus about the change in bulk brain cholesterol in
AD (Panza et al., 2006). Some studies reported reduced levels of cholesterol in
the brain areas with extensive A and tau pathology, especially in the patients
with APOE €4 allele (Wood et al., 2002), but increased cholesterol flux in early
stages of AD (Dietschy and Turley, 2004). Distribution of the membrane
cholesterol changes with the progression of disease severity—the levels of
cholesterol within the cell membrane increase, altering membrane fluidity.
Higher membrane cholesterol content is associated with the increased Ap-
induced toxicity both in neurons and astrocytes (Abramov et al, 2011). Also,
excess cholesterol accumulates in the form of ester droplets within senile
plaques (Gémez-Ramos and Asuncién Moran, 2007; Mori et al., 2001; Panchal
et al, 2010) and in AB-positive neuronal terminals (Gylys et al., 2007), whereas
tangle-bearing neurons in AD brains contain more free cholesterol compared to
phospho-tau free cells (Distl et al., 2001). These findings fit with the hypothesis
that change in intracellular cholesterol and not in total cholesterol may be the
major force behind AD progression that alters APP processing and AB dynamics
(Eckert et al., 2000).

Another measure of cholesterol turnover and neurodegeneration in AD
may be the disruption in oxysterol homeostasis. Several studies reported a
change in oxysterol levels during disease progression. At early stages of the
disease, the amount of 240H cholesterol increases in the brain and periphery,
suggesting increased cholesterol turnover from destroyed synapses and dying

neurons (e.g., Papassotiropoulos et al., 2002; Lutjohann et al., 2000). In the later
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stages, concentrations of 240H fall, indicating lower brain cholesterol
metabolism and the loss of neurons expressing CYP46 gene proportionally to the
degree of brain atrophy. The ratio between brain and circulatory oxysterols has
been suggested as a biochemical biomarker for AD progression (Leoni et al.,
2004; Leoni and Caccia, 2011).

Supposedly a bidirectional relationship between cholesterol and AR has
been observed in cellular and animal studies that manipulated the levels of
cholesterol by depletion or synthesis inhibition, or by dietary interventions. At
least a part of cell's APP and APP-cleaving enzymes that generate
amyloidogenic AB peptide, the B- and y-secretases are localized in lipid rafts
(Chen et al.,, 2006; Wabhrle et al., 2002), whereas the non-amyloidogenic a-
secretase activity favors more fluid, non-lipid raft environment (Kojro et al., 2001;
reviewed in Wolozin, 2004). Alternations of the membrane lipid content may
therefore shift the activity of the key enzymes involved in APP processing from
harmful (Ehehalt et al., 2003; Xiong et al., 2008) to neuroprotective (Bodovitz and
Klein, 1996; Kojro et al., 2001). For example, cholesterol depletion/inhibition with
different drugs (e.g., statins, cyclodextrins) reduced AP production and cellular
amyloid load in cultured neurons and in brains of treated animals (e.g., Burns et
al., 2006; Fassbender, et al., 2001; Refolo et al., 2001; Schneider et al., 2006;
Simons et al.,, 1998), whereas increased membrane cholesterol in mature
neurons led to AB-induced calpain (a calcium-dependent cysteine protease)
activation and generation of neurotoxic tau fragments (Nicholson and Ferreira,

2009; reviewed in Wray and Noble, 2009). Small rodents, especially FAD

62



transgenic mice fed a high cholesterol diet increased production AR and develop
greater amyloid burden (e.g., Hooijmans et al., 2007; Levin-Allerhand et al.,
2002; Oksman et al., 2006; Refolo et al., 2001; Shie et al., 2002; Sparks et al.,
1994) compared to animals on regular diet.

It could be postulated that an altered ratio between the more
amyloidogenic AB42 and less harmful AB40 affects membrane lipid content, and,
in turn, membrane fluidity could affect activity of the enzymes involved in the
amyloidogenic pathway, causing a vicious circle. The data suggest that
intracellular and not total cholesterol regulates APP processing and AP
production (Burns et al, 2006), but the interconnection between all proteins
involved in APP proteolysis and cholesterol homeostasis is not fully elucidated.
Similarly, the mechanism linking the increase in extracerebral cholesterol content
and intracerebral AB load is not completely clear, but it points to disrupted
oxysterol homeostasis, vascular insults and compromised BBB (reviewed in
Martins et al., 2006).

In summary, disturbance in cholesterol homeostasis and specific changes
in cholesterol distribution in plasma membrane may be involved in AD
pathogenesis by: (1) overproduction of toxic AB that affects membrane
properties; (2) altered plasma membrane fluidity and elasticity due to improper
cholesterol trafficking or/and receptor mediated uptake; (3) increased calcium
influx and calpain activity leading to generation of neurotoxic tau species; (4)
change in cholesterol flux and recycling; and (5) inability to maintain cholesterol

steady-state levels for synaptogenesis and repair. The research on cholesterol
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involvement in neurodegenerative diseases and the role it plays in health of
central nervous system is fairly new with a plethora of ‘brain secrets’ to be

discovered.

Hypercholesterolemia and AD Risk

A positive association between high blood cholesterol and dementia has been
reported in some but not all epidemiological studies (Panza et al., 2009). The
studies differed depending on: (1) the ‘time period at exposure’ (late vs. mid-life
blood cholesterol); (2) the length of follow up; (3) number of cholesterol
measurements; (4) dementia ascertainment method; (5) availability of ApoE ¢4
genotype; (6) choice of covariates; and (7) population under study. All of the
above may bias the results and account for inconsistencies. Dementia has a
long latency period and the concepts of time at exposure and follow up period
may be of essence to detect a true relationship between exposure and disease.
Proponents of a ‘life-course perspective’ seek to understand at which stage of life
an exposure (total cholesterol) might have the most effect on the outcome
(cognitive impairment), and if the effect of exposure is additive or synergistic
(Fratiglioni et al., 2010).

For example, some of the recent prospective studies reported positive,
negative or no association between blood cholesterol and AD and/or vascular
dementia (VaD). The Seven Countries Study of 10,211 men and 40 years follow-

up reported a positive association between total cholesterol (TC) and dementia
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mortality (HR = 1.73, [95% CI 1.05-2.84]) in individuals with >250 mg/dI of blood
cholesterol compared to men with <200 mg/dl (Alonso et al., 2009). In the
Honolulu Asia Aging Study of 1027 men, the serum TC declined significantly 15
years before AD diagnosis, the strongest in those with ApoE ¢4 allele (Stewart et
al., 2007). A recent meta-analysis of 12 prospective studies of AD and VaD
(Anstey et al., 2008) that included about 23,800 subjects over, on average, 13
years of follow-up revealed no association between late-life TC, LDL or HDL and
any type of dementia, but positive association between mid-life TC and AD and
VaD which was not dependent on ApoE genotype. Similarly, in the Kaiser
Permanente Study with 21 years of follow-up, Solomon et al. (2009) reported a
positive association between high mid-life TC (>240 mg/dl) and AD and VaD (HR
=1.57,[95% CI 1.23-2.01; and HR = 1.26, [95% CI 0.82-1.9], respectively).
Current research suggests that cholesterol and the risk of dementia may
have a nonlinear association with age; at mid-life, high blood cholesterol may
pose a risk for cognitive decline 30-40 years later, while higher cholesterol levels
may be protective later in life (Duron and Hanon, 2008; Panza et al., 2006).
Protective effects of higher cholesterol on cognition may be due to cholesterol
involvement in neuronal plasticity (Koudinov and Koudinova, 2001), while the
decrease in cholesterol from mid to late life may result from pathological process

associated with neurodegeneration (Solomon et al., 2007).
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The Role of Atherosclerosis in AD

As mentioned previously, a number of epidemiological and pathological studies
provided evidence for a pronounced vascular pathology in AD, and the
importance of vascular risk factors and CVD in AD development (reviewed in de
la Torre, 2004; 2010). Autopsy studies revealed that white matter lesions,
ischemic infarcts, lacunes, microvessel hemorrhages, CAA and atherosclerotic
plagues as the most frequent types of vascular pathology in AD (Honig et al.,
2005; Jellinger, 2008), that contribute to steeper cognitive decline especially in
the early stages of the disease (Esiri et al., 1999). For instance, a comparative
pathological study showed a higher incidence of vascular lesions in 48% of AD
patients compared to 32.8% age-matched controls (Jellinger and Mitter-Ferstl,
2003), whereas in the autopsy study of elderly Japanese-American males, these
lesions were as common as classic AD markers (White et al., 2002).

A number of epidemiological and autopsy studies provided important, yet
inconsistent evidence regarding the etiologic role of systemic and central
atherosclerosis in AD onset and development. In a cross-sectional study,
Hofman et al. (1997) showed that indicators of atherosclerosis in carotid arteries
and large vessels of the legs were associated with an increased risk of AD and
VaD especially in ApoE €4 carriers (OR = 3.9 [95% CI 1.6-9.6], and OR = 19.8
[95% CI 4.1-95.0], respectively). In a recent autopsy study, atherosclerosis of
coronary arteries associated strongly with the density of neuropathological

lesions of AD in older adults with at least one ApoE €4 allele (Beeri et al., 20006).
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No association between coronary atherosclerosis and VaD was found. In a large
prospective study of 6,647 participants, two noninvasive measures of carotid
atherosclerosis (i.e., the intima media thickness and carotid plaques) were
associated with AD regardless of ApoE genotype (HR = 2.4 [95% CI 1.25-4.60],
and HR = 2.53 [95% CI 1.21-5.32], respectively) after controlling for vascular
covariates (van Oijen et al.,, 2007). The Baltimore Longitudinal Study of Aging
(BLSA) utilized a series of 200 brain and 175 full body autopsies from
prospectively followed participants to examine the relationship between systemic
and central atherosclerosis, AD pathology and the risk of dementia (Dolan et al.,
2010). The results indicated that the presence of intracranial but not cardiac or
aortic atherosclerosis significantly increased the odds for dementia (OR = 2.0
[95% CI 1.4-2.9] per unit increase in atherosclerotic grade), independently of AD
pathology and cerebral infarcts. Quantitative analysis of atherosclerosis in
systemic and central vessels showed no association between the degree of
atherosclerotic burden and AD pathology, suggesting that there is an additional
association between intracranial atherosclerosis and dementia that is not related
to cerebral infarcts and AD lesions. Furthermore, recent retrospective
histopathological studies confirmed the association between the intracranial
atherosclerosis in the circle of Willis of AD subjects compared to age-matched
controls, and a strong correlation between the density of senile plagues and
NFTs and the degree of the atherosclerotic narrowing independently of
possession of €4 allele (Beach et al., 2007; Honig et al., 2005; Roher et al.,

2003). For example, in a study of 397 older adults with confirmed
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neuropathological diagnoses, Beach et al. (2007) showed that the circle of Willis
atherosclerosis score was a significant predictor of AD (OR = 1.31 [95% CI: 1.04-
1.69]) and VaD (OR = 2.50 [95% CI: 1.52-4.10]) but not for non-AD dementia for
each unit of increase in atherosclerotic grade, independently of the ApoE &4
genotype.

In line with the aforementioned evidence, several hypotheses have been
proposed to explain the relationship between AD and CVD: (1) atherosclerosis
may exacerbate AD pathogenesis and act synergistically  with
neurodegeneration; (2) atherosclerosis may present a parallel pathology that
adds to cognitive burden independently of classic AD markers and susceptibility
genes (e.g., ApoE €4); and (3) both diseases may share a common biological
mechanism linking the two pathologies (e.g., cell-cycle defects). While larger
scale prospective and autopsy studies are needed to address the validity of
association between systemic and central atherosclerosis and AD risk, the
proponents of the Vascular Hypothesis argue that scientific evidence supporting
vascular origins of AD outweighs that supporting the Amyloid Hypothesis (de la
Torre, 2004; Casserly and Topol, 2004).

Thus, atherosclerosis and AD may be independent but converging
diseases that share several common genetic and environmental risk factors (i.e.,
ApoE €4 polymorphism, hypercholesterolemia, hypertension, diabetes, systemic
inflammation, obesity, smoking, and high fat diet) [Casserly and Toppol, 2004]. A
better understanding of one disease could aid in providing better therapies and

prevention strategies for the other. Because most of the vascular risk factors are
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preventable, skillful and timely prevention and/or treatment of vascular disease
preferably at middle age could help preserve both cardiovascular and cognitive
health (de la Torre, 2004; 2010). For instance, several non-invasive techniques
have been developed to detect systemic vascular pathology such as the
narrowing of carotid artery (e.g., carotid artery ultrasound [CAUS]) caused by
intima-media thickness [C-IMT]; the velocity and direction of the blood flow from
the heart to brain [e.g., pulse-wave Doppler scanning]; changes in the structure
and function of the heart muscle [e.g., echocardiography]; and the extent of
peripheral arterial disease (e.g., ankle-brachial index [ABI]). All the above may
be valuable screening tools that could aid in designing strategies to prevent
ongoing or future cognitive decline (de la Torre, 2010). Similarly, CVD-related
clinical trials could routinely include measures of cognitive function to investigate
the therapeutic potentials of anti-inflammatory, anti-angiogenic, and anti-
hypercholesterolemic agents on dementia development. In sum, additional
epidemiological and clinical studies looking at the benefits of either lifestyle
changes or therapies for CVD (e.g., atherosclerosis) at middle age would provide
valuable insights for prevention strategies aimed to stall cognitive decline later in

life.

CONCLUSIONS: DISRUPTED CHOLESTEROL HOMEOSTASIS AND AD

Taken together, the cellular, animal and epidemiological studies referenced

above implicate cholesterol as an important component of neurodegenerative
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process in AD. While hypercholesterolemia may contribute to AD pathology via
systemic and cerebral atherosclerosis by causing diminished cerebral perfusion
and neuronal energy crisis, other mechanisms may also take place. First, altered
cholesterol homeostasis within the brain and plasma membrane may promote AR
production and increase both amyloid and tau-related pathologies. Second,
similar to atherogenesis in peripheral vessels, high cholesterol may disrupt
communication between neurons and vascular cells within the neurovascular unit
resulting in increased inflammation, impaired cerebral AB clearance and
consequent CAA within vessel walls, endothelial injury and compromised BBB
(e.g., Farks and Luiten, 2001; Bell and Zlokovic, 2009). Third, a unique
cytogenetic mechanism may underlie both AD and atherosclerosis contributing to
pathogenesis—disrupted cholesterol homeostasis may interfere with the
cytogenetic properties of mitotic cells (peripheral and central) by affecting the

process of proper chromosome segregation.
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CHAPTER THREE

EXPERIMENTAL PROCEDURES

To assess the effect of lipoproteins and cholesterol on chromosome segregation
in vitro and in vivo, this study utilized various human cell lines and primary cells
derived from human and mouse peripheral tissues and brains, dietary
intervention on wild-type mice, and karyotype and fluorescence in situ
hybridization (FISH) analyses as the main methods for the quantification of
chromosomal aberrations in a single cell. This chapter describes in detail the cell
lines, cell sources, reagents, experimental procedures, and data acquisition and
analysis used to address the research questions under the general hypothesis

(Figure 7).

CELL LINES

hTERT-HMEL Cell Line

The hTERT-HMEL1 cell line (Clontech) is a primary human mammary epithelial

cell line that permanently expresses the telomerase reverse transcriptase
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(Clontech). Stable expression of this enzyme preserves telomere length and
allows the cells to divide indefinitely while retaining normal function, phenotype,

and karyotype (Jiang et al.,, 1999; Morales et al., 1999). The cell line was
cultured in the mammary epithelium basal medium (MEBM, Lonza)
supplemented with 52 pg/ml bovine pituitary extract (BPE), 0.5 pg/ml
hydrocortisone, 10 ng/ml hEGF, 5 pg/ml insulin, 50 pg/ml gentamicine, and 50
pg/ml amphotericine-B, and subcultured every 2-3 days. The cells were

maintained for no more than 6 population doublings (PD) from the PDipjjia.

HASM Cell Line

The Human Primary Aortic Smooth Muscle Cells (HASMC) (ScienCell Research
Laboratories) were isolated from the human aorta and cryopreserved at
secondary culture at the density > 5 x 10* cells per vial. The cells were
maintained in smooth muscle cell medium (SMCM; ScienCell Research
Laboratories) consisting of 500 ml basal media, 2% fetal bovine serum (FBS), 5
ml smooth muscle cell supplement, and 5 ml 1x penicillin/streptomycin (PS;
5,000 I.U/ml each; Cellgro) solution according to manufacturer’s specifications.
The cells were propagated when they were 90% confluent in 2 pg/ml poly-L-
lysine (Sigma)-coated cell culture dishes, and the growth media was changed

every other day.
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Human Fibroblasts

LDL receptor-deficient human skin fibroblasts harboring two mutations, C240-F
and Y160-ter, that cause a severe form of familial hypercholesterolemia (FH),
and human fibroblasts with a functional LDL receptor from an unaffected age and
race matched donor were purchased from Coriell Cell Repositories. Both cell
lines were cultured following company’s protocol in Minimum Essential Medium
(MEM; with Eagle-Earle salts and non-essential AA) (Gibco/lnvitogen)
supplemented with 2 mM L-glutamine (Gibco), 5 ml MEM essential AA 50x
(Gibco), 2.5 ml MEM Vitamins 100x (Gibco) and 15% heat inactivated FBS
(Cellgro).

Four different human fibroblasts harboring a Niemann-Pick C1 (NPC1)
mutation (Coriell, NIGMS Human Genetic Cell Repository) and four age-matched
controls (Coriell, NIA Aging Cell Culture Repository) (Table 1) were maintained in
Dulbecco’'s modified MEM (with 2 mM L-glutamine; Gibco/lnvitrogen),
supplemented with 15% FBS (Atlanta Biological), and 5 ml of 1x PS solution
(5,000 I.U/ml each; Cellgro). All fibroblasts and HASMC were grown in 37°C, 5%

CO2 incubator and subcultured every 3-5 days.
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Table 1. Characteristics of the Niemann-Pick Type C (NPC) and Control Samples

Repository # Age Gender Clinical Dx Mutation or NPC assay
(years)

Control fibroblasts
AG02101 = fernale None (healthy non-fetal tissue) INAA
AG02603 a5 fernale None (healthy non-fetal tissue) INAA
AG09319 24 female None (healthy non-fetal tissue) INAA
AG09429 25 female None (healthy non-fetal tissue) INAA

NPCT fibrobiasts
GM18422 NK female NPC1 813_815delCAT & ASPST4VAL
GM18390 NK female NPC1 ASP242HIS & SER940LEU
GM22871 4 female NPC1 1920delG & IVS9-1009G=A
GM17912 19 female NFCA PRO1007ALA & THR1036MET

Control brains
UMBT754 1.5 fernale asthma N/A
UmMB 1864 25 fermale streptococcus infection IN/A
UmMB4725 S female hypertension INFA
UMBS5 1986 fernale auto accident injuries N/A
UnMB4590 205 fernale dilated cardiomyopathy MN/A

NPC brains
UMB5372 113 female NPC1 filipin & cholesterol esterification
UnB4214 323 female NPC confirmed neuropathology of NPC
UMB4237 198 female NPC confirmed neuropathology of NPC
UMBMA992M 201 fernale NPC clinical diagnosis of NPC

NK = not known. Human fibroblasts were purchased from Corielle and brains from NICHD Brain and Tissue
Bank for Developmental Disorders. Independent t-test revealed no age difference between NPC and control

brain donors (data not shown).

PRIMARY CELLS

Generation and Maintenance of mNPC

Neurosphere cultures containing mouse neuronal precursor cells, mMNPC) were

established from non-transgenic prenatal brains (E17-E18) following a modified

protocol by Pacey et al. (2006) and maintained according to the procedure
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developed by Marchenko and Flanagan (2007). Specifically, timed-pregnant
C57BL/6J mice (Jackson Labs) were anesthetized with sodium pentobarbital (50
mg/kg) by intraperitoneal (i.p.) injection and the fetuses retrieved through the
transabdominal incision. Six to eight pups were removed from the amniotic sack,
decapitated with a sterile blade and their brains cleaned of skulls, meningeal
tissue and cerebella and pooled into a 60 mm culture dish in cold 1x PBS
(Cellgro). The remaining cortical tissues were enzymatically and mechanically
processed to obtain a single-cell suspension and grown in the presence of
mitogens (i.e., growth factors). First, the cortices were minced and incubated in
5 ml of pre-warmed 0.25% trypsin (Gibco/Invitrogen) for 4 min at room
temperature followed by a gentle trituration with a fire polished Pasteur pipette.
After a centrifugation at 1500 rpm for 5 min, the majority of the trypsin was
removed with the supernatant and the rest neutralized in 5 ml of Trypsin
Neutralization Buffer (Lonza) for 4 min at 37°C. The tissue aggregates were
triturated with a fire-polished pipette for at least 10 times. Following the second
centrifugation (1500 rpm for 5 min), the cell pellet was further resuspended and
triturated in 1 ml of mouse neural precursor cell media (NNPC media, described
below) (Schwartz et al., 2003; Marchenko and Flanagan, 2007) with fire polished
pipettes of two different pore sizes (each 60-70 times) to yield a single-cell
suspension. Lastly, after the viability and the cell concentration was established
by Trypan Blue (Invitrogen) dye exclusion, the cells were plated in 24 multi-well
tissue culture plates (Falcon) at a density of 50-100 cells/ul (Pacey et al., 2006)

in 0.5 ml of MNPC media and grown in 37°C, 5% CO, incubator. The mNPC
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media consisted of DMEM:F12 growth media (Gibco) supplemented with 20%
BIT-9500 (5x) serum substrate (Stem Cell Technologies), 1x PS (Cellgro), and
the following growth factors at the concentration of 40 ng/ml: human epithelial
growth factor (EGF), fibroblast growth factor (FGF)-basic, and platelet-derived
growth factor (PDGF-AB) (PeproTech).

After 5-7 days, developed neurosphere clones were dissociated in 2 ml of
Cell Dissociation Buffer (Invitrogen) for 5 min at 37°C, centrifuged, resuspended

and triturated in 0.5 ml of NPC media, and plated in 6-well plates (Fisher

Tissue dissected from the
fetal mouse cortices and
cultured in the presence of
mitogens (e.g., EGF, PDGF)

@ i Neurosphere formation

within 5-7 days

1 Dissociation 0 Stem cells
O Transit-amplifying cells
(—D < O O ) O 0 Other cells

Cells propagated in the
presence of mitogens

Figure 10. Development of Mouse Neural Precursor Cells

The cells were isolated from the mouse fetal cortices (E17-E18) and were mechanically and enzymatically
processed to yield a single-cell suspension. The development of neurospheres clones was achieved by
culturing dissociated clusters in growth factors-containing media, which resulted in newly formed spheres.
Adapted and re-drawn from Chojnacki et al. (2009).
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Scientific). Mature neurospheres (=100 um in diameter, Pacey et al., 2006) were
passaged once a week and grown in 25 cm2 tissue culture flasks (Falcon) in
conditioned mNPC media (Y2 supernatant of old and % fresh growth media) to
assure optimal cell growth. Similarly, only half of the media was changed every

other day in between the passaging (Figure 10).

Mouse Splenocytes and Brain Cells

Mouse spleens and brains were harvested and processed to yield a single-cell
suspension and prepared for karyotype and FISH analysis according to
procedures described elsewhere (Boeras et al.,, 2008; Granic et al., 2010).
Briefly, mouse spleens were removed, washed in sterile 1x PBS and triturated in
RPMI 1640 medium (Gibco/Invitrogen) using the ends of two sterile Superfrost
Plus slides (Fisher) to dissociate single cells. The cell suspension was grown for
44 hr in RPMI 1640 medium supplemented with 10% FBS, 2 mM L-Glutamine,
5% PSA, 50 uM B-mercaptoethanol, and 5 pg/ml Concanavalin-A (Sigma) which
was used as a mitogen.

Mouse brains were cleaned of meninges and mechanically dissociated in
ice-cold 1x PBS using 5 ml and 2 ml pipettes and fire polished Pasteur pipettes
of three different pore sizes (10-15 times each). The brain cells prepared as a
single-cell suspension were centrifuged at 1500 rpm for 5 min, and then

immediately resuspended and fixed in cold 3:1 anhydrous methanol (Fisher
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Scientific):acetic acid (Fisher Scientific) (fixative) and incubated on ice for at least

30 min prior to any downstream assays being performed.

Human Brain Cells

Frontal cortices from the patients with the Niemann-Pick type C disease (aged
17.26 + 11.07) and age, gender and race matched control brain tissues (age
20.88 £ 8.64) were obtained from the NICHD Brain and Tissue Bank for
Developmental Disorders at the University of Maryland (Baltimore, MD) (Table
1). To generate a single-cell suspension, we used a technique established
previously in the laboratory of H. Potter with fresh and frozen mouse brains
(Granic et al., 2010). Briefly, 2 g of frozen brain tissue was triturated with fire
polished Pasteur pipettes of different pore sizes in ice-cold 1x PBS. The cells
and cell aggregates were centrifuged at 1500 rpm, the supernatant removed, and
the cell pellet resuspended and fixed in either ice-cold fixative (3:1 anhydrous
methanol and acetic acid) and incubated on ice for at least half an hour, or in 4%
paraformaldehyde (PFA, Electron Microscopy Science) in 1x PBS and incubated

in 37°C water bath for 30 min.
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MICE

APPKO Mice

Six transgenic mice lacking an APP gene and their non-transgenic littermates
were 3-4 months of age (Jackson Labs) and had C57BL/6J background strain.
The genotype was confirmed using QPCR Bio-Rad iCycler (Bio-Rad). Mice

spleens were used for primary cell culture and lipoprotein/cholesterol treatments.

Wild-type Mice

Twelve one month old non-transgenic C57BL/6J mice (6 males and 6 females)
(Jackson Lab) were caged in standard housing in pairs, and were fed ad libitum
for 12 weeks with either regular rodent chow, low cholesterol or high cholesterol
diet (Harlan Laboratories) with free access to fresh water. Food intake and
weight gain were monitored and recorded weekly for each mouse. After 12
weeks, the mice were anesthetized with i.p. injection of sodium pentobarbital (50
mg/kg weight), and transcardially perfused with 0.9% saline before any internal
organs of interest were removed. Livers, spleens and brains were visually
inspected for pathological changes. All animals, including the two time-pregnant
C57BL/6J mice were housed at the animal housing facility at the University of

South Florida (USF) in a 12-hours light and dark cycle room at 22°C. All animal
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studies were approved and conducted in accordance with the guidelines stated

by the USF Institutional Animal Care and Use Committee.

DIETS

Regular mouse chow (2018 Teklad Global 18% Protein Rodent Diet, Harlan
Laboratories) consisted of 5% crude plant-based oil (fat), 0% cholesterol, and
supplied 3.3 Kcal/g of Digestible Energy (DE). Low cholesterol diet (7001 Teklad
4% Mouse/Rat Diet, Harlan) contained 4.2% crude oil, 0.02% cholesterol, and
3.23 Kcal/g of DE. The custom made high cholesterol diet (TD.95286, Harlan)

consisted of 21% milk fat (fat), 1% of cholesterol, and provides 4.5 Kcal/g of DE.

REAGENTS

Lipoproteins

Human oxidized LDL (protein concentration 2 mg/ml), human LDL (protein
concentration 5 mg/ml) and human HDL (protein concentration 10 mg/ml) were
purchased from Biomedical Technologies Inc. The content of protein in each
lipoprotein complex was assayed by the supplier using the Lowry method (Lowry
et al.,, 1951), and the lipid concentration calculated according to chemical

composition established by Fellin et al. (1974) and Barclay et al. (1972). For
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example, chemical composition of human LDL is 22% protein and 78% lipid
which brought the lipid content of the sample to 17.7 mg/ml. Water-soluble
cholesterol (WsCh) was obtained from Sigma (31.8 mg of pure cholesterol in 0.6
g total weight of solid, balanced in methyl-B-cyclodextrin) and resuspended in

sterile water.

Salts

For the calcium ions chelation, two different Ca** blockers were used. Chelator
BAPTA (Calbiochem) served as an intracellular Ca®* buffering reagent at the
concentration of 1 mM. Four carboxylic functioning groups in BAPTA molecule
bind to two calcium ions. EGTA chelator was added to the cells at the
concentration of 1.5 mM. The reagent is selective for Ca**, and binds one cation
per molecule (soluble in 1 M NaOH). hTERT-HMEL cells are cultured in the

medium that contains 294 mg/L of calcium (or 2.65 mM).

OTHER REAGENTS, KITS, AND DNA PROBES

Absolute (without benzene) ethyl alcohol (Sigma-Aldrich) was prepared as a
sterile aqueous 1 M solution and aliquoted. Filipin complex (Sigma) was
dissolved in dimethyl sulfoxide (DMSO, Sigma) and stored at -20°C in small

aliquots protected from light. Giemsa stain (Gibco/Invitrogen) was diluted freshly
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in the 1x GURR buffer (GibcoBRL Life Technologies) to stain metaphase
spreads according to standardized cytogenetic protocol. Trypan blue (0.4%, BD
Biosciences) exclusion assay was used to determine the viability of the hTERT
cells grown in the closed chamber system with and without ethanol. Mouse anti-
neuronal nuclei (NeuN) Alexa Fluor® antibody (Millipore) and VectaShield with
4’ 6-diamino-2-phenylindole (DAPI) (Vector Laboratories) was used to label

neurons and nuclei, respectively. Nick Translation Kit (Abbott Molecular Inc.)
and SpectrumGreen™ or SpectrumOrange™ dUTPs (Abbot, Vysis) were used to
generate BAC probe following an established protocol (Kulnane et al., 2002;
Boeras et al., 2008). Ethanol Assay Kit (BioVision) and BioTek Synergy HT
micro-plate reader (BioTek Instruments) for colorimetric assay (optical density
570 nm; ODs79) and Gen5™ (BioTek Instruments) data analysis software were
used to measure ethanol concentration in the media at the baseline, after 24 and
48 hr of exposure following manufacturer’s instructions. Oil-Red-O staining kit
(American MasterTech) was used to detect fatty deposits in hepatocytes of mice
fed a high cholesterol diet. LSI® ETV6(TEL)/RUNX1(AML1) ES Dual Color
Translocation Probe, LSI® IGH (14932)/MALT1(18g21) Dual Color Dual Fusion
Probe, and LSI® D7S522 (7931) SpectrumOrange™/CEP® 7 SpectrumGreen™

were purchased from Abbott, Vysis.
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IN VITRO INCUBATION WITH LIPOPROTEINS/CHOLESTEROL

Two days prior to treatment/incubation, freshly passaged hTERT cells (1-3 x 10°
cells/2 ml) were plated in 100 mm tissue culture dishes (56 cm?/dish) with
supplemented Mammary Epithelium Basal Medium (MEBM, Lonza) to assure
60%-70% confluency on the day of the treatment. The cells were incubated for
48 hr at the concentration of 20 pg/ml of lipoproteins and 2 and 4 pg/ml of WsCh.
Higher concentrations of WsCh were cytotoxic (data not shown).

First, 7 parallel experiments were conducted to assess the effect of
lipoproteins on chromosome segregation (i.e., karyotype analysis and
chromosome specific aneuploidy) and 6 separate experiments to test the
aneugenic effect of cholesterol. Second, the same cell passages were used for
the set of parallel experiments involving Ca** chelating reagents, BAPTA or
EGTA. The cells were pretreated with the 1 mM and 1.5 mM of chelators,
respectively for 3 min before lipoproteins were added. Prior to the harvest, the
cells were treated with 33 ng/ml colcemid for 10 hr, fixed according to the
standardized cytogenetic procedure, and prepared for metaphase chromosome
and FISH analysis. Third, two sets of triplicate experiments involving lipoproteins
and ethanol co-incubations were conducted separately with the same low cell
passage (described below).

Similarly, two days before the treatment with lipids, freshly passaged
HASMC were seeded onto pre-coated (2 pg/ml of poly-L-lysine, Sigma) single

well glass chamber slides (8.6cm2 growth surface/well) (BD Bioscience) at the
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density of 10° cells per slide. After 48 hr of lipids/cholesterol incubation, the cells
were rinsed twice with 1x PBS without Ca and Mg (Cellgro) and immediately
fixed with cold 3:1 anhydrous methanol and acetic acid fixative and put at -20°C
for 30 min. Fresh fix was added to the cells before storage at -20°C.

Human fibroblasts with and without functional LDL receptor were seeded
at a density of ~2 x 10° cells per single chamber slide pre-coated with 2pug/ml of
poly-L-lysine. The same procedure involving incubation with lipids and fixation
was followed as with the HASMC.

Mouse non-transgenic and APPKO spleen cells were incubated with the
lipoproteins at the same concentration mentioned above for 48 hr, harvested and
fixed for FISH analysis using a BAC probe for mouse chromosome 16 according

to established protocol (Kulnane et al., 2002; Boeras et al., 2008).

CLOSED CHAMBER FOR ETHANOL AND LIPIDS INCUBATION

To assure an exact and consistent ethanol (EtOH) concentration in treated cells,
a modified closed chamber system protocol by Adickes et al. (1988) was used
(described below). Prior to ethanol and lipoproteins co-treatments, several pilot
experiments were conducted to examine the viability of nTERT-HME cells in the
closed chamber, and to establish cytotoxicity of the two EtOH concentrations
using the Trypan Blue dye exclusion assay and hemocytometry. First, the effect

of 25 and 50 mM of EtOH for 6, 12 and 24 hr on cell morphology, proliferation
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and survival was assessed (data not shown). Second, based on these results,
triplicate experiments were conducted with 25 mM EtOH for 24 hours followed by
lipoproteins/cholesterol and EtOH co-incubation for 48 hr.

Specifically, a day before pretreatment with EtOH in the closed chamber
(a 27 x 16.5 x 11 cm tightly sealed polystyrene container), hTERT cells were
seeded in 6-well plates at the density of 6 x 10*well and grown in 37°C, 5% CO,
incubator. Next, established cultures were incubated in 25 mM EtOH containing
media for 24 hr and cultured in the sealed chamber alongside with an open dish
(20 x 7 x 6 cm) filled with 300 ml 25 mM EtOH aqueous solution, which was
changed daily to counteract alcohol evaporation. The next day, lipoproteins (20
pg/ml) and water soluble cholesterol (4 pug/ml) were added to the fresh culture
media with EtOH, and the cells were grown for 48 hr. A small aliquot of EtOH-
containing media from two samples was collected at the baseline, 24 and 48 hr
later to measure alcohol concentration using a colorimetric assay (Ethanol Assay

Kit, BioVision). Lastly, the cells were harvested and fixed for FISH analysis.

METAPHASE CHROMOSME ANALYSIS

After colcemid treatment, hTERT-HMEL cells were harvested according to the
standard cytogenetic procedure described previously (Boeras et al.,, 2008).
Briefly, the cells were hypotonically treated in 75 mM KCI for 15 min in a 37°C

water bath, fixed in 3:1 anhydrous methanol: acetic acid fixative for a minimum of
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30 min on ice, followed by two fixative washes and resuspension in fresh fix.
Metaphase spreads were stained with Giemsa stain (Gibco/Invitrogen
Corporation) diluted in the 1x GURR buffer (GibcoBRL Life Technologies) and
the chromosomes counted (Figure 11A, B). Genus 2.81® software was used for
chromosome analysis (Applied Imaging). At least 40-45 metaphases were

analyzed per each sample.

FLUORESCENCE IN SITU HYBRIDIZATION (FISH)

Fluorescence in situ hybridization (FISH) is a cytogenetic technique that allows
one to detect the number of copies of a particular chromosome in both
metaphase and interphase cells at the single-cell level (Ried, 1998; Tibiletti et al.,
1999; Speicher and Carter, 2005) with great sensitivity and specificity (Tibiletti,
2004). This method is especially suitable for poorly and non-dividing cells, or for
cells with a very low level of aneuploidy (e.g., lymphocytes). The basic principle
of FISH consists in hybridization of fluorophore containing DNA probe with a
unique genomic sequence to its complimentary DNA in cytological samples
prepared on slides (Figure 11C). Annealed probe and target-DNA is then
visualized in situ using fluorescent microscope filters that should match the
wavelength of the selected fluorophore for proper detection and analysis
(reviewed in Jiang and Katz, 2002; Tibiletti, 2007). In the present studies, for

human samples commercially available single or dual-labeled locus specific
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chromosome probes (Abbott, Vysis) were used, and for mouse samples, a ~300
kb unique mouse DNA sequence cloned into the bacterial artificial chromosome
(BAC) cloning vector and labeled by Nick translation (Zhu et al., 1994) was
utilized.

Prior to hybridization, all slides were aged at room temperature followed
by hybridization procedures recommended by Abbott, Vysis and by protocols
described elsewhere (Boeras et al., 2008; Granic et al., 2010; Kulnane et al.,
2002). Briefly, aged slides were placed in 37°C 2x SSC buffer for 45 min and
dehydrated in serial ethanol washes (70%, 80%, and 90% for 2 minutes each),
and targeted with a DNA probe mixture (7 pl hybridization buffer, 1 pul
fluoroprobe, and 2 pl DNase-free water). Interphase FISH of all
lipoprotein/cholesterol and reagents-treated human cell lines and primary cells
was performed with either the LSI® ETV6(TEL)/RUNX1/(AML1) ES Dual Color
Translocation Probe, LSI® D7S522 (7931) SpectrumOrange ™/CEP® 7
SpectrumGreen™ or LSI IGH/MALT1 Dual Color Dual Fusion probe (Abbott,
Vysis) in a HyBrite hybridization chamber (Vysis) according to manufacturer’'s
specifications for a selected probe for at least 16 hr at 37°C. A dual color
detection protocol allows one to simultaneously assess two chromosomes under
appropriate dual-band pass fluorescence microscope filters. The next day, slides
were washed with 0.4x SSC and 2x SSC containing NP-40 detergent to remove
nonspecifically-bound probe, and mounted with DAPI 1l (Abbott, Vysis) or

Vectashield with DAPI (Vector Laboratories) counterstain.
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Figure 11. Metaphase Chromosome Spreads and FISH Procedure

(A-B) Human aneuploid metaphase (A) (>46 chromosomes) and mouse (B) euploid metaphases (40
chromosomes) were prepared following standardized cytogenetic protocol (Barnicot and Huxley, 1961) and
stained with Giemsa.

(C) In the FISH procedure, DNA probe is labeled with fluorophore-containing nucleotides followed by the co-
denaturing of the target and probe DNA and annealing of the complimentary DNA sequences.
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A bacterial artificial chromosome (BAC) containing a mouse chromosome
16-specific sequence (a gift from Dr. Bruce Lamb at Case Western Reserve of
University) was labeled by Nick translation and fluorophore-containing dUTP as
described previously (Kulnane et al., 2002; Boeras et al., 2008; Granic et al.,
2010). Briefly, 1 mM of either SpectrumGreen™ dUTP (2’-Deoxyuridine, 5'-
Triphosphate; Abbott, Vysis) or SpectrumOrange™ dUTP (Enzio Life Sciences)
was used to label 1 pg of BAC DNA in Nick translation enzymatic
reaction/incubation (Nick Translation kit, Abbott) at 15°C for 8-16 hr. Precipitated
and pre-incubated (37°C overnight) BAC probe was co-denatured with mouse
spleen or brain cells at 74°C for 4 min and hybridized at 37°C in HyBrite chamber
for either 22 or 48 hours, respectively, followed by two or three consecutive
washes in SSC detergent-containing buffers of various stringencies (0.4x SSC,
2x SSC, and 4x SSC) and counterstained with DAPI Il (Abbott, Vysis) or

Vectashield (Vector) nuclear DNA stain.

FISH FOLLOWED BY IMMUNOCYTOCHEMISTRY

Studying the effect of PS1 mutation and overexpression on the cell cycle and
chromosome mis-segregation in mouse models of FAD, this laboratory
previously used a modification of the protocol by Liesi et al (2001) to develop
primary mouse neuronal cultures followed by FISH analysis, therefore depending

on availability of live animals and successful isolation of neuronal cells. Other
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researchers that examined the levels and distribution of aneuploidy in normal and
AD brains in humans and mice utlized either brain slices and
immunofluorescence staining and cytometry to measure the DNA content in
single neurons (e.g., Arendt et al., 2010), and mechanically isolated nuclei from
different brain regions and FISH (e.g., lourov et al., 2009), or FACS analysis of
PFA-fixed brain cells labeled with a neuronal specific marker followed by FISH
assay (e.g., Westra et al., 2008).

To circumvent the technical complexity of each method (e.g., a single-cell
DNA quantification on the brain slices requires specialized instruments and
multistep immunocytochemistry protocol), the lab developed a relatively simple
technigue which combines FISH and immunostaining performed in two
consecutive steps on a single slide (Granic et al., 2010). To assess neuronal
versus glial cell aneuploidy in the cells derived from either fresh or frozen brain
tissue utilizing only fluorescence microscopy, mechanically dissociated single
cells (nuclei) were first subjected to FISH assay with a single or dual labeled
DNA probe followed by immunocytochemistry using a conjugated primary
antibody against the neuronal nuclear antigen, NeuN labeled with AlexaFluor 488
or with other fluorophore. With this method, both neurons and glial cells from any
brain region could be assessed for aneuploidy for any chromosome of interest.

Thus, a single-cell suspension of NPC and control frontal cortices (Table
1) were hybridized with a DNA probe for chromosome 21, and immediately after
FISH, incubated in 1x PBS for 10 min, blocked in 10% goat serum/0.1% Triton X-

100 PBS solution for 1 hr followed by overnight incubation in conjugated Ms X
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Neuronal Nuclei AlexaFluor 488 (Millipore) 1:100 antibody prepared in 1%
BSA/0.1% TritonX-100 1x PBS. After final washes in 1x PBS, the cells were

stained with DAPI Il counterstain and coverslipped.

IMMUNOCYTOCHEMISTRY, FILIPIN AND OIL-RED-O STAINING

Filipin is a cholesterol-specific fluorescent dye (Norman et al., 1972) used to

guantify plasma membrane and intracellular free cholesterol and to demonstrate
a correlation between decreases in membrane cholesterol and increased
membrane fluidity (Coxey et al. 1993). To co-stain NPC brain cells with neuronal
marker and filipin, a modification of the protocol described by Millard et al. (2000)
was used. A single-cell suspension of 4 NPC and 5 control frontal cortices
(Table 1) were fixed in 4% PFA in 1x PBS for 30 min at 37°C. The cells were
dropped onto pre-wetted slides (Fisher) that were marked around the edges with
the ImmEdge pen (Vector Laboratories) to create a single chamber, and allowed
to age overnight. After the three consecutive washes with 1x PBS for 10 min, the
slides were stained/permeabilized with 50 pug/ml filipin in PBS/10% normal goat
serum overnight at 4°C, and then incubated in conjugated Ms X Neuronal Nuclei
AlexaFluor 488 (Millipore) 1:100 antibody prepared in filipin/1x PBS/10%goat
serum for 60 min in 37°C hybridization oven on a shaker. Following final washes
in 1x PBS, the cells were mounted with Fluoro-gel with Tris Buffer (Electron

Microscopy Sciences) and coverslipped.
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Oil-Red-O stain is used to detect intracellular neutral lipids in hepatocytes
and adipogenic cultures (e.g., De Gottardi et al., 2007), and for detection of
hepatic steatosis in liver cryosections (e.g., Zhao et al., 2011). Visual
accumulation of cytosolic lipids in more than 5% of hepatocytes in human liver is
considered as diagnostic of steatosis (Klein et al., 2005) as a consequence of an
increased efflux of free fatty acids and triglycerides formation (Bradbury, 2006).
A single-cell suspension of 4% PFA/1x PBS-fixed livers were dropped onto slides
and stained with the Qil-Red-O staining kit following manufacturer's procedures
(American MasterTech). Hematoxylin stained single cells (blue) and cell
aggregates were evaluated under phase microscopy for the presence of lipid

droplets (red).

IMAGE AQUISITION AND ANALYSIS

FISH Visualization and Scoring

Hybridization signals were visualized using a Nikon Eclipse E1000 fluorescence
microscope with a 4912 CCIR high performance COHU CCD Camera and Genus
2.81® software (Applied Imaging) or a Zeiss Imager.M1 microscope with a CV-
M4+CL high resolution camera and Axiovision 4.6 software (Zeiss). The
corresponding optical filters and their spectral bandwidths were: DAPI (peak

excitation/emission (ex/em) 350 and 470 nm), Fluorescein Isothiocyanate (FITC)
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(ex/fem 490/525 nm), and Tetramethyl Rhodamine Isothiocyanate (TRITC)
(ex’'em 557/576 nm) for the Nikon Eclipse scope, and Zeiss filter sets 49
DAPI/Hoechst 33258 (ex/em 365/445[450] nm), 38 HE eGFP/FITC/Alexa488
(ex’em 470[40]/525[550] nm) and 43 HE Cy3/DsRed/Rhodamine (ex/em
550[525]/605[670] nm) from Chroma.

Only intact nuclei (DAPI) and compact and bright signals were scored for
aneuploidy separately for each probe/fluorophore following the Abbott/Vysis
(http://www.abbottmolecular.com/contactus/fishtechsupport/techtipsandinfo/fish-
lab-quality-control.html) guidelines. For example, overlapping cells were not
analyzed and closely adjacent spots or spots connected with a fluorescent strand
were evaluated as a split signal and counted as one chromosome.

During the course of our studies, this laboratory experienced high
hybridization efficiency (> 98%) with both commercially available (Vysis) and
homemade BAC probes (data not shown) on cell lines and primary cells as a
source of target-DNA. The evaluation of chromosomal abnormalities in the
samples lacking more than 10% of fluorescent spots is not recommended
because it leads to underestimation of trisomies and overestimation of
monosomies and miscalculation of aneuploidy (Tibiletti, 2007). A similar problem
arises when the nuclei are processed from paraffin sections (slices) or isolated
from paraffin-embedded tissue blocks if the architecture of analyzed cells is not
correctly assessed (Tibiletti, 2007). To avoid any biases in scoring of euploid
and aneuploid cells in the study samples, only non-overlapping single nuclei

derived from a single-cell suspension were evaluated. A portion of the
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http://www.abbottmolecular.com/contactus/fishtechsupport/techtipsandinfo/fish-

hybridization area was routinely recounted for reliability. On average, between
700 and 1,000 interphases per each sample/treatment were scored for
aneuploidy, and about 400 NeuN-positive and NeuN-negative NPC brain cells

were analyzed for DNA hybridization spots.

Filipin Semi-quantitative Analysis

First 50 NeuN-positive NPC and control brain cells were semi-quantitatively
assessed for the most intense filipin stain and cholesterol localization and
categorized into three following groups: membrane staining, intracellular staining
and both. For filipin visualization and image acquisition, a Zeiss Imager.M1
microscope with a CV-M4+CL high-resolution camera and 49 DAPI/Hoechst
33258 filter set (Chroma) was used, along with the Axiovision 4.6 software
(Zeiss). Also, a Zeiss Imager.M1 and phase contrast was used to assess the

presence of Oil-Red-O staining in mouse hepatocytes.

STATISTICAL ANALYSIS

To establish whether lipoprotein/cholesterol induce chromosome mis-segregation
in various human and mouse cells (i.e., hTERT-HME, HASMC, human
fibroblasts, mouse splenocytes, and mouse neural precursors), a Paired
Student’s t-test was used to compare the aneuploidy levels (mean = SEM)

between treated cells and controls. Similarly, to answer the question if a
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functional LDLR or APP gene is required to observe aneugenic effect of lipids in
vitro, a Paired t-test was employed to contrast the levels of aneuploidy in
lipoproteins-treated fibroblast harboring malfunctional LDLR compared to
controls, and in lipid-treated mouse splenocytes lacking APP gene compared to
untreated cells (Research Question 1).

To investigate the role of intracellular cholesterol homeostasis in
chromosome mis-segregation in a neurodegenerative disease model, an
Independent t-test was used to compare the aneuploidy levels between the
NPC1 fibroblasts and the NPC brain cells and corresponding age, gender and
race matched controls. The same statistical analysis was utilized to contrast
filipin staining between the NeuN-positive NPC cells and normal neurons
(Research Question 1).

To establish the effect of a dietary-induced hypercholesterolemia on
chromosome segregation in peripheral tissues in a mouse model, a Paired t-test
was used to compare the levels of aneuploidy in spleens of the mice (littermates)
fed a high cholesterol to mice consuming regular diet, and the mice fed a low
cholesterol diet to mice on regular chow (Research Question 2).

To explore the mechanism of aneuploidy induction in vitro, and to
establish whether Ca?* chelation and plasma membrane fluidization by ethanol
may attenuate lipoproteins/cholesterol-induced aneuploidy, a Paired Student t-
test was used to compare aneuploidy levels between the lipids-treated cells with
and without chelator, and the cells co-incubated with lipids and ethanol compared

to appropriate controls (Research Question 3).
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Three to 7 treatments with lipids for each cell line, and triplicate
experiments with the chelator and ethanol were conducted and scored for
aneuploidy. Four to 5 primary NPC cells sources and controls (Table 1) and at
least 6-12 mice were analyzed for each graph. All data were presented as mean
+ SEM of treatments and controls with p < 0.05 considered as statistically

significant.

SUMMARY

To summarize, the following materials and methods were used to answer the
research questions. For the Research Question 1 (Do lipids induce aneugenesis
in vitro and is the induction dependent on a functional LDL receptor and APP
gene?), hTERT-HME1l, HASM cells, human fibroblasts with and without
functional LDLR, mouse APPKO splenocytes and neural precursors, human
NPC1 fibroblasts and brain cells where treated either with lipoproteins/cholesterol
and/or assessed for aneuploidy utilizing the FISH assay, and for the intracellular
cholesterol distribution using filipin staining. For the Research Question 2 (Does
diet-induced hypercholesterolemia affect chromosome mis-segregation in
visceral and brain tissues of wild-type mice?), young nontransgenic animals were
fed three different diets, and the spleen and brain cells analyzed for chromosome
16 aneuploidy using a BAC probe and FISH. For the Research Question 3 (Is
there a mechanistic link between calcium homeostasis (Mechanism 1) and

plasma membrane dynamics (Mechanism Il) and lipid-induced chromosome mis-
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segregation in vitro?), hTERT cells were treated with lipoproteins in the presence
or absence of calcium chelators (BAPTA and EGTA) and EtOH, respectively, and

analyzed for aneuploidy using FISH.
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CHAPTER FOUR

RESULTS

To investigate the role of lipoproteins and cholesterol in chromosome
segregation in vitro and in vivo, and to establish the effect of disrupted
cholesterol homeostasis on the cell cycle, we used: (1) human and mouse
primary cells with a functional LDL receptor; (2) mouse primary cells lacking APP
gene; (3) human primary cells with defective LDLR and Niemann-Pick Type C1
(NPC1) genes responsible for lipoprotein uptake and intracellular cholesterol
trafficking, respectively; (4) young wild-type mice fed high (1.05%) and low
(0.02%) cholesterol diet for 12 weeks to induce hypercholesterolemia; and (5)
metaphase chromosome analysis and FISH to examine the levels of total and
chromosome specific aneuploidy, respectively. Specifically, we assessed the
level and distribution of trisomy and tetrasomy of human chromosomes 7, 12, 14,
18, 21, and mouse chromosome 16 in various peripheral and brain cells. Mis-
segregation of these chromosomes has been implicated in AD (e.g., Boeras et
al., 2008; Geller and Potter, 1999; Granic et al., 2010; Migliore et al., 1999;
Thomas and Fenech, 2008) and in development of atherosclerotic lesions (e.g.,
Casalone et al.,, 1991; Fernandez et al., 2000; Matturri et al., 1997; 2001).

Lastly, (6) we examined the mechanisms by which lipoproteins and cholesterol

98



may cause chromosome mis-segregation, and asked whether (a) alternation in
extracellular Ca** homeostasis by either EGTA or BAPTA, and (b) a change in
membrane  fluidity and elasticity by  ethanol, may  decrease
lipoproteins/cholesterol-induced chromosome mis-segregation in the cell culture.

This chapter describes individual research questions, scientific rationale
and study results in three sections: (1) lipoproteins/cholesterol-induced
chromosome mis-segregation in vitro (Research Question 1); (2) diet-induced
peripheral genomic instability in vivo (Research Question 2), (3) mechanistic link
between calcium homeostasis and plasma membrane fluidity and lipids-induced

aneuploidy in vitro (Research Question 3).

LIPOPROTEINS/CHOLESTEROL-INDUCED ANEUPLOIDY IN VITRO

hTERT-HMEL Cells Treated with Lipoproteins Developed Aneuploidy within

48 Hours

Recently, this laboratory has shown that overexpression or mutation in the PS1
or APP genes causes chromosome aneuploidy, including trisomy 21 in cellular
and animal models of AD (Boeras et al., 2008; Granic et al., 2010) partly via Ap
peptide by disrupting the microtubule integrity and the function of mitotic spindle
motors (Borysov et al., 2011). To broaden the knowledge that cell cycle defects

and accumulation of aneuploid/hyperploid cells, including neurons may contribute
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to neurodegeneration and dementia (e.g., Arendt et al., 2010; lourov et al., 2009;
Obrenovich et al., 2003; Potter, 2004), this dissertation sought to investigate the
aneugenic effect of other effector molecules implicated in pathology of AD and
AD-related risk factors (i.e., atherosclerosis), such as LDL and OX-LDL. To
answer the question whether lipoproteins at physiologically elevated levels
induce mitotic defects and chromosome mis-segregation in dividing cells with low
aneuploidy background and a functional LDL receptor, human primary epithelial
cells with a stable karyotype (i.e., permanently expressing a telomerase reverse
transcriptase gene; Jiang et al., 1999; Morales et al., 1999), the hTERT-HME1
cells were exposed to OX-LDL, LDL and HDL for 48 hr at the concentration of 20
pg/ml and assessed for aneuploidy by metaphase chromosome analysis and
FISH. First, seven parallel cultures of hTERT-HME1L cells were incubated with
lipoproteins, then arrested at metaphase by colcemid and assessed for
aneuploidy (metaphase spreads both of < and > of 46 chromosomes). The
results showed a significant increase in chromosome mis-segregation, especially
in OX-LDL and LDL-treated cells compared to controls (p = 0.0001, and p =
0.005, respectively; Paired t-test; Figure 12A). LDL-cholesterol induced
significantly more mis-segregated cells compared to less aneugenic HDL (p =
0.005) and OX-LDL (p = 0.01). Second, the induction of chromosome specific
aneuploidy was analyzed by quantitative FISH analysis (Figure 12B-G), and
revealed the induction of: (1) trisomy 21 (p = 0.02) and 12 by OX-LDL (p = 0.02;

Paired t-test) and a borderline significant induction of trisomy 21 and 12 by LDL
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Figure 12. Chromosome Aneuploidy, Including Trisomy and Tetrasomy 21, 12 and

7 Induced in Lipoproteins-treated hTERT-HME1 Cells

(A) hTERT-HMEL cells were treated with 20 pg/ml of OX-LDL, LDL and HDL for 48 hr and arrested in

metaphase by incubation in 33 ng/ml of colcemid for 10-12 hr. Hypotonic treatment in 0.075 M KCI was

followed by a cell fixation in 3:1 methanol:acetic acid. Fixed cells were Giemsa stained for karyotype

analysis. All lipid-treated cells harbored significantly higher levels of aneuploidy compared to controls,

especially those treated with LDL-cholesterol.

(B-G) FISH analysis of the same lipoproteins-treated cells revealed OX-LDL-induced trisomy 21 (B) and

trisomy 12 (C), and OX-LDL and LDL-induced tetrasomy 21 (E), tetrasomy 12 (F), and tetrasomy 7 (G).
continued>
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LSI® ETV6(TEL)/RUNX1(AML1) ES Dual Color Translocation Probe (SpectrumOrange™
21/SpectrumGreen™ 12) was used to detect complimentary DNA sequence on chromosome 21 and 12 in
interphase cells (D), whereas LSI® D7S522 (79g31) SpectrumOrange™/CEP 7 SpectrumGreen™ probe was
used to detect LDL-induced tetrasomy 7 (G). Atherogenic OX-LDL induced significantly higher levels of
trisomy 21 and 12 compared to HDL-cholesterol. No induction of trisomy 7 in any lipid-treated sample was
observed (data not shown).

(H) Karyotype analysis of an aliquot of the cells from the same treatments showed low number of polyploidy
cells, suggesting that the tetrasomies observed were due to chromosome mis-segregation of chromosomes
21, 12 and 7, and not a result of chromosome duplication without cell division.

A Paired t-test was used to compare aneuploidy levels (percentages) between lipids-treated and control
cells with p < 0.05 considered to be statistically significant.

(not significant; Figure 12B-D); and (2) tetrasomy 21, 12, and 7 induced by OX-
LDL and/or LDL (p = 0.03, Paired t-test; Figure 12D-G). Compared to HDL, OX-
LDL-cholesterol induced significantly more trisomic 21 and 12 cells within 48 hr
(p = 0.03 and p = 0.01, respectively; paired t-test).

Taken together, the data suggest that OX-LDL and LDL-induced
tetrasomy in interphase cells happed possibly due to either cell reduplication with
incomplete cell division or due to chromosome mis-segregation for a particular
chromosome. The presence of tetraploid neurons has been observed in AD
brains of humans and mice, and explained by some researchers as due to
aberrant cell cycle activation and DNA duplication without the cell cycle
completion (e.g., Arendt et al., 2009; Obrenovich et al., 2003; Yang et al., 2001,
2006; Yang and Herrup, 2007; Zhu et al., 2008). In order to determine why there
is more than diploid content of DNA in interphases of lipid-treated hTERT cells, a
total number of metaphase hyperploid/polyploid and diploid cells were scored in
the portion of the slide initially analyzed for karyotypes. There was no elevation
of polyploid (>4n) within diploid (2n) cells in OX-LDL and LDL-treated samples

indicating that the increases in interphase tetrasomies were most likely due to
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chromosome mis-segregation for the particular chromosome of interest (p = 0.4

and p = 0.3, respectively; Figure 12H).

LDL Induced Trisomy 7 in HASM Cells

Cytogenetic analyses of atherosclerotic plaques from diseased human arteries
and isolated primary smooth muscle cells (SMC) from these plaques have shown
a variety of chromosomal instabilities, including trisomy and tetrasomy 7,
monosomy 11, trisomy 10, 18, 20, and loss of the Y chromosome (Casalone et
al., 1991; Fernandez et al., 2000; Lavezzi et al., 2005; Matturri et al., 1997;
2001). According to the Monoclonal Proliferation Theory of atherogenesis,
individual SMCs occasionally undergo a somatic mutation and chromosomal
alternations resulting in increased proliferative activity and consequent clonal
expansion to yield atherosclerotic lesions (Benditt and Benditt, 1975; Casalone et
al., 1991; Murry et al., 1997; Vanni and Licheri, 1991) similar to development of
aneuploid benign tumors. Therefore, the effect of lipoproteins (OX-LDL, LDL and
HDL) on chromosome segregation in primary human aortic smooth muscle cells
(HASMC) was assessed, and the cells treated with lipoproteins (20 ug/ml) for 48
hr, fixed, and analyzed by FISH with fluorescent DNA probe for chromosome 7.
Quantitative FISH analysis showed a statistically significant 3-fold increase in
trisomy 7 (p = 0.0007, Paired t-test; Figure 13A, B) in LDL-treated cells, and a
borderline significant increase in tetrasomy 7 over the background (6.2% over

3.4%, respectively; data not shown). Compared to HDL, atherogenic and
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aneugenic LDL-cholesterol induced significantly more trisomy 7 (p = 0.01, Paired

t-test) within 48 hr.
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Figure 13. LDL-induced Trisomy 7 in HASM Cells

(A) Quantitative FISH analysis of HASM cells showed an increase in trisomy 7 when incubated with 20 pg/ml
of LDL for 48 hours. Atherogenic LDL-cholesterol induced significantly more trisomy 7 compared to HDL-
treated cells. A Paired t-test was used to compare aneuploidy induction between treated and untreated cells,
and between LDL and HDL-treated cells.

(B) LSI® D7S522 SpectrumOrange™ probe was used to detect a region on chromosome 7 in interphase
cells.

LDL-induced Trisomy 7 may be Dependent on a Functional LDL Receptor

To establish whether lipoprotein-induced chromosome mis-segregation may be
mediated through the LDLR and thus dependent on intracellular signaling,
human primary cells from the patients diagnosed with familial
hypercholesterolemia (FH) were obtained, and the aneuploidy levels were
compared to control cells with a functional LDLR after exposing them to various

lipids under the same conditions.
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lysosome: (Greek lysis [to separate] and soma [body]) an organelle in the cell
filled with digestive enzymes that break down proteins, sugars, nucleic acids and
cellular debris.

meiosis: a specialized nuclear division in formation of the gametes in which
each cell contains haploid nuclei with a single homolog of each chromosome
(e.g., 23 chromosomes in humans).

microtubule (MT): a straw-like hollow structure composed of tubulin subunits
that supports cell cytoskeleton in interphase and forms mitotic spindle during
mitosis.

mitochondria: cell energy plant that converts complex sugars into energy
packets, the adenosine triphosphate (ATP) via glycolysis or Kreb’s cycle.

mitosis: a process of division in which the duplicated chromosomes are
separated via mitotic spindle.

mitogen: an agent that stimulates the proliferation of the cells.

mosaicism: the presence of the euploid and aneuploid cell population in one
organ or organism.

nuclear envelope (NE): the inner cellular membrane that surrounds and protects
nucleus from various insults and damage.

PCR (polymerase chain reaction): a molecular biology technique used to
amplify a specific DNA sequences and fragments.

retrograde immunocytochemistry: a combination of protein staining and
tracing technique used to identify, for example, neuronal projections.

separase: a protein that initiates the separation of sister chromatids.

sister chromatids: a duplicated set of chromosomes.

spectral karyotyping (SKY): a cytogenetic technique that allows for
visualization of all chromosomes in metaphase by using different fluorescent
probe for each.

telomerase: a specialized enzyme that synthetizes the repetitive sequence of

DNA at the end of the chromosomes, the telomeres that maintain their integrity
and regulate the number of cell divisions.
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tetraploid: containing four copies (or homologs) of each chromosome as a result
of failed cytokinesis.

Xenopus cell extract: cells prepared from frog oocytes.
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