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Abstract

Purpose of Review During the last decade, genomics has delivered basic insight into somatic genome variations contributing to
human neuronal diversity in health and disease. Here, we review research on somatic chromosomal mosaicism and chromosome
instability in the developing and adult (normal and diseased) human brain, representing the emerging field of molecular
neurocytogenetics.

Recent Findings Chromosome instability and somatic chromosomal mosaicism were found to be involved in human brain
development. Additionally, recent studies have highlighted the impact of neuronal aneuploidy and brain-specific chromosome
instability on normal and pathological neurodevelopment and brain aging.

Summary Neurocytogenomic variations are nowadays thought to play a critical role in human brain development and aging.
Chromosome instability is likely to be an element of pathogenetic cascades in a variety of brain diseases. Future studies are likely
to reveal new neurocytogenetic/neurocytogenomic mechanisms for formation of human neuronal diversity and mental illness.

Finally, human molecular neurocytogenetics may be recognized as an integral component of current biomedical science.

Keywords Brain - Chromosome instability - Aneuploidy - Somatic mosaicism - Molecular cytogenetics

Introduction

Molecular neurocytogenetics encompasses all studies of chro-
mosomes within the central nervous system. The underlying
idea of this emerging biomedical field is based on the logical
assumption that all the cells of the human brain (no less than
80—100 billion neurons) cannot share identical genomes.
Surprisingly, this idea was quite sensational at the time of
the first molecular neurocytogenetic studies [1e, 2¢, 3].
Presently, somatic mosaicism is accepted to be involved in
human neuronal diversity and is suggested to be a possible
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causative mechanism for a wide spectrum of brain diseases
[4—6]. Moreover, the results of neurocytogenomic research are
found applicable for somatic genomics, in general [7, 8].
Although genetic mosaicism is hypothesized to have a specif-
ic effect on brain functioning (each neuron is able to form
several thousand connections with other neurons; consequent-
ly, a genetically abnormal neuron might alter functions of
several thousands of other neurons) [1e, 2¢, 3-9], numerous
neurocytogenetic studies have contributed to somatic cell ge-
nomics as a whole [10, 11]. In other words, cells of other
tissues also exhibit variable rates of somatic mosaicism, which
is likely to be both as a contributor to tissue development and
maturation as a genetic causes of a disease. Furthermore,
neurocytogenetic studies have given a new role of ontogenetic
genome variations in human early development and aging [12,
13]. As a result, molecular neurocytogenetic findings may be
generally relevant for genetic medicine.

Technological issues are an important starting point for
understanding nuances of molecular neurocytogenetics. The
first success of molecular neurocytogenetic analyses has be-
come possible due to the development of interphase molecular
cytogenetic techniques, which allowed the visualization of
specific chromosomal regions or whole interphase chromo-
somes in their integrity during all stages of the cell cycle
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[14-17]. The next major technological step in studying inter-
cellular genome variability was the development of single-cell
whole-genome analysis by next-generation sequencing [3, 14,
17, 18]. Since each technological platform used for molecular
neurocytogenetic studies is able to reveal specific types of
chromosomal mosaicism and/or chromosome instability, there
is a need for accurate comparative analysis of molecular
neurocytogenetic data with special technical considerations.
Accordingly, neurocytogenetic findings are to be reviewed
taking into account cell scoring potential as well as direct/
indirect nature of single-cell techniques for analyzing chromo-
somes in human brain cells (i.e., direct visualization of geno-
mic loci or analyses of amplified DNA isolated from a single
cell).

Overall, here, we review achievements in the field of hu-
man molecular neurocytogenetics. Ontogenetic changes of
chromosome abnormality/instability rates in the developing
and postnatal brain are addressed in the light of their potential
roles in human neurodevelopment. Brain-specific somatic ge-
nomic variations are evaluated in the context of neuropsychi-
atric disorders and neurodegenerative diseases. The contribu-
tion of chromosomal mosaicism and instability to brain dis-
ease mechanisms is evaluated, and molecular
neurocytogenetic analyses of brain aging are discussed, as
well.

Developmental Neurocytogenetics
and Neurocytogenetic Studies of the Adult
Human Brain

The overwhelming majority of human neuronal cells are gen-
erated prenatally. During early brain development, neural cell
numbers are dramatically increased and then extended clear-
ance of neural cells by the programed cell death occurs. At this
ontogenetic stage, significant decrease in neural cell popula-
tion is suggested to be a mechanism that determines size,
shape, and vulnerability of the mammalian central nervous
system [19, 20]. Since high rates of somatic genome variations
(mosaic aneuploidy and chromosome instability) are observed
in the human developing brain [1e, 12, 14, 21-23], it has been
proposed that chromosomal mosaicism and/or chromosome
instability are likely to be intimately linked to neural cell num-
ber variations at early development [12, 24¢].

The first molecular cytogenetic study of the developing
human brain has been performed by fluorescence in situ hy-
bridization (FISH) with 2-3 differently labeled chromosome-
specific DNA probes (multiprobe FISH or mFISH). It has
been shown that somatic (sporadic) aneuploidy ubiquitously
affects the human fetal brain [25]. However, since mFISH
technique does not discriminate between chromosome abnor-
malities and spatial nuclear organization of interphase chro-
mosomes, these molecular cytogenetic analyses have evolved
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to a more sophisticated study. To solve technical problems,
quantitative FISH (QFISH) [26, 27] and interphase
chromosome-specific multicolor banding (ICS-MCB) have
been developed [28]. The former offers an opportunity to dif-
ferentiate between chromosome losses (monosomy) and FISH
signal associations, which are frequent in brain cells, whereas
the latter is the unique technique depicting interphase chromo-
somes in their integrity in single cells, at any cell cycle stage,
and at molecular resolution. These original molecular cytoge-
netic techniques have revealed that the developing human
brain is the embryonic tissue frequently demonstrating con-
fined chromosomal mosaicism. Mosaic aneuploidy of chro-
mosomes 15, 18, X, and Y has been found in fetal brain tissues
in contrast to fetal skin and chorionic villi. Moreover, the
developing human brain has sensationally demonstrated chro-
mosome instability (sporadic aneuploidy) in >30% of cells
[24+] (Table 1). The amount of cells with chromosome insta-
bility is comparable to the proportion of cells cleared by pro-
grammed cell death throughout human prenatal
neurodevelopment [19, 45]. Bearing in mind the proven path-
ogenic effect of aneuploidy on cellular physiology [46—48],
chromosome instability may be involved in neural cell num-
ber regulation executed by clearing genetically abnormal
(aneuploid) cells through apoptosis or mitotic catastrophe
[24-, 49]. Additionally, aneuploidy is the most common type
of chromosome instability associated with a variety of cancer
cell properties [50-52]. Consequently, neurodevelopmental
chromosome instability has been hypothesized to be potential
cause of pediatric brain cancers, the second most common
cancer type in childhood [53].

Chromosome instability and somatic chromosomal mosai-
cism hallmark early brain development. It has been proposed
that high rates of aneuploidy in particular and chromosome
instability in general are likely to have a detrimental effect on
neural cell populations [54¢, 55-57]. Therefore, normal devel-
opment of the central nervous system should be accompanied
by a decrease (clearance) of genetically abnormal cells. If that
is the case, then the unaffected adult brain has to exhibit lower
rates of aneuploidy/chromosome instability in contrast to the
diseased brain, which is likely to be affected by brain-specific
somatic chromosomal mosaicism and/or chromosome
instability.

Data on natural somatic genome variations in the human
central nervous system are usually acquired from studying
control samples in molecular neurocytogenetic analyses of
disease. Direct evaluations of somatic chromosomal mosai-
cism and chromosome instability in the healthy human brain
are exclusive [7, 58]. In Table 1, we summarize relevant mo-
lecular neurocytogenetic data on natural somatic genome var-
iations at chromosomal level in the developing and adult hu-
man brain including results of studies focused on associations
between chromosome instability (mosaicism) and brain
diseases.
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Table 1 Neurocytogenetic studies of the developing and adult human brain
Age Chromosomes Neurocytogenetic findings® Methods Cell scoring Refs
potential
Developing brain
9-11 weeks of gestation 1, 13/21, 18, X, Y 0.6-3%/~28% mFISH High [25]
8—15 weeks of gestation 1,9, 15-18, X, Y 1.25-1.45%/30-35% mFISH/QFISH/ICS-MCB High [24-]
Adult brain
847 years 1,7-9,11,16-18, X, Y Cerebrum: 0.2-0.7%/12% mFISH/QFISH/ICS-MCB High [29e, 30°]
Cerebellum: 0.3-1.2%/4.8%
22-77 years 1,9,13/21,16,18, X, Y 0.1-1.7%/~10% mFISH High [25,31]
22-77 years 1,9,16,18, X 0.2-2%/>10% ICS-MCB High [31]
~50-70 years 1,9,16,18, X, Y 0.2-0.9%/~17% mFISH/QFISH/ICS-MCB High [32]
~50-70 years Gonosomes 0.57-1.13%/20.2% mFISH/QFISH High [33, 34]
Two mosaic cases (>2%)
72-84 years 1,7-9,11,16-18, X, Y 0.6-2.6% / 10-12% mFISH/QFISH/ICS-MCB High [30°]
72-84 years (females) 1,7, 11, 16, 17, 18, X Autosomes: 0.5-0.8%/14.5% mFISH/QFISH/ICS-MCB High [35]
Chromosome X 1.3%
Estimated for the entire genome: 15.8%
33-88 years - Hyperploidy: ~10-11.5% Slide-based cytometry Low [36, 37-, 38]
35-95 years - Average intercellular genome content ~ DNA content variation ®  None [39]
diversification: ~250 Mb
~60-90 years 4q22.1 Locus-specific CNV (SNCA): ~ 68% Array CGH®/FISH Low [40]
62-97 years All Extensive clonal mosaicism of CNV Array CGH None [41]
20-26 years All 2.7% Single-cell sequencing Very low [42-]
48-70 years All 2.2% Single-cell sequencing Very low [43]
69-93 years All 0.7% Single-cell sequencing Very low [44-]

 Aneuploidy frequencies revealed by FISH-based approaches are given as follows: chromosome-specific frequencies/totally estimated frequencies (i.e.,
in terms of the entire genome); ® Analysis of the total DNA extracted from a cellular population of the adult brain;

Aneuploidy is the main type of somatic genome variations
detected in the adult human brain at chromosomal level [1e,
2+, 5, 6,9, 14, 58]. To take a look at available
neurocytogenetic data on chromosome instability
(mosaicism) in the adult human brain, we have arranged the
results of molecular neurocytogenetic studies according to
techniques used for analyzing genomic variants and age
(Table 1). Using mFISH, QFISH, and ICS-MCB, it has been
shown that aneuploidy is likely to affect 5-12% of normal
brain cells at the age of 847 years [29e, 30°]. The human
cerebellum seems to be less affected by neural aneuploidy as
to the human cerebrum [29¢]. In the elder group of patients,
post-mortem brain specimens demonstrated ~ 10% of aneu-
ploid cells (data extrapolated to the entire genome) [25, 31].
FISH-based analysis of post-mortem cerebrum of individuals
aged > 50 years have demonstrated the rates of neural aneu-
ploidy to range from 17% to 20% (data extrapolated to the
entire genome) [32—34]. In the eldest individuals, neural an-
euploidy rates have been estimated as 10-16% [30e, 35]. In
summary, aging has an unobvious effect on variations of neu-
ral aneuploidy rate addressed by mFISH, QFISH, and ICS-
MCB. Alternative methods used for evaluating copy number
variations (CNV) based on slide-based cytometry or array

comparative genomic hybridization (CHG) yielded similar re-
sults [25-36, 37,38-41,45-50, 51, 52-58]. However, it is to
note that these techniques are a weak alternative to FISH-
based methods for analysis of human interphase chromo-
somes [16]. Neurons and non-neuronal cells of the normal
adult brain have been found to have similar rates of aneuploi-
dy [6, 9, 29+, 30¢]. Single-cell next-generation sequencing is
probably the best alternative to FISH-based evaluation of
brain-specific unbalanced chromosome abnormalities. The
rates of neural aneuploidy evaluated using next-generation
sequencing of single cells isolated from the normal adult hu-
man brain have been found to vary between 0.7% and 3%
[42e, 43+, 44¢]. Thus, data on neural aneuploidy obtained by
molecular cytogenetic techniques is significantly different
from the data obtained by single-cell molecular genetic
methods.

FISH-based approaches to single-cell detection of aneu-
ploidy in post-mitotic brain cells appear to be very efficient
because of having high cell scoring potential (> 10,000 cells
can be analyzed per patient/probe set). The striking disadvan-
tage of interphase FISH cytogenetic platforms is the impossi-
bility of adequate analysis of all chromosomes in a single
nucleus [15, 16, 59]. Intriguingly, single-cell next-generation
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sequencing has almost exactly opposite advantage/
disadvantage pair. The disadvantage is very low cell scoring
potential; 100 cells is generally the upper limit for single-cell
next-generation sequencing analysis. The advantage is the si-
multaneous evaluation of the whole single-cell genome [18,
43e, 44¢]. It is important to underline that high cell scoring
potential is critical for the efficiency of molecular
neurocytogenetic studies inasmuch as uncovering such rare
events as aneuploid brain cells requires large cell populations
to be analyzed (>> 100 cells per sample) 1, 3, 60]. Another
disadvantage of single-cell sequencing is the need for whole-
genome amplification [18], which is able either to produce
false-positive CNVor to “normalize” true-positive signals cor-
responding to deviation from the normal (diploid) profiling.
This is certainly not a problem for molecular cytogenetic
single-cell FISH-based methods [60, 61]. In conclusion, it is
to stress that neglecting either data acquired through FISH-
based techniques or data on single-cell next-generation se-
quencing absolutely hinders reliable analysis of intrinsic rates
of neural aneuploidy in the normal adult human brain.

Summarizing the results of neurocytogenetic studies of the
postnatal human brain, one can conclude that aneuploid cells
do populate the central nervous system. However, the devel-
oping human brain exhibits significantly higher rates of so-
matic aneuploidy as compared to the postnatal human brain.
Apparently, aneuploid brain cell populations in adulthood are
the result of developmental chromosome instability, the levels
of which are diminished through clearance of abnormal cells
during late intrauterine development. On the other hand, this
clearance may be altered; the result of the alterations is the
presence of chromosome instability (chromosomal mosai-
cism) in the central nervous system after birth, which is a
potential mechanism for brain diseases.

Neurocytogenetics of Disease

Somatic chromosomal variability has been repeatedly pro-
posed as a mechanism for brain diseases [1e, 2+, 3, 4, 62,
63]. Actually, human molecular neurocytogenetics evolved
from a successful study of the schizophrenia brain which sup-
ported the original hypothesis suggesting brain-specific chro-
mosome abnormalities to cause mental illness [64¢]. In paral-
lel, neurodegenerative diseases (Alzheimer’s disease) have
been systematically studied in the light of a theoretical model
suggesting that abnormal (abortive) cell cycle in neurons leads
to genetic changes at chromosomal level (reviewed in [65]).
Nowadays, it has been shown that a number of neuropsychi-
atric disorders and neurodegenerative diseases are associated
with the characteristic neurocytogenetic findings. Table 2 re-
views the results of molecular neurocytogenetic studies of the
diseased brain.
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Neuropsychiatric Disorders

Autism and schizophrenia are psychiatric disorders with a
strong genetic background [81, 82]. Somatic genomic varia-
tions manifesting as mosaic (sub)chromosome abnormalities
have been repeatedly reported in autistic individuals [66—69].
More precisely, mosaic aneuploidy of chromosome X (extra X
chromosome in males; X chromosome loss and gain in fe-
males) appears to be one of the most common types of genetic
variation in children with autism, and co-segregates with men-
tal illnesses in families of affected children [66—68]. The male-
to-female ratio in autism spectrum disorders (approximately
3:1 [83]) may be explained by a higher occurrence of mosaic
extra X chromosome in autistic males [84, 85]. Preliminary
studies have indicated the presence of chromosome instability
and X chromosome aneuploidy in the autistic brain [70].
Additional molecular neurocytogenetic research has to be un-
dertaken to determine the intrinsic rates of brain-specific chro-
mosome instability and somatic chromosomal mosaicism in
autism.

The first molecular neurocytogenetic study has found that
two cases out of six with schizophrenia exhibited low-level
mosaic trisomy of chromosome 18 (one case) and level mo-
saic trisomy of X chromosome (another case) in the brain
[64°]. More detailed study of the schizophrenia brain has dis-
covered chromosome 1-specific instability (aneuploidy) as a
feature of the diseased brain. In addition, two cases out of 12
exhibited brain-specific low-level mosaic aneuploidy of chro-
mosome 1: (i) 3.6% of cells with chromosome 1 loss
(monosomy); (ii) 4.7% of cells with chromosome 1 gain
(trisomy) [32]. There is also evidence that the schizophrenia
brain exhibits increased rates of sex chromosome gains and
losses (gonosomal aneuploidy) [33]. Molecular
neurocytogenetic analyses of schizophrenia have shown an
association of low-level mosaic aneuploidy with common
and, probably, overlapping psychiatric disorders [34]. A num-
ber of studies have reported the presence of specific somatic
CNV in the schizophrenia brain [71, 72]. The body of
neurocytogenetic schizophrenia research allows concluding
that at least a small proportion of this devastating neuropsy-
chiatric disorder may be associated with somatic chromosom-
al mosaicism and chromosome instability in the diseased
brain.

Neurodegenerative Diseases

Alzheimer’s disease has been extensively studied in the
neurocytogenetic context. This is mainly due to observations
on cell cycle-mediated events in the Alzheimer’s disease
brain, which are suggested to result in changes of the cellular
genome at chromosomal level [38, 65]. It has been shown that
an increase of neuronal aneuploidy at preclinical stages of
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Table2  Summary of neurocytogenetic findings in the diseased brain
Disease Neurocytogenetic findings Refs
Neuropsychiatric disorders
Autism Suggested high-levels of chromosome instability and X chromosome aneuploidy in the diseased brain [66-70]
Schizophrenia Low-level mosaic trisomy of chromosome 18 (one case) and level mosaic trisomy of chromosome X (one case) in  [64¢]

the diseased brain

Increase of sporadic chromosome 1-specific aneuploidy/instability plus 2 cases out of 12 exhibited low-level [32]
mosaic aneuploidy (monosomy and trisomy) of chromosome 1 in the diseased brain
Increased rates of gonosomal aneuploidy in brain samples of patients with schizophrenia and comorbid psychiatric [33, 34]

disorders

Somatic CNV suggested to be specific for the schizophrenia brain

Neurodegenerative diseases

Alzheimer’s disease  An increase of aneuploidy confined to brain tissues at preclinical stages of the disease; aneuploidy mediates

abnormal neuronal cell death

[71,72]

(36, 38, 73,
74¢]

Chromosome missegregation and aneuploidy probably resulted from mutations in the APP gene and presenelin 1 [75, 76]

Chromosome 21-specific aneuploidy/instability dramatically increased in the diseased brain; [30e]
aneuploidy/chromosome instability probably mediating neurodegeneration
An increase of X chromosome aneuploidy (a marker for aging of somatic mitotic tissues) [35]
Somatic CNV of the APP gene in the diseased brain [77]
Ataxia-telangiectasia Aneuploidy of all chromosomes in different brain areas; chromosome 14-specific instability confined to the [29-]
degenerated cerebellum affecting ~40% of cells; brain-specific genome instability mediates neurodegeneration
Frontotemporal Mitotic defects leading to neuronal aneuploidy and apoptosis due to MAPT mutations [78]
dementia
Lewy body disease  Neuronal aneuploidy in multiple brain regions [79e, 80]
Parkinson’s disease  Increased levels of somatic SNCA gains in nigral dopaminergic neurons of the Parkinson’s disease brain [40]

Alzheimer’s disease in the diseased brain as well as local
mosaic genomic heterogeneity in affected central nervous sys-
tem correlated with neuronal vulnerability [36, 38, 73].
Aneuploidy seems to mediate abnormal neuronal cell death
underlying the progressive neurodegenerative process featur-
ing Alzheimer’s disease [74¢].

There is a popular hypothesis that a extra copy of chromo-
some 21 (trisomy 21) containing the amyloid precursor protein
(APP) gene leads to increased beta-amyloid (Af3) peptide pro-
duction contributing thereby to the development of Alzheimer’s
disease pathology and to higher risks of dementia in Down syn-
drome [75]. Research testing this hypothesis has demonstrated
chromosome missegregation associated with aneuploidization
resulted from mutations in the APP gene and presenilin 1. Both
are well-known, albeit rare, genetic causes of Alzheimer’s dis-
ease [75, 76]. The hypothesis has been recently supported by an
association of somatic CNV of the APP gene in the Alzheimer’s
disease brain [77]. Alternatively, direct molecular
neurocytogenetic studies of the Alzheimer’s disease brain have
provided partial support for this hypothesis demonstrating dra-
matically increased rates of chromosome 21-specific aneuploidy.
These findings suggest that chromosome instability in general
and aneuploidy in particular mediate neurodegeneration [30e].
X chromosome aneuploidy has been found to have higher rates
in the Alzheimer’s disease brain [35]. It is to note that X chro-
mosome aneuploidy features aging of tissues composed of mi-
totic cells [10, 12, 86]. Neurocytogenetic data on Alzheimer’s

disease strongly indicate that aneuploidy (chromosome instabil-
ity) is likely to mediate neurodegeneration in late life [87]. No
consensus is reached on types of chromosome instability affect-
ing the neurodegenerating brain [88]. Consequently, mechanisms
for Alzheimer’s disease neurodegeneration remain uncertain.
Theoretical solution of this problem has been provided by the
DNA replication stress hypothesis of Alzheimer’s disease, which
proposes DNA replication stress/catastrophe to trigger genome/
chromosome instability linking abnormal cell cycle events, chro-
mosomal aneuploidy, and A3 production and deposition. Since
DNA replication stress/catastrophe is able to result in diverse
types of somatic chromosomal aberrations, different types of
chromosome instability can be involved in Alzheimer’s disease
neurodegeneration pathway [89].

Ataxia-telangiectasia is an autosomal recessive chromo-
some instability (DNA damage response) syndrome clinically
characterized by cerebellar degeneration, cancer susceptibility,
radiation sensitivity, immunodeficiency, and telangiectasia.
The syndrome is associated with a specific genetic defect
(ATM mutations) and disease pathway representing a unique
model for understanding neurodegeneration, cancerization, and
immunodeficiency [90]. Paradoxically, ataxia-telangiectasia
neurodegeneration occurs exclusively in the cerebellum, while
other brain areas are insignificantly affected [91].
Molecular neurocytogenetic studies of ataxia-telangiectasia
cerebellum and cerebrum have discovered that, despite aneu-
ploidy affecting all brain areas, chromosome-14-specific
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instability is confined to the degenerated cerebellum (detected
in about 40% of cells). This study demonstrated neurodegen-
eration to be mediated by chromosome instability whereas it is
generally accepted to hallmark cancer [29¢].The data on chro-
mosome instability mediating neurodegeneration in the ataxia-
telangiectasia brain have been further used for hypothesizing
the way of cell therapy for neurodegenerative diseases [92].
Further studies of pathways to genome/chromosome instabili-
ty, alterations to DNA replication and reparation leading to
unrepaired DNA damages in post-mitotic cells of the brain
have been highlighted as underlying mechanisms for neurode-
generative diseases [89, 93].

Alzheimer’s disease and ataxia-telangiectasia are not the
only neurodegenerative conditions studied in the
neurocytogenetic context. Mitotic defects preceding neuronal
aneuploidy and apoptosis due to MAPT mutations have been
revealed in frontotemporal dementia [78]. A series of studies
have demonstrated that Lewy body disease is associated with
neuronal aneuploidy in multiple brain regions [79e, 80].
Somatic gains of the SNCA gene are more common in nigral
dopaminergic neurons of the Parkinson’s disease brain as
compared to controls [40]. Overviewing neurocytogenetics
of neurodegenerative diseases [3, 63, 80, 87, 94], several im-
portant points have to be considered: (i) chromosome/genome
instability and neural aneuploidy is likely to mediate neurode-
generation; (ii) alterations to DNA replication and reparation
are involved in molecular/cellular neurodegenerative path-
ways; (iii) molecular cytogenetic analysis is able to reveal
disease-associated phenomena/processes, which are able to
become drug targets for neurodegenerative diseases.

Neurocytogenetics of Aging

As noticed before, clear correlations between rates of somatic
aneuploidy and age are not as yet established. However,
neurocytogenetic analysis demonstrates a probable effect of so-
matic mosaicism on brain aging. For instance, neural aneuploidy
generated during early brain development is able to accelerate or
to slow down aging in the healthy and diseased brain [95]. In
addition, even in case of Alzheimer’s disease (i.e., the late-onset
neurodegenerative disease probably associated with pathological
brain aging), chromosome instability/aneuploidy is likely to orig-
inate from the developing brain [96]. A number of studies report
a slight increase of neural aneuploidy rates in late life [12, 37¢].
There is an opinion that neural aneuploidy and chromosome
instability are able to contribute to brain aging in cases of severe
late-onset diseases associated with abnormal/accelerated aging
[62, 80]. Another opinion suggests neural aneuploidy and chro-
mosome instability to be like a time bomb: it is “set” (formed) at
early ontogenetic (developmental) stages, but it “explodes”
(expresses) in late life [12, 86, 94, 96]. Nonetheless, aging is
assumed to decrease the ability to maintain cellular genome
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stability in the aged brain [97]. Certainly, there is a need for
numerous additional studies to uncover the contribution of so-
matic genome variations to brain aging.

Conclusions

Human molecular neurocytogenetics is a rapidly developing
field. In parallel to studying neurocytogenomic variations in the
normal and diseased brain, there have been several efforts to
create an integrated pathway for the formation and propagation
of somatic genomic pathology in the human brain. Actually,
related pathways providing for the theoretical link between so-
matic genome variations and genetic-environmental interactions
in brain disorders are proposed. Particularly, ontogenetic 2-/mul-
tiple-hit models of brain diseases based on molecular
neurocytogenetic findings suggest that inherited or de novo mu-
tations may cause neural cell susceptibility to genomic instability
and susceptibility to unexpected cell death, which are triggered
by adverse environmental effects throughout ontogeny [98]. This
model has been partially supported by studying natural CN'Vs of
genes involved in cell cycle regulation pathways, which render
cellular populations susceptible to somatic mosaicism
(aneuploidy) [99]. Similarly, inherited/de novo mutations lead
to chromosome instability in cancer cells [47-50].
Bioinformatic analyses have shown that the model is applicable
to autism spectrum disorders offering a neurogenomic pathway
of autism, which depicts how germline mutations may generate
brain-specific somatic mosaicism by genetic-environmental in-
teractions [100]. Ontogenetic 2-/multiple-hit models are also ap-
plicable to non-neural and cancer cells, as well [99, 101]. New
discoveries in human molecular neurocytogenetics are likely to
unravel the mechanisms generating brain-specific chromosome
instability. The knowledge about the origins of unstable cellular
genomes in the diseased brain may be certainly applied for treat-
ment of neuropsychiatric disorders and neurodegenerative
diseases.

Interphase cytogenetics is not only limited to analysis of
chromosomal abnormalities/variation but may provide valu-
able data on nuclear chromosome organization [16]. The latter
is critical for understanding the functional implications of
chromosome positioning for genome stability and behavior
[102]. Specific nuclear chromosome organization has been
already associated with complex diseases [102, 103].
However, nuclear chromosome positioning and spatial ge-
nome organization is rarely studied in the human brain [1e,
103, 104]. Thus, there is a need for initiating molecular
neurocytogenetic research of chromosome organization in nu-
clei of human brain cells.

Another important issue of molecular neurocytogenetic re-
search is molecular diagnosis of brain diseases caused by brain-
specific somatic mosaicism [105]. Taking into account the com-
plexity of molecular (cyto)genetic diagnosis of neurological and
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psychiatric diseases using biopsies (blood cells) [21, 59, 81], one
can imagine how difficult is the development of diagnostic
workflows for brain-specific genome pathology [49, 105].
Nonetheless, ontogenetic 2-/multiple-hit model indicates that a
number of biomarkers appear to exist for diagnosing brain-
specific chromosome instability [98]. The diagnosis might be
based on studying the genetic susceptibility of cellular genomes
to instability by uncovering mutations in genes (genomic loci)
involved in genome stability maintenance pathways [98, 105].
Consequently, testing of ontogenetic 2-/multiple-hit model is rel-
evant to molecular diagnosis of brain diseases caused by brain-
specific genome/chromosome stability.

The last decade has formed strong theoretical and empirical
basis of human molecular neurocytogenetics. In this light, one
can speculate about bright perspectives of this emerging field of
biomedicine. Firstly, it seems that the scope of neurocytogenetics
studies needs to be widened to cover fully neurodevelopmental,
neurodegenerative and neurobehavioral diseases. In this instance,
it is apposite to mention a recent hypothesis suggesting that be-
havioral phenotype variability may change according to variation
of proportions of genetically abnormal cells throughout the
lifespan [106]. Therefore, indirect molecular neurocytogenetic
studies (i.e., molecular cytogenetic analysis of biopsies for
unraveling altered pathways to brain diseases) seem to benefit
from the application of molecular cytogenetic monitoring of so-
matic mosaicism. Secondly, it appears that combination of FISH-
based techniques and array CGH/next-generation sequencing is
only able to solve all problems arising from technological limi-
tations. Finally, to develop efficient therapies of the debilitating
brain diseases, further molecular neurocytogenetic studies are
required for unrevealing pathways to genome instability and spe-
cific nuclear chromosome organization in the diseased brain.
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