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Abstract: Chromosome instability (CIN) has been repeatedly associated with aging and progeroid
phenotypes. Moreover, brain-specific CIN seems to be an important element of pathogenic cascades
leading to neurodegeneration in late adulthood. Alternatively, CIN and aneuploidy (chromosomal
loss/gain) syndromes exhibit accelerated aging phenotypes. Molecularly, cellular senescence, which
seems to be mediated by CIN and aneuploidy, is likely to contribute to brain aging in health and
disease. However, there is no consensus about the occurrence of CIN in the aging brain. As a result,
the role of CIN/somatic aneuploidy in normal and pathological brain aging is a matter of debate.
Still, taking into account the effects of CIN on cellular homeostasis, the possibility of involvement
in brain aging is highly likely. More importantly, the CIN contribution to neuronal cell death may
be responsible for neurodegeneration and the aging-related deterioration of the brain. The loss of
CIN-affected neurons probably underlies the contradiction between reports addressing ontogenetic
changes of karyotypes within the aged brain. In future studies, the combination of single-cell visu-
alization and whole-genome techniques with systems biology methods would certainly define the
intrinsic role of CIN in the aging of the normal and diseased brain.

Keywords: aging; aneuploidy; brain diseases; chromosome; chromosome instability; genome insta-
bility; neurodegeneration

1. Introduction

Sixty years ago, intercellular changes in chromosome numbers were demonstrated
tobe a possible cellular mechanism of human aging [1]. Later on, aging was systematically
associated with the accumulation of aneuploid cells (i.e., cells exhibiting the loss/gain of
whole chromosomes) and, occasionally, with chromosome instability (CIN) [2—4]. Fur-
thermore, the rates of the latter were found to increase throughout ontogeny, as docu-
mented by studying the variability of cancer genomes [5,6]. Currently, somatic chromo-
somal mosaicism (mosaic aneuploidy) and CIN are suggested to contribute to aging pro-
cesses in health and disease [7]. Still, the causes and consequences of CIN in aging post-
mitotic tissues remain poorly understood.

Genome instability (including instability at the chromosomal/subchromosomal
level) seems to be involved in the normal and pathogenic aging of the human brain [8,9].
CIN-associated diseases (i.e., CIN syndromes) exhibit progeroid phenotypes and/or cel-
lular phenotypes hallmarking aging processes [10,11]. Significantly, CIN may represent a
mechanism for neurodegeneration in diseases featured by accelerated aging [12]. Simi-
larly, the brain of individuals suffering from Alzheimer’s disease (a late-onset neuro-
degenerative disease suggested to be linked somehow to pathological brain aging) is char-
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acterized by high rates of CIN [13], which mainly manifests as aneuploidy [14-16]. In total,
somatic mutagenesis leading to CIN and chromosomal mosaicism may be considered an
element of molecular and cellular pathways to normal and pathogenic aging mediating a
variety of diseases [17]. If CIN is confined to the brain, one may expect a progressive neu-
ropathological process resulting in a devastating neuropsychiatric illness. Among the lat-
ter, aging-related neurodegenerative diseases are the most common ones [7,15,18]. Ac-
cordingly, understanding the interplay between CIN and brain aging appears to be a key
for unraveling the mechanisms of neurodegeneration and explaining brain deterioration
in late life.

Here, we address ontogenetic aspects of CIN in light of brain aging with a special
focus on neurodegenerative diseases. Heterogeneous data about CIN in the aging brain is
considered in the context of forthcoming research dedicated to cytogenomic solutions to
problems surrounding genome behavior during brain aging, pathways to age-related
CIN, possible antiaging therapy, and the detection of the intrinsic rates of CIN in the
healthy and diseased brain.

2. CIN in the Human Brain: An Ontogenetic View

CIN and mosaic aneuploidy are considered to play a role in brain development and
functioning [7,19]. These types of genomic variations are more likely to possess a special
meaning for the brain due to the organizational specificity of the central nervous system.
Briefly, even a small proportion of genetically abnormal (neuronal) cells might affect brain
functioning because of a multitude of intercellular connections (synapses) [14,20]. Taking
into account the post-mitotic nature of the mammalian brain, the origins of brain-specific
CIN are more likely to be developmental. The developing human brain (8-11 weeks) is
shown to be significantly affected by CIN almost exclusively manifesting as aneuploidy.
The proportions of abnormal cells may achieve 30-35% [21,22]. At the subchromosomal
level, copy number variations (CNVs) below 1 Mb in size are found to underlie the ge-
nomic diversification of cells in the developing mammalian brain [23,24]. However, since
large-scale intercellular genomic variations (e.g., aneuploidy) are exclusive at later devel-
opmental stages [24], an extensive decrease of CIN-affected cells is likely to exist. As re-
portedly noted, brain-specific developmental CIN significantly decreases to become less
abundant in the postnatal brain through a sophisticated mechanism of regulating neural
populations (e.g., aneuploidization followed by mitotic catastrophe) [3,17,19,25]. Postna-
tally, the result of these orchestrated changes could be traces of the presence of abnormal
neural cells during prenatal development. Alternatively, a variety of phenomena (DNA
replication stress, cellular senescence [26,27]) are able to favor the conservation of CIN
rates or even promote CIN progression after birth throughout adulthood. When trans-
formed into an appreciable population, cells affected by CIN/somatic mosaicism are able
to become a source for morbidity and aging [28-30]. Moreover, alterations to a number of
molecular/cellular pathways (DNA damage response; RNA somatic gene recombination;
mTOR, PI3K-Akt, p53, PTEN, MAPK) predispose to CIN/mosaic aneuploidy in the dis-
eased and aged brain [31-33]. To highlight the contribution of CIN to normal and patho-
logical brain aging, it seems important to address aging-associated diseases characterized
by brain malfunction (e.g., neurodegeneration) and brain-specific CIN.

3. CIN in the Diseased Brain: An Aging Perspective

During the last two decades, an appreciable amount of data on chromosomal varia-
tions (aneuploidy) and CIN directly affecting the brain was provided. Currently, it is sug-
gested that several neurodevelopmental, psychiatric and neurodegenerative disorders
may be associated with CIN and somatic chromosomal mosaicism confined to the brain
or even to specific brain areas [12,14,16,18-20,33,34]. Brain tissue-specific chromosomal
mosaicism and CIN are detectable in a significant proportion of cases of common brain
diseases, including schizophrenia, autism/intellectual disability and Alzheimer’s disease
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[7,18,30,33]. However, CIN is a significantly more prominent biomarker of neurodegen-
eration (neurodegenerative diseases) when comparing intercellular chromosomal or
(cyto)genomic variations between different types of brain disorders with a special empha-
sis on brain aging [12-16,34,35].

Neurodegenerative diseases (Alzheimer’s disease and common non-Alzheimer’s dis-
ease dementias) are systematically associated with a wide spectrum of genomic varia-
tions. Among others, these genomic changes may affect molecular (cellular) pathways of
genome stability maintenance or protection against CIN (e.g., cell cycle regulation) [36,37].
The ability for neurons to enter erroneously into the cell cycle seems to underlie the for-
mation of aneuploidy and other types of CIN in the diseased (Alzheimer’s disease) brain
[9,34,35,38,39]. Actually, CIN/aneuploidy confined to affected brain areas has been deter-
mined as an important element of the pathogenic cascade in Alzheimer’s disease [40,41].
In addition, the Alzheimer’s disease brain has been shown to exhibit a variety of CIN
types. Moreover, a number of parallels between Alzheimer’s disease and cancer directly
related to cellular phenotypes and pathological processes leading to CIN/aneuploidy ap-
pear to exist [42]. More crucially, genes associated with Alzheimer’s disease (including
genes mutated in rare familial cases) may induce chromosome missegregation and aneu-
ploidy, leading to CIN in the diseased brain [40,43,44]. Brain-specific Alzheimer’s disease-
associated aneuploidy/CIN more commonly involves chromosome 21 (note: APP (Amy-
loid Beta Precursor Protein) gene is located on chromosome 21) [14,16,44]. These findings
correlate with long-standing observations concerning neurological and molecular paral-
lels between Alzheimer’s disease and Down syndrome (trisomy of chromosome 21 or the
presence of an extra chromosome 21 in the overwhelming majority of cells) [45]. Further-
more, X chromosome aneuploidy or X chromosome loss/monosomy [46] (i.e., CIN specif-
ically affecting chromosome X [35]) has been found to hallmark the Alzheimer’s disease
brain. It is of note that X chromosome loss is the most documented cytogenetic (chromo-
somal) biomarker of human aging [2,4]. CNVs, resulting from somatic recombination and
selectively affecting the APP gene, have also been found to produce genomic or subchro-
mosomal instability in the Alzheimer’s disease brain [47]. This type of genomic mosaicism
is probably the result of the somatic gene recombination of mRNA/ncRNA [32]. Uncor-
rected DNA damage, which is able to initiate CIN, is also a biomarker of Alzheimer’s
disease [48]. At the proteomic level, the abnormal functioning of cell cycle proteins is sug-
gested to produce aneuploidy and other CIN types in post-mitotic neurons of the Alz-
heimer’s disease brain [49]. Finally, DNA replication stress appears to underlie CIN in the
Alzheimer’s disease brain, allowing a theoretical link between two major hypotheses of
the disease: the amyloid hypothesis and cell cycle hypothesis [50]. These data on ge-
nome/chromosome behavior in the Alzheimer’s disease brain have been commonly cor-
related with disease phenotype and peculiarities (e.g., sex differences) [44,45,51]. In sum-
mary, despite the debates concerning the contribution of brain aging to the pathophysiol-
ogy of Alzheimer’s disease, one has to admit the involvement of CIN, which mediates
aging in mitotic tissues and initiates from aging-related alterations to cellular homeostasis,
in the pathogenic cascade.

It is noteworthy that Alzheimer’s disease is not the unique neurodegenerative disor-
der associated with aneuploidy and/or CIN. A CIN syndrome characterized by acceler-
ated aging and neurodegeneration (ataxia-telangiectasia) exhibits cerebellar-specific CIN
(chromosome breaks and rearrangements), which mediates neurodegeneration [12] and
brain-specific aneuploidy [14]. Furthermore, the ataxia-telangiectasia brain picturesquely
demonstrates region-specific effects of CIN. Thus, chromosome 14-specific instability (in-
terphase chromosome breaks and additional rearranged chromosomes 14) confined to the
cerebellum mediates neurodegeneration [12]. When analyzing regional genomic DNA
content variation in different cortical areas of the Alzheimer’s disease brain, traces of a
similar effect have been observed [34].
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Lewy body diseases have been associated with aneuploidy in the diseased brain [52].
More strikingly, frontotemporal lobar degeneration caused by MAPT (microtubule-asso-
ciated protein tau) mutations has been found to exhibit mitotic defects that lead to neu-
ronal aneuploidy and apoptosis in the diseased brain [53]. Additionally, MAPT mutations
cause CIN and introduce CNVs widely in the genome [54]. Interestingly, CNVs apprecia-
bly contribute to the most common aging-related neurodegenerative disorders [55]. Un-
fortunately, there are few studies dedicated to analyzing brain-specific CIN in other neu-
rodegenerative conditions than Alzheimer’s disease. Still, genetic and (cyto)genomic anal-
yses of the neurodegenerating brain have connected mutations in genes involved in safe-
guarding genome stability, CIN and molecular pathways in neurodegenerative diseases
[33]. Similarly to Alzheimer’s disease [40,44], mitotic dysfunction and cell cycle errors are
common features of neurodegenerative diseases, as a whole [56]. Recently, a theoretical
model has allowed the determination of the difference between cancerous and neuro-
degenerative CIN. Neuronal cell death seems to be a key element of the pathogenic cas-
cade initiating the progressive loss of cells affected by CIN [57]. Therefore, one can con-
clude that the culmination of brain-specific CIN accumulation is likely to be a starting
point for the progressive clearance of neurons leading to neurodegeneration.

In addition to genome stability maintenance, cell cycle regulation and neuronal cell
death, it is worth mentioning cellular senescence in the light of brain aging and neuro-
degenerative diseases. Cell senescence represents a homeostatic process characterized by
sustained cell cycle arrest and a distinct cellular phenotype. It is able to make a contribu-
tion to a decrease in the regenerative potential and to alterations of tissue functioning.
Cellular senescence is currently suggested to be involved in the pathophysiology of neu-
rodegenerative diseases and brain aging [58-60]. Despite the lack of consensus on the role
of cell senescence in Alzheimer’s disease pathology, it is accepted that the cellular senes-
cence pathway is tightly connected to the neurodegenerative processes during brain aging
[60]. The presence of senescent cells in a tissue hallmarks aging-related processes in health
and disease [61]. Admittedly, interplay between CIN, pathways to CIN and cellular se-
nescence would be a missing link in the pathophysiology of normal and abnormal brain

aging.

4. CIN in the Aged Brain: The Shape of Things to Come

Focusing on cellular senescence has revealed the tight connection to cell cycle regu-
lation, neuronal cell death and genome stability maintenance in the aged brain [61,62].
Furthermore, aging-related mechanisms for neurodegeneration have the potential to lead
both to CIN and cellular senescence [63,64]. As systematically shown, cell senescence is
linked to genome instability/CIN and neuronal cell death [31,65,66]. This link has been
additionally demonstrated by a study that shows the inhibition of aging-associated CIN
delaying cellular senescence [67]. Taking into account the dynamic nature of CIN and so-
matic mosaicism rates both in mitotic and post-mitotic cellular populations [68], one may
suggest that cellular senescence arises from CIN in brain aging. This idea is further sup-
ported by a line of evidences for CIN manifesting as aneuploidy progressing in the aged
brain [69-71]. It is of note that the traces of mitotic dysfunction hallmarking aging [72]
have been found in the aged and diseased brain [9,25,34]. Moreover, the genetic-environ-
mental interactions in the brain of individuals with aging-related diseases and CIN in-
volve molecular pathways of programmed cell death and genome stability maintenance
[73]. Thus, CIN affecting the aged brain explains a number of aging-related phenom-
ena/processes (cellular senescence, mitotic machinery exhaustion, (neuronal) cell loss,
proinflammatory response), which define tissular and cellular phenotypes specific for ag-
ing [3,29,59,74]. Chromosome-specific instability (e.g., chromosome 14-specific instabil-
ity —ataxia-telangiectasia; chromosome 21-specific instability — Alzheimer’s disease) ap-
pears to represent another possible mechanism for the age-dependent malfunction of the
brain. At this point, the involvement of X-chromosome-specific aneuploidy (X-chromo-
some-specific instability) may help to explain sex differences in the aging of the healthy
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and diseased (Alzheimer’s disease) brain. More precisely, increased rates of X chromo-
some loss (specific for female karyotypes) in the Alzheimer’s disease brain [46] might spe-
cifically contribute to the disease course in females [51,75]. X-chromosome-specific aneu-
ploidy may not be a unique type of CIN contributing to sex differences in the Alzheimer’s
disease brain [35]. Finally, DNA replication stress and DNA double-strand breaks are able
to result in somatic CNVs affecting smaller genomic regions comparing to aneuploidy
(i.e., whole chromosomes gains/losses) [50,76]. Since CNVs are able to contribute to com-
mon aging-related neurodegenerative diseases [55], it is probable that CIN generated by
CNVs, which has the potential to progress and affect cellular homeostasis (for more de-
tails, see [77]), can also contribute to normal and pathological brain aging. In turn, this
CIN type, being poorly compatible with the cellular lifespan, may lead to neuronal cell
death.

Onto(cyto)genetic views on the human brain allowed us to propose a kind of a model
for neural genome behavior in connection to CIN and normal/pathological aging. On the
one hand, brain-specific CIN producing senescence in neuronal cell populations may pro-
gress slowly throughout the adult life, whereas on the other hand CIN may become a
trigger for progressive neuronal cell death in late ontogeny. While it certainly exists, a
“point of no return” for CIN-mediated neuronal cell death has not been comprehensively
described. We believe that either critically adverse effects on cellular homeostasis pro-
duced by CIN or CIN-initiated programmed cell death (e.g., mitotic catastrophe) may be
involved. In aging-related brain diseases, the process of losing CIN-affected cells is likely
to be more dramatic (fast) and to begin earlier than in presumably unaffected individuals.
The differences between pathological and normal brain aging may result from variable
degrees of alterations to the aforementioned pathways. An additional source for the dif-
ference might be chromosome breakages or CNVs produced by CIN, which lead to im-
proper functioning (activation/inactivation) of different spectra of genes in the affected
neuronal cell population. However, such an effect has not as yet been empirically ad-
dressed. In total, CIN is likely to be involved in cell number regulation during early and
late ontogeny or in neurodegeneration. Figure 1 demonstrates the essence of our assump-
tion concerning the changes in the rates of brain-specific CIN by indicating the trendlines
of brain-specific CIN rates through ontogeny and highlighting suggested periods of pro-
gressive neuronal cell death in health and disease.
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- suggested periods of progressive neuronal cell death - natural

- suggested periods of progressive neuronal cell death - neurodegeneration

Figure 1. Schematic depiction of changes in chromosome instability CIN rates in the context of
brain aging and neurodegeneration indicating trends of brain-specific CIN rates through ontogeny
and/or the course of life and suggested periods of progressive neuronal cell death in health and
disease (natural and neurodegeneration, respectively): 1 or reddish trendline—CIN trend for early
onset neurodegenerative diseases with accelerated aging phenotypes, e.g., ataxia-telangiectasia; 2
or blueish trendline— CIN trend for late onset neurodegenerative diseases; 3 or yellowish trend-
line—natural CIN trend.

The dynamic nature of CIN and somatic chromosomal mosaicism has been recently
suggested as a target for the exogenous control of the rates. The control is an opportunity
for the diminishment of CIN rates and, consequently, for tissular rejuvenation, increasing
the lifespan and slowing down disease progression [68]. In the available literature, sug-
gestions concerning the realization of this idea have been already proposed. It is more
likely that genetic-environmental interactions may help to inhibit CIN or eliminate af-
fected cells at early stages of aging and/or disease [71,73]. A candidate process for these
interactions would be mitotic/cell cycle regulation, programmed cell death and cellular
senescence [49,53,59,60,64]. For instance, the analysis of DNA damage response in neu-
rons shows the possibility of switching between programmed cell death (apoptosis) and
a pseudo-stationary cellular state (senescence-like state) [31]. Currently, following targets
for therapeutic interventions in aging and neurodegeneration has been empirically de-
fined: DNA double-strand breaks [76], aging-associated CIN (the inhibition by small-mol-
ecule enhancement of microtubule-depolymerizing kinesin-13 activity delays cellular se-
nescence) [67], somatic gene recombination of mRNA/ncRNA [32], and the deterioration
of nuclear morphology and architecture mediated by cell senescence [78]. As was recently
noted, ‘the aging genome’ is to be protected for successful antiaging therapies [79]. It is
more probable that the basis of these therapies is a pathway-based analysis providing an
opportunity to define molecular interventions towards longevity in health and disease
[80,81]. To perform such an analysis, a closer look at the whole set of genomic changes
produced by CIN is required [82,83]. Additionally, determining the susceptibility/toler-
ance to brain-specific CIN using a whole-genome scan and systems biology techniques
may be useful for preventing/inhibiting CIN progression and related processes [68,73,82].
Summarizing neurogenomic and molecular neurocytogenetic data leads one to conclude
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that CIN-related pathways are promising targets for antiaging therapy or brain rejuvena-
tion and for therapeutic interventions in neurodegenerative diseases. Therefore, possible
therapeutic strategies are likely to be based on molecular cytogenetic (cytogenomic),
whole-genome and systems biology analyses focused on the interplay between the genetic
and environmental causes of CIN in the brain.

To this end, we have to mention that data on aneuploidy that was found to be in-
creased in the aged brain by visualization techniques [69-71] do not conform to data ob-
tained by studies using single-cell whole-DNA-fraction analyses, which have shown a
lack of aneuploid cells in the aged human neocortex [84]. To solve this problem, we can
propose the use of a previously described workflow proposed for the single-cell analysis
of cellular genomes in the brain. The workflow combines molecular cytogenetic (visuali-
zation), whole-genome (single-cell and multiple-cell analysis of DNA fractions) and sys-
tems biology (bioinformatics) techniques (for more details, see [85]). Alternatively, one
can suppose that CIN-affected neuron loss via neuronal cell death explains the contradic-
tion between reports addressing ontogenetic changes in karyotypes within the aged brain.
In other words, a number of (cyto)genomic studies address the aged brain at the ontoge-
netic stages when CIN-affected neurons have been already lost. In the future, single-cell
analysis using the workflow mentioned below may help to uncover the basis of the dis-
crepancies between studies on chromosome complements in the aged brain.

5. Concluding Remarks

In 1990, about 300 hypotheses for aging were described in the available literature [86].
Since then, the list has been extended by those dealing with mitotic machinery exhaustion,
genome instability/CIN in post-mitotic tissues, programmed death of post-mitotic cells,
DNA replication stress, DNA damage response, DNA repair, DNA double-strand breaks,
etc. [16,25,48,50,57,65,66,75]. Nonetheless, a generalized theory encompassing the major-
ity of original ideas expressed in these hypotheses does not exist. To simplify the modeling
of aging, nine tentative hallmarks were introduced. These are: genomic instability (1), te-
lomere attrition (2), epigenetic alterations (3), loss of proteostasis (4), deregulated nutrient
sensing (5), mitochondrial dysfunction (6), cellular senescence (7), stem cell exhaustion (8)
and altered intercellular communication (9) [66]. As one may see, at least four of these
hallmarks (1-3 and 7) are related to CIN. More importantly, genomic instability (genomic
instability and CIN interfere with each other) and cellular senescence are involved in the
pathogenesis of aging-related (neurodegenerative) brain diseases. Furthermore, it ap-
pears that the aging-related deterioration of the brain is likely to be mediated by a cascade
that involves CIN, cell senescence and neuronal cell death. We suppose that brain-specific
CIN rates are able to increase slowly throughout adulthood. However, during later onto-
genetic periods, CIN-affected neurons are likely to be cleared by neuronal cell death. As
a result, the number of neurons in the aged brain may be significantly diminished. In neu-
rodegenerative diseases, these processes are more dramatic and are, thereby, more appar-
ent than in natural brain aging. Thus, CIN and cell senescence pathways might be a target
for antiaging therapy (brain rejuvenation) and therapeutic interventions in debilitating
neurodegenerative disorders. Certainly, a model based on the sophisticated interplay be-
tween cell cycle regulation, DNA reparation, CIN and cellular senescence should not be
considered as the ultimate one. We suggest that a synthesis of the rationales obtained by
aging studies from different areas of biomedicine is the most promising way to under-
stand human aging.

Future research dedicated to the genetic and (cyto)genomic aspects of brain aging
has to combine visualization, whole-genome (single-cell/multiple-cell analysis of DNA
fractions) and systems biology (bioinformatics) techniques for the determination of intrin-
sic CIN/aneuploidy rates and CIN-associated cellular phenotypes (e.g., cellular senes-
cence). Once acquired, this knowledge can be used to develop effective strategies for brain
rejuvenation and neurodegeneration treatment.
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