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Abstract

Aneuploidy and polyploidy are a form of Genomic Instability (GIN) known as Chromosomal 

Instability (CIN) characterized by sporadic abnormalities in chromosome copy numbers. 

Aneuploidy is commonly linked to pathological states. It is a hallmark of spontaneous abortions 

and birth defects and it is observed virtually in every human tumor, therefore being generally 

regarded as detrimental for the development or the maturation of tissues under physiological 

conditions. Polyploidy however, occurs as part of normal physiological processes during 

maturation and differentiation of some mammalian cell types. Surprisingly, high levels of 

aneuploidy are present in the brain, and their frequency increases with age suggesting that the 

brain is able to maintain its functionality in the presence of high levels of mosaic aneuploidy. 

Because somatic aneuploidy with age can reach exceptionally high levels, it is likely to have long-

term adverse effects in this organ. We describe the mechanisms accountable for an abnormal DNA 

content with a particular emphasis on the CNS where cell division is limited. Next, we briefly 

summarize the types of GIN known to date and discuss how they interconnect with CIN. Lastly we 

highlight how several forms of CIN may contribute to genetic variation, tissue degeneration and 

disease in the CNS.
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1. Introduction

Accurate replication of DNA and its equal distribution into daughter cells are essential to 

safeguard the balance of genetic content in eukaryotic cells (Masai et al., 2010). Failure or 

deficiency in these processes results in genome alterations in daughter cells relative to 

parental DNA (Shen, 2011). Genomic instability (GIN) is defined as the predisposition of 

genomes to undergo alterations under physiological conditions or when pathways 

responsible for genome maintenance become impaired. Accumulation of genomic damage 

deregulates cell division by prompting irreversible mitotic arrest (senescence), cell death, or 

uncontrolled proliferation and cancer (Maslovand Vijg, 2009; Shen, 2011; Vijg and Suh, 

2013). Not surprisingly, GIN has been associated with the etiology of a plethora of human 

diseases, and it is believed to be a driver of tumorigenesis (Russo et al., 2015). 

Accumulation of DNA damage throughout life is a common denominator of the aging 

process, therefore GIN is also recognized as a hallmark of aging (Lopez-Otin et al., 2013). 

Unrepaired DNA damage is deemed a contributor to GIN and the aging process, which 

might be especially relevant in the central nervous system (CNS) due to some evidence for a 

low repair capacity of terminally differentiated neurons (Nouspikel and Hanawalt, 2000). 

One form of GIN is Chromosome Instability (CIN), a cellular state with a higher propensity 

for chromosome mis-segregation.

Abnormal ploidy is often the result of failures in segregating chromosomes during mitosis or 

completion of cytokinesis. Whole Chromosome Instability (W-CIN) can have a dramatic 

effect on cellular physiology due to the simultaneous gene dosage alteration of the many 

genes mapping to the unbalanced chromosomes. The term aneuploidy (an - not + eu-well + 

ploid-fold) was first proposed in 1922 by Gunnar Täckholm to describe a chromosome 

number that is not an exact multiple of the haploid content (Täckholm, 1922). While 

aneuploidy has been historically linked to disease, recent evidence suggests a possible role 

also in general tissue degeneration during aging. In fact aneuploidy has been proposed as a 

feature of aging because of the premature aging phenotypes associated with some CIN 

mouse models (Baker et al, 2004; Baker et al., 2006; Matsuyama et al., 2013; Ricke and van 

Deursen, 2013; Tanaka et al., 2015). A large body of literature now makes it clear that 

mosaic somatic aneuploidy is more common than previously anticipated (Jacobs et al., 2012; 

Torres et al., 2008). Indeed, aneuploidy cells have been shown to accumulate with age in 

mammalian tissues, particularly the brain (Faggioli et al., 2012), the liver (Duncan et al., 

2012b; Faggioli et al., 2011a), blood lymphocytes (Jacobs et al., 1961) and oocytes (Jones, 

2008).

Polyploidy, a cellular state in which two or more complete sets of chromosomes are present, 

is part of the normal differentiation process of some mammalian cell types like developing 

neurons in the cerebral cortex (see below), hepatocytes, osteoclasts (Davoli and de Lange, 

2011), keratinocytes (Zanet et al., 2010), and vascular smooth muscle cells (VSMCs) (Jones 

and Ravid, 2004). Polyploidy has been observed under physiological conditions in lactating 

mammary gland, urothelium, mesothelium, and Purkinje neurons (Davoli and de Lange, 

2011), but it is also associated with stress, aging and disease. While a clear reason for the 

presence of a polyploid genome remains obscure, it is likely to provide advantages, such as 
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gene redundancy and protection against loss of heterozygosity (LOH) (Comai, 2005; Ganem 

et al., 2007).

2. GIN at the chromosomal level: routes to aneuploidy and polyploidy

Aneuploidy and polyploidy can be generated by defects in several genome maintenance 

mechanisms and their origins can be related. Here we review known routes to aneuploidy 

and polyploidy (Fig. 1).

CIN is caused by defects in genes involved in SAC signaling, chromosome condensation, 

sister-chromatid cohesion, kinetochore assembly, spindle formation, cytokinesis and other 

mitotic events that facilitate segregation of chromosomes or rearrangements (Holland and 

Cleveland, 2012b; Ricke et al., 2008).

SAC defects arise due to depletion or malfunction of SAC components. The SAC is a 

surveillance mechanism that regulates chromosome segregation by delaying anaphase 

progression until all kinetochores are stably attached to spindle microtubules, which is 

essential for proper segregation of chromosomes. The Anaphase Promoting Complex/

Cyclosome (APC/C) is a multi-subunit E3 ubiq-uitin ligase that degrades Securin and Cyclin 

B1, allowing sister chromatid separation and mitosis exit, respectively. APC/C requires a 

specificity factor (Cell-Division-Cycle 20 homologue - CDC20) to be able to recognize and 

interact with its substrates. Unattached chromosomes activate the SAC and recruit its 

components (BUB1, BubR1, BUB3, Mad1, Mad2) in a step-wise fashion to the outer 

kinetochore surface, inducing the formation of a complex betweenBubR1, active Mad2, 

BUB3 and CDC20. This tight association between SAC proteins and CDC20 prevents the 

activity of APC/C and thus prevents anaphase progression, allowing time for all spindle-

kinetochores attachments to occur. Once all chromosomes are properly attached, CDC20 

dissociates from the SAC components and binds APC/C, triggering mitosis exit (Kops et al., 

2005; Lara-Gonzalez and Taylor, 2012; Suijkerbuijk and Kops, 2008). Exactly how the SAC 

module is assembled remains unknown, but it seems established that aneuploidy is a 

consequence of a deficient SAC (Gjoerup et al, 2007; Lentini et al., 2011; Liet al, 2010; 

Musio et al., 2003).

Merotelic attachments occur when a single kinetochore is bound to microtubules originating 

from opposite spindle poles, which often results in chromosomes lagging behind the 

segregating DNA during anaphase. It can be caused by defects in chromosome condensation, 

cohesion, kinetochore structure, and spindle assembly (Gregan et al., 2011). Lagging 

chromosomes have multiple fates: miss-segregation and generation of aneuploid daughter 

cells, failure to be incorporated in the main nucleus and subsequent formation of 

micronuclei, or chromatin bridges that inhibit the closure of the contractile ring, resulting in 

cytokinesis failure and tetraploidy. Of note, these erroneous chromosome attachments are 

not sensed by the SAC because the kinetochores are attached to both poles (Davoli and de 

Lange, 2011; Holland and Cleveland, 2012b; Russo et al., 2015; Zasadil et al., 2013).

Centrosome dysfunction arises when centrosomes undergo structural and/or numerical 

alterations, the latter generally more frequent and best documented (Montagna et al., 2002; 
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Pihan, 2013). Centrosome amplification occurs when cells have more than two centrosomes 

due to over - duplication, cytokinesis failure or cell fusion (Vitre and Cleveland, 2012). 

Supernumerary centrosomes are observed in polyploid normal hepatocytes (Duncan et al., 

2012b; Faggioli et al., 2011a), but are a common feature of cancer cells. Extra centrosomes 

can lead to catastrophic mitosis due to formation of multipolar spindles, resulting in chaotic 

chromosome segregation into two or more daughter cells and aneuploidy. Cancer cells and 

hepatocytes were both shown to be able to cluster supernumerary centrosomes into a bipolar 

spindle to overcome this problem. However, merotelic attachments are enriched by the 

multipolarity before clustering, leading to mis-segregation (Ganem et al., 2009, 2007).

Replication stress arises in CIN cells due to impaired replication fork progression prompted 

by unrepaired DNA damage, topological stress or limiting nucleotides (Burrell et al., 2013; 

Ichijimaet al., 2010; Meena et al., 2015). If sustained for long periods it can lead to 

incompletely duplicated chromosomes that could undergo fragmentation or generate 

chromatin bridges, which in turn sustain chromosome rearrangements or tetraploidy (Burrell 

et al., 2013; Donley and Thayer, 2013; Russo et al., 2015).

Mitotic slippage is the consequence of the slow degradation of Cyclin B when prolonged 

arrest mediated by the SAC occurs. It results in mitosis exit without anaphase or cytokinesis 

completion, leading to the formation of tetraploid cells (Brito and Rieder, 2006; Ganem et 

al., 2007).

Cell fusion can be physiologically generated during the normal development of specific 

tissues such as the liver (Faggioli et al., 2008), resulting in terminally differentiated 

polyploid cells. It can also be induced by viral infections, radiation exposure, inflammation, 

and chemotherapeutic drugs, all of which potentially increase the risk for transformation 

(Davoli and de Lange, 2011; Ganem et al., 2007; Holland and Cleveland, 2012b). This 

phenomenon is also observed in the brain, where bone marrow-derived cells (BMDCs) are 

shown to fuse with Purkinje cells with a frequency increasing with age (Lapham, 1968; Nern 

et al., 2009). Fusion is believed to rescue injured neuronal cells that cannot undergo cell 

division bycontributing genetic material from BM to restore tissue homeostasis (Kemp et al., 

2014) (see also Section 7).

Endoreduplication is the replication of DNA without subsequent cell division and is 

associated with the terminal differentiation of non-dividing polyploid cells, such as 

megakaryocytes (Davoli and de Lange, 2011; Fox and Duronio, 2013; Ganem et al., 2007) 

and keratinocytes (Zanet et al., 2010). This process has been shown to generate tetraploid 

neurons in the normal vertebrate retina (Frade, 2010). It can also be induced by persistent 

DNA damage signaling, thus also leading to polyploidy under non-physiological conditions 

(Davoli and de Lange, 2011).

Dysfunctional telomeres result from sustained cell proliferation in the absence of telomerase 

activity and are the natural consequence of the inability of the cell replication machinery to 

duplicate the DNA all the way to the end of a chromosome (Olovnikov, 1996). Critically 

eroded telomeres can undergo BFB cycles that generate chromatin bridges, enabling 

chromosome structural rearrangements and cytokinesis failure (Gisselsson et al., 2001; 
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Holland and Cleveland, 2012b; Rode et al., 2015). Chromosomes with short telomeres are 

more frequently involved in miss-segregation events, through both non-disjunction and 

anaphase lagging of dicentric chromatids, yielding whole chromosome aneuploidy 

(Pampalona et al., 2010b).

Chromatin bridges in the cleavage furrow is considered the main cause of cytokinesis failure 

and tetraploidy. DNA trapped in the furrow can be a consequence of lagging chromosomes, 

replication stress or dysfunctional telomeres, thus converging defects from multiple 

pathways into a similar outcome, that is, the formation of a tetraploid cell (Davoli and de 

Lange, 2011; Ganem et al., 2007; Holland and Cleveland, 2012b; Russo et al., 2015).

Mechanisms that prevent GIN are extensive and evolved to safeguard the integrity of the 

DNA sequence and genome content. However, under some conditions (i.e., aging or disease) 

the genome defensive system becomes vulnerable due to loss of function, reduced 

expression level or misregulation of proteins important for genome maintenance. For 

example, decreased transcripts of SAC components Bub1 and Mad2 and reduced levels of 

cohesin proteins were observed during normative aging in oocytes (Schwarzer et al., 2014; 

Steuerwald et al., 2001; Tsutsumi et al., 2014), which might be related to the increased 

aneuploidy with age in these cells. Gene expression analysis of murine tissues previously 

shown to undergo age-related aneuploidization (Baker et al., 2013; Faggioli et al., 2012) 

revealed age-associated down-regulation of proteins important for chromosome segregation, 

such as components of the SAC and centromere proteins (Zahn et al., 2007)(Fig. 2). 

Furthermore, components of the nuclear pore complexes within the Nuclear Envelope (NE) 

were shown to be damaged by oxidative post-translational modifications (OPTMs) and this 

phenomenon was associated with loss of nuclear integrity during aging, which in turn can 

result in GIN (D'Angelo et al., 2009).

Aging is accompanied by an increase in oxidative stress (OS) (Kregel and Zhang, 2007; 

Romano et al., 2010) and long standing evidence suggests an involvement of ROS in the 

generation of ploidy changes and CIN, yet the exact mechanisms remain unclear (Dephoure 

et al., 2014; Estrada et al., 2013; Gentric et al., 2015; Limoli and Giedzinski, 2003; Nicotera 

et al., 1985; Samper et al., 2003; Tarin, 1995; Tormos et al., 2015). Among the proposed 

causes for OS-induced ploidy alterations are abrogation of SAC function, energy deficiency, 

centrosome amplification and defects in microtubules-kinetochore dynamics (D'Angiolella 

et al., 2007; Ikawa-Yoshida et al., 2013; Wang et al., 2013). More recently, it was proposed 

that OPTMs on proteins important for mitosis and cytoskeleton dynamics could result in cell 

cycle perturbations and interfere with cytokinesis (Mailankot et al., 2008). This hypothesis is 

supported by observations suggesting that some structural proteins (Vimentin, Actin and 

Tubulin) are consistently modified by ROS in different organs systems, including brain, and 

during in vitro senescence (Baraibar and Friguet, 2012). OPTMs promote disruption of both 

actin and the microtubule cytoskeleton (Banan et al., 2000a,b), which could result in spindle 

formation defects, chromosome miss-segregation and cytokinesis failure. Proteomic 

profiling of HeLa cells exposed to mild OS conditions revealed enrichment of oxidized 

proteins involved in kinetochore/spindle machinery and centrosome organization (Bollineni 

et al., 2014). In view of these findings, it is tempting to speculate that one of the mechanisms 

driving ploidy changes upon OS or during aging is the oxidative injury of components of the 
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mitotic machinery and cytoskeleton components. This hypothesis is particularly relevant for 

the brain, a tissue that requires high levels of oxygen for normal functioning and has been 

demonstrated to accumulate aneuploidy with age (Faggioli et al., 2012; Uttara et al., 2009) 

(Fig. 3).

3. CIN can generate DNA damage

Abnormal mitosis is associated with the acquisition of DNA damage, either directly during 

the mitotic process itself or indirectly upon miss-segregation of chromosomes. For instance, 

prolonged mitotic arrest due to drug exposure or genetic manipulation can generate γ-H2AX 

foci - indicative for DNA double-strand breaks - that gradually accumulate and persist after 

mitotic slippage (Ganem and Pellman, 2012; Hayashi and Karlseder, 2013). In this section 

we will review the evidence supporting the hypothesis that DNA damage can be induced as a 

consequence of chromosome miss-segregation.

DNA damage as an outcome of CIN is well documented (Ganem and Pellman, 2012; 

Hayashi and Karlseder, 2013; Janssen et al.,2011; Meena et al., 2015; Ohashi et al., 2015) 

and can occur through multiple non-exclusive mechanisms. Because aneuploidy is a state of 

unbalanced karyotype, levels of proteins essential for DNA replication, condensation, repair 

or cell division are also expected to be unbalanced, which in turn could promote the 

induction of DNA damage and replication defects (Holland and Cleveland, 2012b; Meena et 

al, 2015; Nicholson and Cimini, 2015). Yeast cells, aneuploid for one single chromosome, 

show higher rates of point mutations and mitotic recombinations (Sheltzer et al., 2011). 

Telomerase expression in aneuploid mammalian cells abrogates aneuploidy-induced 

telomere replication stress and also decreases aneuploidy-induced DNA damage 

accumulation (Meena et al., 2015).

As previously described, lagging of chromosomes produced by a variety of mechanisms can 

induce chromatin bridges between daughter cells or lead to the formation of micronuclei, 

both of which can promote further damage to the DNA. It remains unclear if microtubule-

generated pulling forces are strong enough to cause breakage of intact lagging 

chromosomes, even though this was shown to be possible in a scenario where a centrosome-

localized protein (Dido gene product) was absent (Ganem and Pellman, 2012). 

Chromosomes that miss-segregate are often damaged during cytokinesis by cleavage furrow-

generated forces resulting in daughter cells staining positive for DSB foci. Broken 

chromosomes are susceptible to error-prone repair by NHEJ, and the resulting unbalanced 

translocations can lead to additional structural alterations (Janssen et al., 2011). DNA 

trapped in the cleavage furrow can lead to failure of cytokinesis, resulting in tetraploidy. 

Tetraploid cells enable further CIN due to their supernumerary centrosomes and consequent 

higher rates of chromosomemiss-segregation, multipolar spindle formation, and increased 

tolerance to chromosome alterations (Davoli and de Lange, 2011; Holland and Cleveland, 

2012b; Russo et al., 2015). Moreover, because these cells contain twice the genomic content 

of diploid cells, the amount of DNA damage generated during S phase is also doubled 

(Ganem et al., 2007).
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Micronuclei are created mainly when lagging chromosomes fail to be incorporated in the 

main nucleus and frequently contain high levels of DNA damage as assessed by γ-H2AX 

staining (Hayashi and Karlseder, 2013; Russo et al, 2015; Santaguida and Amon, 2015). 

Even though they can persist over generations as a distinct organelle, they eventually fuse 

with the main nucleus, which poses a threat for genome integrity. The processes of DNA 

replication and repair are defective within micronuclei, allowing mutations, chromosome 

breaks and rearrangements to accumulate.

Lastly, aneuploidy leads to metabolic alterations, and CIN has been associated with 

persistent OS (Kumari et al, 2014; Limoli et al., 2003; Oromendia and Amon, 2014). 

Accordingly, oxidative damage to the DNA (e.g., 8-hydroxy-2′-deoxyguanosine: 8-oxo-dG 

adducts) was shown to be a consequence of aneuploidy in the absence of DSB (Liet al, 

2010). CIN can also result in RNA oxidative damage (Andriani et al, submitted), likely 

because this molecule is highly susceptible to attack by ROS and mechanisms for its repair 

or removal are so far unknown (Kong and Lin, 2010).

4. GIN-CIN complexity: a two sided coin

While GIN and CIN have been historically defined by two different terms, it is apparent that 

they are interconnected (Yurov et al., 2009b). GIN is a consequence of malfunction in DNA 

duplication, repair, genome distribution into daughter cells, defects in cell cycle progression, 

and checkpoint control (Shen, 2011). CIN is a cellular state with a higher propensity for 

chromosome mis-segregation. Just like CIN can cause DNA damage that is regarded as a 

main cause of GIN, it is often difficult to dissect causes and consequences of various forms 

of GIN. Accumulation of GIN, both at the nucleotide (Maynard et al., 2015) and 

chromosome level (Ricke and van Deursen, 2013; Yurov et al., 2014), is associated with 

neurodegenerative diseases (ND). Below we summarize succinctly the main types of GIN, 

how they are generated, their known correlation with CIN, and how they relate to aging and 

ND.

4.1. Nuclear and mtDNA mutations

Mutations, affecting single or few nucleotide bases, often result from DNA replication 

errors. Mutations can also occur byinaccurate repair of damaged bases resulting in 

irreversible modifications, which are known to accumulate with age (Dexheimer, 2013; 

Maslov and Vijg, 2009; Vijg and Suh, 2013). Many oxidative base lesions are mutagenic 

(Cooke et al., 2003), which is important in tissues sensitive to oxidative damage, such as the 

brain (Martin, 2008; Uttara et al., 2009).

Similar to nuclear DNA, discussed above in details, the mitochondrial genome can 

accumulate point mutations and/or large deletions. The mutation frequency of mitochondrial 

DNA (mtDNA) is much higher relative to nuclear DNA, likely due to its proximity to ROS 

and the limited availability of DNA repair enzymes (Khrapko and Vijg, 2009). 

Mitochondrial dysfunction caused by damage to mtDNA or constituent mitochondrial 

proteins has been associated with the aging process and ND (Table 1) (Greaves et al., 2012; 

Reeve et al., 2008). Experimental evidence supports a strong correlation between aneuploidy 

and mtDNA damage. Detailed studies have been performed in oocytes because of the well-

Andriani et al. Page 7

Mech Ageing Dev. Author manuscript; available in PMC 2017 June 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



known association between increased aneuploidy with maternal age. Significantly elevated 

levels of total mtDNA have been reported in aneuploid embryos when compared to control 

diploid embryos (Fragouli et al., 2015). Mitochondrial activity is essential for the assembly 

of the mitotic spindle and for chromosome segregation, and dysfunctional mitochondria 

have been implicated in higher error rates of chromosome miss-segregation (Coskun and 

Busciglio, 2012). Therefore, it is conceivable that mtDNA mutations may impair 

mitochrondrial function and, therefore, ultimately also affect chromosome segregation. 

Mutations in mtDNA play important causal roles in neurological disorders because of the 

high-energy metabolism of neurons (Carelli and Chan, 2014); thus we anticipate that like in 

oocytes, a direct association between mtDNA mutations and aneuploidy in the brain may be 

a contributor to neuronal dysfunction and neurodegeneration (ND).

4.2. Copy number variations (CNVs)

CNVs are alterations in genomic segments of 10-300 kb, often containing repeat elements 

with a high degree of identity to enable crossover and rearrangements through non-allelic 

homologous recombination. Their presence is linked to duplications, deletions, and/or 

translocations resulting in gene dosage imbalances, gene fusion and/or interruption. CNVs 

have been linked to replication fork stalling, retrotransposition, formation of non-B-DNA 

structures such as G-quadruplexes and CpG islands (Colnaghi et al., 2011; Zhang et al., 

2009). CNVs are widespread in the human genome and represent a major source of genomic 

variation (Iafrate et al., 2004, Sebat et al., 2004). This holds true also for the brainwhere as 

many as 41% of neurons have been found exhibiting at least one megabase of de novo CNVs 

(McConnell et al., 2013) with studies suggesting that some CNVs may be shared by multiple 

neurons in both normal and pathological conditions (Cai et al., 2014). CNVs have been 

implicated in the pathogenesis of Neurodegenerative Diseases (NDs) with alterations being 

linked to Parkinson's Disease (PD) (Polymeropoulos et al., 1996), Alzheimer's Disease (AD) 

(Goate et al, 1991), Mental Retardation (MR), Autism, and Schizophrenia (Shi et al, 2009; 

Guffanti et al, 2013; Toft and Ross, 2010; Vittori et al., 2014) (Table 1).

A link between CNVs and Somatic Copy Number Alterations/Aberrations (SCNAs), which 

are changes in copy number that have arisen in somatic tissue, has emerged from studies of 

Iourov and colleagues who examined the frequency of CNVs mapping to the cell cycle 

pathway within a cohort of patients with intellectual disability, autism, and/or epilepsy 

(Iourov et al., 2015). The rationale for this study was based on the knowledge that somatic 

mosaicism is likely the consequence of alterations in cell division and genome maintenance 

pathways (as described in Section 2). CNVs assessed in 124 genes that control the mitotic 

cell cycle progression suggests that 71% of the 225 samples analyzed harbored CNVs in 

these pathways (mostly one copy per individual but with some cases revealing up to four 

CNVs per locus with some subjects including CNVs mapping to more than one locus). 

These findings suggest that CNVs act as a contributor to chromosome instability and 

somatic mosaicism. It is tempting to speculate that CNVs affecting genes involved in the 

control of the cell cycle may be responsible, at least in part, for the generation of somatic 

aneuploidies.
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4.3. Double-minute (DM) chromosomes, homogeneously staining regions (HSRs), 
micronuclei, and chromothripsis

At the chromosome level, structural modifications, such as translocations, deletions, 

insertions, inversions, breaks, sister chromatid exchanges, chromothripsis and shortening of 

telomeres are considered forms of GIN. Alterations in the numbers of whole chromosomes 

(aneuploidy and polyploidy, with tetraploidy a common form of polyploidy) can result in the 

formation of micronuclei, which is also a form of GIN (Langie et al., 2015; Russo et al, 

2015; Vijg and Suh, 2013). CIN defines cellular states in which cells are prone to miss-

segregation of chromosomes or structural chromosome rearrangements (Ricke et al., 2008).

DMs are small autonomous circular chromatin bodies of a few mega-base pairs in size that 

replicate and segregate in the absence of centromeres or telomeres. HSRs are highly 

repetitive heterochromatic chromosomal regions that stain uniformly in G-banding. DMs 

and HSR are frequently observed in solid tumors with variable numbers per cell. They 

generally contain hundreds of copies of oncogenes and genes involved in drug resistance 

(Barker, 1982; Cowell, 1982; Hahn, 1993). For instance, MYC and MYCN amplification in 

the form of DMs are frequently found in medulloblastoma and neuroblastoma, while DM 

amplification of EGFR is associated with gliomas (Gebhart, 2005) (Table 1). The molecular 

mechanisms for their origin are not fully understood, but it is hypothesized that DNA DSBs 

that form in close proximity of amplified regions become miss-repaired, resulting in 

Breakage-Fusion-Bridge (BFB) cycles that eventually lead to DMs. Premature chromosome 

condensation has also been suggested as a driver of DMs (Gebhart, 2005; Hahn, 1993).

Micronuclei, extranuclear segments of chromatin, can arise from unrepaired DNA breaks but 

also from mitotic spindle dysfunction and are a recognized form of GIN (Balmus et al, 

2015). They can be generated from lagging chromosomes or from acentric chromosomal 

fragments and are known to cause aneuploidy (Cimini, 2008). Micronuclei frequency 

increases with age and its occurrence was shown to be associated with loss of sex 

chromosomes in human lymphocytes, resulting in aneuploidy (Bolognesi et al, 1999; Bukvic 

et al., 2001; Guttenbach et al., 1994; Hando et al., 1994; Nath et al, 1995). Micronuclei was 

also demonstrated as a mode to eliminate chromosomes with structural rearrangements 

(Casati et al., 1995), or removal of supernumerary gene copies (like DMs) (Ambros et al, 

1997). Because replication within the micronucleus is asynchronous with the nucleus, 

enclosed chromosomes tend to shatter during condensation and the resulting fragments are 

repaired by NHEJ. Disassembly of the micronuclear envelope in the subsequent cell cycle 

allows incorporation of a heavily rearranged chromosome into the nuclear genome. Higher 

incidence of micronuclei correlates with ND (Table 1) (Holland and Cleveland, 2012a).

Chromothripsis is a form of GIN that comprises tens to thousands of chromosomal 

rearrangements that localize to a limited number of genomic regions on single or few 

chromosomes (Stephens et al, 2011). Chromosomes are shattered into pieces and as a 

consequence, inaccurate repair of DSBs by NHEJ can lead to highly derivative 

chromosomes. This phenomenon can be caused by IR, BFB cycles, telomere dysfunction, 

and premature chromosome condensation within micronuclei (Crasta et al., 2012; Leibowitz 

et al., 2015; Rode et al., 2015; Zhang et al, 2015). In the CNS, high rates of chromotripsis 

have been found in neuroblastoma (Molenaar et al., 2012), glioblastoma (Furgason et al, 
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2015) and medulloblastoma (Rausch et al, 2012) (Table 1). While NHEJ and 

microhomology-mediated break-induced replication (MMBIR) have been proposed as the 

mechanisms leading to chromothripsis (Forment et al, 2012), it has recently been suggested 

that micronuclei could be an important step leading to chromothripsis through the defective 

DNA repair mechanism and replication fork collapse present in micronuclei (Crasta et al., 

2012; Rausch et al., 2012). Therefore, based on these reports, one could reason that defects 

in chromosome segregation may trigger chromothripsis via GIN induced by micronuclei.

4.4. Telomere dysfunction

Dysfunctional telomeres can lead to dicentric chromosomes that undergo BFB cycles 

(Artandi et al, 2000). These highly-unstable chromosomes containing two centromeres are 

pulled to opposite spindle poles leading to chromatin bridge formation. During cytokinesis, 

mitotic spindle forces and the cytokinetic ring closure can cause breakage of dicentric 

chromosomes at multiple sites, and subsequent fusion created by NHEJ reinitiates the BFB 

cycle leading to continuous accumulation of rearrangements (Holland and Cleveland, 2012b; 

Rode et al, 2015; Russo et al., 2015). Telomere shortening is associated with the functional 

decline that accompanies aging (Atzmon et al., 2010; Jiang et al., 2007; Sahin and Depinho, 

2010) and some studies suggests their involvement inND (Table 1) (Anjomani Virmouni et 

al., 2015; Eitan et al., 2014; Jaskelioff et al., 2011).

Telomere erosion and loss of telomere capping function triggers BFB cycles (McClintock, 

1941), but experimental evidence suggests a broader link between GIN and telomere 

dysfunction. In fact, in human breast cancer, telomere-based BFB events concur in 

concomitance with a burst of chromosomal instability that is associated with the transition 

from benign to malignant cancers (Chin et al, 2004). Evidence generated using in vitro 
models supports the hypothesis that the origin of cytogenetic alterations may be concurrent 

with telomere crisis (Chin et al., 2004). DNA fragmentation may not be the only outcome of 

BFB cycles. In vitro studies suggest that bridge chromatids resulting from telomere fusion 

may be more frequently involved in mis-segregation events than chromosomes of normal 

telomere length (Pampalona et al., 2010b). This may be possible assuming that the forces 

generated by pulling anaphasebridges toward opposite poles are sufficient to detach a 

chromosome from the microtubules of one or both spindle poles. Therefore, telomere-driven 

instability can promote not only the appearance of chromosomal rearrangements but also W-

CIN. Interestingly, newly reported evidence suggests that, at least in yeast cells, aneuploidy 

may confer, through a stress adaptation mechanism, the ability to survive telomerase 

insufficiency (Millet et al, 2015).

4.5. Nuclear envelope (NE) defects

The nuclear envelope (NE) is a highly regulated membrane barrier that separates the nucleus 

from the cytoplasm in eukaryotic cells. Its main components, A-type and B-type lamins and 

lamin-associated proteins, function as genome caretakers. A variety of human diseases have 

been associated with mutations in lamins and lamin-interacting proteins (termed 

laminopathies) and they have in common an abnormal nuclear morphology and increased 

GIN (Scaffidi and Misteli, 2008; Worman et al, 2009). Hutchinson-Gilford Progeria 

Syndrome (HGPS), caused by mutations in LMNA that generate an abnormal protein called 
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progerin, which is also found accumulated in old healthy individuals (Coppede and 

Migliore, 2010; Pollex and Hegele, 2004). Besides structural scaffolding functions, A-type 

lamins have also been implicated in regulation of DNA replication and transcription, 

DNAdamage repair (NHEJ and HR), telomere homeostasis and dynamics. Alterations in A-

type lamins interfere with the DNA damage response and specific repair mechanisms such 

as impaired recruitment or transcription regulation of downstream effector proteins 

(Gonzalo, 2014). Loss of lamin A/C expression is often found in cancer cells (Ho and 

Lammerding, 2012), where a direct link between nuclear envelope structural defects and W-

CIN has been established. In vitro down-regulation of lamin A/C in non-cancerous primary 

ovarian or breast epithelial cells using shRNA resulted in increased nuclear size, ane-uploidy 

and polyploidy (Capo-chichi et al., 2011a,b). Abnormalities in the nuclear envelope have 

been associated with ND. However, to our knowledge nothing is known as yet of nuclear 

envelope defects and their possible correlation with aneuploidy (Table 1) (Arocena et al., 

2005; Chapple et al., 2008; Liu et al., 2012).

5. Polyploidy in the brain

Chromosome segregation defects have been proposed as an underlying mechanism leading 

to aneuploidy in the developing brain (Westra et al., 2008; Yang et al., 2003). However, 

neurogenesis in the adult brain is limited and restricted, under normal physiological 

conditions, to the subgranular zone (SGZ) and the subventricular zone (SVZ) (Gage, 2000; 

Paton and Nottebohm, 1984). Therefore, the age-related accumulation of aneuploidy in the 

brain cannot be simply explained by mitotic defects. As described in Section 2, cell fusion is 

a physiological process in mammalian cells (Davoli and de Lange, 2011; Faggioli et al., 

2008; Ganem et al., 2007; Holland and Cleveland, 2012b). Experimental evidence 

suggeststhat cell fusion occurs in the brain, which could contribute to the accumulation of 

aneuploidy in post-mitotic tissues. Evidence for this phenomenon stems from observations 

dating to the mid 1960s, suggesting the presence of hyperdiploid Purkinje cells (Lapham, 

1968; Nern et al., 2009). It was later demonstrated that Purkinje cells have the ability to fuse 

with BMDCs and generate bi-nucleated Purkinje-like cells (Alvarez-Dolado et al., 2003; 

Weimann et al., 2003). Using parabiosis experiments connecting a wild-type recipient and a 

transgenic ubiquitously expressing GFP donor, Johansson and colleagues showed that 

transplanted BMDCs fuse with Purkinje cells with a surprisingly high frequency (∼30 folds) 

in a model of autoimmune encephalitis. Interestingly, the genetic programming of Purkinje 

neurons seems to be predominant in the bi-nucleated Purkinje/BMDCs heterokaryons, as 

suggested by the evidence that fused cells repress the transcription of genes of the 

haematopoietic lineage (Johansson et al., 2008; Weimann et al., 2003).

Bi-nucleated neurons have been described in a variety of human CNS pathologies, including 

AD, neuro-Behcet's disease, multiple sclerosis, Kuru, and spino olivo-ponto-cerebello-nigral 

atrophy (Kemp et al., 2014). In the case of AD it has been proposed that neuronal death is 

the consequence of an abortive cell cycle, possibly with intermediate tetraploid cells. 

However, experimental findings to support this hypothesis are controversial (Iourov et al., 

2011). While cell cycle-related nuclear proteins (Ki-67) have been reported with increased 

frequency in the dentate gyrus of the hippocampus of AD patients versus controls (Nagy et 

al., 1997), interphase FISH studies suggest that the frequency of tetraploid nuclei in AD and 
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control brains is similar (Westra et al., 2009). In addition, tetraploid nuclei were exclusively 

non-neuronal, contrasting with an absence of tetraploid neurons in AD patients.

A large body of evidence now suggests that ploidy changes play an important role not only 

during physiological development and disease, but also as a driver of tissue degeneration. 

While this field is expanding, more work is required to elucidate how mechanisms that 

control genome stability become altered and lead to CIN in the CNS. Moreover, the 

functional consequences of CIN at the single cell level and in the context of whole tissues 

and organisms are only now beginning to be understood.

6. Whole chromosome aneuploidies in the brain during aging and age-

associated diseases

In the next three sections of this review we will describe the work associating aneuploidy 

with tissue degeneration and diseases with a particular focus on the brain (see also Table 2).

Studies aimed to better understand mechanisms underlying the generation of neuronal 

variability and complexity have led to the discovery that the brain is essentially a mosaic 

tissue composed of euploid and aneuploid neural cells (Faggioli et al., 2011b; Yurov et al., 

2007). Structural genomic variation of the neuronal genome has long been proposed as a 

pivotal mechanism underling neuronal diversity. The first evidence for the presence of 

aneuploidycells in developing neurons came from studies by Rehen et al., who found by 

using a combination of FISH and SKY approaches that in the mouse ∼33% of neuroblasts 

analyzed between E11 and E17 underwent defective mitosis and were aneuploid for one or 

more chromosomes, the far majority of which were hypodiploid (Rehen et al., 2001). 

Building on these initial observations several other important discoveries in the field of brain 

aneuploidy were generated, suggesting that a surprisingly high number of neural cells may 

be aneuploid (38-47%) (Pack et al, 2005). First, it was observed that neural progenitor cells 

(NPCs) developing along the ventricular zone (VZ) of E12 and E14 embryos had 

supernumerary centrosomes, and their increased presence correlated with aneuploidy (∼33% 

of the analyzed cells) (Yang et al, 2003). Next, in the same year, Yourov's and Rehen's 

groups, using FISH and/or whole chromosome paint probes targeting several human 

chromosomes, demonstrated that aneuploid neurons are not a unique characteristic of 

murine tissues, but are also found in the developing and adult brain of humans at various 

levels (Yurov et al., 2005). Rehen and colleagues generated a map of mosaic aneuploidy 

across different brain regions: frontal cortex, occipital cortex and hippocampus, reporting 

varying levels of aneuploidy, ranging from 3.2 to 5.2% (Rehen et al., 2005). This study also 

provided a first clue that accumulation of mosaic aneuploidy may be age dependent (4.8% 

and 5.2% of cells aneuploid for chromosome 21 were observed in hippocampal cells of a 77 

and 86 year old versus 3.2% observed in 2 y.o.). Understanding the mechanisms underlying 

the generation of neuronal variability and complexity remains a fundamental question in 

neuroscience. Therefore, the discovery of exceptionally high levels of mosaic aneuploidy in 

the developing nervous system prompts the question as to whether aneuploid neurons may 

be functionally active and integrated into brain circuitry. Kingsbury and colleagues used 

retrograde neuronal tracer techniques combined with paint for chromosome X and Y to 
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demonstrate that aneuploid neurons express markers of functionally active cells (Egr-1 and 

c-Fos), therefore suggesting that neurons aneuploid for these two chromosomes are 

integrated in the brain circuit (Kingsbury et al., 2005).

The notion that aneuploidy is not merely a feature of the developing brain but that it 

accumulates during normative aging has now been suggested by several studies, with similar 

observations also in other tissues (Faggioli et al, 2012; Jacobs et al., 1961; Jones, 2008; 

Jones and Ravid, 2004; Yurov etal., 2009a; Zanetet al, 2010). In fact, a genome-wide study 

on blood and buccal swabs of cancer-free control individuals revealed a surprisingly high 

frequency of aneuploidy or copy-neutral LOH increasing with age (from 0.23% under 50 

years up to 1.91% between 75 and 79 y.o.) (Jacobs et al., 2012). Aneuploidization is 

generally considered a deleterious process; indeed, aneuploid cells show defects in cell cycle 

progression and have altered metabolic properties (Sheltzer and Amon, 2011; Williams et 

al., 2008). There are, however, exceptions. Aneuploidy is well known to occur in disease-

free tissues like the liver, where hepatocytes have a very complex ploidy status with a high 

frequency of cells deviating from the normal ploidy, also against a background of a 

polyploid genome (Duncan et al., 2012a, 2010; Faggioli et al., 2008, 2011a). It has been 

suggested that this high deviation from diploidy in hepatocytes may grant the tissue a 

selective advantage against a variety of assaults and stresses (Duncan et al, 2012a). 

Aneuploidy is therefore emerging as a phenomenon more common and complex than 

originally thought and potentially occurring in dividing as well as non-dividing cells (Mosch 

et al., 2007).

Brain aneuploidy is associated with disease and numerous studies suggest its involvement in 

the etiology of NDs (Coppede and Migliore, 2015; Kormann-Bortolotto et al., 1993; Potter, 

1991; Rolig and McKinnon, 2000). Chromosome 21 has been reported as a prevalent 

aneuploidy in the brain and in peripheral tissues of ADpatients (Iourov et al., Migliore et al., 

2006). This is concordant with the knowledge that nearly all Down's syndrome (DS) 

individuals older than 50 years of age contain plaques and tangles within their brains that are 

similar in form, number, and distribution to those seen in AD patients (Mann and Esiri, 

1988). Of the other autosomes that have been tested so far in AD, chromosome 18 and X, in 

addition to 21, appear to have slightly higher aneuploidy frequency in AD patients compared 

to controls (Geller and Potter, 1999; Yurov et al., 2014). The Amyloid Beta (A4) Precursor 

Protein (APP) maps to chromosome 21, making mosaic aneuploidies resulting in gain of this 

specific chromosome a likely cause of increased synthesis of this protein, and therefore 

increased production of Aβ42 peptide that possibly responsible for pathological changes in 

the AD brain (Oyama et al, 1994).

Aneuploidy has also been found associated with CIN in Ataxia Telangiectasia (AT). Iourov 

and colleagues, using a combination of mFISH and chromosome paint probes, reported that 

the mean level of aneuploidy in the AT cerebral cortex was three-fold higher when compared 

to age- and sex-matched controls. In sum, these data suggest that 2-50% of cells in the 

cerebral cortex of AT patients may be aneuploid for one or more chromosomes (Iourov et al, 

2009b; Yurov et al., 2009a).
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Although aneuploidy seems to be linked to NDs, it is not clear yet how ploidy changes 

would occur in post-mitotic cells, such as neurons. One possibility is that neurons 

degenerate because they re-enter a lethal cell cycle. This is supported by the presence of 

FISH signals indicative of large genomic regions suggestive of ongoing replication in 

hippocampal pyramidal and basal fore-brain neurons of AD patients relative to age matched 

controls (Yang et al., 2001). Another possibility is the presence of genomic variation in 

genes that control, for example, chromosome segregation. This is suggested by the 

observation that young (<35 years of age) mothers of DS children have a statistically 

significant increase of micronucleated lymphocytes, a phenomenon that is indicative of the 

predisposition of these women to chromosomal nondisjunction leading to mosaic trisomy 21 

(Migliore et al., 2006).

7. Structural genomic variation in the disease-free adult brain

Studies aimed to analyze mosaic GIN requires analysis at the single cell level because of the 

heterogenic nature of the alterations, which are often unique to one or few cells within a 

tissue ororgan. Karyotyping techniques are not well suited for the study of non-proliferating 

cells (Faggioli et al, 2014). Interphase FISH approaches enable the analysis of genomic 

variation at the single cell level in large number of cells in a relatively short period of time, 

and have been instrumental to the groundbreaking discoveries that opened the field of 

mosaic aneuploidies in the brain (Fig. 4). However, they have a limitation given that they 

allow the analysis of only few pre-selected loci. This feature limits the opportunity to study 

CNAs across all chromosomes at once and also to analyze segmental (i.e., across a portion 

of the chromosome) copy number alterations. The most suitable approach to overcome these 

limitations is whole genome single cell DNA sequencing (Gundry et al., 2012). Over the 

past few years ultra-low whole genome sequencing (∼0.1-0.5× coverage) has become a 

reliable method for the measurement of GIN at the level of whole chromosome aneuploidies 

or for the detection of large regions of copy number imbalance (Xie et al, 2013). Due to the 

development of techniques for single cell DNA amplification, these approaches are now 

emerging as effective tools for the analysis of CNVs. This, combined with a reduced cost of 

genome sequencing (Caulfield et al, 2013), enables the analysis of a large number of cells 

representative of the genomic heterogeneity that may be present in tissues. McConnell and 

colleagues performed aneuploidy analysis using Next Generation Sequencing (NGS) 

approaches to study neuron-derived human-induced pluripotent stem cells and human 

postmortem frontal cortex neurons (McConnell et al., 2013). Somatic sub-chromosomal 

deletionsand amplifications were mostly unique to each neuron, suggesting that in these 

cells CNVs were not clonal. Of the 116 neurons analyzed, 41% had frequent somatic CNVs 

up to 75 Mb, with three cases presenting large copy number alterations affecting more than 

50% of the chromosome. The ability to analyze CNVs in the genome at the single cell level 

allows the future understanding of the biological implications of aneuploidy. For example, 

CNVs were found more frequently at telomeric regions but seemed not to affect other 

genomic features important for genome stability (such as transposons, segmental 

duplications or fragile sites). Losses were twice as common than chromosomal gains. 

Interestingly, it appears that a small percentage of cells (∼15%) contain a high frequency of 

CNVs (73% of all the detected alterations), suggesting that mosaic aneuploidy, at least in 
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neurons, targets a relatively low number of cells but at high frequency (McConnell et al., 

2013) (Fig. 5).

The power of NGS has recently enabled a better characterization of somatic 

retrotransposition in the brain, a mechanism long proposed as a source of genotypic 

variation among neurons (Coufal et al, 2009). Upton and colleagues, using single-cell 

retrotransposon capture sequencing (RC-seq) for the analysis of hippocampal neurons, glia, 

and cortical neurons (Upton et al, 2015), found that hippocampal neurons have a high 

frequency of L1 mosaicism and reported an average of 13.7% somatic L1 insertions per 

hippocampal neuron. This frequency is surprisingly high and agrees with a previously 

reported estimate of 80 insertions per brain cell (Coufal et al., 2009). However other studies 

have estimated somatic L1 insertions to be <0.6 per neuron (Evrony et al, 2012). A clear 

explanation for such a significant discrepancy is lacking and underscores the need for 

additional studies. Regardless of frequency and extent of L1 retro transposition activity, the 

ability to map L1 insertion sites with accuracy in somatic cells will soon shed light on 

mechanisms of neuronal function in the adult brain. In particular, the observation that L1 

sequences may preferentially insert near protein-coding regions and highly transcribed genes 

suggests that they have the potential, like structural CNVs, to alter proper function of the 

adult brain (Upton et al., 2015).

8. Considerations on functional consequences of genomic instability

Murine models of aneuploidy support the hypothesis that ploidy changes contribute to tissue 

degeneration and premature aging phenotypes (Baker et al., 2004; Baker et al., 2006; 

Matsuyama et al., 2013; Tanakaet al., 2015). Indeed, mice expressing ∼10% of normal levels 

of the BubR1 protein (BubR1 hypomorphic), progressively accumulate aneuploidy in the 

spleen, develop a series of age-related pathologies and have reduced lifespan (Baker et al., 

2004). Surprisingly, we have recently reported that the adult brain of these segmental 

progeroid mice contains similar levels of aneuploidy as age-matched controls (∼1%), 

suggesting that not all aspects of normative aging are recapitulated or that high levels of 

aneuploidy may be present during development and are eliminated later in life. Indeed, 

during embryonic development (E13.5), the cerebral cortex of BubR1 hypomorphic mice 

contained significantly higher levels of aneuploid and TUNEL positive nuclei than WT, 

suggesting that these mice generate high levels of CIN cells that possibly trigger extensive 

cell death or activate an immune response to prompt their elimination from the tissue 

(Andriani et al., 2016). These findings are in agreement with the hypothesis that one 

function of the programmed cell death (PCD) observed in the mammalian developing CNS 

is the protection against GIN (Bushman and Chun, 2013; Yurov et al., 2007). Interestingly, 

inhibition of PCD results in hyperplasia and higher aneuploidy (Peterson et al., 2012). Thus, 

removal of cells deviating from diploidy might be an important mechanism to maintain 

tissue homeostasis and genomic stability, because CIN can generate further DNA damage 

that possibly induce apoptosis, senescence or transformation. Accordingly, aneuploidy is 

compatible with life, yet at the cost of fitness, as clearly demonstrated by the survival of 

embryos with specific germline trisomies (14,18 and 21 in humans) and from individual 

carriers of the mosaic variegated aneuploid syndrome (MVA), a rare autosomal recessive 

disorder characterized by mosaic aneuploidy, predisposition to cancer and progeroid features 
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(Jacquemont et al., 2002). MVA patients have mutations in the SAC components BUBR1 or 

CEP57, resulting in chromosome miss-segregation and thus aneuploidy.

That aneuploidy plays a role in aging is a relatively new discovery in the field, and the extent 

of this phenomenon, the complexity of aneuploidy and the chromosomes affected remains 

largely unknown. Aging is accompanied by a gradual impairment of cognitive functions, 

such as attention and memory (Glisky, 2007), and it remains to be determined if aneuploidy 

contributes to these outcomes. Most aneuploidy syndromes are associated with brain 

phenotypes that affect learning, language and behavior (Dierssen et al., 2009). Likewise, 

DS's patients, harboring an extra copy of chromosome 21, undergo memory loss and 

neurodegeneration with age (Lockrow et al., 2012). Interestingly, mice trisomic for genomic 

regions associated with DS exhibit DS-related neurological defects and impaired cognitive 

behaviors, likely due to gene dosage-imbalances that deregulate multiple pathways (Pereira 

et al., 2009; Yu et al., 2010). In addition, buccal cells isolated from individuals diagnosed 

with mild cognitive impairment or AD were found containing significantly higher DNA 

content than controls (Francois et al., 2014). Collectively these findings suggest a causative 

link between aneuploidy and age-related changes in memory and cognition, but more studies 

are necessary to establish a definitive link and to shed light on the mechanisms involved in 

this process.

The presence of somatic mosaicism relative to ploidy changes has been known for several 

decades. It was primarily reported in cases of mental retardation and affecting sex 

chromosomes (Ford et al., 1959), and later confirmed by genome-wide studies (Jacobs et al., 

2012; Machiela et al., 2015). However, because a detailed characterization of ploidy changes 

and other forms of GIN in somatic tissue requires a single cell approach, this field of 

investigation remains in its infancy. Some studies are emerging suggesting widespread 

ploidy changes in the brain (McConnell et al., 2013), but others are contradictory (Knouse et 

al., 2014), suggesting that aneuploidy in somatic tissues may be present at lower levels than 

previously anticipated. This represents an emerging field associated with technical 

challenges. In fact, detection of CNVs in single nuclei is inherently challenging, since all 

methods for analysis of single cells require DNA amplification, which can be notoriously 

error-prone.

These results provoke a discussion about the severity of aneuploidy levels and functional 

consequences. On one hand, aneuploidy is associated with impaired fitness (Thorburn et al., 

2013; Torres et al., 2008; Williams et al., 2008), as well as with early onset of senescence 

and premature aging-phenotypes (Baker et al., 2004; Baker et al., 2006). On the other hand, 

aneuploidy is a feature of most tumors and has been proposed as a driver of tumorigenesis 

(Boveri, 1902; Holland and Cleveland, 2012b; Ricke et al., 2008). It seems, therefore, that 

these two aspects contradict each other. In vitro transformation of aneuploid cells is 

associated with loss of function of the TP53 pathway (Soussi, 2010), which is also the most 

common altered pathway in tumors (2013) and its inactivation believed to be permissive for 

aneuploidy and GIN. Recent evidence also suggests a direct role of TP53 in regulating 

aneuploidy by prompting centrosome separation and, thus, when down-regulated, resulting 

in the formation of anaphase bridges and lagging chromosomes (Nam and van Deursen, 

2014). Yet, aneuploidy in a murine model of induced aneuploidy by inactivation of a 
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component of the chromosome segregation machinery (centromere protein E) suggests that 

while aneuploidy can promote tumorigenesis, high levels in certain tissues have tumor 

protective functions (Weaver et al., 2007). Solid tumors are characterized by specific 

patterns of chromosome gain and loss and, therefore, specific chromosomes may be of 

particular relevance for transformation in certain tissues, cell types or specific developmental 

stages (Forozan et al., 1997; Ried et al., 1995). In fact, in vitro experiments support this 

hypothesis (Santaguida and Amon, 2015; Williams et al., 2008).

Nevertheless, aneuploidy is not necessarily prejudicial to the organism. Studies in mature 

hepatocytes revealed that specific loss of chromosome 16 may function as an adaptive 

mechanism against chronic liver injury, suggesting that aneuploidy can be advantageous in 

pathological conditions (Duncan et al., 2012a). In the brain, aneuploid cells were shown to 

be capable of differentiating into neuronal and glial lineages and to constitute active neural 

circuitry, suggesting that they provide cellular diversity to the brain without impairing its 

functionality (Kaushal et al., 2003; Rehen et al., 2001). Therefore, it may be difficult to 

dissect the balance between a beneficial effect of aneuploidy and a detrimental outcome, 

such as tissue degeneration and cancer. Perhaps the presence of functional TP53 is the first 

determinant of cell fate upon aneuploidy/polyploidy generation, which can result in 

apoptosis, growth defects and senescence arrest. When TP53 is absent or mutated, non-

diploid cells can proliferate without checkpoint activation and thrive, which could facilitate 

cancer initiation (Li et al.,2010; Thompson and Compton, 2010). However, most senescent 

cells activate a Senescence-Associated Secretory Phenotype (SASP) that affects neighboring 

cells by creating a pro-inflammatory tissue milieu, which contributes to aging-related 

pathologies and promote malignant phenotypes and tumor growth in vivo (Coppe et al., 

2010). Recent evidence suggests that cellular senescence is a potential contributor to the 

age-related inflammation observed in the brain through the secretion of SASP factors and/or 

by abrogating neurogenesis during adulthood. Microglia undergo telomere shortening with 

aging and microglia-mediated up-regulation of SASP components is associated with normal 

brain aging and age-related NDs (Chinta et al., 2013; Chinta et al., 2015; Tan et al, 2014). 

Senescent-like phenotypes have also been observed in Purkinje, cortical and hippocampal 

neurons in response to DNA damage (Tan et al., 2014). Expression of both p16 and SASP 

metallopeptidase MMP3 were increased in astrocytes from aged and AD autopsied human 

brain tissues relative to young healthy controls, and higher amounts of p16 and γ-H2AX 

positive cells were also observed in PD samples. These findings suggest that senescence can 

occur in the mammalian brain and in a manner that makes it more prominent at old age and 

in ND (Chinta et al., 2015). In this view, senescence induction in the brain, through 

accumulation of GIN could be a unifying mechanism that may explain age-related 

inflammation and neurodegeneration, as well as the age-related increase in brain tumor 

incidence (Flowers, 2000).

Apart from the functional consequences one must also consider the mechanisms that lead to 

accumulation of somatic ploidy changes during aging. One hypothesis is that aging may be 

associated with a relaxation of the control of components of the chromosome segregation 

machinery, as demonstrated for oocytes (Leland et al. 2009), or with the accumulation of 

oxidative damage as suggested above. This would lead to the stochastic establishment of 

aneuploidy with a random pattern of chromosome gains and losses that could undergo 

Andriani et al. Page 17

Mech Ageing Dev. Author manuscript; available in PMC 2017 June 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



selective pressure similar to what is observed in cancer cells. Indeed, our studies support this 

hypothesis suggesting that, at least in the cerebral cortex, aneuploidy may be chromosome-

specific with higher frequencies observed for chromosomes 7,18 and Y (Faggioli et al., 

2012).

9. Summary and future prospects

A large body of work demonstrates that mosaic aneuploidy resulting in tissues containing 

mixed diploid, aneuploid and euploid cells throughout an organism is not merely a feature of 

disease. While now a generally accepted phenomenon, this discovery is relatively recent and 

therefore represents a growing field of investigation. Several important questions still remain 

unanswered, while other are only beginnings to be explored. First, the extent in term of 

frequency of non-diploid cells, the number of chromosomes affected, the tissues and the cell 

subtypes affected within an organism remains largely unknown. While these studies would 

be descriptive, this knowledge would be important to understand the extent of this 

occurrence and vital to suggest possible links to functional consequences. In this regards 

technological advances are instrumental to tackle this problem. The establishment of 

improved murine lines, especially in a background of lineage tracing model, make it now 

possible to access enriched subpopulation of cells from genetically engineered mice in a 

variety of models of GIN and W-CIN. Because mosai c aneuploidy studies require the 

analysis at the single cell level, genome wide approaches like ultra low-coverage sequencing 

will be at the forefront to advance this field. Next a better understanding of the mechanisms 

responsible for mosaic aneuploidies, especially in the CNS, will be valuable to design new 

models to study the functional consequences at the cell, tissue and whole organism levels.In 

this respect the ultimate question as why mosaic aneuploidy is more prominent in some 

tissues or under certain conditions, why some tissue or cell subtypes tolerate aneuploidy 

better than other, still remains largely unexplored.
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Abbreviations

AD Alzheimer's disease

ALS amyotrophic lateral sclerosis

AT ataxia telangiectasia

BER base excision repair

BFB breakage-fusion-bridge

BMDCs bone marrow-derived cells

BS Bloom syndrome

CIN chromosome instability

CNS central nervous system

CPC chromosome passenger complex

CRC colorectal cancer

CS Cockayne's syndrome

DC dyskeratosis congenita

DS Down's syndrome

DSB double-strand break

DM double-minute chromosome

DNMT DNA methyltransferases

FA Friedreich's ataxia

FAN Fanconi anemia

FISH fluorescence in situ hybridization

FXTAS fragile X-associated tremor/ataxia syndrome

GIN genomic instability
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HAT histone acetyltransferase

HD Huntington's disease

HDAC histone deacetylases

HGPS Hutchinson-Gilford progeria syndrome

HR homologous recombination

HSR homogeneously staining region

IR ionizing radiation

MMR mismatch repair

MR mental retardation

mtDNA mitochondrial DNA

MVA mosaic variegated aneuploidy syndrome

NBS Nijmegen breakage syndrome

ND neurodegenerative diseases

NER nucleotide excision repair

NGS next generation sequencing

NHEJ non-homologous end joining

NPC neural progenitor cells

OPTMs oxidative post-translational modifications

PCD programmed cell death

PD Parkinson's disease

RNS reactive nitrogen species

ROS reactive oxygen species

RTS Rothmund-Thomson syndrome

SAC spindle assembly checkpoint

s-CIN structural instability

SGZ subgranular zone

SKY spectral karyotype

SNCA alpha synuclein

SCNAs somatic copy number alteration/aberrations
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SVZ subventricular zone

TTD trichothiodystrophy

UV ultraviolet

VSMC vascular smooth muscle cell

VZ ventricular zone

W-CIN whole chromosome instability

WRN Werner syndrome, recQ helicase-like

WS Werner syndrome

XP xeroderma pigmentosum
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Fig. 1. 
Routes to aneuploidy and tetraploidy. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.) In a CIN state (1, top 

left) deficiency in SAC signaling (1.1) and merotelic attachments (1.2) result in lagging 

chromosomes that can generate mononucleated aneuploid cells, aneuploid cells containing a 

micronucleus, ortetraploid cells (cells in red) due to chromatin bridging and cytokinesis 

failure (grey area). Tetraploid cells arising from different mechanisms present centrosome 

amplification (1.3), which in turn can lead to multipolar mitotic spindles and lagging 

chromosomes. Finally, replication stress (1.4) is a trait of CIN cells that can lead to 

chromatin bridging and thus, cytokinesis failure or structural rearrangements. Mitotic 

slippage (2) occurs when the SAC is activated for an extended period of time due to 

unattached kinetochores and slow Cyclin B degradation. This can result in mitotic exit 

without cytokinesis and thus tetraploidy. Cell fusion (3) of diploid cells can form atetraploid/

polyploid cell. Endoreduplication (4) occurs when DNAis duplicated but mitosis fails to 

occur, generating a tetraploid and/or polyploid cell. Dysfunctional telomeres (5) can undergo 

BFB cycles that can lead to chromatin bridging, structural rearrangements and/or cytokinesis 

failure. Chromosomes with eroded telomeres undergo frequent mis-segregation, and are also 

a source of aneuploidy. Because micronuclei have been linked to s-CIN and chromothripsis, 

all defects leading to their formation are hazardous and enable further GIN.
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Fig. 2. 
Down-regulation of components of the SAC and centromere proteins is observed during 

aging. A trend for reduced expression levels of ploidy-related genes occurs in old mice 

(16or24-months-old) relative to young (1 month-old) in tissues known to accumulate ploidy 

changes with age. Female mice (A) lung, (C) heart, (E) brain and (G) kidney. Male mice(B) 

lung, (D) heart, (F) brain and (H) kidney. Asterisks represent statistically significant 

differences (p<0.05). Data was plotted from (Zahn et al., 2007).
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Fig. 3. 
ROS are associated with the generation of CIN. (For interpretation of the references to color 

in this figure legend, the reader is referred to the web version of this article.) ROS can 

interfere with multiple aspects of the mitotic pathway leading to changes in ploidy (green 

box). ROS can also induce oxidative post-translational modifications (OPTMs) of proteins 

important for mitosis and/or cytokinesis, which can result in protein unfolding and 

malfunction. Thus, oxidative damage to mitotic components could affect their proper 

activity, leading to abnormal mitosis and CIN. Proteins of the cytoskeleton, molecular 

motors, kinetochore and centrosomal proteins are found oxidized in a context of oxidative 

stress (yellow box). It remains to be determined if components of the SAC signaling or the 

chromosome passenger complex (CPC) are also prone to OPTMs.
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Fig. 4. 
Aneuploidy assessed by four-color interphase FISH in E13.5 embryonic cerebral cortex of 

WT animals. Interphase FISH is a quantitative and sensitive approach for the analysis of 

ploidy at the single-cell level, irrespective of the proliferating status of the tested tissue. 

Examples of diploid and aneuploid cells are highlighted by the dotted line. Ploidy is shown 

as assigned by the colors of the fluorophores used to label FISH probes.
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Fig. 5. 
General model of functional consequences of CIN. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.) When 

TP53 is present and functional (top portion of scheme), CIN and CIN-associated DNA 

damage triggers different types of responses depending on the cell type and on the severity 

of abnormalities. (1) Aneuploidy provides genetic diversity during neuronal maturation and 

also selective advantage against stresses in hepatocytes. (2) High CIN has been associated 

with increased apoptotic frequency and PCD during neural development likely to eliminate 

cells with abnormal DNA content. (3) Aneuploidy slows proliferation rate and it is 

detrimental to cell and organismal fitness. (4) CIN generation in vitro and in vivo has also 

been linked to the induction of senescence. Senescent cells have the ability to change their 

microenvironment through the secretion of SASP, which comprises several signaling 

molecules, pro-inflammatory and growth factors. The inflammation generated upon SASP 

expression has been implicated in the pathology of age-related diseases, early onset of 

premature aging phenotypes and also in NDs such as AD and PD. Cellular senescence is 

also thought to contribute directly to NDs because it causes neural stem cell depletion in the 

adult (blue arrow). In circumstances where TP53 is not functional (bottom portion of 

scheme), CIN can be a driver of tumorigenesis due to gene dosage imbalances or due to the 

higher propensity to generate GIN in these cells. In both cases the outcome is growth 

advantages relative to diploid counterparts. Cells prone to transformation can acquire 

malignant phenotypes upon interaction with the SASP (i.e., epithelial to mesenchymal 

transition, increased invasiveness and motility). Induction of senescence in the brain by 

elevated CIN provides a possible unifying mechanism to explain age-related increase in 
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inflammation and neurodegeneration, as well as the higher incidence of brain tumors that is 

associated with age (5).
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Table 1

Types of GIN and their association with aging, CIN and neurodegeneration.

Type of GIN Association with aging Association with CIN Association with ND

DNA mutations Mutations accumulate with age, 
likely through reduction in 
efficiency of NER, BERand NHEJ 
repair pathways (Coppede and 
Migliore, 2010; Maslov and Vijg, 
2009; Maynard et al., 2015). Age-
related accumulation of DNA 
oxidation occurs in vitro and in 
vivo. Mutations in the NER 
pathway lead to premature aging 
disorders XP and CS (Cooke et al., 
2003; Coppede and Migliore, 2010; 
Maynard et al., 2015).

Prolonged mitotic arrest 
generates γ-H2AX foci 
(Ganem and Pellman, 2012; 
Hayashi and Karlseder, 
2013). Aneuploidy triggers 
unbalanced levels of proteins 
for genome maintenance 
(Holland and Cleveland, 
2012b; Meena et al., 2015; 
Nicholson and Cimini, 2015). 
Cleavage furrow damage 
(Ganem and Pellman, 2012; 
Janssen et al., 2011).

In vivo models of ND show DNA 
damage (mainly oxidative) as a 
common precursor of motor neuron 
death (Martin, 2008; Uttara et al., 
2009). Mutations in genes involved 
in DNA repair or DNA-damage 
response are associated with 
neurodegenerative diseases, 
including XP, CS, TTD and AT 
(Coppede and Migliore, 2010; 
Martin, 2008).
Increased DNA and RNA oxidation 
occurs in AD and PD brains, and 
high DNA oxidation in found in 
ALS samples (Coppede and 
Migliore, 2015).

mtDNA damage mtDNA alterations accumulate 
during aging in some tissues. 
Deletions are associated with 
respiratory chain defects and they 
increase with age in the CNS 
(Reeve et al., 2008).
mtDNA mutagenesis alone can 
cause degenerative age-related 
symptoms (Greaves et al., 2012). 
mtDNA mutations are associated 
with nuclear signaling pathways and 
influences the process of aging (Cha 
et al., 2015).

Aneuploid cells have 
increased levels of mtDNA 
(Fragouli et al., 2015). 
Dysfunctional mitochondria 
have been associated with 
higher chromosome 
segregation errors (Coskun 
and Busciglio, 2012).

High levels of mtDNA deletions in 
neurons have been found in ND 
(Reeve et al., 2008). Mitochondrial 
dysfuntion induced by mtDNA 
mutations cause degeneration of 
dopaminergic neurons. Huntingtin-
expressing and HD cells have higher 
levels of mtDNA damage (Cha et al., 
2015).
mtDNA damage is present in PD 
(Coppede and Migliore, 2015; 
Greaves et al., 2012; Reeve et al., 
2008), AD (Cha et al., 2015; 
Coppede and Migliore, 2015), and 
ALS patients (Coppede and 
Migliore, 2015).

CNVs Deletions are associated with 
mortality at old age (Kuningas et al., 
2011; Nygaard et al., 2015).
Deletion in Contactin-Associated-
Protein-Like 4 negatively correlates 
with female survival at the age of 80 
(Iakoubovet al., 2013).
Negative association between CNV 
in Contactin-Associated-Protein-
Like 2 is known healthy aging 
males (Iakoubovet al., 2015).

CNVs target genes that 
control the mitotic cell cycle 
progression (Iourov et al., 
2015).

Large deletions are associated with 
cognitive impairment in AD 
(Guffanti et al., 2013). CNV of 
glucose transporter SLC2A3 delays 
the onset of HD (Vittori et al., 2014). 
Triplication of the α-Synuclein locus 
is the cause of autosomal dominat 
familial PD, and CNVs in the Parkin 
gene are associated with recessive 
inheritance of PD (Singleton et al., 
2003; Toft and Ross, 2010).

DMs Limited reports. Increased 
frequency in murine aged kidney 
(Martin et al., 1985).
No increase observed in in vitro 
aging of fibroblasts (Reis et al., 
1985).

Unclear. Linked to therapy resistance: high 
frequency in neuroblastomas (Fan et 
al., 2011).
Myc amplification in 
medulloblastoma, EGFR and other 
genes in glioma (Gebhart, 2005). 
50% of high-grade astrocytomas and 
glioblastomas have DMs (Giollant et 
al., 1996).

Micronuclei Age-related increase in micronuclei 
frequency has been associated with 
loss of sex chromosomes (Bolognesi 
et al., 1999; Bukvic et al.,2001; 
Guttenbach et al., 1994; Hando et 
al., 1994; Nath et al., 1995).
Micronuclei are frequent in HGPS 
cells, premature aging disorders, 
and incidence increase with age 
(Bridger and Kill, 2004; Migliore et 
al., 2011).

Can arise from mitotic 
spindle dysfunction (lagging 
chromosomes or from 
acentric chromosomal 
fragments) and can cause 
aneuloidy (Balmus et al., 
2015; Cimini, 2008). They 
function as a mode to 
eliminate structurally 
abnormal or supernumerary 
gene copies (Ambros et al., 
1997; Casati et al., 1995).

Peripheral lymphocytes from AD 
and PD patients and skin fibroblasts 
from AD and HD patients have 
increased frequency of micronuclei 
(Coppede and Migliore, 2015; 
Migliore et al., 2011).
Neuroblastoma cell lines can 
actively elimininate extra copies of 
MYCN via micronuclei (Ambros et 
al., 1997).
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Type of GIN Association with aging Association with CIN Association with ND

Chromotripsis Not defined association with aging 
or longevity.

Micronuclei have been 
proposed as an intermediate 
step leading to chromothripsis 
through the defective DNA 
repair mechanism and 
replication fork collapse 
present in micronuclei 
(Crastaet al., 2012; Rausch et 
al., 2012).

Occurs in 18% of high-stage 
neuroblastoma (Molenaaret al., 
2012). Associated with gene 
amplification of receptor tyrosine 
kinases and modulators o TP53 and 
RB1 pathways in glioblastoma 
(Furgason et al., 2015).

Dysfunctional telomeres Most human tissues but the bain, 
show significant telomere 
shortening during aging. Some age-
related diseases are associated with 
telomere shortening (Jiang et al., 
2007). DC patients carry mutation 
in telomerase (TERT and TERC) 
and present accelerated aging (Sahin 
and Depinho, 2010). Centenarians 
and their offspring maintain longer 
telomeres (Atzmon et al., 2010).

Bridge chromatids resulting 
from telomere fusion may be 
involved in missegregation 
events resulring in aneuploidy 
(Pampalona et al., 2010a). 
Aneuploidy may confer the 
ability to survive telomerase 
insufficiency (Millet et al., 
2015).

No consistent relationship between 
telomere length and AD or PD but 
their shortening is associated with 
dementia and cognitive decline 
(Eitan et al., 2014). Short telomeres 
due to accelerated erosion have been 
reported in FA patients' leukocytes, 
and cerebellar tissues (Anjomani 
Virmouni et al., 2015).
Telomerase reactivation reverses 
neurodegeneration phenotypes in 
aged telomerase-deficient mice 
(Jaskelioff et al., 2011).

Abnormal nuclear architecture Premature aging disorders like 
HGPS are caused by mutations in 
LMNA or pre-lamins. Progerin, a 
truncated form of A-type lamin, 
accumulates with age (Gonzalo, 
2014; Kudlow et al., 2007; Worman 
et al., 2009).

In vitro downregulation of 
lamin A/C cause aneuploidy 
(Capo-chichi et al., 2011a,b).

Accumulation of Huntingtin 
aggregates causes focal distortion of 
the nuclear envelope (Chapple et al., 
2008). PD-associated mutation in 
LAMNA leads to abnormal nuclear 
architecture (Liu et al., 2012). 
Disruption of lamin A/C normal 
architecture is found in the nucleus 
in FXTAS (Arocena et al., 2005).
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Table 2

Types of CIN and their association with aging and neurodegeneration.

Type of GIN Association with aging Association with ND

CIN, W-CIN, s-CIN Age-related accumulation of ploidy changes have been 
reported inseveral mammalian tissues: lymphocytes (Jacobs et 
al., 1963), liver(Faggioli et al., 2011a), brain (Faggioli et al., 
2011b; Faggioli et al., 2012), vascularsmooth muscle cells 
(Jones and Ravid, 2004), oocytes (Jones, 2008) 
andkeratinocytes (Zanet et al., 2010).
Fibroblasts from premature aging syndromes have 
increasedaneuploidy (Mukherjee and Costello, 1998).
Some CIN mouse models show premature aging phenotypes 
(Bakeret al., 2004; Bakeret al., 2006; Matsuyama et al., 2013; 
Tanaka et al., 2015), andprotection against aneuploidy by 
overexpression of BubR1 extendslifespan (Baker et al., 2013).

Increased CIN can result in ND, as stochastic 
aneuploidy is present in the cerebellum and the cortex 
of AT patients (Coppede and Migliore, 2015; Iourov et 
al., 2009a,b). Increased aneuploidy in AD samples 
(Mainly chromosomes 18, 21, and X) (Geller and 
Potter, 1999; Iourov et al., 2009b; Yurovet al., 2014).
Some CIN syndromes are associated with ND or 
neuropathology: AT, NBS, XP, TTD, CS, FAN, WS, 
BS and RTS (Mathur et al., 2000; Rolig and 
McKinnon, 2000).
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