Chapter 7

Mitotic Dysfunction Associated with Aging
Hallmarks

Joana Catarina Macedo, Sara Vaz, and Elsa Logarinho

Abstract Aging is a biological process characterized by the progressive deteriora-
tion of physiological functions known to be the main risk factor for chronic diseases
and declining health. There has been an emerging connection between aging and
aneuploidy, an aberrant number of chromosomes, even though the molecular mech-
anisms behind age-associated aneuploidy remain largely unknown. In recent years,
several genetic pathways and biochemical processes controlling the rate of aging
have been identified and proposed as aging hallmarks. Primary hallmarks that cause
the accumulation of cellular damage include genomic instability, telomere attrition,
epigenetic alterations and loss of proteostasis (Lopez-Otin et al., Cell 153:1194—
1217, 2013). Here we review the provocative link between these aging hallmarks
and the loss of chromosome segregation fidelity during cell division, which could
support the correlation between aging and aneuploidy seen over the past decades.
Secondly, we review the systemic impacts of aneuploidy in cell physiology and
emphasize how these include some of the primary hallmarks of aging. Based on the
evidence, we propose a mutual causality between aging and aneuploidy, and suggest
modulation of mitotic fidelity as a potential means to ameliorate healthy lifespan.
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7.1 Age-Associated Aneuploidy

Aging has been linked to an increase in aneuploidy' for the past several decades [1].
This association has been well documented for oocytes and is considered to be the
main cause of female reproductive infertility as well as of mis-carriage and birth
defects in humans [2]. However, aneuploidy can also arise in somatic cells, and a
number of studies have reported age-dependent increases in aneuploidy. Men are
for long known to be subject to age-related loss of the Y chromosome (LOY) [3-5],
and recent studies have suggested that LOY is associated with shorter survival and
higher risk of cancer [6]. Also, loss of an X chromosome with advancing age has
been reported for females [7, 8], though the physiological consequence of this phe-
nomenon remains unclear. Similarly to sexual chromosomes, an increase in autoso-
mal aneuploidy has been observed in elderly peripheral blood lymphocytes, bone
marrow cells, myeloid cells and fibroblasts, using different techniques such as meta-
phase spreads and fluorescence in sifu hybridization in both interphase nuclei and
cytokinesis-blocked binucleated cells [9—11]. The results obtained have shown that
aging is positively correlated with the incidence of chromosome mis-segregation,?
even though different chromosomes might have distinct susceptibility to mis-
segregation [11, 12], or alternatively generate aneusomies® more compatible with
cell survival [9, 10]. Chromosome-specific aneuploidies were also found in the
aging brain as well as in buccal cells from both older patients and patients with
Alzheimer’s disease (AD), suggesting they might contribute to neurodegeneration
[13—15]. However, this became recently controversial with the advent of single-cell
whole genome sequencing to measure aneuploidy [16, 17].

The relative high frequencies of multiple mis-segregation events (involving more
than one chromosome) have raised the question whether there is a general dysfunc-
tion of the mitotic apparatus in aged cells [12]. Oligonucleotide microarrays in a
panel of fibroblast and lymphocyte cultures from young and old individuals were
used to determine changes in gene expression specific for increased aneuploidy
with age [18, 19]. These analyses revealed an association between age-related aneu-
ploidy and the expression levels of genes involved in centromere* and kinetochore’
function and in the microtubule and spindle assembly apparatus [18]. This opens the
question whether dividing cells of elderly proliferative tissues exhibit any of the
mitotic defects known to lead to aneuploidy. These include defective sister chroma-
tid cohesion, weakened spindle assembly checkpoint (SAC),® supernumerary

'Chromosome content that is not an exact multiple of the haploid complement; imbalanced
karyotype.
2Segregation of a whole chromosome to the incorrect daughter cell during mitosis.

3Gains or losses of entire chromosomes arising from mis-segregation events during cell division;
generally denotes a diploid organism with subpopulations of aneuploid somatic cells.

4Part of the chromosome comprised of repetitive DNA where the sister-chromatids are connected
and the kinetochores assembled.

SLarge protein complex that allows the attachment of chromosomes to spindle microtubules.

®Surveillance mechanism that halts cell cycle progression until all chromosomes are correctly
attached to the spindle.
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centrosomes’ and abnormal dynamics of kinetochore-microtubule attachments, as
reviewed [20, 21]. Proper chromosome segregation requires the maintenance of
cohesion between replicated chromosomes (sister chromatids) through the G2 and
M phases and then the sudden disruption at anaphase onset. The SAC acts to prevent
the destruction of sister chromatid cohesion as long there are chromosomes not
properly attached to spindle microtubules. Even though the back-to-back geometry
of sister kinetochores favors chromosome bi-orientation (attachment to microtu-
bules from opposite poles) [22], the stochastic nature of the attachments might
result in errors such as one single kinetochore attached to microtubules from differ-
ent poles (merotely). Merotely occurs naturally in early mitosis but is corrected
before anaphase by specific molecular mechanisms [23]. If left uncorrected, mero-
tely results in anaphase lagging® chromosomes that might generate aneuploid
daughter cells. The prevalence of merotelic attachments increases with cohesion
defects that impair the orderly packing of centromeric chromatin and the typical
back-to-back orientation of sister kinetochores. The incidence of merotely also
increases in cells with attenuated SAC activity likely due to insufficient time for
correction prior to anaphase onset. Cells with extra centrosomes induce transient
multipolar spindles before the coalescence of centrosomes into bipolar spindles,
and this event was shown to promote merotely and lagging chromosomes [24, 25].
Finally, insults that stabilize kinetochore-microtubule attachments prevent efficient
correction of wrong attachments (which acts by releasing inappropriately attached
microtubules) and promote chromosome mis-segregation [26].

Interestingly, the analysis of the mitotic process in aging models and diseases,
even though limited, has often revealed the presence of dysfunctional phenotypes.
Thus, we next review the data supporting that the primary causes of cellular damage
during aging can induce mitotic defects and aneuploidization.

7.2 Mitotic Defects Associated with Primary Hallmarks
of Aging

Genomic instability, telomere loss, epigenetic drift and defective proteostasis have
been classified as primary hallmarks of aging, which act as initiating triggers whose
damaging consequences progressively accumulate with time leading to secondary
hallmarks [27]. In this section, and for each one of these types of damage, we will
(1) briefly summarize how it has been linked to aging, and (2) highlight how often
it leads to mitotic defects. By compiling these data, we argue for the existence of an
age-associated mitotic decline.

"The main microtubule-organizing center of the cell, which contains the centrioles (in animal
cells) and duplicates before mitosis to form a bipolar spindle.

8 Chromosome that is left behind at the spindle equator when all the other chromosomes have seg-
regated to opposite spindle poles.
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7.2.1 Genomic Instability

Recent evidence points to DNA damage accumulation as an important driver of the
aging process [28]. DNA integrity is constantly challenged by exogenous agents
such as radiation, environmental chemicals, endogenous reactive oxygen and nitro-
gen species. These genotoxic agents induce altogether an enormous variety of DNA
lesions that include point mutations, single- or double-stranded DNA breaks, and
chromosomal rearrangements, losses and gains. To counteract DNA damage, the
organisms have evolved a powerful network of repair mechanisms that jointly cor-
rect most of the nuclear DNA lesions. Aging arises from a wide range of phenotypic
changes at the cellular level once the repair mechanisms are not sufficient to cope
with a given level of damage [29]. In addition to the direct lesions in DNA, defects
in nuclear architecture, known as laminopathies,’ also lead to genome instability
and premature aging'® [30].

7.2.1.1 Nuclear DNA Damage
Nuclear DNA Damage and Aging

A prominent role of genome integrity in aging has been emphasized by the percep-
tion that most multi-system premature aging syndromes are caused by mutations in
DNA repair genes. Examples are Werner syndrome (WS), Bloom syndrome (BS),
Rothmund-Thomson (RTS), Fanconi’s anemia (FA), Cockayne syndrome (CS),
Trichothiodystrophy (TTD), and XFE syndrome [28, 31, 32]. Mice with defects in
specific DNA repair mechanisms also display many progeroid phenotypes'!' [33].
Integrative analysis of human syndromes and mouse models has tentatively assigned
aging phenotypes to specific DNA lesions, although the impact of specific lesions
depends additionally on the underlying DNA repair mechanism and cellular context
(stage in the cell cycle, proliferation and differentiation status, overall condition)
[34]. In proliferative tissues and cell compartments, such as the hematopoietic and
gonadal systems, double strand breaks (DSBs) and interstrand crosslinks (ICLs) are
the types of lesions translating into segmental aging features.!> DSBs and ICLs
block DNA replication, activating the DNA damage response (DDR). When not
repaired by the error-prone mechanisms, these lesions lead to cell death or senes-
cence'® [35]. Cell death induces loss of tissue homeostasis or depletion of somatic

?Group of rare diseases caused by mutations in genes functionally linked to formation/mainte-
nance of nuclear lamina.

10A condition in which aging features arise early in life.

Features of late-life aging in young individuals, as for instance grey hair, cataracts and body mass
loss.

12Partially mimic an aging phenotype; do not include all signs of aging.

3Refers to an essentially irreversible growth arrest that occurs when cells that can divide encoun-
ter oncogenic stress (for instance, strong mitogenic signals); it is a secondary aging hallmark or
compensatory response to primary causes of cellular damage.
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stem cell pools, whereas cellular senescence induces a secretory phenotype including
several pro-inflammatory cytokines, leading to tissue functional decline [36]. An
example of a human syndrome caused by defects in ICL repair is FA, whereas the
syndromes WS, RTS and BS are all caused by defective DSB repair due to muta-
tions in RecQ helicases. These syndromes exhibit cancer and/or aging phenotypes
depending whether ICLs/DSBs are repaired or not by error-prone mechanisms,
respectively. In post-mitotic tissues, such as the neuronal system, helix-distorting
lesions are the type of lesions most commonly leading to tissue decline and aging.
Helix-disruptive lesions block RNA polymerase elongation and repair is initiated by
transcription-coupled repair (TCR), a multi-step ‘cut-and-patch’-type excision
reaction that uses many core nucleotide-excision repair (NER) factors. Defective
TCR repair is the main driver of premature aging phenotypes in the human disor-
ders TTD, CS and XFE, and corresponding mouse models [37].

Finally, not only defects in DNA maintenance may lead to accelerated aging, but
also there is sufficient evidence that all pathways of DNA repair become less effi-
cient with age [38]. Even though the causes behind this decline remain elusive,
several studies have identified an age-related decrease in the expression of DNA
repair enzymes or their activities [39].

Mitotic Defects Induced by DNA Damage

The DNA damage response (DDR) is a complex signaling cascade that leads to cell
cycle arrest in the presence of DNA lesions including those abovementioned that
stall replication, transcription and that translate into aging phenotypes. DDR has
been extensively investigated in interphase and shown to comprise two pathways,
ATR/CHK1 and ATM/CHKZ2, that inhibit mitotic entry in order to provide sufficient
time for DNA repair [40, 41]. However, recent studies have found that mitotic cells
can also elicit a ‘primary DDR’ comprised of early events such as ATM activation,
but then are unable to repair DNA damage due to the inhibition of 53BP1 recruit-
ment to DNA lesions by mitotic kinase activity [42]. The rationale behind this
impaired recruitment is to restrain end-to-end chromosome fusions that interfere
with chromosome segregation [43] (see Sect. 7.2.2.2). Nevertheless, as lately
shown, partial activation of DDR during mitosis increases the frequency of lagging
chromosomes during anaphase by selectively stabilizing kinetochore-microtubule
attachments and, thereby, preventing efficient correction of erroneous attachments
[44] (Fig. 7.1a).

Moreover, mutations in several DNA repair genes have been frequently reported
to induce chromosome segregation errors. This is the case of FA, WS, BS and RTS
human diseases in which DNA damage interferes with DNA replication. FA is
caused by mutations in genes of the FANC pathway and cells from FA patients typi-
cally exhibit gross aneuploidy [45, 46]. Recent studies have evaluated the role of FA
proteins in chromosome segregation. FANCD?2 localizes to discrete sites on mitotic
chromosomes to promote anaphase resolution of chromosome entanglements
induced by replication fork stalling [47] (Fig. 7.1b). In addition, FA proteins
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Fig. 7.1 Age-associated nuclear DNA Damage leads to mitotic defects. (a—e). DNA damage accu-
mulation or defective DNA repair mechanisms are important drivers of aging. (a) DSB and ICL
lesions induce replication fork stalling and elicit a primary DDR (ATM/CHK2 activation) that
leads to the phosphorylation of Aur-A and Plk-1 mitotic kinases, stabilization of kinetochore-
microtubule attachments and increased frequency of lagging chromosomes during anaphase. (b)
Defective ICL repair (FA) and defective WRN and BLM helicase activity result in limited resolu-
tion of anaphase ultrafine bridges (UFBs) emerging from different chromosomal loci, centromeres
(C-UFBs), telomeres (T-UFBs) and fragile sites (FS-UFBs). (¢) Moreover, defective Recql4
helicase (RTS) leads to premature centromere separation. (d) Bulky lesions induce transcriptional
stalling and primary DDR that leads to overstable kinetochore-microtubule attachments. (e)
Mutations in NER core factors, as for instance XPD and XPF, which interfere with their localiza-
tion to the mitotic spindle, result in spindle defects and chromosome mis-segregation

differentially localize to structures of the mitotic apparatus generating a signal
essential for SAC activity [48]. Three of the five human RecQ homologs have been
shown to be associated with the autosomal recessive syndromes, WS, BS and
RTS. The RecQ protein family is a highly conserved group of DNA helicases
involved in recombination-related processes, the non-homologous end-joining and
homologous recombination, that function in the repair of DSBs, ICLs and recovery
of stalled or broken replication forks [49]. Importantly, these helicases are required
to protect the genome from illegitimate recombination during chromosome segrega-
tion. Analyses of patient-derived cells have demonstrated unusually high frequen-
cies of chromosomal abnormalities including aneuploidy [50-54]. Chromosomal
instability is also found in the mouse models of these human diseases [55-57]. Cells
from Recql4 mutant mice (Type II RTS model) have high frequencies of premature
centromere separation and aneuploidy, suggesting a role for Recql4 in sister-chro-
matid cohesion [57] (Fig. 7.1c). Both WRN and BLM helicases function to resolve
stalled DNA replication forks and preclude chromatin mis-segregation [S8—60]. By
unwinding various DNA structures, BLM not only prevents elevated frequency of
sister chromatid homologous recombination, but also resolves ultrafine anaphase
bridges'* during the later stages of mitosis [61]. BLM localizes to all types of ultra-
fine anaphase bridges (UFBs) emerging from different chromosomal loci,
centromeres, telomeres and fragile sites. Centromere-UFBs are likely due to double
strand DNA catenation, whereas telomere-UFBs and fragile site-UFBs most likely

14 Stretched chromatin structure in between two daughter cells.
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contain incompletely replicated DNA or hemicatenates [62]. Localization of BLM
to UBFs depends on the Plk1-interacting checkpoint kinase PICH and is required to
prevent the formation of supernumerary UFBs [63] (Fig. 7.1b).

Studies of NER mutations in human patients and mouse models suggest that, like
replication stalling, also transcriptional blocking might compromise chromosome
segregation (Fig. 7.1d). Whereas clinical phenotypes of highly elevated cancer pre-
disposition, such as in Xeroderma pigmentosa (XP), are caused by mutations that
affect the global genome NER pathway, those of accelerated aging, such as in
Cockayne Syndrome (CS), are caused by mutations that affect the transcription-
coupled NER pathway [37]. However, following DNA damage recognition, both
pathways converge into common NER factors that unwind the helix (XPB, XPD
and XPA) and remove the damaged DNA strand (ERCCI1, XPF, and XPG).
Mutations in NER core factors, for example XPD, cause diseases with combined
phenotypes of XP and CS, such as XP/CS and Trichothiodystrophy (TTD). Evidence
for a role of transcription-coupled NER in mitotic fidelity have come from reports
showing increased aneuploidy in CS cells [53] as well as in XP-D and XP-D/CS
cells [64]. XPD forms a specific complex called MMXD that localizes to the mitotic
spindle and is required for proper chromosome segregation [64] (Fig. 7.1e). XPF,
mutated in XFE syndrome, also localizes to the mitotic spindle [65] and, in addi-
tion, co-localizes with FANCD2 on mitotic chromosomes playing a role in process-
ing of replication stress at fragile sites until mitosis [66].

It is possible that the distinct mitotic defects found in association with mutations
in different DNA repair enzymes, do actually concur in an age-associated mitotic
decline, if we consider that all pathways of DNA repair become less efficient during
natural aging [38].

7.2.1.2 Nuclear Lamina Defects

Defects in the nuclear lamina, a structure near the inner nuclear membrane and the
peripheral chromatin, compromise nuclear architecture and can cause genomic
instability [67]. LMNA is a gene differentially expressed and spliced to produce the
nuclear intermediate filament proteins lamins A and C, the major components of the
nuclear lamina that direct and indirectly act in the maintenance of nuclear structure,
gene expression, chromatin organization, cell cycle regulation and apoptosis [68].

Nuclear Structure and Aging

In the past 20 years, an increasing number of mutations in lamins and lamin-binding
proteins was found to be linked to at least 15 different diseases, called laminopa-
thies, of which Hutchinson-Gilford Progeria Syndrome (HGPS), Restrictive
Dermopathy (RD) and Néstor-Guillermo Progeria Syndrome (NPGS) exhibit
segmental premature aging features [69]. Classic HGPS is caused by a point muta-
tion in the LMNA gene that activates a cryptic donor splice site leading to partial
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deletion of exon 11 and generation of a mutant lamin A (LA) protein termed
“progerin/LAA50”. Normally, mature lamin A is generated from a prelamin A pre-
cursor through substantial post-translational modification of its C-terminal CaaX
motif, which includes cysteine farnesylation, cleavage of the aaX amino acids by
the FACE-1/Zmspte24 metalloproteinase, carboxymethylation of the farnesylated
cysteine and, finally, a second cleavage of the 15 terminal residues also by FACE-1
[70]. The progerin-truncated isoform remains permanently farnesylated and car-
boxymethylated since it cannot be secondarily cleaved by FACE-1. This leads to
toxic accumulation of progerin at the nuclear envelope of HGPS patient cells caus-
ing nuclear shape abnormalities and chromatin stress [71]. Several studies have
supported the dominant-negative disruption of lamin-related functions by progerin.
Expression of LAAS50 in normal cells recapitulates the nuclear abnormalities of
HGPS cells [71], whereas expression of nonfarnesylated and carboxymethylated
versions of progerin [72] does not show the classical HGPS phenotypes. Moreover,
administration of farnesyl transferase inhibitors rescues some of the HGPS pheno-
types [73, 74]. Another progeroid syndrome, RD, is caused by homozygous loss of
FACE-1/ZMPSTE24 [75, 76]. Again accumulation of farnesylated prelamin A asso-
ciates with the disease phenotypes, and mice deficient in Zmpste24 extensively phe-
nocopy HGPS. The NGPS is caused by mutations in the barrier to autointegration
Jfactor BAF/BANF I gene which codes for an essential DNA-binding protein involved
in many pathways, namely the maintenance of nuclear structure through interaction
with lamins and nuclear membrane proteins [77].

Remarkably, studies of progeroid laminopathies and lamin A-related mouse
models have generated significant insight into the normal aging process. Fibroblast
samples from elderly wild type individuals have been shown to exhibit increased
DNA damage, morphological abnormalities and changes in histone modifications
comparable to those of HGPS patients [71, 78]. In addition, the appearance of
progerin in fibroblasts and skin samples from elderly individuals [79, 80], further
suggests that progerin may play a role in normal aging. Progerin synthesis due to
sporadic use of the cryptic splice site in the LMNA gene and decreased levels of
lamin B1 are putative determinants of the age-related nuclear defects [80-82].

Mitotic Defects in Progeroid Laminopathies

Early studies measuring aneuploidy in cultured cells from human progeria syn-
dromes found significantly increased levels compared to controls [53]. More
recently, expression of progerin/LAAS0O in human cells was shown to cause chro-
mosome segregation defects [83, 84]. Stable farnesylation and carboxymethylation
of the mutant LAAS0 cause an abnormal association with membranes during mito-
sis as well as formation of insoluble cytoplasmic aggregates. The abnormal dynamic
behavior of progerin interferes with the mitotic membrane network morphogenesis,
leading to a significant increase of lagging chromosomes at anaphase, a delay in the
onset and progression of cytokinesis, and often binucleation (Fig. 7.2a). Moreover,
similar mitotic defects correlating with the presence of progerin membrane-like
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Fig. 7.2 Mitotic defects associated with loss of nuclear architecture (a—d). (a) Accumulation of
mutant lamin A or progerin in HGPS or RD patients as well as in elderly individuals, interferes
with the mitotic membrane network morphogenesis causing chromosome segregation and cytoki-
nesis defects. (b) Progerin also leads to reduced levels of active pRB1 and its transcriptional target,
centromere condensin subunit NCAP-D3, causing merotelic attachments (insef). (¢) In NGS, dis-
ruption of the lamin A/C-LAP2a-BAF complex, that binds the actin filaments in the cell cortex and
the membranous spindle matrix to the spindle-associated dynein (inset), prevents proper spindle
assembly and positioning. (d) Decreased levels of lamin B1 in HGPS or elderly cells lead to spin-
dle defects due to disruption of the spindle matrix architecture that requires the interaction between
lamin B1 bound to membrane vesicles and the NudEL/dynein complex at spindle microtubules
(inset)

aggregates and increasing with cell culture passage number were found in both
HGPS and normal cells. In addition, cells from Lmna/Disheveled hair and ears(Dhe)
heterozygous mice exhibit many phenotypes of human HGPS cells, including per-
turbations of the nuclear shape and lamina, increased DNA damage, and slow
growth rates due to mitotic delay. Reduced levels of active hypophosphorylated
RB1 and of its target NCAP-D3, a mitosis-specific centromere condensin subunit,
were suggested to account for the chromosome segregation defects and consistent
aneuploidy in the Lmna(Dhe/+) fibroblasts [85] (Fig. 7.2b). Lack of FACE-1/
Zmspte24 metalloproteinase, also induces formation of lobulated nuclei and micro-
nuclei® [86, 87]. Recently, it was shown that lamin-A/C are part of a stable complex
with LAP2a and BAF that binds the actin filaments in the cell cortex and membra-
nous spindle matrix'® to the spindle-associated dynein, thereby ensuring proper
spindle assembly and positioning [88] (Fig. 7.2c). However, the existence and func-
tional role of a spindle matrix remain controversial as well as its molecular and
structural composition [89]. Regarding BAF, the proper control of its association
with other proteins and with DNA seems to be critical at multiple mitotic stages,
being its dynamic phosphorylation and dephosphorylation particularly essential to
drive nuclear disassembly and reassembly, respectively [77].

Finally, because B-type lamins lack a C-terminal CaaX motif, they remain bound
to membrane vesicles through their farnesyl anchor during mitosis, and possibly
make part of the spindle matrix controlling mitotic spindle assembly and orientation

15 Small nucleus in a daughter cell generated by chromosome mis-segregation.
1Vesicular membraneous matrix that embeds the microtubule spindle apparatus during mitosis.
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[90, 91] (Fig. 7.2d). Interestingly, a decreased amount of lamin B1 has been found
in HGPS cells and in cells entering replicative senescence [78, 81], suggesting that
mitotic abnormalities associated with lamin B1 repression may contribute to aging.

7.2.2 Telomere Attrition

In humans, telomeres shorten throughout the life span. The degree of shortening is
roughly proportionate to risks of common diseases of aging as well as mortality risk
[92]. Telomeres are dynamic complexes at chromosome ends containing tandem
short DNA repeats and associated proteins [93]. The telomeres protect the genomic
DNA by two means. First, telomeres are bound by the multiprotein complex shel-
terin to prevent the end of the linear chromosomal DNA from being recognized as
DNA breaks [94]. Whereas this deflects the action of DNA repair mechanisms that
would lead to chromosome rearrangements and instability, it turns DNA damage
more persistent at telomeres contributing to cellular senescence and/or apoptosis
[95, 96]. Second, the ribonucleoprotein enzyme telomerase adds telomeric repeat
sequences to the chromosome ends to prevent the attrition arising from the inability
of the DNA polymerases to completely replicate the extreme ends of linear chromo-
somes [97]. However, the levels of telomerase (or of its action on telomeres) are
limiting in most mammalian somatic cells, causing progressive loss of telomere-
protective sequences.

7.2.2.1 Age-Related Telomere Erosion

Cells with critically short or sufficiently damaged telomeres elicit a sustained DNA
signaling, which leads to the loss of proliferative capacity known as replicative
senescence (or Hayflick limit) [98, 99], unless telomerase is ectopically expressed
[100]. However, the idea of telomere length as a mitotic clock ticking during norma-
tive aging!” is too simplistic as telomerase enrichment in stem cells ensures their
capacity to constantly renew somatic tissue cells in vivo [101] and it is unknown
how much cellular senescence or death can arise from other causes than telomere
erosion [102]. Also, extrapolating findings from aging studies using short-lived ani-
mal models has been limited because of the much longer time frame of human
aging. Unless telomere maintenance is experimentally repressed genetically, labo-
ratory animal models normally die of old age with relatively long telomeres [103].
But the experimental deletion of a telomerase component or a telomere protective
protein does cause accelerated aging phenotypes in short-lived animals. The chal-
lenge has been to establish the extent by which telomere attrition contributes to
normative aging phenotypes in the human. The study of monogenetic disorders of
telomere maintenance has been valuable in this regard. Inactivating mutations are

7Natural or chronological aging.
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known in 11 genes that encode either a telomerase component or a telomere-binding
protein [92]. These mutations are associated with premature development of dis-
eases, such as pulmonary fibrosis, dyskeratosis congenita, and aplastic anemia,
which involve the loss of the regenerative capacity of different tissues [104]. They
parallel many phenotypes of experimental mouse models that are null for a telomere
maintenance gene [105]. Further supporting telomere loss as a hallmark of aging,
evidence indicates that aging can be reverted by telomerase activation [106].

7.2.2.2 Mitotic Defects Associated with Telomere Dysfunction

Similarly to the naturally occurring chromosome ends where DSB repair must be
prevented by the telomere capping, mitosis is another condition under which DSB
repair must be silenced [43, 107]. The mechanisms behind DSB repair silencing in
telomeres and during mitosis both act to block downstream ubiquitin signaling in
the DDR after initial upstream phosphorylation signaling occurs [108]. In the
human, cellular aging leads to spontaneous accumulation of shortened intermediate-
state telomeres, which activate an ATM-dependent DDR but still have sufficient
levels of shelterin proteins (i.e., TRF2) to suppress non-homologous end joining
DNA repair mechanisms [109]. Intermediate-state telomeres routinely pass through
mitosis in increasing abundance during cellular aging, until sufficient numbers
accumulate to induce senescence [110] (Fig. 7.3a). If DSB repair were active during
mitosis, the transit of intermediate-state telomeres through cell division would drive
genome instability in pre-senescent cells. However, under certain conditions such as
excessive telomere shortening and defects in telomere-associated proteins, fully
uncapped-state telomeres might occur which lack sufficient TRF2 to inhibit DSB
repair [111-113]. Impairment of telomere function together with a compromised
senescence/apoptosis response leads to chromosomal instability (CIN)'® through
end-to-end chromosome fusions entering BFB (breakage-fusion-bridge) cycles
[114]. Interchromosome dicentrics or isodicentric chromatids are prone to bridge in
anaphase [115] (Fig. 7.3b). If the chromatin bridges are unequally broken, the new
broken ends generated will perpetuate the BFB cycle leading to structural CIN
[116]. Alternatively, if chromatin bridges are not resolved by breaking, whole chro-
mosome mis-segregation will happen [117]. Detachment of dicentric chromatids
from microtubules of one or both poles during anaphase was originally proposed as
the mechanism underlying chromosome bridge-induced aneuploidy [117]. However,
one recent study has elucidated that dicentric chromatid bridges rarely break during
mitosis and exhibit persistently bound microtubule k-fibers' that hardly shorten
during anaphase [118]. This causes the bridged chromosomes to lag behind in ana-
phase leading to chromosome non-disjunction or alternatively, micronuclei forma-
tion (Fig. 7.3b). Physical isolation of chromosomes in micronuclei can lead to

8Increased frequency of chromosome mis-segregation events.

Microtubule bundles that attach sister kinetochores to spindle poles and power chromosome
movement during mitosis.
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Fig. 7.3 Telomere attrition during natural aging compromises mitotic fidelity. (a) Cellular aging
leads to spontaneous accumulation of shortened intermediate-state telomeres, which activate DDR
but still have sufficient levels of shelterin proteins (i.e., TRF2) to suppress DSB repair. Intermediate-
state telomeres routinely pass through mitosis, until sufficient numbers accumulate to induce cell
cycle arrest and senescence. (b) However, excessive telomere shortening and defects in telomere-
associated proteins generate uncapped-state telomeres that lack sufficient TRF2 to inhibit DSB
repair and lead to telomere fusions. Interchromosome or sister telomere fusions cause bridged
chromosomes to lag in anaphase. These lagging chromosomes either can lead to micronucleus
formation and consequently chromothripsis, or can lead to chromosome non-disjunction and aneu-
ploidy. (¢) Excessive telomere cohesion leads to formation of anaphase ultrafine bridges (T-UBFs),
which can cause micronuclei formation and chromothripsis or alternatively be resolved by the
TREX1/APOBEC mechanism that generates clusters of point mutations in the DNA bridge known
as kataegis

chromothripsis, the presence of massive chromosome rearrangements in confined
genomic regions of one or a few chromosomes [119]. Fragmentation and subse-
quent reassembly events occur restrictively in the micronucleus chromatin in one
cell division, and after mitosis the mutated chromosome can be incorporated into
daughter nuclei [120]. In addition, one recent study has shown that a pattern of
localized hypermutation known as kataegis may also arise during telomere crisis
from the fragmentation of dicentric chromosome bridges during late mitosis [121].
The base mutations in kataegistic clusters are mainly cytosine to thymidine transi-
tions in the context of a TpC nucleotide induced by AID/APOBEC editing deami-
nases in single strand DNA [122]. The mechanism by which dicentric chromosome
bridges lead to kataegis involves a transient nuclear envelope breakdown at the
bridge late in telophase, which makes DNA accessible to the cytoplasmic 3’ nucle-
ase TREX1. This nuclease generates single stranded DNA that becomes a target for
AID/APOBEC deamination and kataegis [121] (Fig. 7.3c).
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Anaphase chromatin bridges might arise not only from end-to-end chromosome
fusions, but also from defects in sister chromatid resolution. Sister chromatid reso-
lution is spatial-temporally coordinated at the centromeres, arms and telomeres.
Resolution of telomere cohesion occurs in early mitosis and it is distinctly regulated
from centromere and arm cohesion as it requires the poly(ADP-ribose) polymerase
(PARP) tankyrase 1 [123, 124] and the isoform SA1 of the cohesin subunit Scc3
[125]. SA1 associates with the shelterin subunit TRF1 and its partner TIN2 [126],
and TRF1 PARsylation by tankyrase 1 [127] releases SA1 from telomeres in pro-
phase [128, 129]. Inhibition of tankyrase 1 and overexpression of SAl or TIN2
induce excess cohesion at telomeres in mitosis preventing a robust and efficient
anaphase [130]. Interestingly, excessive telomere cohesion was found during repli-
cative aging of primary fibroblasts [131] (Fig. 7.3c).

7.2.3 Epigenetic Alterations

Recent evidence indicates that several of the conserved longevity pathways medi-
ated by signaling pathways (e.g. insulin/IGF1, TOR, AMPK) and downstream tran-
scription factors (e.g., FOXA, FOXO, NRF2) can modulate chromatin states [132].
Chromatin state is governed by a series of epigenetic modifications that include
DNA methylation, histone modification and chromatin remodeling.

7.2.3.1 Epigenetic Modifications and Aging

DNA methylation represents the addition of methyl groups to cytosine residues in
the context of CG dinucleotides, referred to as ‘CpG site’. The relationship between
DNA methylation (DNAm) and aging remains elusive as there is global hypometh-
ylation concurrently with loci-specific hypermethylation [133, 134], and no evi-
dence exists thus far for lifespan extension through modulation of DNAm.
Nevertheless, DNAm is perhaps the best-characterized epigenetic modification, and
‘epigenetic-signatures’ at specific CpG sites have been reported as quantitative
models of both in vitro and natural aging [135-137]. Epigenetic drift at specific
CpG sites in the genome is mediated, among other factors, by changes in the histone
code. Age-associated histone modifications include increased H4K16 acetylation,
H4K20 trimethylation, or H3K4 trimethylation, as well as decreased H3K9 meth-
ylation or H3K27 trimethylation [132, 138]. Multiple enzymes including acetyl-
transferases, deacetylases, methyltransferases and demethylases reversibly catalyze
these modifications. Studies on chromatin regulators and lifespan have focused
mostly on histone acetylases and deacetylases, in particular the sirtuin family.
However, in the past few years, histone methyltransferases and demethylases have
been also described to affect lifespan [132], even though unclear if through epigen-
etic mechanisms or transcriptional changes impacting on longevity signaling path-
ways [139]. Members of the sirtuin family of NAD-dependent protein deacetylases
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and ADP ribosyltransferases have been widely reported to ameliorate several
aspects of aging in different organisms [140]. In mammals, not only SIRT1, which
is the nearest homolog to invertebrate Sir2, but also SIRT3 and SIRT6 contribute to
healthy aging through beneficial effects on genomic stability, metabolic efficiency
and nutrient sensing [141-148]. Another epigenetic modification during aging is
global heterochromatin loss and redistribution, caused by decreased levels of chro-
matin remodeling factors such as heterochromatin protein la (HP1a), Polycomb
proteins and the NuRD complex [149—-151]. Finally, microarray comparative analy-
sis of young versus old tissues from different species have highlighted aging-
associated transcriptional signatures affecting not only mRNAs of inflammatory,
mitochondrial and lysosomal degradation pathways, but also noncoding RNAs such
as a class of miRNAs that target components of longevity networks [152, 153].
Because of their reversibility, epigenetic alterations have been extensively explored
for the design of novel anti-aging therapies [154].

7.2.3.2 Mitotic Defects Associated with Aging Epigenetic Marks

Supporting the functional relevance of age-related epigenetically mediated chroma-
tin alterations in mitosis, there is a notable connection between heterochromatin
formation at repeated DNA domains and chromosomal stability. In particular,
heterochromatin assembly at pericentromeric regions requires trimethylation of
histones H3K9 and H4K20, as well as HP1a binding, and is important for chromo-
somal stability [155]. Mammalian telomeric repeats are also enriched for these
chromatin modifications, indicating that chromosome ends are assembled into het-
erochromatin domains [156, 157].

Moreover, the changes in chromatin conformation and compaction during mito-
sis, namely transcriptional repression and chromosome condensation, depend
largely on the deacetylation of lysine residues of H3 and H4 core histones [158].
Inhibition of histone deacetylation with trichostatin A shortly before mitosis impairs
proper chromosome condensation resulting in poor sister chromatid resolution
(chromatin bridges) [23]. Histone hyperacetylation also causes depletion of HP1
from the pericentromeric chromatin, which in turn leads to loosened centromeres
that promote the formation of merotelic attachments and lagging chromosomes [23,
159] (Fig. 7.4a). In addition, displacement of heterochromatin proteins HP1a and
HP1y from chromatin induces premature chromatid separation concomitant with
delocalization of cohesion proteins from the centromeres [160] (Fig. 7.4b).

Mitotic roles have been reported for several sirtuins thus suggesting that
decreased sirtuin activity during aging might lead to age-associated aneuploidy.
SIRT1 deficiency results in accumulation of cells in early mitotic stages due to
incomplete chromosome condensation [147]. The defective chromosome condensa-
tion in sirt] 7'~ cells is due increased acetylation of H3K9 that impairs its trimethyl-
ation and, consequently, the recruitment of HP1a, which is required to establish a
closed chromatin configuration. In addition, SIRT1 was found to associate with
mitotic chromatin at prometaphase in order to mediate the chromosomal loading of
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Fig. 7.4 Age-associated epigenetic alterations induce mitotic defects. Changes in histone modifi-
cations (for example, decreased H3K9 methylation and increased H4K16 acetylation) and
decreased levels of sirtuins (Sirtl, Sirt2) and chromatin remodeling factors (such as HPla), are
epigenetic signatures of aged cells. (a) Increased H4K16 acetylation associated with decreased
H3K9me3 or Sirt2 deacetylase activity leads to depletion of HPla from pericentromeric hetero-
chromatin, which causes centromere relaxation and formation of merotelic attachments (inset).
(b) Reduced Sirtl activity interferes with condensin I complex loading into chromatin leading to
chromosome condensation defects (inset). Moreover, reduced Sirtl activity also causes HPla
depletion from chromatin resulting in heterochromatin loss and premature cohesion loss due to
defective recruitment of Sccl and Sgol proteins (inser)

histone H1 and the condensin I complex needed for chromosome condensation
[161] (Fig. 7.4b). SIRT?2 has strong preference for acetylated H4K16 which enzy-
matic conversion into its deacetylated form at G2/M may be crucial for chromatin
condensation at early mitosis [162] (Fig. 7.4a). Moreover, SIRT2 was shown to
regulate the anaphase-promoting complex/cyclosome (APC/C)* activity through
deacetylation of its coactivators, APC(CDHI1) and CDC20 [163]. This leads to
increased levels of mitotic regulators such as Aurora-A and -B in SIRT?2 deficient
cells that induce centrosome amplification, aneuploidy, and mitotic cell death.
Microtubule polymerization increases in SIRT3 depleted cells suggesting that
SIRT3 regulates spindle dynamics [164]. SIRT6 levels, similarly to SIRT1 and
SIRT?2, increase in mitosis, but SIRT6 partially co-localizes with the mitotic spindle
instead of being associated with condensed chromosomes [165].

Finally, even though still elusive, some noncoding RNAs implicated in the senes-
cence and aging processes in recent years, such as geromiRs [153] might impact in
mitotic function. Some examples are: miR-1 that downregulates genes involved in
DNA replication and mitosis [166]; miR-34 that suppresses SIRT1 activity [167];
and let-7b that targets Aurora B, causing increased rate of aneuploidy, polyploidy
and multipolarity [168].

20Multiprotein complex with ubiquitin-ligase activity that is responsible for the ubiquitination of
numerous key cell-cycle regulators.
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7.2.4 Loss of Proteostasis

A progressive deterioration in the ability of cells to preserve the stability of their
proteome occurs with age [169]. Protein homeostasis or proteostasis involves mech-
anisms for the stabilization of correctly folded proteins, most prominently the heat-
shock family of proteins, and mechanisms for the degradation of proteins by the
proteasome or the lysosome [170]. Dysfunction of the quality-control mechanisms
and intracellular accumulation of abnormal proteins in the form of protein inclu-
sions and aggregates occur in almost all tissues of an aged organism. Interestingly,
many genes coding for components of these mechanisms have been associated with
mitotic fidelity as we review next, suggesting that loss of proteostasis might contrib-
ute to aneuploidization.

7.2.4.1 The Protein Control Machinery and Aging

Chaperones or heat shock proteins (HSPs) are highly conserved molecules that act
to assure that proteins acquire a stable folded conformation. Primary or secondary
deficits in chaperone function have been reported for age-related diseases, the extent
of which depends on the chaperone, the tissue and even the organism [171].
Upregulation of hsp70 in response to different stressors is decreased in fibroblasts
aged in vitro and tissues from old organisms [172—174], due to the inability of the
heat shock factor (HSF) transcriptional activator to bind the chaperone gene pro-
moter [175, 176]. Conversely, extra copies of an hsp70 family member, as well as
HSF over-expression, have been shown to increase lifespan [177-179].

If chaperone-driven folding attempts are unsuccessful, proteins are then deliv-
ered to the proteolytic machinery. The two main components of the ubiquitin-
proteasome system (UPS), the ubiquitinization machinery and the proteasome core,
also undergo age-dependent changes that lead to loss of proteostasis such as
decreased levels of free ubiquitin [180], transcriptional repression of ubiquitin-
conjugating enzymes or E3 ligases [181], defective expression of proteasomal sub-
units or its regulatory subunits [182, 183]. On the other hand, maintained UPS
activity has been shown to promote lifespan extension in different model systems
[184, 185]. Also the proteolytic activities of both macroautophagy and chaperone-
mediated autophagy (CMA) have been described to decrease with age. In macroau-
tophagy, a whole region of cytosol is sequestered inside double membrane vesicles
(autophagosomes), which then fuse with lysosomes to degrade their cargo [186].
Age-associated malfunctioning of macroautophagy arises from impairment of
autophagosome fusion with the lysosome [187], or inhibitory effect on lysosomal
proteolysis [188]. In CMA, substrate proteins are selectively recognized by the
chaperone hsc70, which then binds to the lysosome-associated receptor LAMP-2A,
so that translocation of the substrate across the lysosomal membrane occurs [189].
Progressively lower levels of the CMA receptor at the lysosomal membrane were
found with age likely due to changes in the lipid membrane composition [190].
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Increasing evidence has shown that preventing the decline in autophagic activity
slows down cellular aging and preserves organ function [191].

Being aberrant protein conformers key determinants of aging, the ability to con-
trol their inheritance is crucial for avoiding aging in specific cells [192]. Several
reports have shown that yeast and mammalian cells use an intricate machinery to
spatially sequester misfolded proteins in inclusions that interact with organelles and
cytoskeleton to ensure the polarity of their inheritance after mitosis, as reviewed in
[193]. However, the rejuvenation of daughter cells by asymmetric mitotic partition-
ing might gradually decline with advanced age as recently found in yeast [194].
Asymmetric cell division as a key determinant of aging and age-associated diseases
is reviewed by Polymenis and Kennedy in the same volume.

7.2.4.2 Mitotic Defects Associated with Loss of Proteostasis

Molecular chaperones and protein control pathways are essential for the assembly
and disassembly of macromolecular complexes. They are therefore expected to
assist the proper and timely assembly of cytoskeletal structures during mitosis.
Indeed, HSPs have been involved in microtubule dynamics and spindle assembly
during mitosis. Hsp70 is phosphorylated by the mitotic kinase Plk1 and its centro-
somal localization may interfere with spindle dynamics [195] (Fig. 7.5a). Hsp72, an
inducible cytoplasmic isoform of the Hsp70 family, is required for assembly of a
robust bipolar spindle capable of efficient chromosome congression [196]. Targeting
of Hsp72 to the mitotic spindle is dependent on phosphorylation by the Nek6 kinase.
Phosphorylated Hsp72 localizes to the spindle poles and sites of kinetochore-
microtubule attachment and acts not only to stabilize K-fibers through the recruit-
ment of the ch-TOG/TACC3 complex, but also to regulate spindle positioning
through the attachment of astral microtubules to the cell cortex (Fig. 7.5a). Also, the
molecular chaperone Hsp90 was found to interact with the Drosophila orthologue
of ch-TOG (Msps) at centrosomes and spindle, as well as to regulate the efficient
localization of cyclin B at those structures [197]. Disruption of Hsp90 function by
mutations in the Drosophila gene or treatment of mammalian cells with the Hsp90
inhibitor geldanamycin, results in abnormal centrosome separation and maturation,
aberrant spindles and impaired chromosome segregation [198]. Moreover, the
Hsp90 cochaperone Sgtl, localizes to kinetochores and its phosphorylation by Plk1
enhances the association of the Hsp90-Sgtl chaperone with the MIS12 complex at
the kinetochores to promote stable microtubule attachment and chromosome align-
ment [199, 200]. The Hsp90-Sgtl complex is also required for kinetochore assem-
bly, as Hsp90 inhibition causes delocalization of several kinetochore proteins
including CENP-I and CENP-H, leading to chromosome misalignment and aneu-
ploidy [201] (Fig. 7.5a). Interestingly, limited binding and transactivating capacity
of the chaperone transcriptional regulator HSF1 was found in mitotic cells, where
the chromatin is tightly compacted, turning these cells vulnerable to proteotoxicity
[202]. In dividing cells, when levels of aggregation-prone proteins exceed the
capacity of the proteasome to degrade them, perinuclear aggresomes accumulate



170 J.C. Macedo et al.

Loss of Proteostasis
[ AGING |

¥ : ¥ * .
iDsfociive;Cliseessie Activine . : |

Unstable k-MT attachments Steric interference Chromosome misalignment
Spindle mispositioning with spindie geometry Spindle mispositioning

Fig. 7.5 Age-associated loss of proteostasis induces mitotic defects. During natural aging there is
loss of proteostasis expressed by defective chaperone activity, protein aggregation and deregulated
autophagy. (a) Defective chaperone activity compromises the assembly of many protein com-
plexes required for spindle positioning and kinetochore-microtubule (k-MT) attachment stability.
For instance, defective Hsp72 activity at spindle poles and kinetochores prevents the recruitment
of the ch-TOG/TACC3 complex involved in the attachment of astral microtubules to the cell cortex
and stabilization of k-MT fibers. Defective Hsp70 activity at centrosomes interferes with spindle
dynamics. Defective Hsp90 at kinetochores causes delocalization of several kinetochore proteins
(MIS12 complex, CENP-H, CENP-I) required for stable k-MT attachments. (b) Accumulation of
protein aggregates interferes sterically with spindle geometry. (¢) Deregulated autophagy compro-
mises the mitotic function of p62 and Beclin-1 autophagic proteins leading to spindle misposition-
ing and chromosome misalignment. The p62/HSPB8/BAG3 complex acts during mitosis to
facilitate the remodeling of actin-based structures that guide spindle orientation (inset). Beclin-1
depletion causes reduction of several outer kinetochore proteins (ZW10, CENP-E, CENP-F)
required for proper chromosome alignment (inset)

and have a detrimental effect on mitosis by steric interference with chromosome
alignment, centrosome positioning, and spindle formation [203] (Fig. 7.5b).

Even though it remains controversial whether autophagy operates during mitosis
[204, 205], there is cumulative evidence suggesting that defective autophagy
induces mitotic anomalies. For instance, the multichaperone complex HSPBS-
BAG3 that senses damaged cytoskeletal proteins and orchestrates their seclusion by
selective autophagy, acts during mitosis together with the p62/SQSTM1 autophagic
receptor to facilitate the proper and timely remodeling of actin-based mitotic struc-
tures that guide spindle orientation and proper chromosome segregation [206]
(Fig. 7.5¢). p62/SQSTMI has been also implicated in the concluding step of cyto-
kinesis, suggesting that overload of the autophagic pathway might lead to impaired
clearing of midbody rings and cytokinesis failure [207]. Monoallelic depletion of
Beclin-1, a subunit of the PI3K-III core complex involved in autophagy, reportedly
causes chromosomal disorders such as aneuploidy and double-minute chromo-
somes [208]. Chromosome segregation errors associated to Beclin-1 depletion were
found to arise from severe congression defects associated with a reduction in several
outer kinetochore components, including ZW10, CENP-E and CENP-F [209]
(Fig. 7.5¢).
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7.3 Aneuploidy Induces Aging

7.3.1 Aneuploidy-Driven Aging Hallmarks

In recent years, systematic analyses of disomic yeast, trisomic mouse and human
cells, all cells with an extra chromosome, have elucidated the impact of aneuploidy
in cellular fitness [210]. Two types of phenotypes can arise from changes in chro-
mosome number: (1) karyotype-specific phenotypes caused by changes in copy
number of specific genes and (2) phenotypes shared by different aneuploidies which
reflect a decrease in cellular fitness due to a cumulative effect of copy number
changes of many genes [211]. These pan-aneuploidy phenotypes include a number
of aneuploidy-associated stresses found in both yeast and mammalian cells [212]
that include proliferation defects [213-215], a gene expression profile similar to the
environmental stress response (ESR) [216-218], multiple forms of genomic insta-
bility [219, 220], and proteotoxicity [213, 216, 221-226]. Below we summarize
major findings on the impact of aneuploidy in genomic stability and protein quality-
control machinery in order to emphasize how these pan-aneuploidy phenotypes
recapitulate the genomic instability and proteotoxicity hallmarks of aged cells, rein-
forcing the causal role of aneuploidy in aging (Fig. 7.6). Whether other primary
causes of cellular aging such as telomere attrition and epigenetic alterations are
present in the aneuploid cell models remains unknown. Interestingly, for the human
trisomy 21 or Down syndrome (DS), telomere shortening and aging epigenetic
alterations have been reported. DS patients age prematurely and present early onset
of Alzheimer’s disease (AD). Telomere shortening in T-lymphocytes has been pro-
posed as a biomarker of clinical progression of AD for adults with DS [227], even
though limited and conflicting data exist as to whether DS individuals have shorter
telomere lengths before birth or an accelerated rate loss after birth [228]. Moreover,
analysis of the quantitative DNA methylation-based biological marker of aging
known as ‘epigenetic clock’ has shown that trisomy 21 significantly increases the
age of blood and brain tissue on average by 6.6 years [229].

7.3.1.1 Genomic Instability

Delineating the molecular mechanisms underlying aneuploidy-driven genomic
instability has remained challenging due to the difficulty of separating the effects of
aneuploidy from those of other associated genetic alterations when using heteroge-
neous aneuploid cell populations. Recently established cell models with defined
aneuploid karyotypes have facilitated the analysis of the immediate consequences
of aneuploidy per se [213, 215, 218, 230]. Observations in budding and fission
yeasts suggested that aneuploidy impairs the fidelity of chromosome segregation,
and increases mutation and recombination rates [220, 231]. Isogenic aneuploid
yeast strains with ploidies between 1N and 2N obtained through a random meiotic
process were found to exhibit various levels of whole-chromosome instability, with
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cells with a chromosomal content closer to 1N being more stable than cells with
ploidy between 1.5N and 2N [220]. Even though these results suggested inability of
the mitotic system to scale continuously with an increasing number of chromo-
somes, the presence of specific aneuploid chromosomes also seemed to determine
the rate of CIN [220]. Aneuploidy-induced chromosomal instability was also shown
for human trisomies 7 and 13, which exhibit increased rate of anaphase laggings
[230]. Two independent studies demonstrated that lagging chromosomes arising
from merotelic attachments can in turn induce genomic instability, especially DNA
damage, either due to breakage during cytokinesis [232] or due to formation of
micronuclei and chromothripsis [120]. Nevertheless, untransformed damaged cells
will end up activating the stress kinase p38 and the stress-induced transcription fac-
tor p53 causing cell cycle arrest [21, 232, 233].

Replication defects also seem to be a widespread consequence of the aneuploidy
condition. Analysis of disomic yeast strains revealed the presence of increased lev-
els of Rad52 foci, which formed during S phase due DSBs generated by defects in
DNA replication initiation and elongation [219]. Also, a series of trisomic and tet-
rasomic human cells derived from near-diploid and chromosomally stable parental
cell lines were recently found to exhibit anaphase UFBs and DNA damage associ-
ated with replication stress, which in turn induced genomic rearrangements at com-
mon fragile sites [234]. Importantly, reduced expression of the replicative helicase
MCM2-7 was shown to account for the genomic instability phenotype [213, 217,
234] (Fig. 7.6a). Aneuploid human pluripotent stem cells (hPSCs) were also found
to undergo replication stress, resulting in defective chromosome condensation and
segregation [235]. However, in this study, downregulation of the transcription factor
SRF and its actin cytoskeletal gene targets were identified as the molecular mecha-
nism behind chromosomal defects. Even though aneuploidy-associated replication
stress might act to promote tumorigenesis in immortalized cells, in primary cells
with efficient checkpoint activities, it will most likely lead to cell death or
senescence.

7.3.1.2 Proteotoxicity

Changes in gene copy number generally translate into a corresponding change in
gene expression [213, 221, 226]. Thus, gains or losses of entire chromosomes lead
to massive alterations in relative abundance of many proteins. This impact in pro-
teome composition results in proteoxicity, a state in which the protein quality-
control machinery of the cell (protein chaperones, ubiquitin proteasome system,
autophagy) is overwhelmed causing protein misfolding [236]. As mentioned above,
yeast, mouse and human aneuploid cells exhibit upregulated expression of stress
response genes, which include the chaperones [217] and autophagic proteins [213,
224]. Furthermore, analysis of disomic budding yeast revealed increased sensitivity
to drugs that interfere with protein folding, synthesis and degradation [218],
increased propensity to form protein aggregates, and decreased ability to fold
HSPI0 protein clients [223]. In line with these findings, trisomic mouse embryonic
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Fig. 7.6 Aneuploidy leads to aging hallmarks. Established cell models with defined aneuploid
karyotypes exhibit a number of pan-aneuploidy phenotypes that include genomic instability and
proteotoxicity. (a) DNA damage, replication stress and chromosomal instability (CIN) are types of
genomic instability found in the aneuploidy cell models. Decreased levels of the replicative heli-
case MCM2-7 were recently shown to induce replication stress particularly at fragile sites (FS)
leading to increased frequency of anaphase ultrafine bridges (FS-UBFs) that promote CIN.
(b) Loss of protein stoichiometry due to karyotype imbalance, leads to accumulation of protein
aggregates that overwhelm the capacity of the protein-control machinery comprised by the protea-
somal and autophagic degradation pathways. An impaired clearance of misfolded/aggregated pro-
teins in autolysosomes was recently shown to activate a lysosomal stress response that upregulates
the expression of transcription factor TFEB and its targets with functional role in protein-control
mechanisms

fibroblasts (MEFs) and chromosomally unstable aneuploid cancer cell lines were
more sensitive to inhibition of the chaperone HSP90 than their euploid counterparts
[225]. These observations clearly indicated impairment in protein quality control,
either during the folding and/or disaggregation processes and/or at the level of pro-
tein degradation. Indeed, studies also uncovered mutations in the Ubp6 protein, a
deubiquitinating enzyme that negatively regulates proteasome function, as confer-
ring improved proliferation rate to a subset of disomic yeast strains, thereby impli-
cating proteasome function in protein homeostasis in aneuploid cells [226]. In
addition, effects on the autophagic protein degradation pathway were detected in
mammalian aneuploid cells. Aneuploid human cell lines created by chromosome
transfer and trisomic MEFs were shown to harbor significantly increased levels of
LC3-II, an autophagosome-specific lipidated form of LC3, and SQSTM1/p62, the
cytosolic receptor that targets ubiquitinated proteins to autophagy [213]. More
recently, the molecular mechanisms behind these aneuploidy-associated pheno-
types have been further elucidated. The impairment of protein folding capacity is
due to defective HSF1-dependent activation of the heat shock response, as HSF1
overexpression can counteract the effects of aneuploidy in HSP90-dependent pro-
tein folding [222]. Regarding autophagy triggering, an impaired clearance of
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autophagosome content and accumulation of misfolded proteins in the lysosomal
compartment were shown to activate a lysosomal stress response in which the tran-
scription factor TFEB induces the expression of genes linked to autophagic protein
degradation function [237] (Fig. 7.6b). It would be interesting to investigate whether
these aneuploidy-induced molecular mechanisms occur in aging. In fact, inhibition
of both activity and transcription of HSF1 has been described in senescent cells and
shown to generate a positive feedback regulation of the p38-NF-kB-SASP senes-
cence pathway [238].

7.3.2 Aneuploidy and Premature Aging

Studies of aneuploidy-prone mouse models exhibiting increased rate of chromo-
some mis-segregation uncovered a surprising link with the rate of aging and the
development of age-related pathologies [239-242]. Mutant mice with low levels
of the spindle assembly checkpoint protein BubR 1 were found to develop progres-
sive aneuploidy along with a variety of progeroid features, including short lifes-
pan, growth retardation, sarcopenia, cataracts, loss of subcutaneous fat and
impaired wound healing [240]. Reinforcing this link between BubR1 and aging,
the majority of human patients suffering from Mosaic Variegated Aneuploidy
(MVA) syndrome were found to have mutations in BUBRI that generate unstable
gene products and cause progeroid features recapitulating those in BubR1 hypo-
morphic mice [243, 244]. Mice doubly haploinsufficient for the mitotic checkpoint
genes Bub3 and Rael were another aneuploidy-prone mouse strain described to
exhibit an accelerated aging phenotype [245]. However, progeroid features have
not been found in many other aneuploidy mouse models. Possible explanations are
the premature sacrifice of mice before they start developing aging phenotypes later
in life and the superficial analysis for overt age-related degeneration that might
miss restricted tissue-specific phenotypes [242]. Important to mention that, even
though detrimental in most cells and organisms, in some tissues such as brain and
liver, aneuploidy seems to be part of normal development [246]. One possibility is
that neurons and hepatocytes somehow adapt to chromosome imbalances either by
accumulating chromosome-specific gene products that provide them with a selec-
tive advantage or by regulating the expression of detrimental aneuploidy-induced
targets [13]. However, very recently, genome-wide high-resolution analysis of
chromosome copy number variations in mouse and human tissues by single cell
sequencing, has shown that aneuploidy occurs much less frequently in normal
brain and liver [16] and brain with Alzheimer disease [17] than previously reported.
One potential explanation is that different cell types will follow different fates
(senescence vs. apoptosis) in response to aneuploidy. Senescent endothelial cells
have increased sensitivity to apoptosis in comparison to senescent fibroblasts
[247]. Thus, aneuploid neurons might not be detected by single cell sequencing if
cleared due to apoptosis.
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7.4 Concluding Remarks and Future Perspectives

Aging and aneuploidy have profound impact on most cellular functions and their
association has been reported by several independent studies. However, the molecu-
lar mechanisms by which aging induces aneuploidy and by which aneuploidy trig-
gers aging remain largely unknown. Here, we presented a detailed revision on how
primary hallmarks of aging have often been associated with mitotic defects, in the
attempt of gathering mechanistic insights into age-associated aneuploidy. In addi-
tion, we reviewed the systemic impacts of aneuploidy in cellular physiology, such
as genomic instability and proteoxicity, and brought our perspective on how these
recapitulate aging hallmarks and could be the source of aneuploidy-induced aging
(Fig. 7.7). Considering all the emergent data, we propose that there is a complex
positive feedback regulation between aging and aneuploidy. Age-related aneuploidy
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Fig. 7.7 Feedback positive regulation between aging and aneuploidy. Primary causes of cellular
damage during natural aging, namely nuclear DNA damage, telomere attrition and protein aggre-
gates, lead to loss of mitotic fidelity and generation of aneuploid daughter cells. Aneuploidy, in
turn, induces cellular phenotypes that include primary aging hallmarks such as genomic instability
and proteotoxicity. Telomere attrition in aneuploid cells is still elusive. Thus, age-related aneu-
ploidy further enhances aging phenotypes that, in the presence of active cell cycle checkpoints,
will likely lead to secondary aging hallmarks such as cellular senescence
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arises from mitotic function decline induced by cellular damage, and in turn con-
tributes to secondary aging hallmarks, such as cellular senescence. It is therefore
reason to ask if aneuploidy is an aging hallmark. To be an aging hallmark, aneu-
ploidy should meet the following criteria: (1) it should manifest during normal
aging; (2) its experimental aggravation should accelerate aging; and (3) its experi-
mental amelioration should delay aging [27]. We reason these criteria are indeed
met. First, we compiled a number of early and recent studies indicating that aneu-
ploidy increases with advancing age. However, accurate karyotyping would still be
needed to unequivocally establish this correlation. Each karyotyping method pres-
ently used is limited as to which cytogenetic abnormalities can be detected and in
which cell type (dividing or non-dividing) [248]. Therefore, upcoming studies
should consider the use of different methods to measure aneuploidy, and definitely
explore the emerging karyotyping platforms that combine single cell resolution
with complete karyotyping. Moreover, it would be crucial to measure aneuploidy
levels in different tissues during organismal natural aging. Considering the human
lifespan and limited access to human tissues, study models such as mouse and
zebrafish become essential for future analyses. Another imperative aspect to inves-
tigate is whether mitotic processes exhibit an age-related decline as to expect from
the aneuploidy increase during aging. Reinforcing this possibility is the observation
that many of the primary aging hallmarks result in mitotic phenotypes. Secondly,
we gathered evidence on how aneuploidy leads to aging. In addition to the pioneer-
ing studies in aneuploidy-prone mouse models that have shown how experimentally
induced aneuploidy leads to premature aging, studies in yeast, mice and human
models of constitutional aneuploidy have also supported the idea that aneuploidy
contributes to aging. In particular, we highlighted the fact of many aneuploidy-
associated phenotypes being primary aging hallmarks. In the future, it would be
interesting to systematically investigate for the presence of other aging hallmarks in
the aneuploidy models, determine if the cellular stresses associated with aneuploidy
engage senescence response pathways (for instance, pl6™“ upregulation), and
compare transcriptional signatures and epigenetic marks between aneuploid and
elderly cells. Interestingly, previous analyses on gene expression data from aneu-
ploid [217] and old [18, 19] cells revealed similar impact in genes functionally
linked to mitosis. The underlying mechanisms are poorly understood and may occur
at both transcriptional and post-translational levels, or mitotic gene expression may
merely decline as a consequence of reduced cell proliferation with aging. Third and
finally, amelioration of aneuploidy acting to delay aging is the criterion for hallmark
most poorly supported and difficult to achieve. Intriguingly, sustained high-level
expression of BubR1 was found to reduce aneuploidy by counteracting mitotic
defects possibly associated with age-related decline [239]. Attenuated aneuploidy
tightly correlated with reduced senescence and tissue deterioration. Therefore, this
study provided a molecular entry point for modulation of aneuploidy as an opportu-
nity to extend healthy lifespan. One question now is whether there are mitotic genes
other than BubR1 whose levels can be modulated without any overt adverse effects
to prevent age-related mitotic decline and aneuploidy. In addition, it will be
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interesting to determine whether mutations that suppress the adverse effects of
aneuploidy [226] also delay aging and extend lifespan.

Why should modulation of aneuploidy be a preferential opportunity to delay
aging? Experimental ameliorations of genomic instability, telomere erosion, epi-
genetic changes and proteotoxic stress have all been shown to successfully extend
lifespan, suggesting these hallmarks add-up into cellular aging. Therefore, a favored
hallmark to anti-aging therapies has been difficult to assign. If in one hand genomic
instability has been emphasized as a major mechanism based on the observation that
most premature aging phenotypes are caused by mutations in DNA repair genes, on
the other hand proteotoxic stress has been highlighted in neuronal aging. Here we
have shown that all primary hallmarks end up generating aneuploidy, providing a
common feature to explore in anti-aging therapy. Even though the routes to aneu-
ploidy seem to comprise many different mechanisms depending on the type of cel-
lular damage, one should be aware that most of these mechanisms are likely
occurring jointly during chronological aging and not separately as inferred from
studies in models of aging disease caused by mutations in single genes. One way to
address this would be to characterize the mitotic behavior of elderly cells under
advanced light microscopy. This has been largely limited by the low proliferation
indexes of old tissues and/or primary cell cultures. Also, it would be important to
investigate if stress-signaling pathways activated by distinct types of damage might
all converge downstream to inhibit mitotic proficiency. If this assumption is correct
then (1) inhibition of stress response pathways should prevent mitotic decline and
(2) overexpression of a mitotic gene downstream target of stress response should
increase mitotic efficiency. Inactivation of a stress pathway in humans is an unfea-
sible approach as it would also eliminate critical tumor-suppressive pathways and
induce cancer. However, one recent strategy based in drug-induced apoptosis was
designed to selectively kill stressed cells expressing the p16™4 gene in the context
of cellular senescence [249]. If p16™“2-positive senescent cells come to be shown as
being mainly aneuploid, then aneuploidy-selective antiproliferation compounds
would be an attractive alternative to senescent cell clearance. Thus, it would be
valuable to measure the extent of aneuploidy in the senescent cell population.
Moreover, the aneuploidy levels induced by specific primary hallmarks could pro-
vide a means to understand the most relevant types of damage contributing to tissue-
specific aging. Regarding one common downstream target of stress-signaling
pathways, the Forkhead box (Fox) transcription factor family has emerged as an
interesting candidate. The balance between rapid growth over maintenance of youth
is largely regulated by the Fox class of transcription factors and the anaphase-
promoting complex (APC) [250]. Specifically, FoxM1 and APC®° function
together to maintain genomic stability by regulating separation of sister chromo-
somes and chromatin structure, while the FoxOs and APC“®! regulate cellular repair
and maintenance. The FoxO family has been reproducibly found to extend lifespan
through reduced insulin-signaling in many model systems [250]. FoxM1 primarily
drives the expression of G2/M specific genes [251] and seems to counter senescence
[252]. Interestingly, artificial enrichment of FoxM1 improves liver regenerating
capacity in older mice [253] and lung regeneration following injury [254], without
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being tumorigenic in those organs. Therefore, modulation of mitotic competence
through a balanced/stoichiometric upregulation of several mitotic genes could act to
prevent aneuploidy more efficiently than upregulation of specific genes such as
BubR1. In the future, the crosstalk between stress response pathways and mitotic
gene expression should be further investigated. Moreover, it would be interesting to
investigate the impact of mitotic proficiency in cell fate decision in response to cel-
lular stress. We support that aneuploid cells arising from age-associated mitotic
decline in highly proliferating tissues and cell types are inherently more resistant to
apoptosis and stay senescent than those that occasionally proliferate such as stem
cells. Indeed, when chromosomal instability and aneuploidy were provoked in a
tissue-specific manner, in mouse epidermis, epidermal hair follicle stem cells were
rapidly depleted (likely through apoptosis), while the more committed transit ampli-
fying cells tolerated the resulting aneuploidy quite well (even though we predict
they become senescent) [255]. This could explain why aneuploid cells seem to
accumulate in various somatic cell types in the ageing mouse, whereas aneuploidy
in stem cell linages in the same mice remains rare [239]. In conclusion, we propose
aneuploidy as a key aging hallmark and we argue for the beneficial effects of mitotic
efficiency modulation at a molecular level as a strategic anti-aging therapy.
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