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Senescence is a complicated, multi-factorial, irreversible cell cycle halt that has a
tumor-suppressing effect in addition to being a significant factor in aging and
neurological diseases. Damaged DNA, neuroinflammation, oxidative stress and
disrupted proteostasis are a few of the factors that cause senescence.
Senescence is triggered by DNA damage which initiates DNA damage
response. The DNA damage response, which includes the formation of DNA
damage foci containing activated H2AX, which is a key factor in cellular
senescence, is provoked by a double strand DNA break. Oxidative stress
impairs cognition, inhibits neurogenesis, and has an accelerated aging effect.
Senescent cells generate pro-inflammatory mediators known as senescence-
associated secretory phenotype (SASP). These pro-inflammatory cytokines and
chemokines have an impact on neuroinflammation, neuronal death, and cell
proliferation. While it is tempting to think of neurodegenerative diseases as
manifestations of accelerated aging and senescence, this review will present
information on brain ageing and neurodegeneration as a result of senescence
and DNA damage response.

KEYWORDS
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Introduction

Cellular senescence is a ubiquitous process and is a state of irreversible cell cycle arrest,
induced by a variety of cellular stimuli such as DNA damage, telomere shortening/
dysfunction, oncogenic activation and chromatin disruption. It is defined by cell cycle
arrest in G1 or G2 phase and prevents the proliferation of damaged cell (Vicencio et al.,
2008). Cellular senescence limits the replicative lifespan of cells and contributes to aging and
age-related diseases. It is linked with both physiological and pathological conditions. The
biological function of senescence is to eliminate undesirable cells, which is essentially
comparable to apoptosis. It regulates embryonic development, tumor suppression and
wound healing. Senescence is the main factor influencing aging. Senescent cell
accumulation increases with aging due to it’s increased production and decreased
clearance (Karin and Alon, 2021). Accumulation of senescent cells in the tissue, destroy
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the neighboring cells and leads to inflammation. They resist
apoptosis and secrete persistent pro-inflammatory signals that are
fatal to neighboring cells. Senescence acts as a protective barrier
against tumor progression.

Cause of senescence

DNA is under constant risk of damage by exogenous and
endogenous damaging agents. The damage is triggered in
response to various conditions such as DNA damage, oxidative
stress,  ionizing radiation, telomere  shortening/damage,

mitochondrial ~dysfunction, chromatin disruption, oncogene
activation (Dodig et al, 2019). These triggers leads to telomeric
and non-telomeric DNA damage which in turn activates a cellular
defense mechanism known as the DNA damage response (DDR),
where cell cycle progression is halted to allow repair mechanisms to
rectify the errors (Jackson and Bartek, 2009a). Senescence is
regulated by various essential molecules such as p53, p16™<*
and Rb (Retinoblastoma). Altered mitochondrial function play an
essential role in senescence. Reactive oxygen species (ROS)
generated from mitochondria can affect cellular senescence by
inducing persistent DNA damage response, thus stabilizing the
senescence (Sharma et al, 2023). The principal cause of
senescence is DNA damage which activates DNA damage
response (DDR) and canonical p53-p21 pathway. Cell’s repair
mechanisms  when  overwhelmed elicits senescence via
p53 phosphorylation. The epigenetic alterations cause senescence
via pl6-Rb pathway. Senescent cells exhibit permanent cell cycle
arrest regulated by p16™*** and p53-p21-Rb. Elevated expression of
p53 upregulates the expression of p21, which arrests cell cycle.
P16™ " arrests cell cycle by inhibiting CDK4 and CDK6, which

inhibits cells entry to S-phase by the hyper-phosphorylation of Rb.

Senescence associated secretory phenotype

Senescent cells secretes a complex pro-inflammatory mediators
known as Senescence Associated Secretory Phenotype (SASP) which
SASP includes
These
inflammatory mediators cause inflammation and might also be

is a characteristic feature of senescent cells.

chemokines, cytokines and some growth factors.
crucial for the clearance of senescent cells by phagocytosis. SASP
has paracrine and autocrine activities and it establishes an
inflammatory = microenvironment by modulating immune
response, tissue remodeling, contributing to the surveillance and
eventually leading to the elimination of senescent cells (Munoz-
Espin and Serrano, 2014; Gorgoulis et al., 2005). The pro-
inflammatory mediators of SASP includes cytokines (e.g., IL-6,
IL-8), chemokines (e.g, CXCL1, CXCL2), growth factors (e.g.,
TGF-B, VEGF), matrix metalloproteinases (e.g., MMP-3, MMP-
9), and others (Coppé et al., 2008; Copp et al., 2010; Basisty et al.,
2019). The JAK-STAT and NF-«B signaling pathways have emerged
as a key regulators of cellular senescence and the SASP (Xu et al.,
2015). The activation of this pathway amplifies the secretion of SASP
factors, promoting inflammation and even tumorigenesis. Inhibition
of this pathway could be used as a therapeutic target to combat the

deleterious effects of senescence. DNA damage activates the NF-«B,
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which translocates to the nucleus and drives the expression of SASP
factors (Chien et al.,, 2011). Persistent activation of NF-kB leads to
the chronic secretion of pro-inflammatory factors that could be
detrimental to the tissue milieu. A continuous feedback loop is
established between NF-kB and the SASP, maintaining the state of
senescence.

Senescence activates immune cells. SASP stimulates immune
surveillance that result in the clearance of the senescent cells.
SASP activation is regulated by NF-kB and CCAAT/enhancer
binding protein B. SASP activation responds to hierarchical
model where cytokines such as IL-1a and IL-1p signal via IL-
IR, leading to a cascade of other cytokines and chemokines. The
innate signaling pathway between TLR2 and A-SAAs initiates the
SASP and shores up the cellular senescence. SASP components
such as acute serum amyloids A1 and A2 (A-SAAs) are senescent
associated DAMPs sensed by TLR2 after oncogenic induced
senescence (OIS). TLR2 requires typical enhancers for their
activation and is essential for both activation of p38MAPK and
NF-kB during OIS. TLR2 signaling is crucial for SASP and cell
cycle arrest and also plays a key role in the activation of
p38MAPK and NF-kB signal transduction pathway (Hari
et al., 2019).

The expression of TLR and release of DAMPs in many tumor
cases suggests the existence of a crosstalk between them. TLR
activation by DAMPs induces secretion of various cytokines
within tumor environment. These cytokines modulate the
interaction between tumor cells and immune cells thereby
deciding the fate of the tumor. TLR-DAMP interaction has a
dual role. On one hand DAMP-TLR activation, activates potent
immunostimulants triggering anti-cancer response while on the
other hand, it enhances immunosuppression and promotes
angiogenesis and infiltration of suppressor cells which is a
The interaction of DAMPs with TLRs
initiates an inflammatory cascade aiding tumor growth. As a

hallmark of cancer.

result, control of cell cycle and contact inhibition is lost. Dying
tumor cells release DAMPs which interact with TLRs expressed by
the infiltrating inflammatory cells and tumor cells, regulating
apoptosis of tumor cells thereby further release of DAMPs.
Released DAMPs activate TLR signaling secreting more DAMPs
and cytokines, thereby enhancing tumor cell death and leading to
activation of pathways that result in tumor rejection and escape
(Patidar et al., 2018). Activation of TLR2/6 induces senescence and
leads to increased TLR2 and SASP expression (Mannarino
et al., 2021).

SASP is associated with cellular senescence and it has both
beneficial and detrimental effects. Though senescence and SASP has
detrimental effect but their beneficial role cannot be neglected.
Inducing senescence and SASP in cancer cells could be
therapeutic strategy for the treatment of the disease. Upon
senescence induction, cancer cells stop dividing and is recognized
and eliminated by the immune system. SASP components such as
growth factors promote tissue regeneration and repair injury or
disease (Cuollo et al., 2020). Senolytics are drugs or compounds that
target and eliminate senescent cells and clear harmful SASP while
senomorphics abolishes the SASP phenotype without killing the
senescent cells. Exploiting both of these could be a useful therapeutic
strategy against cancer and age related neurodegenerative diseases
(Chaib et al., 2022).
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Schematic diagram showing DNA damage and activation of DDR in order to induce cell cycle arrest and senescence.

Cellular modifications in senescent cells

It is fascinating to understand that cells have a specific
mechanism that prevents the proliferation of damaged cell.
of those
Senescent cells are stable, viable and metabolically active

Senescence being one fascinating mechanism.
unlike the cells destined for apoptosis and autophagy. Cells
undergoing senescence become larger and flatter due to the
alterations in their cell membrane and cytoskeleton (Maclel-
Barén et al., 2018) There is a disproportionate increase in the
cytoplasm to nucleus ratio which may be a result of cytoskeletal
rearrangements.

Senescence is associated with changes in cellular metabolism,
proteostasis, elevated reactive oxygen species (ROS) production,
accumulation, SASP
enzyme- [-

expression of senescence

mitochondrial  dysfunction, lipofuscin

production and upregulation of lysosomal
galactosidase thereby elevating the
associated [-galactosidase (SA-Pgal),

Senescence also affects

which is a biomarker of
senescence. cellular metabolism and
organelle function. Altered mitochondrial function elevates ROS
generation in the senescent cell. Lipofuscin is the key feature of
cellular senescence and is used for positive identification of
senescent cells. Loss of nuclear Lamin Bl and HMGBI is also
detected in senescent cells. Besides all the cellular changes, there
is an upregulation of cell survival pathways, including BCL-2. These
phenotype are experienced by both mitotic and post-mitotic cells
(Gorgoulis et al., 2019). The type of damage and the type of cell

Frontiers in Aging 03

determine whether the cell enters senescence or apoptosis. Another
feature of senescent cells is the accumulation of lipofuscin.

Biomarkers of senescence

The major limitation in the field of senescence is the lack of
single, universal, reliable biomarker to study senescence. The first
and the most widely used biomarker is senescence associated [-
galactosidase (SA-Pgal) (Dimri et al., 1995). It is a colorimetric assay,
detected by histochemical staining. This marker is absent in
presenescent, quiescent and immortal cells (Evangelou et al., 2017).

P16 and p21 are cyclin dependent kinase inhibitor, governed by
Rb and p53, often gets accumulated in senescent cells. They are used
in the identification of senescent cells. Nuclear senescence-
associated heterochromatin foci (SAHF) are also used to identify
senescent cells, but they appear to be specific to the senescence
program induced by activated oncogenes and DNA replication
stressors (Di Micco et al, 2011). Phosphorylation of the core
histone protein H2AX is the earliest response of the double
stranded break in the DNA. This phosphorylation is mediated by
ATM and ATR at the C-terminal of the histone protein at a
conserved amino acid serine 139 (S139). The role of yH2AX is to
recruit the associated protein needed for the DNA repair.
Phosphorylated yH2AX is also used as a marker for DNA
damage and senescence. Senescent markers and animal models
have boosted our knowledge in understating senescence.
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DDR activation

Nuclear DNA is under constant threat of endogenous and
exogenous agents. Rupture of DNA strands either single or
double strand activate DNA damage response (DDR). DDR is
a complex network of signaling pathways and molecular
mechanisms, safeguards genomic integrity and orchestrates
cellular responses to DNA lesions (Jackson and Bartek,
2009b). It is a crucial step in cellular senescence, triggered by
DNA damage such as double-strand breaks (DSBs), telomere
dysfunction, and oxidative damage. (17) When cells sustain DNA
damage, DDR signaling pathways are engaged, triggering DNA
repair mechanisms (d’Adda di Fagagna, 2008). The DDR
pathway involves a cascade of processes such as DNA damage
recognition, signal amplification, and activation of effector
molecules, which in turn results in cell cycle arrest, DNA
repair, or apoptosis (Zou and Elledge, 2003).

DDR activation initiation includes the recognition of DNA
damage by sensor proteins, like the MRN complex (MRE11-
RAD50-NBS1), PARP1 (poly (ADP-ribose) polymerase 1), and
the Ku complex which detects DNA strand breaks (either single
(SSBs) or double strand break (DSB)) and DNA crosslinks.
Recognition of damaged DNA recruits sensor proteins and
activates key transducers, including ATM (ataxia-telangiectasia
mutated), ATR (ataxia-telangiectasia and Rad3-related), and
DNA-PK (DNA-dependent protein kinase) (Zou and Elledge,
2003). These kinases phosphorylate downstream substrates,
including histone H2AX (yH2AX), p53, and CHKI1/CHK2,
leading to the amplification and propagation of the DDR signal.

p53-mediated DNA damage response and
senescence

p53, a tumor suppressor protein is a key regulator of cellular
responses to DNA damage. (16) p53 protein is known as “guardian
of the genome”, regulating cellular responses to DNA damage,
oncogenic stress, and other types of cellular stress (Lane, 1992).
p53 plays a critical role in driving cellular senescence through the
upregulation of specific target genes involved in cell cycle arrest and
SASP (Gorgoulis et al,, 2005) Activation of p53 leads to cell cycle arrest,
DNA repair, apoptosis, and senescence, all aimed at preventing the
propagation of damaged DNA and maintaining genomic stability
(Vousden and Lane, 2007). Senescence acts as a protective
mechanism by preventing the proliferation of damaged or
potentially cancerous cells (Murnoz-Espin and Serrano, 2014). DDR
activation stabilizes and activates tumor suppressor protein p53.
Phosphorylation of p53 by ATM and CHK2 prevents its
thereby
translocation to the nucleus. In the nucleus, p53 acts as transcription

degradation, enhancing its accumulation and its
factor thereby regulating the expression of various genes involved in the
process of cell cycle arrest, senescence and apoptosis (Velimezi et al,
2013). p53 activation triggers cell cycle arrest at the G1/S or G2/M
checkpoints by upregulating the expression of p21 and other cyclin-
dependent kinase inhibitors (CDKIs). The cell cycle arrest provides
sufficient time for DNA repair and hence prevents damaged DNA from
being passed on to the daughter cells. DDR activation may cause

irreversible cell cycle halt, leading to cellular senescence, in
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circumstances of severe or persistent DNA damage (Tort et al,
2005). Figure 1 shows the schematic mechanism of p53 activation.
post-translational

p53 acts as a transcription factor,

modifications, ~ such  as  phosphorylation,  acetylation,
ubiquitination, and methylation, modulate p53 stability and
transcriptional activity (Jackson and Durocher, 2013). These
modifications play a crucial role in fine-tuning p53-mediated
DDR and senescence (Childs et al., 2015). p53 is regulated by
regulators such as MDM2, ARF, and the E3 ligases which control
p53 levels, stability, and nuclear localization, thereby modulating its
transcriptional activity in response to DNA damage. Inactivation of
P53 caused as a result of mutations, is a hallmark of various cancers.
Loss of functional p53 compromises DDR and senescence, allowing
cells with genomic instability to survive and proliferate thereby
increasing the risk of tumor development (Vousden and Lane,
2007). p53-dependent senescence acts as a potent barrier to
tumor formation, suppressing the growth of premalignant or
cancerous cells. Restoration of p53 function or activation of
senescence pathways holds therapeutic potential. Strategies
aiming to reactivate p53 or induce senescence in cancer cells are
being explored as potential therapeutic interventions. Combination
therapies targeting DDR and senescence pathways show promising
effect in enhancing the efficacy of conventional cancer treatments
(Munoz-fontela et al., 2016). Activated p53 induces cell cycle arrest
allowing time for DNA repair before proceeding with cell division
(Meek, 2015). This process prevents the propagation of damaged
DNA to daughter cells (Vousden and Prives, 2009). p53 causes
apoptosis in circumstances of severe DNA damage or irreversible
genomic abnormalities, eradicating cells with weakened genetic
material to stop the

Zhivotovsky, 2013).

spread of mutations (Surova and

pl6-mediated DNA damage response and
senescence

DNA damage and the onset of cellular senescence are closely
connected by p16 (Sherr and Mccormick, 2002). p16 provides a line
of defense against the propagation of DNA mutations, which could
otherwise lead to diseases such as cancer (Gil and Peters, 2006). p16
(p16™***) is a cyclin-dependent kinase inhibitor that regulates the
cell cycle, an integral process of cell division and growth. It plays a
pivotal role in the process of DDR, causes cell cycle arrest thereby
promoting cellular senescence (Sharpless and Depinho, 1999; Sherr
and Hughes, 2001). By blocking CDK4 and CDK6, p16™*** stops Rb
from being phosphorylated. In its hypophosphorylated state, Rb
binds to and inhibits E2F transcription factors, preventing the cell
cycle’s passage from the Gl to the S phase. In order to promote
persistent cell cycle arrest, the cell can induce senescence by raising
the levels of p16™***. P16’s involvement in cell cycle regulation and
senescence has far-reaching implications in human health. A
dysfunctional pl6 can lead to uncontrolled cell division and
subsequent 2006).
Conversely, increased pl6 expression has been linked with age-

tumor development (Gil and Peters,
related pathologies, where senescent cells accumulate, leading to
tissue dysfunction and aging (Campisi and d’Adda di Fagagna,
2007). For aging and age-related diseases, eliminating senescent
cells or modulating their secretory phenotype (which is often pro-
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inflammatory and harmful to tissues) could be a promising avenue
for research (Childs et al., 2014). A more in-depth understanding of
its mechanisms and therapeutic potential will open doors for new
interventions in combating various human diseases.

Telomere shortening and DNA damage
response in cellular senescence

Amongst all the cellular senescence inducers, telomere dysfunction
is a well-established driver (Odds, 2012). Telomeres, a protective caps at
the ends of chromosomes, are nucleoprotein structures composed of
repetitive DNA sequences (TTAGGG in humans) and associated
proteins, providing stability and protection for chromosome ends
(Sullivan and  Karlseder, 2010). Telomeres undergo continuous
attrition due to “end replication problem” with each cell division
(Shay and Wright, 2019). They lose their protective role when they
become critically short, hence triggering a DNA damage signal. This
trigger activates the DDR, leading to a permanent cell cycle arrest and
the establishment of senescence (d’Adda di Fagagna, 2008). Telomere
dysfunction can also arise independently of cell division and contribute
to non-replicative senescence (Hewitt et al., 2012). Such insults lead to
the exposure of telomeric DNA, inducing a persistent DDR and
senescence-associated phenotype (Hewitt et al, 2012; Rodier and
Campisi, 2011). Telomere dysfunction-induced senescence (TDIS)
has been implicated in various age-related diseases, including
cardiovascular disorders, neurodegenerative conditions, and cancer
(Sullivan and Karlseder, 2010).

Telomeric dysfunction activates the DDR similarly as p53 and
p16, through the activation of ATM (ataxia-telangiectasia mutated)
and ATR (ataxia-telangiectasia and Rad3-related) kinases, which
sense and signal telomere damage (Blackburn, 2001). These kinases
phosphorylate downstream effectors, such as p53, CHKI, and
CHK?2, initiating cell cycle arrest, DNA repair, and senescence-
associated secretory phenotype (SASP) activation. The JAK-STAT
and NF-kB pathways are central to the regulation of cellular
senescence and the associated inflammatory response. A better
understanding of these mechanisms could open the way for
therapeutic treatments to counteract the negative effects of
cellular senescence in age-related illnesses and cancer.

Role of LINE1 and KAT7 in cellular
senescence

Senescence can be termed as a double-edged sword: asitactsasa
defense mechanism against cancer, its accumulation is associated
with aging and age-related diseases (Campisi, 2013). Emerging
evidence suggests that Long Interspersed Element-1 (LINE-1)
retrotransposons might play a pivotal role in the onset and
progression of cellular senescence. Senescent cells have been
shown to exhibit increased LINE-1 expression (De Cecco et al,
2019). Elevated LINE-Ilexpression during senescence leads to the
accumulation of LINE-1 RNAs and potential retrotransposition
events. LINE-1 derepression in senescent cells initiates a type-I
interferon (IFN-I) response, effectively acting as a cellular alarm to
rising LINE-1 activity. This IFN-I response augments the senescence
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associated secretory phenotype (SASP), a significant source of
chronic inflammation in aged tissues (Simon et al., 2019).

Several molecular players link LINE-1 activity with cellular
senescence. A decline in Three Prime Repair Exonuclease 1
(TREX1), an exonuclease, during senescence leads to the
accumulation of cytoplasmic LINE-1 ¢cDNA (Tam et al, 2017).
Reduced Retinoblastoma 1 (Rbl) expression in senescent cells can
result in L1 derepression due to its role in binding and repressing
LINE-1 elements (De Cecco et al., 2019). Elevated levels of FOXA1, a
transcription factor in senescent cells, might enhance LINE-1
transcription. The interaction between LINE-1 activity and the
aging,
“inflammaging”, has broad implications for understanding the

inflammatory ~ environment  of often  termed
biology of aging (Franceschi et al., 2018). The ties between LINE-
1 derepression and increased inflammation could be a potential
driver behind age-associated pathologies.

Given the link between LINE-1 activity and senescence, targeting
LINE-1 with nucleoside reverse transcriptase inhibitors (NRTTs) might
offer therapeutic benefits. In preclinical models, lamivudine (3 TC) has
shown promise in dampening the inflammatory IFN-I response
associated with L1 activity (De Cecco et al, 2019). In essence, LINE-
1 elements, long dismissed as “junk DNA”, might hold significant clues
to understanding the intricate dance of aging, inflammation, and
cellular senescence. As we uncover more about LINE-1’s role in
these processes, new avenues for therapeutic interventions in age-
associated diseases might emerge.

Among the various molecular players implicated in the
regulation of cellular senescence, KAT7 has emerged as a
significant factor. KAT7, also known as HBOI or MYST2,
belongs to the MYST family of histone acetyl transferases
(HATs). These enzymes play a crucial role in chromatin
remodeling, gene transcription regulation, DNA replication, and
DNA damage repair (Doyon and Coté, 2004). It is this ability of
KAT7 to modulate chromatin structure and subsequently gene
expression that ties it directly to the process of cellular
senescence. One notable investigation found elevated levels of
KAT7 in the liver tissues of older rats and humans. The study
went on to demonstrate that silencing KAT?7 in senescent cells could
rejuvenate them, reversing the signs of aging (Wang W. et al., 2021).
This revelation suggests that KAT7 is not just a marker of senescence
but may also actively contribute to the onset and maintenance of the
senescent state.

The molecular mechanism underlying KAT7’s role in
is believed to be associated with its histone
KAT7, by
accessibility, can regulate the expression of genes that promote
or inhibit cellular senescence. In particular, its role in the p16™¥
and p21 pathways, has been highlighted (Narita et al., 2003).
Elevated expression of KAT7 enhances the expression of these

senescence

acetylation function. influencing chromatin

genes, leading to cell cycle arrest and entry into a senescent state.
The discovery that KAT7 silencing can rejuvenate senescent cells
hints at the possibility of harnessing this mechanism for anti-
aging treatments. Moreover, since senescent cells have been
implicated in various age-related pathologies, including
neurodegenerative diseases, osteoarthritis, and cardiovascular
diseases, targeting KAT7

implications (Baker et al., 2016).

could have broader medical
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DDR and epigenetic changes in senescence

Cellular senescence is accompanied by alterations in DDR
pathways and epigenetic modifications (Campisi and d’Adda di
Fagagna, 2007; Hanahan and Weinberg, 2011). DDR not only
influences the cell cycle arrest and DNA repair processes but also
induces substantial epigenetic changes in senescent cells. DDR
activation triggers alterations in DNA methylation patterns,
histone modifications, and chromatin remodeling, resulting in the
stable maintenance of the senescent state (Wang et al., 2009). One of
the well-studied epigenetic modifications in senescence is DNA
methylation, which involves the addition of a methyl group to
cytosine residues predominantly at CpG dinucleotides. Global
DNA hypomethylation and locus-specific DNA hypermethylation
have been observed in senescent cells (Hernando-herraez et al,
2019). DNA hypomethylation leads to genomic instability and
activation of transposable elements. On the other hand, DNA
hypermethylation at specific gene promoters can result in
transcriptional silencing of genes involved in cell cycle regulation,
senescence, and tumor suppression (Liu et al., 2010). Senescence-
associated alterations in histone modifications, such as methylation,
acetylation and phosphorylation have also been reported (Feser and
Tyler, 2011). These modifications can affect chromatin structure and
gene accessibility.

The DDR signaling pathways directly influence epigenetic
changes in senescence. DDR kinases such as ATM and ATR
phosphorylate and activate histone methyltransferases and
demethylases, leading to alterations in histone methylation
patterns (Oh et al, 2014). DDR-induced activation of p53 can
also impact DNA methylation patterns by regulating DNA
methyltransferases and demethylases (Sharma et al., 2012) DNA
methylation and histone modifications affects the expression and
activity of DDR kinases, DNA repair genes, and cell cycle regulators,
thereby influencing DDR efficacy and senescence-associated
phenotype (Zhang et al, 2007; Zhang et al, 2005). The DDR,
essential  for

maintaining  genomic  integrity,

dysregulation during senescence, resulting in persistent DNA

undergoes

damage signals. Epigenetic changes, including DNA methylation,

TABLE 1 Showing senescence phenotype and their cause of altercations.

10.3389/fragi.2023.1292053

histone modifications, and non-coding RNAs, contribute to the
stable maintenance of the senescent state. The interplay between
DDR and epigenetic changes in senescence provides a fascinating
area of research with potential therapeutic implications for aging
and age-related diseases.

DDR and senescence associated secretory
phenotype (SASP): a complex interplay

SASP components recruit immune cells, facilitating the removal
of the senescent cells, thus acting as a defense mechanism against
potential tumors (Kang et al.,, 2011). They are also involved in tissue
repair, potentially indicating a beneficial side to the SASP under
certain contexts (Mosteiro et al., 2016). However, persistent secretion
of SASP leads to chronic inflammation and tissue degradation, linking
it to age-related diseases (Copp et al., 2010). There is an intricate
interplay between DDR signaling, transcriptional factors, and
epigenetic modifications (Table 1) and the activation and
regulation of SASP. DDR activation, through the p38 mitogen-
activated protein kinase (MAPK) pathway, drives the expression of
SASP components. Additionally, transcription factors such as NF-kB,
C/EBPP, and STATS3 also plays crucial roles in the transcriptional
upregulation of SASP genes (Freund et al,, 2010). Emerging evidence
suggests a positive feedback loop between DDR and SASP. DDR
activation, driven by persistent DNA damage, triggers SASP secretion
through the activation of SASP-inducing transcription factors. In
turn, SASP components can further amplify DNA damage signaling
by inducing DNA damage and senescence in neighboring cells,
senescence-associated

creating pro-inflammatory

microenvironment (Rodier and Campisi, 2011).

a

Senescence in _
Neurodegenerative Diseases

Neurodegenerative disease are characterized by chronic,
progressive and pathological changes in the brain, such as

Senescence phenotype Cause of altercations

Loss of protein homeostasis. Nucleolar dysfunction. Accumulation of abnormal proteins (amyloid peptides and

hyperphosphorylated tau)

Cell cycle prolongation and re-entry

Aberrant phosphorylation of histones, changes in DNA methylation of AD critical genes. Mislocated chromatin

organizing proteins and epigenetic regulators

Increased size, flat and irregular shape, changes in membrane composition

Increased DNA damage and alterations in DDR.

Increased ROS and altered mitochondrial structure and function that produces cellular changes associated with

senescence

Microglia overactivation, enhanced release of pro-inflammatory cytokines and other SASP that aggravate amyloid and

tau pathology

Telomeric DNA damage. Regarding telomere shortening controversial results
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Altered proteostasis

Cell cycle arrest

Epigenetic modifications
Morphological changes
Non-telomeric DNA damage and DNA repair
mechanism
Oxidative stress and mitochondrial dysfunction

SASP

Telomeric DNA damage
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neuronal death, abnormal aggregation of proteins and inflammation.
Recent evidences suggest that the pathological changes in the
neurodegenerative disease begins much ahead of the actual
appearance of the symptoms. Prolonged exposure to stress, such as
DNA damage may induce cellular senescence and contribute to the
pathogenesis of the disease by altering the metabolism and affecting
the gene expression. Recent studies have also suggested that there is an
association between the length of telomeres and neurodegenerative
disease. Longer telomere have proved to have a protective effect
against dementia. Unfortunately, no association has been found in
case of Parkinson’s disease.

Alzheimer's disease

Alzheimer’s disease (AD) is a chronic neurodegenerative
condition that causes 60%-70% of dementia cases. Dementia,
cognitive decline, amyloid plaques, neurofibrillary tangles (NFT's)
of hyperphosphorylated tau proteins, and loss of neurons and
synapses
Nevertheless, there is substantial evidence that certain clinical

are the primary pathological hallmarks of AD.

events that occur years before the former are significant in
forming amyloid plaques and NFTs. Processes such as oxidative
stress, neuroinflammation are enhanced, and senescence brought
on by DNA damage and disrupted proteostasis (Durst and Tropea,
2016; Wilcock, 2012). In recent years, research has explored the role
of cellular senescence in the development and progression of
Alzheimer’s disease, providing new avenues for potential
therapeutic interventions. Senescent cells accumulate with age
and are believed to contribute to age-related diseases, including
Alzheimer’s disease. Alzheimer’s disease accumulates toxic protein
aggregates in the brain, including amyloid-beta plaques and tau
tangles. Recent studies have shown that cellular senescence plays a
role in developing and accumulating these toxic protein aggregates.
In 2018 Musi and their research team found that cellular senescence
is associated with tau protein aggregation in the brain. The
researchers combined genomic analysis with pharmacological
interventions to induce senescence in neurons, which led to
increased tau aggregation and neuronal dysfunction. Conversely,
clearance of senescent cells reduced tau-dependent pathology.
Cellular senescence is a critical factor in the development and
progression of AD (Sipos et al, 2007). As evidenced by their
increased SA-Pgal expression, p53 expression, a mediator of
cellular in the release of SASP

components, DNA damage, telomere attrition or damage, and

senescence, an increase
senescence-like morphological changes, increased senescence is
found in various cell types of AD brains, including astrocytes,
microglia, and neurons (Caldeira et al., 2017). SA-Pgal is normally
present in low levels but its expression is elevated during
senescence. Research has shown that SA-fgal expression is
elevated in the brain regions affected by AD, specifically in the
brains of AD patients (Copp et al., 2010). The tumor suppressor
protein p53 is another crucial factor in senescence. p53 regulates cell
growth and division in normal cells. It acts as a defense mechanism
to prevent the proliferation of damaged cells. However, an
overexpression of p53 is seen in senescent cells, leading to cell
cycle arrest (Table 1) and the activation of pro-inflammatory
pathways (Gorgoulis and Halazonetis, 2010).
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Studies have suggested that the increased expression of SA-Pgal
and p53 in the brains of AD patients is linked to the accumulation of
beta-amyloid plaques, a hallmark of the disease. Additionally,
senescent cells with higher SA-Bgal and p53 levels are more
prevalent in plasma samples from AD patients and AD models
of mice. These findings indicate that senescence plays a crucial role
in the development of AD and that targeting senescent cells could be
a possible therapeutic strategy for treating AD (Thara et al., 2012). In
addition, hyperphosphorylated tau protein, which is the hallmarks
of AD, can cause glial cells to age. It has been hypothesized that
cellular senescence plays a significant role in the etiopathology of AD
as various early changes found in AD such as neuroinflammation,
oxidative stress, DNA damage and changes in DNA repair, and
altered proteostasis (Table 1) are linked to cellular senescence (Musi
et al, 2018; Vermunt et al., 2019)According to research conducted
in vitro on mouse neural stem cells, Ap-42 oligomers cause senescent
phenotype, which elevates the SA-Pgal positive cells (He et al., 2013).
These results are supported by several in vivo investigations using
AD-induced animal models (Drummond and Wisniewski, 2017;
Vitek et al., 2020; Tosca et al., 2023). SA-Pgal decreased significantly
in AD patient’s monocytes and lymphocytes compared to controls;
this result was attributed to the upregulation of miR-128. The re-
expression of multiple cell-cycle regulatory proteins in susceptible
neurons lends weight to the hypothesis that abnormal cell cycle re-
entry of the terminally differentiated post-mitotic neurons may play
a significant role in the pathogenesis of AD (Tiribuzi et al., 2014;
Vincent et al., 1996).

Specifically, the cyclin-dependent kinase inhibitor p2

1CIP1 iS a
critical player in disrupting the cell cycle in AD (Engidawork et al.,
2001). The data still needs to be clarified, as some studies suggested
elevated expression in the brains of AD patients compared to
controls (Esteras et al, 2012; Yates et al, 2015) while other
research found no appreciable difference. The findings from
blood

monocytes of AD patients, as well as from AD and tauopathy

investigations on the peripheral lymphocytes and

animal models, are equally intriguing. Neurons from AD patients
and from animal models shows higher expression of p16™**,
Increased p38MAPK activity has been observed in AD brains,
lymphocytes, and in the cortex of AD mouse model (Esteras
et al,, 2012; Chang et al., 2000). Several crucial SASP components
appear to be upregulated in AD, as p38MAPK is a significant
regulator of SASP (Horstmann et al, 2010; Leake et al, 2000).
Most notably, elevated levels of IL-6, IL-1, TGF, and TNF have been
found in AD brain tissue, CSF and serum of AD patients. Also,
elevated levels of the metalloproteinase MMP-1, MMP-3, and
MMP-10 have been observed in AD patients (Horstmann et al,
20105 Sun et al., 2003; Wood et al.,, 1993). Due to abnormalities in
methylation found in AD-affected brain regions and reports of
aberrant DNA methylation patterns in multiple AD-associated
genes, epigenetic changes appear to play a significant role in the
etiology of the disease (Chung et al., 2019; Siddiqui et al., 2018). The
hippocampus and lymphocytes of AD patients have also been found
to have higher levels of phosphorylated histone yH2AX, indicating
an active DNA damage response (Silva et al, 2014; Lord and
Cruchaga, 2014). According to several lines of evidence, defects
in autophagy and lysosomal dysfunction may have a role in the
etiology and development of neurodegenerative illnesses, including
AD (Qazi et al.,, 2018; Nixon, 2013).

frontiersin.org


https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2023.1292053

Shreeya et al.

Numerous studies have reported dysregulation in autophagic/
lysosomal pathways in the development of AD, and the great
majority of AD associated genes appear to be connected to these
same pathways, which lends credence to this (Zare-shahabadi et al.,
2015; Thara et al, 2012) The interaction between autophagic/
lysosomal failure and mitochondrial dysfunction, as well as their
relationship to stress-induced premature senescence (SIPS) were the
focus of recent studies (Tai et al., 2017; Yoon and Kim, 2016). All
facets of mitochondrial function are compromised in AD, including
aberrant dynamics and structure of the mitochondria and increased
oxidative stress, which is already present in the very early stages of
the disease and occurs before the major pathologic hallmarks, such
as senile plaques and neurofibrillary tangles. As a result,
mitochondria and lysosomes play a crucial role in the
development of SIPS, albeit more investigation is required to
determine how exactly they contribute to AD and senescence. In
addition to neurons, all other cell types associated with AD disease
have been shown to age. Astrocytes are essential contributors to the
development and spread of the illness and, depending on various
variables can have both advantageous and unfavorable effects (Gao
et al., 2017; Chun and Lee, 2018).

Human astrocytes undergo senescence when exposed to AP
oligomers, which also cause the synthesis of SASP constituents,
including IL-6 and MMP-1, by activating the p38MAPK pathway
(Erusalimsky, 2009). Additionally, astrocytes from AD hippocampus
samples have been reported to contain elevated amounts of H2AX
(Eitan et al,, 2014). Even though the precise underlying mechanisms
are still unknown, microglia have long been linked to the
pathophysiology of AD (Conde and Streit, 2006; Hinterberger
et al, 2017). Telomere shortening has been linked to replicative
senescence in cultured microglial cells from AD patients (Flanary
and Streit, 2004). Another cell component that plays a pivotal role in
the complex mechanism underlying the senescence in AD is non-
coding RNA. Non-coding RNAs play a crucial role in the complex
processes of senescence in AD (Long et al, 2014). Although the
precise cause of AD is not yet fully understood, there is growing
evidence that non-coding RNAs, such as microRNAs (miRNAs) and
long non-coding RNAs (IncRNAs), play a crucial role in regulating the
mechanisms of neurodegeneration and aging in AD (Wang S. et al,,
2021; Carrieri et al., 2012) miRNAs play a key role in regulating the
associated ~ with  synaptic  function,
processing.  The
dysregulation of specific miRNAs, including miR-132 and miR-
146a, has been linked to the pathogenesis of AD (Hadar et al,
2018). It has been discovered that certain IncRNAs, such as
BACE1-AS and BDNF-AS, play a significant role in the regulation
of amyloid precursor protein (APP) metabolism and neuronal

expression of genes

neuroinflammation, and  amyloid-beta

survival. Specifically, BACEI-AS serves as a miR-761 sponge,
effectively inhibiting the degradation process facilitated by miR-761
and enhancing the expression of BACEI in individuals affected by AD
(Zeng et al,, 2019). Another study conducted by Modarresiet al in
2011 and Zhang in 2018 which concludes that, the knockdown of
BACE1-AS leads to a reduction in BACEI and AP levels, resulting in
the inhibition of tau protein phosphorylation in the hippocampus.
This leads to enhanced memory and learning capabilities of
SAMPS8 mice (Lopez-Toledano et al, 2011; Zhang et al,, 2018).
These processes are of utmost importance in the context of AD
(Carrieri et al., 2012). Neuroscientific research has shown that non-
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coding RNAs hold great potential as both therapeutic targets and
diagnostic tools in the battle against Alzheimer’s disease. Unravelling
the complex role of neurosciences in the process of senescence and
neurodegeneration has the potential to reveal innovative approaches
for early detection and intervention in this debilitating condition
(Garcia-Pérez et al., 2019; Pierouli et al., 2023).

microglial  cells  that
morphological alterations suggestive of senescence have been linked

Furthermore,  dystrophic display
to neuropathological characteristics of AD (Mosher and Wyss-Coray,
2014). In vitro aged rat microglia treated with AP oligomers develop
a senescent phenotype, as seen by elevated levels of SA-Pgal, IL-1p,
TNF-a, and MMP-2. Neuroinflammation is a contributing factor to the
acceleration of disease progression, resulting in cognitive impairment
and damage to neurons. Transforming growth factor (TGEF),
conversely, initially has a neuroprotective function by facilitating
cellular survival and tissue regeneration. However, when its control
becomes disrupted, it can subsequently contribute to the development
of fibrotic alterations. Tumor necrosis factor (TNF), a cytokine known
for its pro-inflammatory properties, has been found to intensify
neuroinflammation and play a role in the development of synaptic
dysfunction Another study has revealed elevated levels of senescence-
associated secretory phenotype proteins, including IL-6 and TGF- in
both cerebrospinal fluid (CSF) and plasma samples obtained from
individuals diagnosed with Alzheimer’s disease (Caldeira et al., 2014; Si
et al, 2021). Finally, it has been hypothesized that AD and telomere
shortening are related (Caldeira et al,, 2017; Caldeira et al, 2014).
According to a sizable community-based longitudinal investigation, the
telomere length of incident pure AD patients and cognitively healthy
persons did not differ (Hinterberger et al., 2017).

Parkinson’s disease

Parkinson’s disease (PD) is the most common movement
disorder and the second most prevalent neurodegenerative
Alzheimer’s  disease. It is a chronic

disease  after

neurodegenerative  disease, characterized by the loss of
dopaminergic neurons in the substantia nigra pars compacta of
midbrain. It is also characterized by the aggregation of a-synuclein
(a-syn) protein known as Lewy body formation. PD has a well-
characterized motor symptoms (Si et al., 2021). The risk factor for
neurodegenerative diseases is progressive age.

Senescence cells in CNS contribute to the neuropathology of
various neurodegenerative diseases. Pre-symptomatic midbrain
inflammation plays a crucial role in the pathology of PD.
Cellular senescence triggers pro-inflammatory response- SASP, so
senescence and SASP together are a strong contributing factor in the
pathophysiology of PD. Despite decades of research, there is no cure
for Parkinson’s disease, and the many subtleties of the pathology are
still being worked out. The central nervous system plays an
important role in neuroglia health and illness (Miller et al,
2022). Neurons, being the non-proliferative cells in the CNS, are
also capable of undergoing cellular senescence. The dopaminergic
(DA) neurons in PD has been noted to express various senescence
markers (Sharma et al., 2023). Neuronal senescence has also been
recognized to contribute to the “inflamm-aging” seen in PD.

In a recent study, it was found that a-syn aggregates triggers
stress induced premature senescence in PD models. a-syn

frontiersin.org


https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2023.1292053

Shreeya et al.

preformed fibrils (a-syn PFF) triggers cellular senescence in
astrocytes and microglia and leads to their activation (Verma
et al, 2021). Over activation of microglia has been detected in
PD patients. Microglia, when activated produces inflammatory
products which might contribute to the dopaminergic neuronal
death in PD patients. Accumulation of a-syn leads to inflammatory
activation of microglial cells. Interaction between o-syn and
microglia suggest to play a role in the propagation of a-syn
aggregation in PD. Senescence in endothelial cell (EC) is
observed in aging and in diseased brain which leads to increased
permeability of BBB and thereby leads to neurotoxicity in the brain.
Senescent EC accumulation leads to increased SASP which further
stimulate neuroinflammation. In PD, BBB becomes senescent
causing impairment of BBB integrity (Russo and Riessland,
2022). Senescent astrocytes and SASP factors are elevated in
Parkinsonian substantia nigra pars compacta. Elevated expression
of p16™**, SASP factors are reported in AD patients. Reduced level
of lamin B1 is an established senescent associated marker. Elevated
presence of senescence in affected PD tissues.

It is still ambiguous how cellular senescence contributes to
neurodegeneration in PD. SATBI, a Parkinson’s disease-related
gene, guards against cellular senescence in dopaminergic
neurons. In both humans and animals, SATB1 deficiency
activates human stem cell-derived dopaminergic neurons.
Dopamine neurons with SATB1 knockdown are required for
cellular senescence. SATB1 influences the expression of the pro-
senescence factor p2l in dopaminergic neurons (Riessland
et al., 2019).

A common characteristic of many neurodegenerative disorders
is an immune response. Parkinson’s patients have inflammation in
the midbrain, however the underlying causes remain unknown. To
disentangle the relationship between inflammation and senescent
cells, it is critical to understand the potential origins of diverse
midbrain cell types and how paracrine spreading of senescent cells
amongst them may lead to observed local immune responses. The
immune cell-mediated death of dopaminergic (DA) neurons in the
midbrain of PD patients is the pro-inflammatory substance released
by senescent cells (Russo and Riessland, 2022).

Elevated expression of p53 activity is observed in affected neurons of
the PD patients as well as animal models. p53 activation, in response to
various cellular stress, is associated with degeneration of dopaminergic
neuron, which is accompanied by mitochondrial dysfunction, ROS
production, and abnormal protein aggregation. The pathogenic
p53 activates downstream, events to induce the degeneration of
dopaminergic neurons. (103) Altered expression of p53 leads to
neuronal death. Ho et al. (2019) hypothesize that the loss of
dopaminergic neurons stimulated by the p53-p21 pathway via the
G2019S LRRK2 mutation might be associated with cellular
senescence, thereby promoting the accumulation of aSyn (Ho et al,
2019). In humans, the potential of both p16 and p21 expression as
biomarkers of ageing and age-related diseases has previously been
explored although not yet in the context of PD. Studies indicate that
PD patients have lower mitochondrial DNA copies and longer telomeres.
There is a correlation between the given medication and the telomeric
length. Telomere length was shorter in patients with Parkinson’s disease,
Parkinson’s disease dementia, and dementia with Lewy bodies compared
to controls. There is also a correlation between the number of
mitochondria in the blood and risk of PD (Asghar et al., 2022).
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Discussion

Understanding the intricate relationship between cellular senescence
and DDR could open potential therapeutic avenues for age-related and
neurodegenerative diseases. Targeting DDR components holds promise
for modulating cellular senescence and regenerating aged tissues.
Strategies aimed at depleting the detrimental effects of SASP could
alleviate age-related inflammation and tissue dysfunction. Further
investigations into the underlying mechanisms and therapeutic
interventions targeting DDR and SASP may pave the way for novel
strategies to promote healthy aging. Additionally, unraveling the
complex crosstalk between DDR and epigenetic modifications may
also provide insights into the fundamental mechanisms governing
aging and senescence. DDR activation acts as a double-edged sword,
promoting both beneficial effects by preventing the propagation of
damaged DNA and detrimental effects through the establishment of
senescence-associated phenotype. Further research is required to unravel
the complex interplay between DDR and senescence and exploit this
knowledge for therapeutic interventions in aging and age-related
diseases. Despite major advances in the field of science, there are still
significant gaps in understanding the cause of senescence, its relation
with aging and its contribution to the neurodegenerative diseases.
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