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Ageing is a sophisticated process, accompanied by reduction in general physiological capacity and increase in
mortality and death, stemming from damage accumulation over time. Various signaling pathways are known to
pS3 be involved in the functional decrease in various organs in ageing humans. One of the most prominent pathways

DNA damage is DNA damage response (DDR), which is responsible for maintenance of the genomic integrity and stability.
ggi repair Insufficient or dysfunctional DDR signaling and the subsequent accumulation of potential DNA lesions are as-

sociated with the initiation/progression of various human pathologies including ageing. As a tumor suppressor
gene, with critical functions in the ageing process, p53 is considered as a DDR centerpiece. In this review, we aim

to discuss the interactions between p53 and DDR signaling and their contributions in ageing.

1. Introduction

Ageing is a universal event that is common in almost all living or-
ganisms. The important aspects of ageing are the loss of functionality in
organs, tissue degradation and reduction in the function at cellular and
molecular level. In mammals and especially in humans, these char-
acteristics are manifested in the development of pathologic processes
and illnesses associated with ageing [1]. These include atherosclerosis,
heart failure, neurodegeneration, Parkinson's disease, Alzheimer's dis-
ease, macular degeneration, osteoporosis, pulmonary insufficiency and
renal failure, among others. Various processes are involved in the for-
mation and progression of ageing. While some mechanisms promote
ageing, others prevent its progress. DNA Damage Response (DDR)
processes, constituting the cellular response to DNA damage (resulting
from ionizing radiation, oxidative stress and chemical agents), is among
the most important preventive mechanisms. DDR is a vast signaling
network encompassing the repair mechanisms and numerous signaling
pathways. Any defects in the DDR systems can cause related syndromes
or complications, for example Xeroderma pigmentosum, Ataxia tel-
angiectasia and Fanconi anemia [2]. Such conditions are related to

ageing complications and affect the lifespan of patients. The DDR net-
work is composed of its sensors, transducers, mediators and effectors.
One of the DDR effectors is the p53 protein [3]. p53 is a famous tumor
suppressor that has many interactions with other proteins, cell signaling
pathways and networks in the human body [4]. This protein functions
in controlling the cell cycle, apoptosis, cellular responses to stress and
DNA repair. Also, activation of p53 can modulate and regulate the
cellular senescence process and ageing. The increased p53 expression
has been observed in senescent cells. The association of p53 with ageing
mechanisms and proteins involved in the ageing process has several
different angles, and DDR network communications with p53 have a
significant impact on these interactions [5]. In this review, we will
focus on the crosstalk between the p53 and DDR in the ageing process,
as well as the interaction of DDR and p53 with proteins and mechan-
isms that are involved in ageing. Finally, we discuss the therapeutic
advancements in ageing-related diseases by utilizing the therapeutic
potential of p53.

* Corresponding authors at: Ageing Research Institute, Tabriz University of Medical Sciences, Tabriz, Iran.
** Corresponding author at: Solid Tumor Research Center, Urmia University of Medical Sciences, Urmia, Iran.
E-mail addresses: yousefib@tbzmed.ac.ir (B. Yousefi), majidinia25@gmail.com (M. Majidinia).

https://doi.org/10.1016/j.dnarep.2019.05.004

Received 8 May 2019; Received in revised form 19 May 2019; Accepted 22 May 2019

Available online 24 May 2019
1568-7864/ © 2019 Published by Elsevier B.V.


http://www.sciencedirect.com/science/journal/15687864
https://www.elsevier.com/locate/dnarepair
https://doi.org/10.1016/j.dnarep.2019.05.004
https://doi.org/10.1016/j.dnarep.2019.05.004
mailto:yousefib@tbzmed.ac.ir
mailto:majidinia25@gmail.com
https://doi.org/10.1016/j.dnarep.2019.05.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dnarep.2019.05.004&domain=pdf

A. Mohammadzadeh, et al.

2. DNA damage response

All living cells are constantly threatened by exogenous hazards,
which are capable of damaging the cellular DNA, rendering it dys-
functional. Throughout evolution, a signaling cascade has been formed
which systematically recognizes the damage, and takes proper action
[6]. This signaling pathway is referred to as the DDR pathway, and is
composed of DNA damage sensor molecules, mediators, transducers
and finally effector molecules. Many agents have the capacity to da-
mage the DNA, including UV light, ionizing radiation and chemical
toxic agents. Also the DNA is in constant threat by endogenous factors,
such as replication errors or by-products of cellular metabolism [7].
DNA damage can be broadly classified into single strand DNA damage
and double strand DNA breakage. These two classes have their specific
damage sensors. YH2AX and the MRN complex is responsible for sen-
sing damage in the double strand break, while RPA, and the complex of
RAD1, RAD9, RAD17 and HUS1 are responsible for sensing single
strand DNA damage [8]. These sensors play an indispensable role in
promoting the function of transducer molecules, which are activated
upon sensing of the DNA damage. The serine/threonine kinase ATM is
the transducer of double strand breaks. ATM phosphorylates down-
stream DDR mediators, including CHK2, MDC1 and 53BP1 [9,10]. ATR,
in combination with ATRIP, exerts the same role in the single strand
DNA damage pathway, and phosphorylates CHK1, TopBP1 and Claspin.
It is noteworthy to mention that although a distinction has been made
between the function of ATM and ATR, they are closely linked and it is
suggested that these two molecules are able to regulate each other’s
function [11-13]. For instance, one molecule involved in linking the
two pathways, and also acting as a solo mediator of DNA damage is
BRCA1. This molecule is induced by DNA damage, localizes to the
damage site, and activates downstream effector molecules [14]. The
fourth group of molecules, which are downstream of the aforemen-
tioned molecules and are thus regulated by their collective action, are
the effectors. The interaction between various stages of DDR determines
the cell fate, which ranges from DNA repair, cell cycle arrest and
apoptosis to senescence [15]. One of the central effector molecules
deciding cell fate is p53. p53 is activated by both damage sensing
pathways, and also by BRCA1, and is capable of interacting with
downstream effectors such as DNA repair enzymes [16], cell cycle
proteins such as cyclin dependent kinases [17], apoptosis regulators
such as BCL-2 [18], and also molecules involved in senescence [19].
The function of p53 is so crucial for DDR that mutations and aberrations
are associated with wide-dysfunction of the entire cascade, best de-
monstrated in Li-Fraumeni syndrome [20], a condition which is known
for sarcomas and invasive cancers in early periods of life [21].

3. P53: a DDR effector

p53 is the central effector molecule in DDR, and is a key regulator of
multiple downstream signaling pathways leading to apoptosis, DNA
repair, senescence and cell cycle arrest. Under normal conditions, p53 is
targeted via MDM2 (human homolog of mouse double-minute-2),
which ubiquitinates p53, resulting in its degradation. But if the DDR
cascade is activated, ATM and ATR phosphorylate p53 on Serl5, while
downstream kinases phosphorylate it at Ser20 [22]. This enables p53 to
evade degradation, and accumulate in the nucleus, promoting the
downstream signaling of DDR in both transcriptional and non-tran-
scriptional manners [23]. Based on the extent of DNA damage, p53
takes role in pro-survival and anti-survival pathways. In its pro-survival
role, p53 induces cell cycle arrest and DNA repair. p53 regulates pro-
teins such as ADD45, BTG2, REPRIMO, B99 (GTSE-1), hematopoietic
zinc finger protein (HZF) and MCG10, which promote G2/M arrest. It
also activates p21 and 14-3-3 proteins, which induce S phase arrest. p21
is also able to induce G1 arrest by inhibiting cdk2 and cdk4 [24,25].
Regarding DNA repair, p53 regulates a wide array of genes, the most
important being XPC, DDB2 and XPE from nucleotide excision repair
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and global genome repair, MLH1, MSH2, PCNA and PMS2 from mis-
match repair and RAD51, WRN, RECQ4 from Homologous Re-
combination pathways. p53 is also capable of regulating base excision
repair in a cell cycle-dependent manner, as it is able to induce cell cycle
progression in GO-G1, while repressing it G2 [16,26].

Regarding the role of p53 in anti-survival pathways, multiple in-
teractions have been found between apoptosis and p53. p53 can pro-
mote the intrinsic and extrinsic apoptosis pathways [27]. In the ex-
trinsic pathway, p53 induces the expression of Fas, DR5 and PERP,
which are transmembrane proteins responsible for initiating the apop-
totic signaling [28]. It also induces DR5/KILLER, an organ specific re-
ceptor found in the spleen, intestine and thymus [29]. In the internal
pathway, p53 effects the BCL-2 family of molecules, and up-regulates
those members of this family that promote apoptosis, shifting the bal-
ance between pro-apoptotic and anti-apoptotic molecules [27].

4. Molecular mechanism of ageing

In order to promote the human longevity, determination of re-
sponsible molecular processes and their effect on the senescence is
necessary. Many age-related diseases result from dysregulation of
pathways engaged in a healthy ageing process, such as proteostasis and
autophagy. Indicating the effect of molecular mechanisms involved in
ageing and age-related diseases such as Alzheimer’s and Parkinson’s
diseases [30], will lead to a more profound understanding of the
healthy ageing process and thus, will help to improve the quality of life
in elderly, who are vulnerable to age-related diseases.

Telomeres, the repetitive sequences at the terminal portions of
chromosomes, protect genetic information on chromosomes from da-
mages throughout each division cycle [31]. Telomere length is an im-
portant predictive factor of the lifespan of the cell, as many studies
reported the significance of telomeres for extended longevity of cells in
zebra finch, mice and other organisms [32]. Long telomeres in Cae-
norhabditis elegans are associated with increased resistance against en-
vironmental stress [33]. On the other hand, studies reported significant
telomere shortening after each replicative cycle and due to stressful
conditions in human cells. Additionally, Hayflick limit, which is the
number of possible cell division cycles before the occurrence of cellular
senescence, is reported to be due to telomere shortening. Moreover,
telomere shortening is associated with many age-related conditions
such as Alzheimer’s disease and deteriorated innate immunity in the
elderly [30].

Sirtuin proteins, e.g. SIRT3 and SIRT4, also play an essential role in
cell durability. In some organisms such as Saccharomyces cerevisiae, by
modifying the fragmentation of the nucleolus, sirtuins induce shifting of
telomeres into the nucleolus, leading to progressive malfunction of the
cell. As a result, the degradation of nuclear shape and dissociation of
heterochromatin from the periphery occurs in ageing [34]. On the other
hand, mutations in insulin-like growth factor 1 (IGF-1) signaling lead to
compensation of these defects and extended cell lifespan (Ref).

Transcriptional regulation is one of the most critical molecular as-
pects of ageing since all other age-related changes take place through
transcriptional modification of signaling pathways such as Target Of
Rapamycin (TOR) and IGF-1 Signaling (IIS) pathways as well as Heat
Shock Factor (HSF-1) and SKN-1/Nrf transcription factors [35]. TOR is
a stress and stimuli reactive pathway, which modifies other signaling
pathways by regulating the expression of various genes. IIS pathway
induces the co-translocation of PQM-1 and DAF-16/FOXO into the
nucleus [36]. These genes are associated with maintaining cellular
health and could promote some responses such as growth, develop-
ment, stress response, and longevity. As a result of cellular senescence,
the coexistence of these two factors and consequently, deteriorates the
cellular health. HSF-1 modifies protein quality control, cytoskeletal
integrity, and heat stress resistance, which affects cellular durability
(Ref). SKN-1/Nrf factor also affects longevity and extracellular collagen
matrix in ageing [37,38]. Protein translation is an another important
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control mechanism in the regulation of senescence; in some organisms
(worms and flies) [39], down-regulation of translation occurs after re-
duced nutrient availability via TOR and IIS/FOXO signaling, causing an
increase in lifespan [40]. Another example of modulating protein
translation for prevention of ageing is shown in C. elegans (loss of eu-
karyotic initiation factor 4 F (eIF-4 F)/ife-2) [41].

Another important phenomenon related to ageing is proteostasis.
Proteostasis is a mechanism for maintenance of protein quality and is
necessary for longevity of the cell. In this mechanism, misfolded and
damaged proteins are removed from the cellular pool and replaced with
newly synthesized proteins [42]. Molecular chaperones play an im-
portant role in this process by modulating the misfolded proteins. Small
heat shock proteins are members of these chaperone family. Dysregu-
lation of proteostasis leads to ageing of the organism [43]. IIS and
FOXO regulate the healthy ageing and can modulate proteostasis. It has
been shown that protein aggregation is decreased in human cells with
reduced IIS (Ref). Misfolded proteins are involved in the pathology of
many age-related diseases; therefore, healthy proteostasis is correlated
with health in ageing [44]. One of the other mechanisms involved in
ageing is the unfolded protein response (UPR) which is related to ER-
associated degradation (ERAD) pathway, and monitors the unfolded
amino acid chains [45]. The disruption of UPR is associated with Alz-
heimer’s and Parkinson’s diseases. SIR-2.1 regulates the UPR in an in-
sulin dependent or independent manner [46]. In “premature-ageing”
diseases such as Hutchinson-Gilford progeria, the lamins at the nuclear
envelope are organized incorrectly. This condition makes cell suscep-
tible to oxidative damage and DNA breaks, indicating that nuclear or-
ganization is essential for maintaining tissues in a healthy condition
[47]. Hutchinson-Gilford progeria patients display extreme ageing
phenotypes at a young age [48].

Autophagy is an important process necessary for longevity.
Autophagy degrades useless organelles and proteins and can be sub-
divided to three types: macroautophagy, microautophagy and cha-
perone-mediated autophagy. Reduction in the normal rate of autophagy
in Alzheimer's disease can cause accelerated ageing. Yet another type of
autophagy seen in the mitochondria called mitochondrial autophagy
(mitophagy) is also critical for prevention of ageing [49].

The oxidative stress and ROS levels in the body correlate with
ageing. In a study on C. elegans, it was shown that defects in the oxi-
dative phosphorylation can result in extending lifespan [50]. Further-
more, oxidative stress products and ROS can damage the extracellular
matrix (ECM) proteins. Cytoskeletal disruptions can cause age-related
degenerative neural diseases such as Alzheimer’s disease. The SM22
actin filament cross-linking protein has been identified as a biomarker
of ageing across a range of organisms, including yeast, Drosophila, and
also humans [51]. Another aspect of ageing is replicative ageing that is
related to number of cell divisions. Replicative ageing is associated with
TOR signaling and SIRT2 [52,53], and results from a combination of
events that include the instant reduction of telomeres length during cell
proliferation. The cells which undergo ageing communicate their in-
ternal status to their neighboring cells through senescence-associated
secretory phenotype (SASP). SASP has been demonstrated in mice, flies
and humans and plays a significant role in regulation of ageing [54].

5. DNA damage response in ageing

Ageing is preserved in all mammals, and is characterized by telo-
mere attrition, mitochondrial malfunction, stem cell depletion, dys-
functional cell signaling, genome instability, epigenetic abnormalities,
reduced proteostasis and altered nutrient sensing [55]. It is hypothe-
sized that the aforementioned alterations in previously normal func-
tions, lead to accumulated damage to the cellular DNA, resulting in the
initiation of DDR, and its two important end points, apoptosis and se-
nescence. p53 is an important effector in both of these functions, and
alongside other DDR molecules such as p21 and ATM, directs the cells
toward these pathways [56]. Another important functionality of DDR in
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preventing the premature ageing is the initiation of DNA repair. Studies
have shown that any sorts of defects in DNA repair proteins in different
DNA repair pathways, consisting of base excision repair, non-homo-
logous end joining, homologous recombination, nucleotide excision
repair and cross-link repair are associated with premature ageing [57].
This is best shown by syndromes characterized by DNA repair defects.
Patients affected by these syndromes, present lesions and pathologies
common in the elderly. Examples are Xeroderma pigmentosum, Fan-
coni anemia, Nijmegen breakage syndrome and Ataxia telangiectasia
[58]. Other examples are cancers and degenerative diseases. In-
dividuals effected by defects in the DDR process are effected by ma-
lignancies in their early decades of life, which are normally presented in
other individuals within their sixth or seventh decade [59]. A similar
pattern is also true for neurodegeneration, as individuals affected by
DDR related syndromes show early signs of decreased mental capacity
and dementia [60]. Further evidence in this regard relates to less
characterized molecules which are not considered as part of the DDR
cascade, but are localized to DNA damage sites involved in the ageing
process. Examples are Ubiquitin-Specific Protease 3, N-Terminal RCC1
Methyltransferase 1 and RecQ-Like Helicase Sgsl. Malfunctioning of
these molecules is associated with premature ageing, infertility, re-
duced body mass, and other degenerative changes [61-63].

6. Regulation of ageing process by P53

p53 is an ageing regulator gene because of its role as a tumor sup-
pressor and also in cell cycle control which is directly linked to senes-
cence. Moreover, p53 can perform its functions as a tumor suppressor
through regulation of senescence. In the mouse model studies it is
shown that persistent low level activation of p53 causes premature
ageing. In this line, p53 interacts with some important molecules and
various pathways. p53 can control the ageing process via its effects on
many mechanisms and molecules. Some of them, discussed below, are
E2F7, sirtuins, mTOR, reactive oxygen species (ROS) and autophagy
[64].

6.1. P53 interaction with E2F7 in ageing

E2F7 is a transcription factor and a member of the E2F-family [65].
E2F transcription factors are essential components of the Retino-
blastoma (Rb) pathway. These proteins are involved in controlling cell-
cycle progression. E2F7 is induced by E2F1 in late G1 phase of cell-
cycle. Aksoy et al. noted that E2F7 is up-regulated in a p53-dependent
manner; they also reported that this new target of p53 is involved in
senescence and cell-cycle arrest. It has been seen that cell-cycle pro-
gression is accelerated upon E2F7 loss. E2F7 binds to DNA and re-
presses the expression of E2F1 and several other E2F target genes [66].
Some studies indicated that E2F7 may be a necessary protein for such a
negative feedback loop that controls the function of E2F proteins and
their targeted genes. Furthermore, inhibition in the expression of other
genes essential for mitosis, for instance cyclin A, cyclin B and cdc2/
cdkl, occurs in a> E2F7-dependent fashion. E2F7 interfere in modula-
tion of senescence by p53 and Rb [66,67]. Mitxelena et al. found that
E2F7 activity is associated with the suppression of DNA repair reac-
tions. They also noted that E2F7 is recruited to the promoter regions of
FANCE, FANCI, RAD51, CTIP, BRIP1 and BARD1, which are associated
in cell-cycle control, DDR and even in ageing, implying their direct
transcriptional repression by E2F7 [68].

6.2. P53 interaction with mTOR in ageing

The mammalian target of rapamycin (mTOR) is a key molecule
under starvation conditions. In the presence of nutrients, mTOR is ac-
tive and promotes cell growth and anabolism in the organism; but when
nutrients are unavailable, mTOR is inactivated and drives cell to cata-
bolism and growth arrest [69]. mTOR controls the rate of protein
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synthesis via phosphorylation of S6 kinase 1 and elF4E-binding protein
1, resulting in the regulation of mRNA translation. mTOR is also known
as the master regulator of senescence in animal models such as flies and
mice [70,71]. In studies of caloric restriction for prolonging the lifespan
of animals, it has been proven that mTOR is essential for the benefits of
caloric restriction. On the other hand, sustained mTOR signaling pro-
motes cell senescence and ageing of organisms [72]. Inhibition of
mTOR can impede the expression of some senescence markers. In a
study on Drosophila melanogaster during caloric restriction, inhibition of
mTOR decreased ROS production in mitochondria, improved mi-
tochondrial respiration and prolonged lifespan. These events resulted
from increased translation of mitochondrial electron transport chain
components, that in itself was mediated by activation of eIF4E-binding
protein 1, a substrate of mTOR [50]. It is also known that Rheb (Ras
homolog enriched in brain) which is an mTOR-activator protein, can
initiate senescence in an mTOR-dependent manner. Moreover, p21 in-
duces senescence in conditions when mTOR is inactivated or inhibited
by rapamycin [73]. Thus, mTOR is pivotal for establishment of ageing
in cell cycle arrested cells. Furthermore, mTOR is involved in control-
ling the ageing by autophagy. mTOR promotes senescence by sup-
pression of autophagy using p53 [74]. In addition to the above-men-
tioned findings, p53 can inhibit the mTOR signaling pathway. p53
controls sestrins and they can repress the activity of mTOR. On the
other side, p53 affects the AMPK (AMP-activated protein kinase) and
this kinase inactivates mTOR. Also in the PI3K pathway, p53 can up-
regulate PTEN, and this event results in down-regulation of mTOR. p53
can even have an anti-senescence role by interaction with mTOR and
p21. P53 can reverse the p2l-induced cell-cycle arrest, through in-
hibition of mTOR [75]. These data indicate that regulation of ageing by
p53 is a complex function involving various pathways and molecules.

6.3. P53 interaction with sirtuins in ageing

An important element of the relationship between p53 and sirtuins
is SIRT1. This crosstalk is involved in numerous biological processes
such as ageing. SIRT1 belongs to a family of class III histone deacety-
lases [76] and was initially known as a longevity gene in some organ-
isms. This NAD " -dependent protein deacetylase plays roles in mod-
ulating the chromatin structure for DNA repair and processing. SIRT1 is
also involved in transcriptional control network because of its role in
deacetylation of some co-factors or transcription factors [77]. p53 is a
substrate for SIRT1. SIRT1 can affect senescence, cell-cycle and stress
resistance through deacetylation of p53. Both of SIRT1 and p53 are
involved in the regulation of ageing through their roles in responding to
DNA damage. While p53 directs the cells to apoptosis for removing
damaged cells, SIRT1 promotes cell survival and repair. These opposite
effects are coordinated between p53 and SIRT1. Several studies have
shown that SIRT1 is suppressed in senescent cells. SIRT1 is also able to
deacetylate target histone and non-histone proteins. Deacetylation of
p53 can inhibit its effects on some genes in the cell, for example those
involved in ROS production, apoptosis and specially senescence [78]. In
another study, acetylation of p53 resulted in accelerated senescence,
especially in cells in which the last seven lysine residues of p53 had
acetyl-mimicking mutations; SIRT1 antagonizes these processes. In
light of the above, it seems that SIRT1 hamper the induction of senes-
cence by deacetylation of p53. This effect turns SIRT1 into an oncogene.
However, in studies on mouse models, SIRT1 functions as a tumor
suppressor and reduces cancer incidence [79].

6.4. P53 interaction with ROS in ageing

The ‘free radical theory of ageing’ states that cellular ROS has direct
effects (mostly harmful) on the overall health of organisms. ROS is a
major determinant of senescence at the molecular level [80]. If not
detoxified properly and promptly, ROS species can damage cellular
organelles and macromolecules. The oxidative damage from ROS can
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reduce lifespan by harming various contents of the cell. Mitochondria
are the major source of ROS. The ROS produced in mitochondria cause
vicious loop [81] where ROS damages mitochondria and mitochondria
produce even more ROS. This event facilitates the process of senescence
and ageing, leading to age-related diseases. p53 could affect ageing by
its dual opposing functions in ROS regulation. For progression of se-
nescence, p53 activates the apoptosis process in which intracellular
oxidative content and ROS will increase. On the other side for pre-
vention of ageing, p53 can up-regulate the antioxidant genes (i.e. glu-
tathione peroxidase 1, superoxide dismutase 2) and increase the anti-
oxidant contents of cell, which in turn reduce the intracellular ROS
levels [82]. ROS has also been referred to in a hypothesis called ‘mi-
tochondrial theory of ageing’. In this theory it is believed that the two
mitochondrial functions, namely energetic metabolism and production
of ROS, have such an important role in regulation of lifespan, that
imbalances between these two processes can induce ageing. Further-
more, in a study on telomerase deficient animals, telomeres were found
to link p53 and ROS in the ageing process. Shortened telomeres were
shown to initiate DDR resulting in p53 activation and leading to age-
related diseases. Active p53 inhibits expression of peroxisome pro-
liferator-activated receptor gamma, coactivator 1 alpha and beta (PGC-
la/b) in cells with telomerase dysfunction. PGC repression leads to
increased ROS levels and reduced mitochondrial biogenesis, because of
the regulating role of PGC in mitochondrial energetic metabolism [83].
On the other hand, ROS can activate mTOR. Therefore p53 can affect
mTOR and consequently senescence by its regulatory effect on ROS
[84].

6.5. p53 interaction with autophagy in ageing

Autophagy is a process in which dysfunctional or unnecessary cel-
lular organelles and excess intracellular materials are degraded.
Autophagy is classified into three distinct types, including macro-au-
tophagy, micro-autophagy and chaperone mediated autophagy. Macro-
autophagy is initiated by the formation of the phagophore (isolation
membrane), which is derived from the endoplasmic reticulum. The next
step is the formation of the autophagosome and its fusion with lyso-
somes [85]. In the two other types, autophagosome is not formed and
the lysosome acts as the initial site for degradation [86]. There is an
extensive relationship between ageing and autophagy. Early studies
have reported that loss of function mutations in genes such as Atgl
(Unc-51), Atg7, Atgl8 and Beclin-1, all involved in the process of
macro-autophagy, cause a decreased life span [87]. Further studies
revealed that important signaling pathways including PI3K/AKT/
mTOR signaling and insulin-growth factor signaling pathway, con-
tribute significantly to autophagy, and thus longevity [88]. More spe-
cific studies regarding the role of autophagy on cellular and organismal
health have suggested that autophagy plays an important role in neu-
ronal health. For instance, autophagy reduces the cellular damage
caused by polyglutamine expansion proteins, decreases inflammation in
hepatocytes by clearing a mutant dysfunctional form of a-1-antitrypsin,
and regulates the immune system, for example by presentation of in-
tracellular antigens via MHC Class II antigen loading compartments
[89-93]. As mentioned, autophagy is regulated by the activation or
suppression of upstream signaling pathways, such as PI3K and growth
factor singling. One other important pathway in regulation of autop-
hagy is DDR; but autophagy itself, is a regulator of DDR proteins such as
p53. As mentioned, p53 can direct cells in both pro-survival and anti-
survival pathways. Autophagy is able to tilt this balance by promoting
pro-survival signals, and also to negatively regulate the DDR cascade as
a whole [94]. Interestingly, among the DDR molecules, p53 is able to
exert great regulatory effect on autophagy. For instance, p53 indirectly
regulates the expression of genes such as damage-regulated autophagy
modulator, Isg20L1, Ulkl and Atg7 [95-97]. This regulatory role is
further explored in a study by Verma et al., where it was shown that
p53-detective cells had increased rates of cell death resulting from
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Advanced Glycation End products (AGEs), which are formed during
prolonged episodes of diabetes mellitus. Interestingly, the major func-
tional change that occurred in these cells was the reduction of autop-
hagy, shown by impaired autophagosomes clearance. Interestingly, NF-
kB was up-regulated in these defective cells, which up-regulated
NEDD4, a molecule which targets Beclin-1 [98]. This interaction be-
tween inflammatory pathways such as NF-kB and survival pathways is
important, as inflammation could act both to promote cell death and
generate pro-survival signals, by effecting DDR downstream effectors
such as the effector molecules of apoptosis [99,100]. Another major
field in cell survival and ageing is cancer. It is widely recognized that
cancer cells high-jack normal cellular coping mechanisms to endure the
unfavorable tumor environment and evade cell death. Salminen A et al.
found that pro-survival pathways such as AMPK signaling utilized
transcription factors such as p53 to stimulate autophagy, and change
cellular metabolism to evade cell death [101].

7. Crosstalk between P53 and DDR in ageing

As mentioned above, DDR consists of a protein collection, including
DDR sensors, transducers, mediators and effectors. p53 is one of the
main DDR effectors. There are two subsets of p53 target genes: a) ne-
gative regulators of cell cycle progression, for example growth arrest
and DNA damage-inducible gene (GADD45a), the p21 cyclin-dependent
kinase inhibitor 1A (CDKN1A) and 14 3-3s; b) apoptosis-promoting
genes, such as PUMA (p53 up-regulated modulator of apoptosis), BAK
(Bcl-2 antagonist/killer) and BAX (Bcl-2-associated protein X) [102].

ATR is a DDR protein which is activated in response to a replication
stress and its activation can induce the senescence of cells even in the
absence of actual DNA damage. ATR activation engages the p53/p21
and/or pl6INK4a/pRB pathways, so effects of ATR for activation of
ageing process, will be through p53 activation [103]. Chronic activa-
tion or over-expression of proteins such as p53, pRB, p21, or p16INK4a
is generally sufficient to induce senescence and growth arrest [104]. On
the other hand, ATM that plays an important part in response to io-
nizing radiation (IR) and is a DDR transducer, controls the initial
phosphorylation of p53 after DNA damage. In other studies, it has been
revealed that both ATM and ATR can phosphorylate p53 at its Serl5
site [105]. In a study by Armata et al., it was shown that the mice with
non-phosphorylable alanine instead of Serl8 on p53 showed signs of
accelerated ageing. This study demonstrated that physiological activity
of p53 is necessary for preventing the age-related damage to tissues
[106]. There is another phenomenon related to ageing known as on-
cogene induced senescence (OIS). After activation of oncogenes, the cell
undergoes hyper-proliferation. This is a trigger for DDR, after which
p53 is activated and induces senescence. In lack of ATM cells fail to
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execute senescence signaling [107]. Moreover, studies have shown that
CHK2 (a DDR mediator) can phosphorylate p53 on Ser20 at the N-
terminal transactivation domain [108].

It has been reported that stable suppression of p53 expression in
senescent fibroblasts leads to their immortalization and rapid cell cycle
re-entry. This indicate that p53 has an important role in initiation and
even maintenance of senescence [109]. Indeed, p53 and pRB pathways
control senescence as master transcriptional regulators. These reg-
ulators work by inducing widespread changes in gene expression. The
ageing phenotype can be ameliorated by p53 mutation and depletion of
PUMA, which is a target of p53 and has a significant role in survival and
apoptosis of stem cells [110]. The downstream effector of p53 is p21.
On the other side, p16INK4a is a positive upstream regulator of pRB;
both are cyclin-dependent kinase inhibitors and potent negative reg-
ulators of the cell-cycle progression. It is proven that CDKN1A/p21 is
up-regulated during replicative senescence. p21 is an essential mediator
of p53-dependent cell-cycle arrest. The lack of p21 can abrogate se-
nescence [111]. There are other pathways which work independently of
the p53/p21 and pl16INK4a/pRB pathways that can maintain the se-
nescence arrest, but p53/p21 and pl6INK4a/pRB pathways still play
more important roles in the senescence program and ageing processes
[112].

The crosstalk between p53 and DDR can affect the ageing process
from different angles; for example, telomeres are affected in the process
of ageing and cause ageing-related complications. Telomere dysfunc-
tion promotes DDR, but in this process, DNA repair is suppressed. Thus,
DDR arrests cell division through p53 activation, and prevents genomic
instability. Cells with dysfunctional telomeres experience persistent
DDR signaling and p53 activation, so the senescence and growth arrest
are enforced [113,114]. Also it is shown that genetic ablation of p53
can reduce the symptoms of ageing in mice with short telomeres [115].
In 2004 in a study by Scrable’s group on mouse model with over-ex-
pressed p53 isoform, it was shown that accelerated ageing occurred in
mouse and this mouse showed reduced lifespan and growth defect. In
another study, the hyperactive p53 resulted in IGF signaling, which is a
master regulator of ageing [35,116].

7.1. Clinical application of p53 and DDR in ageing

p53 is usually identified as a tumor suppressor gene with anticancer
effects. But in fact, according to the studies discussed above, the other
role of p53 is in the ageing process and its therapeutic potential can be
considered in the treatment of age-related diseases (Table 1). In a study
performed by Serrano’s group using a super-arf/p53 mouse model it has
been reported that the mice show increase in lifespan and improvement
of age-related complications. This transgenic condition manifests p53

Table 1
p53 roles in ageing-related diseases.
Age-related Disease Intervention Mechanism Reference
Alzheimer’s Disease Dominant-negative p53 Prevention of mitochondrial changes and dendrite degeneration [125]
Inhibition of p53 activity Increase in NFxB transcriptional activity and enhanced expression of NFkB [126]
downstream targets
Osmotin (a plant protein extracted from Inhibition of p53-mediated activation of apoptotic pathways [127]
Nicotiana tabacum)
Thymoquinone (natural compound in Induction of p53 and p53-downstream targets [128, 129]
black seed (Nigella sativa seed))
Endocannabinoids (AEA & 2-AG) Prevention of association of p-pSBSer_15 with the lysosomes [130]
Parkinson’s Disease Synthetic p53 inhibitors (PFT-a or Suppression of Bax production and apoptosis, reduced damage to [131]
Z-1-117) nigrostriatal dopaminergic neurons and reduced depletion of dopamine
Autosomal recessive forms of juvenile Ubiquitin ligase parkin Reduced p53 expression (and activity) and inhibition of ceramide-induced [132]
Parkinson’s disease (AR-JP) upregulation of CHK
Type 2 diabetes Inhibition of p53 activity in adipose Decreased activity of senescence-associated B-galactosidase, reduced [133]
tissue (p53-knockdown) expression of pro-inflammatory cytokines and improved insulin resistance in
mice with type 2 diabetes-like disease.
Age-related Macular Degeneration Hydrogen Inhibition of of Sirt3 downregulation, reduced expression of p53, p21 and [134]

(AMD)

pl6 and decreased expression of ATM, cyclinD1 and NF-kB

12



A. Mohammadzadeh, et al.

and p19™ over-expression, but maintains endogenous regulation of
p53. p19%F also prevents the MDM2-mediated proteasomal degradation
of p53 [117]. This finding indicates that existence and physiological
function of p53 is required for prevention of ageing. In another study on
mice with eroded telomeres, it was shown that genetic ablation of p53
reduces the symptoms of ageing [115]. Demidenko et al. found that p53
can suppress senescence by induction of cell cycle arrest. They noted
that in p21-arrested cells, p53 changes the direction against the se-
nescence and in favor of quiescence [75,118]. Quiescence is identified
as a reversible arrest with preservation of proliferation capacity and no
senescent morphology. Although it was thought in the past that tumor
suppressors except p53 suppress ageing, but with regards to this
finding, it has been claimed that p53 also follows the same rule.

Moreover, in a study by Yue et al. it is shown that Rgl, a component
of ginsenoside has anti-senescence effects in hematopoietic stem cells.
This molecule performs its role through the p53-p21 and pl6-Rb
pathways, indicating that p53 signaling pathway is a potential target
for regulation of hematopoietic stem cell ageing [119]. In a study by
Chang et al., it was demonstrated that p53 inhibitors may act as a
treatment for age-related neurodegenerative diseases such as Alzhei-
mer’s disease [120]. It is shown that pifithrin-a, a synthetic inhibitor of
p53, was effective against neuronal death induced by DNA-damaging
agents, AP and glutamate. This molecule performs its role via different
mechanisms, one of which is decreasing p53 DNA-binding activity. Also
neurons treated with pifithrin-a have more resistance to damage and
focal ischemic injury [121]. In another study by Zeng et al., proto-
sappanin B, a bioactive dibenzoxocin derivative could prevent apop-
tosis-related events, stimulate the expression of GAP-43, and promote
degradation of p53 via activation of its MDM2-dependent ubiquitina-
tion process [122].

Furthermore, it has been seen that loss of p53 results in amplifica-
tion of the senescence-associated secretory phenotype (SASP) and pro-
inflammatory state that is usually associated with ageing in organisms
[123]. As a result, prevention of premature ageing and increase in
longevity will be possible by controlled modification of p53. Also, p53
is the focus of attention in cancer treatment. Consequently, cancer can
be prevented by controlled induction of senescence in target cells. Re-
activation of p53 in tumor cells have been shown in multiple studies, to
lead to a robust tumor regression mediated by induction of senescence
[124].

8. Conclusion

DDR signaling is responsible for maintenance of the genomic sta-
bility and integrity. Any disruptions in DDR signaling pathways results
in the functional decline of cells and tissues, associated with various
pathological conditions. p53 tumor suppressor is a centerpiece in re-
sponding to DNA damage. p53 also modulates the DDR cascade for
adapting the ageing organism to DNA damage. Recent studies open new
avenues in investigating the complexity of DDR and the consequences
of persistent DNA damage in ageing. Understanding the longevity as-
surance mechanisms related to DNA damage and their impacts on the
ageing process can play a major role in finding ways of combatting
ageing. In this regard, the etiology of ageing-associated diseases, the
thorough function of p53, and its target genes need to be more in-
vestigated. Acknowledgements The authors would like to thank
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University of Medical Sciences for kind supports.

Acknowledgments
The authors would like to thank Clinical Research Development

Unit, Shohada Hospital, Tabriz University of Medical Sciences for kind
supports.

13

DNA Repair 80 (2019) 8-15

References

[1]1 M.R. Rose, Evolutionary Biology of Aging, Oxford University Press on Demand,
1994.

F. Ribezzo, Y. Shiloh, B. Schumacher (Eds.), Systemic DNA Damage Responses in
Aging and Diseases. Seminars in Cancer Biology, Elsevier, 2016.

E. Haapaniemi, S. Botla, J. Persson, B. Schmierer, J. Taipale, CRISPR-Cas9 genome
editing induces a p53-mediated DNA damage response, Nat. Med. 24 (7) (2018)
927.

A.J. Levine, p53, the cellular gatekeeper for growth and division, Cell 88 (3)
(1997) 323-331.

A. Vigneron, K.H. Vousden, p53, ROS and senescence in the control of aging,
Aging (Albany NY). 2 (8) (2010) 471.

S.P. Basourakos, L. Li, A.M. Aparicio, P.G. Corn, J. Kim, T.C. Thompson,
Combination platinum-based and DNA damage response-targeting Cancer
therapy: evolution and future directions, Curr. Med. Chem. 24 (15) (2017)
1586-1606.

M. Mirza-Aghazadeh-Attari, S.G. Darband, M. Kaviani, A. Mihanfar, J.A. Attari,
B. Yousefi, et al., DNA damage response and repair in colorectal cancer: Defects,
regulation and therapeutic implications, DNA Repair (Amst.) (2018).

C.H. McGowan, P. Russell, The DNA damage response: sensing and signaling, Curr.
Opin. Cell Biol. 16 (6) (2004) 629-633.

M. Mirza-Aghazadeh-Attari, A. Mohammadzadeh, B. Yousefi, A. Mihanfar,

A. Karimian, M. Majidinia, 53BP1: a key player of DNA damage response with
critical functions in cancer, DNA Repair (Amst.) 73 (2019) 110-119.

A.N. Blackford, S.P. Jackson, ATM, ATR, and DNA-PK: the trinity at the heart of
the DNA damage response, Mol. Cell 66 (6) (2017) 801-817.

A. Maréchal, L. Zou, DNA damage sensing by the ATM and ATR kinases, Cold
Spring Harb. Perspect. Biol. 5 (9) (2013) a012716.

P. Awasthi, M. Foiani, A. Kumar, ATM and ATR signaling at a glance, J. Cell. Sci.
128 (23) (2015) 4255-4262.

A. Cheng, T. Zhao, K.-H. Tse, H.-M. Chow, Y. Cui, L. Jiang, et al., ATM and ATR
play complementary roles in the behavior of excitatory and inhibitory vesicle
populations, Proc. Natl. Acad. Sci. 115 (2) (2018) E292-E301.

J. Wy, L.-Y. Lu, X. Yu, The role of BRCA1 in DNA damage response, Protein Cell 1
(2) (2010) 117-123.

M. Majidinia, B. Yousefi, DNA damage response regulation by microRNAs as a
therapeutic target in cancer, DNA Repair (Amst.) 47 (2016) 1-11.

A.B. Williams, B. Schumacher, p53 in the DNA-damage-repair process, Cold Spring
Harb. Perspect. Med. (2016) a026070.

E.J. Morris, E. Keramaris, H.J. Rideout, R.S. Slack, N.J. Dyson, L. Stefanis, et al.,
Cyclin-dependent kinases and P53 pathways are activated independently and
mediate bax activation in neurons after DNA damage, J. Neurosci. 21 (14) (2001)
5017-5026.

M.T. Hemann, S.W. Lowe, The p53-Bcl-2 connection, Cell Death Differ. 13 (2006)
1256.

Y. Qian, X. Chen, Tumor suppression by p53: making cells senescent, Histol.
Histopathol. 25 (4) (2010) 515-526.

N. Senzer, J. Nemunaitis, M. Nemunaitis, J. Lamont, M. Gore, H. Gabra, et al., p53
therapy in a patient with Li-Fraumeni syndrome, Mol. Cancer Ther. 6 (5) (2007)
1478-1482.

D. Malkin, Li-fraumeni syndrome, Genes Cancer 2 (4) (2011) 475-484.

M. Ashcroft, M.H. Kubbutat, K.H. Vousden, Regulation of p53 function and sta-
bility by phosphorylation, Mol. Cell. Biol. 19 (3) (1999) 1751-1758.

E.S. Helton, X. Chen, p53 modulation of the DNA damage response, J. Cell.
Biochem. 100 (4) (2007) 883-896.

N.S. Pellegata, R.J. Antoniono, J.L. Redpath, E.J. Stanbridge, DNA damage and
p53-mediated cell cycle arrest: a reevaluation, Proc. Natl. Acad. Sci. 93 (26)
(1996) 15209-15214.

J. Chen, The cell-cycle arrest and apoptotic functions of p53 in tumor initiation
and progression, Cold Spring Harb. Perspect. Med. 6 (3) (2016) a026104.

E.S. Helton, X. Chen, p53 modulation of the DNA damage response, J. Cell.
Biochem. 100 (4) (2007) 883-896.

S. Haupt, M. Berger, Z. Goldberg, Y. Haupt, Apoptosis-the p53 network, J. Cell.
Sci. 116 (20) (2003) 4077-4085.

S. Nagata, P. Golstein, The Fas death factor, Science 267 (5203) (1995)
1449-1456.

T.F. Burns, E.J. Bernhard, W.S. El-Deiry, Tissue specific expression of p53 target
genes suggests a key role for KILLER/DRS in p53-dependent apoptosis in vivo,
Oncogene 20 (34) (2001) 4601.

L. Panossian, V. Porter, H. Valenzuela, X. Zhu, E. Reback, D. Masterman, et al.,
Telomere shortening in T cells correlates with Alzheimer’s disease status,
Neurobiol. Aging 24 (1) (2003) 77-84.

T. Richter, T. von Zglinicki, A continuous correlation between oxidative stress and
telomere shortening in fibroblasts, Exp. Gerontol. 42 (11) (2007) 1039-1042.
B.J. Heidinger, J.D. Blount, W. Boner, K. Griffiths, N.B. Metcalfe, P. Monaghan,
Telomere length in early life predicts lifespan, Proc. Natl. Acad. Sci. 109 (5) (2012)
1743-1748.

L. Shalev, S. Entringer, P.D. Wadhwa, O.M. Wolkowitz, E. Puterman, J. Lin, et al.,
Stress and telomere biology: a lifespan perspective, Psychoneuroendocrinology 38
(9) (2013) 1835-1842.

A. Lewinska, B. Miedziak, K. Kulak, M. Molon, M. Wnuk, Links between nucleolar
activity, rDNA stability, aneuploidy and chronological aging in the yeast
Saccharomyces cerevisiae, Biogerontology 15 (3) (2014) 289-316.

C.J. Kenyon, The genetics of ageing, Nature 464 (7288) (2010) 504.

[2]
[3]

[4]
[5]

[6]

[71

[8]

[91]

[10]
[11]
[12]

[13]

[14]
[15]
[16]

[17]

[18]
[19]
[20]
[21]
[22]
[23]

[24]

[25]
[26]
[27]
[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]


http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0005
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0005
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0010
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0010
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0015
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0015
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0015
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0020
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0020
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0025
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0025
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0030
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0030
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0030
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0030
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0035
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0035
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0035
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0040
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0040
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0045
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0045
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0045
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0050
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0050
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0055
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0055
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0060
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0060
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0065
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0065
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0065
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0070
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0070
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0075
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0075
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0080
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0080
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0085
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0085
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0085
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0085
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0090
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0090
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0095
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0095
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0100
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0100
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0100
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0105
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0110
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0110
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0115
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0115
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0120
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0120
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0120
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0125
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0125
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0130
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0130
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0135
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0135
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0140
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0140
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0145
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0145
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0145
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0150
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0150
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0150
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0155
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0155
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0160
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0160
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0160
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0165
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0165
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0165
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0170
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0170
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0170
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0175

A. Mohammadzadeh, et al.

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]
[56]

[571

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

R.G. Tepper, J. Ashraf, R. Kaletsky, G. Kleemann, C.T. Murphy, H.J. Bussemaker,
PQM-1 complements DAF-16 as a key transcriptional regulator of DAF-2-mediated
development and longevity, Cell 154 (3) (2013) 676-690.

N.A. Baird, P.M. Douglas, M.S. Simic, A.R. Grant, J.J. Moresco, S.C. Wolff, et al.,
HSF-1-mediated cytoskeletal integrity determines thermotolerance and life span,
Science 346 (6207) (2014) 360-363.

C.Y. Ewald, J.N. Landis, J.P. Abate, C.T. Murphy, T.K. Blackwell, Dauer-in-
dependent insulin/IGF-1-signalling implicates collagen remodelling in longevity,
Nature 519 (7541) (2015) 97.

M. Hansen, A. Chandra, L.L. Mitic, B. Onken, M. Driscoll, C. Kenyon, A role for
autophagy in the extension of lifespan by dietary restriction in C. Elegans, PLoS
Genet. 4 (2) (2008) e24.

M. Hansen, S. Taubert, D. Crawford, N. Libina, S.J. Lee, C. Kenyon, Lifespan ex-
tension by conditions that inhibit translation in Caenorhabditis elegans, Aging Cell
6 (1) (2007) 95-110.

D.S. Evans, P. Kapahi, W.-C. Hsueh, L. Kockel, TOR signaling never gets old: aging,
longevity and TORC1 activity, Ageing Res. Rev. 10 (2) (2011) 225-237.

E.T. Powers, R.I. Morimoto, A. Dillin, J.W. Kelly, W.E. Balch, Biological and
chemical approaches to diseases of proteostasis deficiency, Annu. Rev. Biochem.
78 (2009) 959-991.

A. Ben-Zvi, E.A. Miller, R.I. Morimoto, Collapse of proteostasis represents an early
molecular event in Caenorhabditis elegans aging, Proc. Natl. Acad. Sci. 106 (35)
(2009) 14914-14919.

O. Matilainen, L. Arpalahti, V. Rantanen, S. Hautaniemi, C.I. Holmberg, Insulin/
IGF-1 signaling regulates proteasome activity through the deubiquitinating en-
zyme UBH-4, Cell Rep. 3 (6) (2013) 1980-1995.

K.J. Travers, C.K. Patil, L. Wodicka, D.J. Lockhart, J.S. Weissman, P. Walter,
Functional and genomic analyses reveal an essential coordination between the
unfolded protein response and ER-associated degradation, Cell 101 (3) (2000)
249-258.

A. Berdichevsky, M. Viswanathan, H.R. Horvitz, L. Guarente, C. Elegans SIR-2.1
interacts with 14-3-3 proteins to activate DAF-16 and extend life span, Cell 125 (6)
(2006) 1165-1177.

E.A. Nigg, Nucleocytoplasmic transport: signals, mechanisms and regulation,
Nature 386 (6627) (1997) 779.

J. Broers, F. Ramaekers, G. Bonne, R.B. Yaou, C. Hutchison, Nuclear lamins: la-
minopathies and their role in premature ageing, Physiol. Rev. 86 (3) (2006)
967-1008.

N. Mizushima, B. Levine, A.M. Cuervo, D.J. Klionsky, Autophagy fights disease
through cellular self-digestion, Nature 451 (7182) (2008) 1069.

B.M. Zid, A.N. Rogers, S.D. Katewa, M.A. Vargas, M.C. Kolipinski, T.A. Lu, et al.,
4E-BP extends lifespan upon dietary restriction by enhancing mitochondrial ac-
tivity in Drosophila, Cell 139 (1) (2009) 149-160.

R. Prinjha, C. Shapland, J. Hsuan, N. Totty, I. Mason, D. Lawson, Cloning and
sequencing of cDNAs encoding the actin cross-liking protein transgelin defines a
new family of actin-associated proteins, Cell Motil. Cytoskeleton 28 (3) (1994)
243-255.

J.G. Wood, B. Rogina, S. Lavu, K. Howitz, S.L. Helfand, M. Tatar, et al., Sirtuin
activators mimic caloric restriction and delay ageing in metazoans, Nature 430
(7000) (2004) 686.

M. Kaeberlein, R.W. Powers, K.K. Steffen, E.A. Westman, D. Hu, N. Dang, et al.,
Regulation of yeast replicative life span by TOR and Sch9 in response to nutrients,
Science 310 (5751) (2005) 1193-1196.

J.-P. Coppé, P.-Y. Desprez, A. Krtolica, J. Campisi, The senescence-associated se-
cretory phenotype: the dark side of tumor suppression, Annual Rev. Pathological
Mechanical Dis. 5 (2010) 99-118.

C. Lopez-Otin, M.A. Blasco, L. Partridge, M. Serrano, G. Kroemer, The hallmarks of
aging, Cell 153 (6) (2013) 1194-1217.

E.G. Seviour, S.-Y. Lin, The DNA damage response: balancing the scale between
cancer and ageing, Aging (Albany NY). 2 (12) (2010) 900.

A. Sancar, L.A. Lindsey-Boltz, K. Unsal-Kacmaz, S. Linn, Molecular mechanisms of
mammalian DNA repair and the DNA damage checkpoints, Annu. Rev. Biochem.
73 (1) (2004) 39-85.

M.-R. Pan, K. Li, S.-Y. Lin, W.-C. Hung, Connecting the dots: from DNA damage
and repair to aging, Int. J. Mol. Sci. 17 (5) (2016) 685.

A. Torgovnick, B. Schumacher, DNA repair mechanisms in cancer development
and therapy, Front. Genet. 6 (2015) 157.

J.E. Simpson, P.G. Ince, T. Minett, F.E. Matthews, P.R. Heath, P.J. Shaw, et al.,
Neuronal DNA damage response-associated dysregulation of signalling pathways
and cholesterol metabolism at the earliest stages of A 1zheimer-type pathology,
Neuropathol. Appl. Neurobiol. 42 (2) (2016) 167-179.

S. Bohm, M.J. Mihalevic, M.A. Casal, K.A. Bernstein, Disruption of SUMO-targeted
ubiquitin ligases SIx5-S1x8/RNF4 alters RecQ-like helicase Sgs1/BLM localization
in yeast and human cells, DNA Repair (Amst). 26 (2015) 1-14.

C. Lancini, P.C. van den Berk, J.H. Vissers, G. Gargiulo, J.Y. Song, D. Hulsman,
et al., Tight regulation of ubiquitin-mediated DNA damage response by USP3
preserves the functional integrity of hematopoietic stem cells, J. Exp. Med. 211 (9)
(2014) 1759-1777.

L.A. Bonsignore, J.G. Tooley, P.M. Van Hoose, E. Wang, A. Cheng, M.P. Cole, et al.,
NRMTT1 knockout mice exhibit phenotypes associated with impaired DNA repair
and premature aging, Mech. Ageing Dev. 146-148 (2015) 42-52.

A. Rufini, P. Tucci, I. Celardo, G. Melino, Senescence and aging: the critical roles of
P53, Oncogene 32 (43) (2013) 5129.

N. Logan, L. Delavaine, A. Graham, C. Reilly, J. Wilson, T.R. Brummelkamp, et al.,
E2F-7: a distinctive E2F family member with an unusual organization of DNA-
binding domains, Oncogene 23 (30) (2004) 5138.

14

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]
[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]
[93]

[94]

[95]

[96]

[971

[98]

[99]

DNA Repair 80 (2019) 8-15

O. Aksoy, A. Chicas, T. Zeng, Z. Zhao, M. McCurrach, X. Wang, et al., The atypical
E2F family member E2F7 couples the p53 and RB pathways during cellular se-
nescence, Genes Dev. 26 (14) (2012) 1546-1557.

L. Di Stefano, M.R. Jensen, K. Helin, E2F7, a novel E2F featuring DP-independent
repression of a subset of E2F-regulated genes, EMBO J. 22 (23) (2003) 6289-6298.
J. Mitxelena, A. Apraiz, J. Vallejo-Rodriguez, I. Garcia-Santisteban, A. Fullaondo,
M. Alvarez-Fernandez, et al., An E2F7-dependent transcriptional program mod-
ulates DNA damage repair and genomic stability, Nucleic Acids Res. 46 (9) (2018)
4546-4559.

M. Laplante, D.M. Sabatini, mTOR signaling, Cold Spring Harb. Perspect. Biol. 4
(2) (2012) a011593.

D.E. Harrison, R. Strong, Z.D. Sharp, J.F. Nelson, C.M. Astle, K. Flurkey, et al.,
Rapamycin fed late in life extends lifespan in genetically heterogeneous mice,
Nature 460 (7253) (2009) 392.

P. Kapahi, B.M. Zid, T. Harper, D. Koslover, V. Sapin, S. Benzer, Regulation of
lifespan in Drosophila by modulation of genes in the TOR signaling pathway, Curr.
Biol. 14 (10) (2004) 885-890.

P. Tucci, Caloric restriction: is mammalian life extension linked to p53? Aging
(Albany NY). 4 (8) (2012) 525.

C. Nardella, Z. Chen, L. Salmena, A. Carracedo, A. Alimonti, A. Egia, et al.,
Aberrant Rheb-mediated mTORCI1 activation and Pten haploinsufficiency are co-
operative oncogenic events, Genes Dev. 22 (16) (2008) 2172-2177.

S. Lépine, J. Allegood, M. Park, P. Dent, S. Milstien, S. Spiegel, Sphingosine-1-
phosphate phosphohydrolase-1 regulates ER stress-induced autophagy, Cell Death
Differ. 18 (2) (2011) 350.

Z.N. Demidenko, L.G. Korotchkina, A.V. Gudkov, M.V. Blagosklonny, Paradoxical
suppression of cellular senescence by p53, Proc. Natl. Acad. Sci. 107 (21) (2010)
9660-9664.

H. Vaziri, S.K. Dessain, E.N. Eaton, S.-I. Imai, R.A. Frye, T.K. Pandita, et al.,
hSIR2SIRT1 functions as an NAD-dependent p53 deacetylase, Cell 107 (2) (2001)
149-159.

J.L. Feldman, K.E. Dittenhafer-Reed, J.M. Denu, Sirtuin catalysis and regulation, J.
Biol. Chem. 287 (51) (2012) 42419-42427.

L. Li, L. Wang, L. Li, Z. Wang, Y. Ho, T. McDonald, et al., Activation of p53 by
SIRT1 inhibition enhances elimination of CML leukemia stem cells in combination
with imatinib, Cancer Cell 21 (2) (2012) 266-281.

D. Herranz, M. Mufoz-Martin, M. Canamero, F. Mulero, B. Martinez-Pastor,

0. Fernandez-Capetillo, et al., Sirtl improves healthy ageing and protects from
metabolic syndrome-associated cancer, Nat. Commun. 1 (2010) 3.

D. Gough, T. Cotter, Hydrogen peroxide: a Jekyll and Hyde signalling molecule,
Cell Death Dis. 2 (10) (2011) e213.

R.S. Balaban, S. Nemoto, T. Finkel, Mitochondria, oxidants, and aging, Cell 120 (4)
(2005) 483-495.

S. Macip, M. Igarashi, P. Berggren, J. Yu, S.W. Lee, S.A. Aaronson, Influence of
induced reactive oxygen species in p53-mediated cell fate decisions, Mol. Cell.
Biol. 23 (23) (2003) 8576-8585.

E. Sahin, S. Colla, M. Liesa, J. Moslehi, F.L. Miiller, M. Guo, et al., Telomere
dysfunction induces metabolic and mitochondrial compromise, Nature 470 (7334)
(2011) 359.

M.V. Blagosklonny, Aging: ros or tor, Cell Cycle 7 (21) (2008) 3344-3354.

N. Mizushima, M. Komatsu, Autophagy: renovation of cells and tissues, Cell 147
(4) (2011) 728-741.

W.W. Li, J. Li, J.K. Bao, Microautophagy: lesser-known self-eating, Cell. Mol. Life
Sci. 69 (7) (2012) 1125-1136.

M.L. Téth, T. Sigmond, E Borsos, J. Barna, P. Erdélyi, K. Takacs-Vellai, et al.,
Longevity pathways converge on autophagy genes to regulate life span in
Caenorhabditis elegans, Autophagy 4 (3) (2008) 330-338.

S. Gelino, M. Hansen, Autophagy-an emerging anti-aging mechanism, J. Clin. Exp.
Pathol. (2012).

S. Sarkar, B. Ravikumar, R. Floto, D. Rubinsztein, Rapamycin and mTOR-in-
dependent autophagy inducers ameliorate toxicity of polyglutamine-expanded
huntingtin and related proteinopathies, Cell Death Differ. 16 (1) (2009) 46.

D. Perlmutter, Autophagic disposal of the aggregation-prone protein that causes
liver inflammation and carcinogenesis in a-1-antitrypsin deficiency, Cell Death
Differ. 16 (1) (2009) 39.

A. Orvedahl, B. Levine, Eating the enemy within: autophagy in infectious diseases,
Cell Death Differ. 16 (1) (2009) 57.

T. Vellai, Autophagy genes and ageing, Cell Death Differ. 16 (1) (2009) 94.

B. Levine, G. Kroemer, Autophagy in Aging, Disease and Death: the True Identity
of a Cell Death Impostor, Nature Publishing Group, 2009.

E. White, Autophagy and p53, Cold Spring Harb. Perspect. Med. 6 (4) (2016)
a026120.

D. Crighton, S. Wilkinson, J. O’Prey, N. Syed, P. Smith, P.R. Harrison, et al.,
DRAM, a p53-induced modulator of autophagy, is critical for apoptosis, Cell 126
(1) (2006) 121-134.

K.G. Eby, J.M. Rosenbluth, D.J. Mays, C.B. Marshall, C.E. Barton, S. Sinha, et al.,
ISG20L1 is a p53 family target gene that modulates genotoxic stress-induced au-
tophagy, Mol. Cancer 9 (2010) 95.

D. Kenzelmann Broz, S. Spano Mello, K.T. Bieging, D. Jiang, R.L. Dusek,

C.A. Brady, et al., Global genomic profiling reveals an extensive p53-regulated
autophagy program contributing to key p53 responses, Genes Dev. 27 (9) (2013)
1016-1031.

N. Verma, S.K. Manna, Advanced glycation end products (AGE) potentiates cell
death in p53 negative cells via upregulaion of NF-kappa B and impairment of
autophagy, J. Cell. Physiol. 232 (12) (2017) 3598-3610.

M.V. Jain, A.M. Paczulla, T. Klonisch, F.N. Dimgba, S.B. Rao, K. Roberg, et al.,


http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0180
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0180
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0180
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0185
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0185
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0185
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0190
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0190
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0190
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0195
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0195
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0195
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0200
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0200
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0200
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0205
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0205
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0210
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0210
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0210
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0215
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0215
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0215
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0220
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0220
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0220
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0225
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0225
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0225
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0225
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0230
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0230
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0230
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0235
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0235
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0240
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0240
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0240
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0245
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0245
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0250
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0250
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0250
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0255
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0255
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0255
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0255
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0260
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0260
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0260
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0265
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0265
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0265
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0270
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0270
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0270
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0275
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0275
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0280
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0280
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0285
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0285
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0285
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0290
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0290
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0295
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0295
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0300
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0300
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0300
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0300
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0305
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0305
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0305
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0310
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0310
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0310
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0310
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0315
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0315
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0315
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0320
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0320
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0325
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0325
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0325
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0330
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0330
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0330
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0335
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0335
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0340
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0340
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0340
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0340
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0345
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0345
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0350
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0350
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0350
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0355
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0355
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0355
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0360
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0360
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0365
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0365
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0365
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0370
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0370
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0370
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0375
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0375
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0375
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0380
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0380
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0380
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0385
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0385
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0390
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0390
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0390
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0395
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0395
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0395
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0400
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0400
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0405
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0405
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0410
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0410
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0410
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0415
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0415
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0415
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0420
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0425
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0425
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0430
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0430
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0435
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0435
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0435
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0440
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0440
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0445
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0445
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0445
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0450
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0450
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0450
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0455
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0455
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0460
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0465
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0465
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0470
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0470
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0475
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0475
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0475
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0480
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0480
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0480
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0485
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0485
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0485
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0485
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0490
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0490
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0490
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0495

A. Mohammadzadeh, et al.

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

Interconnections between apoptotic, autophagic and necrotic pathways: implica-
tions for cancer therapy development, J. Cell. Mol. Med. 17 (1) (2013) 12-29.
M. Majidinia, E. Alizadeh, B. Yousefi, M. Akbarzadeh, A. Mihanfar, M. Rahmati-
Yamchi, et al., Co-inhibition of notch and nf-kb signaling pathway decreases
proliferation through downregulating ikb-a and hes-1 expression in human
ovarian cancer OVCAR-3 cells, Drug Res. (Stuttg) 67 (01) (2017) 13-19.

A. Salminen, K. Kaarniranta, A. Kauppinen, AMPK and HIF signaling pathways
regulate both longevity and cancer growth: the good news and the bad news about
survival mechanisms, Biogerontology 17 (4) (2016) 655-680.

B. Vogelstein, D. Lane, A.J. Levine, Surfing the p53 network, Nature 408 (6810)
(2000) 307.

L.I. Toledo, M. Murga, P. Gutierrez-Martinez, R. Soria, O. Fernandez-Capetillo,
ATR signaling can drive cells into senescence in the absence of DNA breaks, Genes
Dev. 22 (3) (2008) 297-302.

C.M. Beauséjour, A. Krtolica, F. Galimi, M. Narita, S.W. Lowe, P. Yaswen, et al.,
Reversal of human cellular senescence: roles of the p53 and p16 pathways, EMBO
J. 22 (16) (2003) 4212-4222.

P.M. Reaper, M.R. Griffiths, J.M. Long, J.-D. Charrier, S. MacCormick,

P.A. Charlton, et al., Selective killing of ATM-or p53-deficient cancer cells through
inhibition of ATR, Nat. Chem. Biol. 7 (7) (2011) 428.

H.L. Armata, D.S. Garlick, H.K. Sluss, The Ataxia telangiectasia-Mutated target
site Ser18 is required for p53-Mediated tumor suppression, Cancer Res. 67 (24)
(2007) 11696-11703.

R. Di Micco, M. Fumagalli, A. Cicalese, S. Piccinin, P. Gasparini, C. Luise, et al.,
Oncogene-induced senescence is a DNA damage response triggered by DNA hyper-
replication, Nature 444 (7119) (2006) 638.

H. Lee, Y. Kim, J.H. Jeong, J.-H. Ryu, W.-Y. Kim, ATM/CHK/p53 pathway de-
pendent chemopreventive and therapeutic activity on lung cancer by pter-
ostilbene, PLoS One 11 (9) (2016) e0162335.

M. Kumar, Z. Lu, A.A.L. Takwi, W. Chen, N.S. Callander, K.S. Ramos, et al.,
Negative regulation of the tumor suppressor p53 gene by microRNAs, Oncogene
30 (7) (2011) 843.

D. Liu, L. Ou, G.D. Clemenson Jr, C. Chao, M.E. Lutske, G.P. Zambetti, et al., Puma
is required for p53-induced depletion of adult stem cells, Nat. Cell Biol. 12 (10)
(2010) 993.

B.-D. Chang, K. Watanabe, E.V. Broude, J. Fang, J.C. Poole, T.V. Kalinichenko,
et al., Effects of p21Waf1/Cip1/Sdil on cellular gene expression: implications for
carcinogenesis, senescence, and age-related diseases, Proc. Natl. Acad. Sci. 97 (8)
(2000) 4291-4296.

A.J. Levine, M. Oren, The first 30 years of p53: growing ever more complex, Nat.
Rev. Cancer 9 (10) (2009) 749.

M. Fumagalli, F. Rossiello, M. Clerici, S. Barozzi, D. Cittaro, J.M. Kaplunov, et al.,
Telomeric DNA damage is irreparable and causes persistent DNA-damage-response
activation, Nat. Cell Biol. 14 (4) (2012) 355.

T. Carneiro, L. Khair, C.C. Reis, V. Borges, B.A. Moser, T.M. Nakamura, et al.,
Telomeres avoid end detection by severing the checkpoint signal transduction
pathway, Nature 467 (7312) (2010) 228.

L. Chin, S.E. Artandi, Q. Shen, A. Tam, S.-L. Lee, G.J. Gottlieb, et al., p53 defi-
ciency rescues the adverse effects of telomere loss and cooperates with telomere
dysfunction to accelerate carcinogenesis, Cell 97 (4) (1999) 527-538.

B. Maier, W. Gluba, B. Bernier, T. Turner, K. Mohammad, T. Guise, et al.,
Modulation of mammalian life span by the short isoform of p53, Genes Dev. 18 (3)
(2004) 306-319.

A. Matheu, A. Maraver, P. Klatt, I. Flores, I. Garcia-Cao, C. Borras, et al., Delayed
ageing through damage protection by the Arf/p53 pathway, Nature 448 (7151)

15

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

DNA Repair 80 (2019) 8-15

(2007) 375.

J.M. Pinkston, D. Garigan, M. Hansen, C. Kenyon, Mutations that increase the life
span of C. Elegans inhibit tumor growth, Science 313 (5789) (2006) 971-975.
Z.Yue, J. Rong, W. Ping, Y. Bing, Y. Xin, L. Feng, et al., Gene expression of the p16
(INK4a)-Rb and p19 (Arf)-p53-p21 (Cip/Wafl) signaling pathways in the regula-
tion of hematopoietic stem cell aging by ginsenoside Rg1, Genet. Mol. Res. 13 (4)
(2014) 10086-10096.

J.R. Chang, M. Ghafouri, R. Mukerjee, A. Bagashev, T. Chabrashvili, B.E. Sawaya,
Role of p53 in neurodegenerative diseases, Neurodegener. Dis. 9 (2) (2012) 68-80.
C. Culmsee, M.P. Mattson, p53 in neuronal apoptosis, Biochem. Biophys. Res.
Commun. 331 (3) (2005) 761-777.

K.-W. Zeng, L.-X. Liao, M.-B. Zhao, F.-J. Song, Q. Yu, Y. Jiang, et al., Protosappanin
B protects PC12 cells against oxygen-glucose deprivation-induced neuronal death
by maintaining mitochondrial homeostasis via induction of ubiquitin-dependent
p53 protein degradation, Eur. J. Pharmacol. 751 (2015) 13-23.

E.A. Komarova, V. Krivokrysenko, K. Wang, N. Neznanov, M.V. Chernov,

P.G. Komarov, et al., p53 is a suppressor of inflammatory response in mice, Faseb
J. 19 (8) (2005) 1030-1032.

J.-P. Coppé, C.K. Patil, F. Rodier, Y. Sun, D.P. Mufioz, J. Goldstein, et al.,
Senescence-associated secretory phenotypes reveal cell-nonautonomous functions
of oncogenic RAS and the p53 tumor suppressor, PLoS Biol. 6 (12) (2008) e301.
M. Neema, I. Navarro-Quiroga, M. Chechlacz, K. Gilliams-Francis, J. Liu,

K. LaMonica, et al., DNA damage and nonhomologous end joining in ex-
citotoxicity: Neuroprotective role of DNA-PKcs in kainic acid-induced seizures,
Hippocampus 15 (8) (2005) 1057-1071.

N. Plesnila, L. Von Baumgarten, M. Retiounskaia, D. Engel, A. Ardeshiri,

R. Zimmermann, et al., Delayed neuronal death after brain trauma involves p53-
dependent inhibition of NF-kB transcriptional activity, Cell Death Differ. 14 (8)
(2007) 1529.

T. Ali, G.H. Yoon, S.A. Shah, H.Y. Lee, M.O. Kim, Osmotin attenuates amyloid
beta-induced memory impairment, tau phosphorylation and neurodegeneration in
the mouse hippocampus, Sci. Rep. 5 (2015) 11708.

H. Gali-Muhtasib, M. Diab-Assaf, C. Boltze, J. Al-Hmaira, R. Hartig, A. Roessner,
et al., Thymoquinone extracted from black seed triggers apoptotic cell death in
human colorectal cancer cells via a p53-dependent mechanism, Int. J. Oncol. 25
(4) (2004) 857-866.

A. Alhebshi, M. Gotoh, I. Suzuki, Thymoquinone protects cultured rat primary
neurons against amyloid B-induced neurotoxicity, Biochem. Biophys. Res.
Commun. 433 (4) (2013) 362-367.

J. Noonan, R. Tanveer, A. Klompas, A. Gowran, J. McKiernan, V.A. Campbell,
Endocannabinoids prevent -amyloid-mediated lysosomal destabilization in cul-
tured neurons, J. Biol. Chem. 285 (49) (2010) 38543-38554.

W. Duan, X. Zhu, B. Ladenheim, Q.S. Yu, Z. Guo, J. Oyler, et al., p53 inhibitors
preserve dopamine neurons and motor function in experimental parkinsonism,
Annals Neurol. 52 (5) (2002) 597-606.

C.A. Da Costa, C. Sunyach, E. Giaime, A. West, O. Corti, A. Brice, et al.,
Transcriptional repression of p53 by parkin and impairment by mutations asso-
ciated with autosomal recessive juvenile Parkinson’s disease, Nat. Cell Biol. 11
(11) (2009) 1370.

T. Minamino, M. Orimo, I. Shimizu, T. Kunieda, M. Yokoyama, T. Ito, et al., A
crucial role for adipose tissue p53 in the regulation of insulin resistance, Nat. Med.
15 (9) (2009) 1082.

R. Li, Y. Liu, J. Xie, X. Huang, L. Zhang, H. Liu, et al., Sirt3 mediates the protective
effect of hydrogen in inhibiting ROS-induced retinal senescence, Free Radic. Biol.
Med. (2019).


http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0495
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0495
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0500
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0500
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0500
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0500
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0505
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0505
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0505
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0510
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0510
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0515
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0515
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0515
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0520
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0520
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0520
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0525
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0525
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0525
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0530
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0530
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0530
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0535
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0535
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0535
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0540
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0540
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0540
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0545
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0545
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0545
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0550
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0550
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0550
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0555
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0555
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0555
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0555
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0560
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0560
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0565
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0565
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0565
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0570
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0570
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0570
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0575
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0575
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0575
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0580
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0580
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0580
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0585
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0585
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0585
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0590
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0590
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0595
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0595
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0595
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0595
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0600
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0600
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0605
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0605
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0610
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0610
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0610
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0610
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0615
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0615
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0615
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0620
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0620
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0620
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0625
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0625
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0625
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0625
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0630
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0630
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0630
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0630
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0635
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0635
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0635
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0640
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0640
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0640
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0640
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0645
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0645
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0645
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0650
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0650
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0650
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0655
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0655
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0655
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0660
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0660
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0660
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0660
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0665
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0665
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0665
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0670
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0670
http://refhub.elsevier.com/S1568-7864(19)30146-6/sbref0670

	Crosstalk between P53 and DNA damage response in ageing
	Introduction
	DNA damage response
	P53: a DDR effector
	Molecular mechanism of ageing
	DNA damage response in ageing
	Regulation of ageing process by P53
	P53 interaction with E2F7 in ageing
	P53 interaction with mTOR in ageing
	P53 interaction with sirtuins in ageing
	P53 interaction with ROS in ageing
	p53 interaction with autophagy in ageing

	Crosstalk between P53 and DDR in ageing
	Clinical application of p53 and DDR in ageing

	Conclusion
	Acknowledgments
	References




