1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Ageing Res Rev. Author manuscript; available in PMC 2016 November 01.

-, HHS Public Access
«

Published in final edited form as:
Ageing Res Rev. 2015 November ; 24(0 0): 3-16. doi:10.1016/j.arr.2014.10.004.

DAMPs, Ageing, and Cancer: The ‘DAMP Hypothesis’

Jin Huang?, Yangchun Xiel3, Xiaofang Sun?, Herbert J. Zeh 1113, Rui Kang?, Michael T.
Lotze34, and Daolin Tang3"

1Department of Oncology, Xiangya Hospital, Central South University, Changsha, Hunan 410008,
China

°The Third Affiliated Hospital of Guangzhou Medical University, Guangzhou, Guangdong 510510,
China

SDepartment of Surgery, University of Pittsburgh Cancer Institute, University of Pittsburgh,
Pittsburgh, Pennsylvania 15213, USA

4Department of Immunology and Bioengineering, University of Pittsburgh Cancer Institute,
University of Pittsburgh, Pittsburgh, Pennsylvania 15213, USA

Abstract

Ageing is a complex and multifactorial process characterized by the accumulation of many forms
of damage at the molecular, cellular, and tissue level with advancing age. Ageing increases the
risk of the onset of chronic inflammation-associated diseases such as cancer, diabetes, stroke, and
neurodegenerative disease. In particular, ageing and cancer share some common origins and
hallmarks such as genomic instability, epigenetic alteration, aberrant telomeres, inflammation and
immune injury, reprogrammed metabolism, and degradation system impairment (including within
the ubiquitin-proteasome system and the autophagic machinery). Recent advances indicate that
damage-associated molecular pattern molecules (DAMPS) such as high mobility group box 1,
histones, S100, and heat shock proteins play location-dependent roles inside and outside the cell.
These provide interaction platforms at molecular levels linked to common hallmarks of ageing and
cancer. They can act as inducers, sensors, and mediators of stress through individual plasma
membrane receptors, intracellular recognition receptors (e.g., advanced glycosylation end product-
specific receptors, AIM2-like receptors, RIG-I-like receptors, and NOD1-like receptors, and toll-
like receptors), or following endocytic uptake. Thus, the DAMP Hypothesis is novel and
complements other theories that explain the features of ageing. DAMPs represent ideal biomarkers
of ageing and provide an attractive target for interventions in ageing and age-associated diseases.
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1. Introduction

The ultimate goal of biomedical research is to translate laboratory discoveries or clinical
observations into new therapies to ameliorate disease and extend life expectancy and quality,
namely the average total number of years of remaining meaningful life at a given age [1].
Embedded in varying environmental and social factors, ageing and disease affect life
expectancy and longevity in humans. Ageing is a complex and multifactorial process
characterized by the many forms of damage accumulation at the molecular, cellular, and
tissue level that progress with advancing age, decreasing the body’s normal response and
function. Ageing itself is not a disease, but it significantly increases the risk of the onset of
chronic inflammatory-associated diseases including many forms of cancer, stroke, diabetes,
neurodegenerative diseases, cardiovascular disease, osteoporosis, and others [2]. An
increased understanding of the molecular nature of the ageing process is therefore critical to
improving health and quality of life in an ageing population. In the past decade, a number of
theories have been proposed to explain how and why we age and develop diseases. For
example, ageing has been widely proposed to be caused by oxidative injury [3], wear and
tear on the body [4], cellular senescence [5], or changes in the neural [6], endocrine [7], or
immune systems [8]. Other theories consider ageing a predetermined process controlled by
genes [9] or from the declining roll of natural selection [10]. Of course, no single theory
currently exists that can explain all of the hallmarks of ageing, suggesting that ageing is a
multi-step and multi-event process.

Cancer cells exhibit several characteristics distinct from normal cells [11]. At first glance,
cancer and ageing have an inverse relationship because cancer cells are capable of
uncontrolled growth and division, whereas ageing cells have a diminished proliferative
capacity. It has been well-established that older adults have a higher risk for cancer. Ageing
is involved in a number of events responsible for carcinogenesis and cancer development at
the molecular, cellular, and tissue levels [12]. Indeed, ageing and cancer have common
origins due to internal and environmental stress and share some common hallmarks such as
genomic instability, epigenetic alteration, aberrant telomeres, inflammation and immune
injury, reprogrammed metabolism, and impaired degradation of intracellular biomolecules
and organelles (Figure 1) [11, 13]. Although the molecular link between ageing and cancer
remains largely unknown, damage-associated molecular pattern molecules (DAMPs) play a
potential role in the pathogenesis of ageing and cancer. DAMPs, sometimes termed alarmins
or danger signals, are endogenous molecules released from cells in response to exogenous
and endogenous stressors, especially following injury or cellular death [14, 15]. They can
act as inducers, sensors, and mediators of stress and the immune response through individual
plasma membrane receptors, cytosolic/intracellular recognition receptors, or following
endocytic uptake. DAMPs and their receptors (e.g., advanced glycosylation end product-
specific receptor [AGER/RAGE], toll-like receptors [TLRs], NOD1-like receptors [NLRs],
RIG-I-like receptors [RLRs], and AIM2-like receptors [ALRs]) play multiple roles in human
health and disease, especially inflammatory and immune-associated disease [16, 17]. Here,
we outline six common biological hallmarks of ageing and cancer; discuss the behavior and
function of DAMPSs in ageing and age-associated disease; and highlight the multifaceted role
of two nuclear families (e.g., high mobility group box 1 [HMGB1] and histone) and two
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cytosolic families (e.g., S100 proteins and heat shock proteins [HSPs]) acting collectively as
DAMPs in the pathogenesis of ageing and cancer.

2. The Common Hallmarks of Ageing and Cancer

2.1 Genomic Instability

Genomic instability refers to a range of genetic alterations from the nucleotide,
chromosomal, to nuclear architectural levels when the genetic lesion is increased and the
surveillance mechanisms become significantly impaired [18]. Frequent causes of genomic
instability include intrinsic damage arising from reactive oxygen species (ROS) produced
during mitochondrial dysfunction or activation of nicotinamide adenine dinucleotide
phosphate-oxidase, and extrinsic environmental stressors including ultraviolet radiation from
the sun. ROS play a role in ageing and carcinogenesis by inducing DNA damage, lipid
peroxidation, and protein structural and functional modifications. At the nucleotide level,
disrupted DNA damage response pathways, including DNA repair, cell cycle checkpoints,
and programmed apoptosis, can cause nucleotide substitution, insertion, and deletion, as a
panoply of genetic alterations/mutations [19]. The nucleotide excision pathway, base
excision repair, and mismatched base repair are essential for single-stranded DNA break
repair, whereas non-homologous end joining and homologous recombination are responsible
for double-stranded DNA break repair [20]. Single-stranded breaks are more frequent and
can lead to ageing and neurodegenerative brain disease, while double-stranded breaks are
more serious and can result in cancer [21]. At the chromosomal level, variations in
chromosome number (e.g., aneuploidy, monoploidy, and euploidy) as well as deletions,
duplications, inversions, and translocations of chromosome segments, contribute to genomic
instability. At the nuclear architectural level, defects in the nuclear lamina, a structural
component of the nuclear envelope, can also produce genomic instability [22]. Recently, an
analysis of mice with targeted mutation or defective genes involved in maintaining genomic
stability have provided a direct link between cancer and ageing [23]. As examples,
deficiencies of DNA damage response genes (e.g., excision repair cross-complementation
group 4 [ERCCA4] [24], Werner syndrome, RecQ helicase-like (WRN) [25], ataxia
telangiectasia mutated [ATM] [26, 27], breast cancer 1, early onset [BRCA1] [28], tumor
protein p53 [TP53] [29], and sirtuin 2 [30]) and nuclear architecture genes (e.g., lamin A
[LMNA] [31]) increase the risk of cancer as well as premature ageing. Nuclear DAMPSs,
including HMGBJ1, histones, and DNA, are the major components of chromosomes. On one
hand, loss of nuclear DAMPs increases genomic instability in response to stress. On the
other hand, the release of nuclear DAMPs is significantly increased in cells following
genomic instability, which facilitates the systemic inflammatory response [15, 32]. Chronic
inflammation conditions can increase the risk of cancer. Age-related accumulation of ROS
from mitochondria has also been demonstrated as a major source of not only somatic
mutation [33], but also DAMP release [34]. Collectively, these findings suggest that DNA
oxidative damage-mediated genomic instability from both the nucleus and mitochondria
may be a fundamental cause of ageing and a variety of human diseases, including cancer.
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2.2 Aberrant Telomeres

Telomeres are highly-specialized nucleoprotein structures at the ends of linear
chromosomes, which were first observed by Hermann Muller and Barbara McClintock in
the early 1930s [35]. Telomeres are essential for maintaining genome integrity [36]. A
highly-conserved telomeric repeat DNA sequence, namely (TTAGGG)n, prevents fusion
between chromosome ends and ensures proper replication [37]. Telomerase, a
ribonucleoprotein with enzymatic activity, adds new DNA sequence repeats to both strands
of the telomere overhang [38]. In addition to the telomerase-mediated telomere lengthening
pathway, some cells utilize a specific pathway called alternative lengthening of telomeres
(ALT) to elongate telomeres through transferring telomere tandem repeats between sister-
chromatids [39]. Furthermore, the chromosome end is protected against DNA damage by
multiple telomere-binding proteins, especially a protein complex called shelterin (consisting
of the six protein telomeric repeat binding factor (NIMA-interacting) 1 [TERF1/TRF1],
telomeric repeat binding factor 2 [TRF2], TERF1 (TRF1)-interacting nuclear factor 2
[TINF2/TINZ2], protection of telomeres 1 [POT1], telomeric repeat binding factor 2,
interacting protein [TERF2IP/RAP1], and adrenocortical dysplasia homolog (mouse) [ACD/
TPP1] in mammalian cells) [40]. Although the mechanism remains to be fully characterized,
shelterin directly interacts with multiple classical DNA repair pathways, therefore protecting
telomeres from injury [41]. Additional factors such as chromatin remodeling complex (e.g.,
SWiItch/Sucrose NonFermentable [SWI/SNF] and INO80) contribute to telomere structure
and function adaptation in response to DNA damage [42, 43]. The structural basis for this
process is not clear. Telomeric dysfunction is a major mechanism for the generation of
genomic instability, while telomere length is a key factor affecting cellular lifespan [44-46].
Loss of HMGBL1 in cells reduces telomerase activity and decreases telomere length [47].
Epigenetic modification by histone and DNA methylation also regulates telomere length,
structure, and function [48, 49]. These links between nuclear DAMP and telomere-length
regulation provide important new avenues for understanding processes of cancer
development and ageing.

At the cellular level, ageing refers to senescence, a process by which a cell becomes old and
dies [5]. Senescence is induced from the shortening of telomeres to the point that the
chromosome reaches a critical length. In normal somatic cells, including adult stem cells,
shorter telomeres have become associated with the ageing process due to telomerase
repression. In germ cells, high levels of telomerase activity prevent telomeres from
shortening. In cancer cells, telomere shortening can be observed at early stages due to more
frequent division; however, increased expression and activity of telomerase guard their
immortality by maintaining telomere length [50]. These dynamic changes make telomerase
inhibitors a new therapeutic approach for patients with cancer. Genetically-modified animal
models have confirmed a positive relationship between telomere length and lifespan, and
ageing can be reverted by restoring telomerase activation [51]. However, studies using
transgenic mice suggest that telomeres and telomerase act as both tumor promoters and
suppressors, depending on the cell type and genomic context [52-56]. Similarly, cellular
senescence also plays both tumor suppression and promotion roles in the regulation of
tumorigenesis [57]. It remains unclear how the pathological telomere attrition checkpoint is
activated by oncogenetic signals at different stages.
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2.3 Epigenetic Alteration

Epigenetics is defined as changes in gene activity and expression that occur without
alteration in DNA sequence, namely the genetic code, itself [58]. The markers and
mechanisms of epigenetic alteration include DNA methylation variation, histone
posttranslational modifications (PTMs), and noncoding RNA changes. Epigenetic alterations
often enhance or inhibit gene activity in a combined manner [59]. Epigenetic changes may
directly lead to ageing and cancer initiation, or render cells more sensitive to subsequent
genetic or epigenetic alterations [60]. DNA methylation is the process of DNA
methyltransferase enzymes-mediated conversion of cytosine to 5-methylcytosine [61]. In
mammals, DNA methylation typically occurs at CpG sites and most CpG sequences in the
human genome are methylated [62]. There is more evidence of individual variation in age-
and environmental exposure-related methylation across the life span than was previously
expected [63]. The importance of DNA methylation and its mode of action may vary
between sexes and change during ageing [64, 65]. As a silencing epigenetic mark, DNA
methylation is required for proper embryogenesis and development, genome stability,
telomere length maintenance, and gene expression [66]. DNA methylation is the first
recognized epigenetic modification in ageing and ageing-related diseases and is generally
characterized by decreased global DNA methylation and an increased specific gene
promoter-hypermethylation [67]. These genes include tumor suppressor genes (cyclin-
dependent kinase inhibitor 2A [CDKN2A], lysyl oxidase [LOX], runt-related transcription
factor 3 [RUNX3], and retinoic acid receptor responder (tazarotene induced) 1 [RARRES1/
TIG1]) as well as cancer-related genes such as those encoding the estrogen receptor and
insulin-like growth factor 2 [IGF2] [68]. Histones are composed of core histones (H2A,
H2B, H3, and H4) and linker histones (H1 and H5). As basic components of nucleosomes
(the structural unit of chromatin), histone can be modified multiple times by individual
PTMs or by the same PTM at different residues. These modifications are important for
chromatin homeostasis and gene expression [69, 70], and are linked to ageing and cancer.
For example, increased histone acetylation at H4K16, trimethylation at H4K20 or H3K4, as
well as decreased methylation at H3K9 or trimethylation at H3K27, are age-associated
epigenetic markers [71]. In contrast to ageing, histone hypoacetylation at H3K9 and H4K 16
following aberrant expression or activity of histone deacetylases and/or histone
hypermethylation at H3K9 and H3K27 by histone methyltransferases can induce cellular
transformation [72]. Phosphorylation of H2A histone family member X (H2AFX/H2AX) at
Ser139 is an early molecular event of the DNA damage response, which facilitates the
recruitment of DNA repair proteins to DNA damage sites to act as histone guardians of the
genome [73]. These results are consistent with an animal study showing that H2AFX-
deficient mice have retarded growth and exhibit signs of genomic instability [74].

RNA change is as an emerging epigenetic marker involved in chromatin modification.
Notably, the differential expression profile of microRNAs (miRNAS), a class of small,
noncoding RNA molecules that usually lead to post-transcriptional gene silencing, are
functionally related to ageing and cancer, although specificity is an issue [75-77]. miRNA
action itself is not considered a mechanism of epigenetics. miRNAS can regulate the
expression of proteins involved in DNA methylation and histone PTMs. Additionally,
epigenetic mechanisms are also important regulators of cell type-specific miRNAs. These
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findings suggest interplay between miRNA and epigenetics. Similar to HMGB1 and
histones, MiRNAs can be released into the circulation as DAMPs in many diseases, making
these molecules unusually attractive biomarkers [78, 79]. An exosome-dependent pathway
has recently been shown to contribute to the release of miRNAs in cancer cells [80]. Once
released, extracellular miRNAs can directly interact with TLRs in surrounding immune
cells, leading to NF-xB pathway activation and increased secretion of proinflammatory
cytokines that ultimately promotes cancer cell proliferation and metastatic potential [80].
Collectively, epigenetic modifications are progressive processes that could be regulated by
multiple mechanisms in response to environmental stimuli. It will be interesting to define
and map the epigenetic modification patterns not only inside of cells, but also outside of
cells in ageing and age-associated diseases.

2.4 Inflammation and Immune-mediated Injury

Chronic inflammation and immune injury are common hallmarks of ageing and cancer [81].
The immune system protects the body from infection and injury by recognizing and
responding to substances derived from foreign microbes (e.g., pathogen-associated
molecular pattern molecules [PAMPs]) and endogenous molecules (e.g., DAMPs) [16].
Excessive PAMPs and DAMPs can impair immunity and the associated inflammatory
response, contributing to the pathophysiology of ageing and many chronic diseases
including cancer, neurodegenerative diseases, and diabetes [14]. Excessive inflammation is
implicated in oxidative injury, remodeling of the extracellular matrix, activated
angiogenesis, enhanced fibrosis, cell death, and altered microenvironment in diverse target
tissues [82]. Also, the normal immune system has the ability to eliminate dying, dead,
senescent, and hyperploid cells through various mechanisms such as monocyte/macrophage-
mediated phagocytosis, natural killer cell-mediated cytotoxicity, and antigen-specific T-cell
responses following dendritic cell selection and expansion [83, 84]. Moreover, decreased
antioxidant capacity and an associated increased ROS affect the redox status and function of
the immune cell in the setting of tissue inflammation and immune surveillance [85]. Several
well-studied inflammatory pathways such as nuclear factor-xB (NF-xB) signaling [86, 87],
activation of the inflammasome [88, 89], and hyperactivation of the signal transducer and
activator of transcription 3 (acute-phase response factor) (STAT3) [90, 91] factors can drive
production of the classical pro-inflammatory cytokines (e.g., tumor necrosis factor [TNF],
interleukin[IL]-1, and IL-6), which may directly link systemic chronic inflammation to
immune functional decline in ageing and cancer. Genetic and pharmacological inhibition of
these inflammatory pathways generally prevents ageing and tumorigenesis.

Age-related changes in our innate and adaptive immune systems are known collectively as
immunosenescence. The important contributor to decline in immune function in the elderly
adult is the changes observed in adaptive immunity, including reduced production of B and
T cells in the bone marrow and thymus and diminished function of mature lymphocytes in
secondary lymphoid tissues [92]. Not only is the adaptive immune response altered, but it
has also recently become evident that most innate immune functions, including those of
neutrophils, dendritic cells, and natural killer (NK) cells, are affected at least to some extent
by the ageing process. As a result, the ageing of the immune system is probably the major
determinant for susceptibility to diseases including cancer. Cancer immunosurveillance
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involving many players (such as CD8 cytotoxic T cells, Thl responses, NK cells,
macrophages, B cells, and v8 T cells) is the immune system’s ability to recognize and
destroy newly arising malignant cells. However, these newly arising malignant cells are
gradually able to gain several mechanisms of immune evasion during ageing that may favor
tumor development and progression [93].

The sirtuin family, a class of proteins that possess either mono-ADP-ribosyltransferase or
deacylase activity, is a potential negative regulator of the inflammatory response acting
partly through deacetylation of NF-xB [94]. Besides downregulating the inflammatory
response, sirtuin-1, -2 and -6 can sustain genomic stability and metabolic balance, extending
the lifespan of mice, and generally acting as tumor suppressors [95-98]. Thus, the decreased
expression of sirtuins may be involved in the activation of these processes during ageing. In
addition, interplay between the neuroendocrine and immune systems can fine-tune the
inflammatory response through release of hormones and neurotransmitters [99]. Further
studies are essential to define the complex regulatory networks of the inflammatory response
in ageing and age-associated disease and explore how targeting these pathways could have
therapeutic potential.

2.5 Reprogrammed Metabolism

Metabolism is generally divided into two counter-regulatory categories: catabolism and
anabolism, or the processes of breakdown or synthesis of compounds needed by the cells,
respectively. Bioenergetics, also called energy metabolism, is the general process by which
living cells produce and use the energy needed to stay alive, grow, and proliferate. Many
metabolic processes can result in production and utilization of energy in forms such as
adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide molecules. Glycolysis
and mitochondrial oxidative phosphorylation are the sole mechanisms of ATP synthesis in
human cells. Normal metabolism is reprogrammed to meet the challenges of
macromolecular synthesis under ageing and some diseases [100].

A well-established reprogrammed metabolism observed in cancer cells is the “Warburg
effect,” namely that tumor cells can strategically generate ATP through aerobic glycolysis
(in addition to oxidative phosphorylation), even when oxygen is abundant [101], enabling
exaggerated tumor cell proliferation. Similarly, ageing drives large systemic reductions in
oxidative phosphorylation, shifting the entire body metabolically toward aerobic glycolysis
[102]. The “Warburg effect” is one of the key hallmarks of cancer and is regulated by a
number of transcription factors and kinases, especially hypoxia-inducible factor 1a (HIF1a)
and pyruvate kinase M2 (PKM2) [103-105]. Changes in HIF1a with age have been reported
in rats and could be related to age-related pathologies [106]. Loss of HIF1a accelerates
epidermal ageing in the skin [107]. Our recent study shows that the HIF1a and PKM2-
mediated Warburg effect is required for HMGBL1 release in activated macrophages and
systemic inflammatory syndromes, providing a direct link between reprogrammed
metabolism and inflammation by inducing DAMP release [108]. In addition to
macrophages, metabolic reprogramming also facilitates the maturation of dendritic cells
[109] and influences the differentiation of both anti-inflammatory Tieq cells and pro-
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inflammatory Thy7 cells [110, 111]. Additional studies are necessary to determine the
crosstalk between metabolism reprogramming and the immune system in ageing.

Caloric restriction (CR) without malnutrition has been show to slow the ageing process,
extend lifespan, and decrease onset of disease in various species, although the underlying
mechanism remains unclear [112]. A possible mechanism of action of CR-induced longevity
is reprogrammed metabolism with increased protein synthesis and reduced energy
metabolism by transcriptional regulation [113, 114]. CR may result in protection from
cancer risks, partly through limiting the “Warburg effect” [115]. In contrast to CR, high-fat
and high-cholesterol diets can accelerate tumor growth and development [116]. As a protein
hormone, adiponectin is not only important for enhancing glucose and fatty acid oxidation,
but also responsible for the action of CR [117, 118]. Additionally, CR can improve insulin
sensitivity through regulating the insulin-and IGF-1-signaling and autophagy pathways [119,
120]. CR or fasting improves systemic inflammation in sepsis and ischemic injury partly
through reduction of the release of DAMPs such as HMGBL1 [121, 122]. In addition, the
reduction in serum HMGBL1 appears to be mediated by the NAD-dependent protein
deacetylase sirtuin-1-associated autophagic response [122]. Several energy sensors such as
AMP-activated protein kinase (AMPK), v-akt murine thymoma viral oncogene homolog
(AKT), and sirtuin 1 can balance survival and death in response to metabolic stress through
regulating their downstream effectors such as the mammalian/mechanistic target of
rapamycin (MTOR), TP53, foxhead box O (FOXO), and HIF1a [12]. In summary, these
observations indicate that abnormal metabolism may trigger ageing-associated diseases. The
translational potential of these findings remains to be further explored in humans.

2.6 Impaired Degradation

Failure to remove and dispose of defective proteins or cellular components remarkably
increases susceptibility to disease. Eukaryotic cells include two major categories of
degradation pathways for waste management and recycling. Whereas the ubiquitin-
proteasome system (UPS) is the major nonlysosomal proteolytic pathway of intracellular
proteins, autophagic pathways can selectively eradicate damaged cell organelles, protein
aggregates, invasive microorganisms, or effete molecules including proteins, DNA, and
RNA through delivery to digestive lysosomes [123]. Autophagy, the UPS, and molecular
chaperones contribute to cellular quality control (Figure 2). The 26S proteasome, a large
multi-catalytic, multi-subunit protease complex located in the cytosol and the nucleus of
eukaryotic cells, constitutes the central proteolytic machinery of the UPS. Autophagy can be
divided into three broad categories: macroautophagy, microautophagy, and chaperone-
mediated autophagy. Macroautophagy (hereafter referred to as autophagy), the most
common type, is a highly-regulated dynamic process that includes the formation and
maturation of several membrane structures such as the phagophore, autophagosome, and
autolysosme. The degraded components produced from autophagy can be reused for
biosynthesis or energy production and sustain metabolism during stress [124, 125]. This
property makes increased autophagy generally a programmed survival pathway, although
excessive autophagy may rarely cause cell death [125, 126]. Increased autophagy reduces
accumulation of proteotoxic protein aggregates, improves innate immune responses, and
limits apoptosis and cellular senescence. Deficient UPS and autophagy pathways are
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associated with most aspects of normal physiology and development, and are also involved
in a broad array of pathological conditions and diseases, including ageing, cancer, and many
neurodegenerative diseases including Parkinson’s and Alzheimer’s [127, 128]. Decreased
proteasome activity has been observed in ageing. Of note, proteasome deficiency is both a
cause and a consequence of ageing, and contributes to the general decrease in protein
integrity and functionality with age. Autophagy-deficient mice exhibit decreased longevity
and increases in certain types of tumorigenesis due to genome instability, inflammation, and
organelle injury, whereas specific induction of autophagy (e.g., delivery of the MTOR
inhibitor rapamycin and CR) can increase longevity in multiple animal species [129-135].
However, some paradoxical observations suggest that autophagy has a context-, type- and
stage-dependent role in tumor development and cancer therapy [136]. For example, ATG5-
mediated autophagy suppresses oncogenetic KRas®12P-driven early lung oncogenesis, but
accelerates cancer progression at later stages [137]. Indeed, both autophagy inducers (e.g.,
rapamyecin) and inhibitors (e.g., chloroquine) exhibit significant anticancer activity [138,
139]. A complex relationship exists between DAMPs and autophagy in cellular adaption to
injury and unscheduled cell death [15]. On one hand, DAMP such as HMGB1 and S100 can
induce autophagy, contributing to drug resistance [140]. On the other hand, autophagy can
regulate the release of DAMPs in immune and cancer cells [17]. Thus, an increased
understanding of the properties of autophagy and DAMPs in cancer is therefore critical for
its optimal exploitation for therapeutic advantage. In contrast, proteasome activity is
increased in cancer cells and inhibition of the UPS could be used as a novel approach for
cancer therapy.

3. The DAMP Hypothesis and the Danger Theory

In 1994, the “danger theory” was proposed by Polly Matzinger to explain how the immune
system works to distinguish between self and non-self danger signals in response to sterile
inflammation in the absence of pathogens [141]. In contrast to infection, sterile
inflammation occurs in acute conditions, such as ischemia-reperfusion injury, crystal-
induced arthritis, and trauma, as well as with chronic diseases such as ageing, cancer,
atherosclerosis, and autoimmune diseases. In response to injury, death, and other stressors,
certain endogenous molecules can be released or secreted from dead, dying, or injured cells
or those exposed on the cell surface. These molecules, later named DAMPSs, often act as an
alarm to warn our immune system to respond to tissue damage or injury, promoting a wound
healing response (Figure 3) [142, 143]. In contrast to cell-derived DAMPs, PAMPs are
generated from pathogens [14]. In addition to passive release, certain DAMPs can be
secreted in immune cells following PAMP stimulation. Furthermore, it has been suggested
that most PAMPs are hydrophobic molecules derived from damaged or injured microbes
[144]. Both PAMPs and DAMPs can be recognized by common pattern recognition
receptors including TLRs, NLRs, RLRs, ALRs, and AGER to initiate an immune and
inflammation response [145]. Of note, the mechanisms used by our immune system to
manage dead and dying cells are complex and context-dependent. Depending on cell death
type and the microenvironment in which it occurs, DAMPSs can mediate either immunogenic
or tolerogenic cell death, which is important for immune therapy for cancer [17, 146, 147].
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DAMPs can be derived from any compartment of the cell including the nucleus and
cytoplasm (e.g., mitochondria, endoplasmic reticulum, and lysosome). They vary greatly
depending on the type and severity of the injury. Among them, protein DAMPs include
endogenous proteins, such as HMGB1, HSPs, the S100 family of calcium binding proteins,
serum amyloid A, and histones, whereas other non-protein sources of DAMPs include ATP,
uric acid, heparin sulfate, DNA (genomic and mitochondrial DNA), and RNA [14]. DAMPs
act in a single or combined manner in other cell types besides immune cells such as
fibroblasts and endothelial, cancer, and stem cells, supporting their roles in the regulation of
multiple cellular processes such as growth, differentiation, survival, and death. Additionally,
PTMs, especially proteolysis and oxidation, can affect extracellular activity of DAMPs,
which is often associated with cell death [148, 149]. Importantly, circulating DAMP levels
are increased in ageing and many diseases. They may be a clinically useful biomarker for
diagnosis, risk prediction, and therapy monitoring in certain diseases. It is thus important to
explore the mechanisms of DAMP release and assess their biologic roles in the settings of
stress and disease [15].

4. DAMPs at the Crossroads of Ageing and Cancer

4.1 HMGB1

Many lines of evidence indicate that intracellular and extracellular DAMPs play a role in the
regulation of ageing and cancer. These DAMPs have well-defined functions with several
characteristics involved in the biology and common hallmarks of ageing and cancer.
Proteins (e.g., HMGB1 and histone) and non-proteins (e.g., DNA and ATP) that can
function as DAMPs have a normal function inside the cells of origin. We use the terms
“intracellular DAMPs” and “extracellular DAMPs” to distinguish between the localization
of DAMPs during stress. Increased stressors, especially oxidative stress, lead to DAMPS
translocating and releasing into the extracellular space. Loss of intracellular DAMPs
increases genomic instability, epigenetic alteration, telomere attrition, reprogrammed
metabolism, and impaired degradation system, whereas increased extracellular DAMPs
cause excessive inflammation and immune injury. These DAMP-mediated pathogenic
changes are an important force driving the initiation and development of ageing as well as
age-related diseases, including cancer (Figure 4). In addition to DAMPs regulating the
hallmarks of ageing and cancer, the expression, release and activity of DAMPSs can be
regulated by various common hallmarks of cancer/ageing. For example, DNA damage
caused by genomic instability, epigenetic alteration, and aberrant telomeres can induce
release of nuclear DAMPs such as HMGBL, histones, and DNA. Lactic acid from anaerobic
glycolysis can promote HMGB1 release. Cytokine and chemokine from an impaired
immune-inflammatory response can induce expression and release of DAMPs. In addition,
autophagy not only regulates DAMP release, but also degradation. Below, we highlight
examples of DAMPs and their multiple location-dependent functions in ageing and cancer.

HMGB1, one of the best-studied DAMPs, is a member of a group of non-histone nuclear
proteins with high electrophoretic mobility. As a highly evolutionarily-conserved protein,
HMGBL1 is essential for life - global knockout HMGB1 mice dying shortly after birth [150].
About 95% of HMGB1 is normally found within the nucleus, functioning as an architectural
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chromatin-binding factor and DNA chaperone with DNA binding and bending activity
[151]. Nuclear HMGBL regulates a number of DNA-associated events including
recombination, replication, transcription, and repair. Loss of HMGBL in cells and tissues
increases DNA damage, cell death, nuclear DAMP release, and genomic instability, which
subsequently affects many cellular processes including increased inflammatory and
organelle injury [32, 152, 153]. HMGBL1 not only resides in the nucleus, but can also
translocate to the cytoplasm (mitochondria, endosome, and lysosome) and cell membrane
and from there be released into the extracellular space.

Outside the cell, HMGBL1 exhibits multiple functions in the regulation of inflammation,
immunity, migration, metabolism, and autophagy. In particular, HMGB1 is actively secreted
by immune cells and passively released by damaged or dead cells, which mediates the
inflammatory response and contributes to poor outcomes in inflammatory-associated
diseases [154, 155]. Oxidative stress or oxidative injury, a leading cause of ageing and
cancer [34], is a remarkably basic mechanism responsible for HMGBL1 secretion and release
[156]. Several antioxidants (e.g., quercetin [157], green tea [158], and N-acetylcysteine
[159]) prevent or reduce HMGBL release and are protective in the setting of experimental
infection and sterile inflammation. Remarkably, the HMGB1-mediated immune response
depends on many factors including its receptor, redox status, and binding partner (e.g.,
DNA, histone, and lipopolysaccharide). In addition to receptor-mediated activity, HMGB1
can be activated thorough direct endocytic uptake in immune [160] and cancer cells [161],
which mediates pyroptosis, enhanced bioenergetics, and alters metabolism, respectively.

Whereas HMGBL1 protein expression decreases, acetylated HMGBL increases with
advancing age [162-164]. DNA double-strand breaks accumulate in the mouse brain and are
specifically related to downregulated HMGB1 expression in ageing [165]. These findings
indicate that HMGBL1 levels and modifications may reflect the chromatin state and cellular
function. Apart from absolute amount of HMGB1, the distribution of HMGB1 appears to be
altered in the aged brain. HMGBL1 is downregulated in neurons in the aged brain, whereas it
is upregulated in astrocytes, suggesting that HMGB1 may play different roles in different
types of brain cells and structures [165]. One characteristic of ageing is loss of the number
of nucleosomes with increased DNA damage and epigenetic alteration [166—168]. This
change can lead to age-dependent reprogramming and may drive cancer initiation.

Endogenous HMGBL is an important regulator of nucleosome biology including
organization, biogenesis, and release. It is becoming increasingly clear that loss of HMGB1
in cells or tissues reduces nucleosome sliding and stability [169], decreases intracellular
nucleosome number [170], increases global gene expression with a specific transcriptomic
profile [170], and promotes nucleosome release in local and systemic inflammation [32].
HMGBL is also released from dying neuronal cells or senescent cells. Extracellular HMGB1
accelerates neuro-inflammation and senescence-associated inflammation in a receptor-
dependent manner. These receptors include AGER, TLR2, and TLR4 [171, 172]. Following
interaction, they activate mitogen-activated protein kinases (MAPKSs), NF-kxB, and
phosphoinositide 3-kinases (P13Ks)/AKT signaling pathways [34]. Of note, AGER is a
multiple ligand receptor and its expression is increased in ageing and cancer [173, 174].
AGER is important for the synergistic effect between HMGB1 and DNA in the innate
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immune response [175, 176]. In addition to HMGB1, AGER ligands include advanced
glycation endproducts (AGE), certain S100 protein, matrix proteins, and f-amyloid fibrils
[177]. These ligands are a common thread in the pathogenesis of ageing, cancer, diabetes,
and neurodegenerative disease [178, 179]. Interestingly, extracellular HMGB1 has the
ability to promote proliferation and self-renew stem and progenitor cells partly through
AGER, suggesting a positive role for HMGBL in tissue repair and regeneration, which may
limit ageing [180].

The expression level of intracellular HMGBL1 is related to cellular senescence [172]. Both
overexpression and knockdown of HMGBL1 expression through genetic engineering
technology induce a TP53-dependent senescent growth arrest, proving a link between
HMGBL and TP53 in the regulation of cellular senescence [172]. In cancer cells, binding of
HMGB1 to TP53 regulates their cytosolic localization and the switch between apoptosis and
autophagy [181]. These findings provide insights into their reciprocal roles in ageing and
carcinogenesis.

Different from ageing [209,212], the total expression of HMGBL1 is often upregulated in
cancer [182]. However, the nuclear HMGBL1 level is decreased in several cancer cells (e.g.,
pancreatic cancer) compared to normal cells [161] with reciprocal increases in cytosolic
HMGBLI. Intracellular HMGB1 may act as a tumor suppressor. Nuclear HMGB1 may
enhance tumor suppressor (e.g., retinoblastoma protein [RB]) activity through protein-
protein interaction. For instance, binding of HMGBL1 to RB prevents tumorigenicity in
breast cancer cells through induction of RB-dependent G1 arrest and apoptosis [183]. In
addition, HMGB1 deficiency increases genome instability with telomere shortening, which
contributes to tumorigenesis [170, 184, 185]. Our studies demonstrate that HMGB1 is
generally a positive regulator of autophagy [186-192], although an HMGB1-independent
autophagy pathway exists [193, 194]. Loss of HMGBL in cells results in autophagy
dysfunction, which may cause genome instability, inflammation, and subsequent
tumorigenesis.

Apart from tumor suppressor function, extracellular HMGBL is generally a tumor promoter
in the tumor microenvironment. Extracellular HMGBL. and its receptors (e.g., AGER and
TLR4) facilitate tumor development by multiple mechanisms involved in many tumor
biomarkers including the inflammatory microenvironment [195-197], metabolic
requirements [186, 198], invasion, and metastasis [199-202], antitumor immunity [203-
205], and angiogenesis [206, 207]. Thus, HMGBL1 inhibition or receptor blockade can limit
tumor development. Collectively, these findings demonstrate that HMGB1 performs both
oncogenic and tumor-suppressive roles and this behavior may influence clinical decisions
[208].

Histone has been suggested as another important nuclear DAMP. As the basic components
of nucleosomes, nuclear histones and their PTMs regulate chromosome structure, function,
and gene transcription [209]. Similar to loss of HMGB1 [170], loss of nucleosome in yeast
results in global transcriptional upregulation and genomic instability with elevated levels of
DNA damage, retrotransposition, large-scale chromosome rearrangement, and translocation
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during ageing [168]. These findings suggest a common biology for intracellular nuclear
DAMP in the regulation of genomic stability as well as genome chromatinization. Apart
from their nuclear function, emerging studies indicate that histones as well as nucleosomes
can be released following infection (e.g., sepsis) [210], sterile inflammation (e.g., trauma,
ischemia-reperfusion injury, and pancreatitis) [32, 211, 212], and various types of cell death
(e.g., apoptosis, necrosis, and NETosis) [213]. Some TLRs (e.g., TLR2, TLR4, and TLR9)
and the NLR family, pyrin domain containing 3 (NALP3) inflammasome are essential for
extracellular histone activity [211, 212, 214, 215]. After binding to their receptors,
extracellular histone can activate MAPKs, NF-xB, AKT, and myeloid differentiation
primary response gene 88 (MyD88)-signaling pathways [216]. Dynamic changes in
circulating levels of histones as well as nucleosomes, like HMGB1, serve as potential
biomarkers and novel therapeutic targets in ageing and human diseases, including cancer
[79, 217, 218].

The direct link between histones and ageing and cancer has been found through
investigating the PTMs of histones, which establish a so-called “histone code” as epigenetic
regulators [219]. Besides methylation and acetylation, histones can be modified by
ubiquitination, phosphorylation, citrullination, sumoylation, biotinylation, or ADP-
ribosylation at multiple sites. As critical epigenetics regulators, histone modifications are
more reversible than DNA methylation, although the underlying mechanism remains
unknown. With respect to regulation of chromatin status and DNA transcription, histone-
associated chromatin modifications seems to be one of the driving forces of senescence,
ageing, and cancer [220-222]. The changes of histone modification have been implicated in
many biological processes such as stem cell differentiation [223], inflammation [224],
autophagy [225], and metabolism [226] [227] which positively or negatively affect the
development of ageing and cancer. In addition to specific sites of histone PTMs contributing
to ageing and cancer, histone methylation at H3K4 and H3K79 and histone acetylation at
H3K9, H3K56, H4K5, H4K12 and H4K 16 are associated with gene activation. In contrast,
histone methylation at H3K9, H3K27, and H4K?20 facilitates gene silencing. Further studies
are required to clarify the relationship between histone modification profile, gene activity,
and molecular properties in ageing and cancer [228].

The S100 protein family consists of 24 members, characterized by low molecular weights
(9-13 KDa), that take homodimer, heterodimer, and oligomers forms and undergo tissue-
specific expression [229, 230]. Their name is derived from the chemical property of being
soluble in 100% ammonium sulfate solution [231]. S100 proteins are structurally similar to
calmodulin and have two calcium-binding motifs with helix-loop-helix (“EF-hand type”)
conformation. One canonical EF-hand at the C terminus is common for all EF hand proteins,
and one variant at the N terminus is unique for S100 proteins [232]. The functions of
intracellular S100 proteins have been extensively studied, and most members participate in
the regulation of various cellular processes such as calcium homeostasis, enzyme activities,
cell growth, proliferation, differentiation and migration, protein degradation, cytoskeletal
interactions, protein phosphorylation, and transcriptional factor activity [229, 230, 233].
Like several other calcium-binding proteins, some S100 proteins can be released and
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secreted by different cells. Among them, phagocyte-specific SI00A8, S100A9, S100A12,
and S100B are well-documented DAMPs with proinflammatory activity in innate immunity
[234, 235]. Like other DAMPs, the secretion of S100 does not depend on the classical
endoplasmic reticulum-Golgi route [236]. SI00A8 and S100A9 often form the heterodimer
S100A8/A9 in the extracellular space. Binding of SI00A8/A9 to TLR4 mediates sepsis
[237], whereas S100A12 and S100B promote AGER-dependent inflammation and migration
[238, 239]. Besides S100A12 and S100B, AGER is a common receptor for many S100
proteins (S100A1, S100A4, S100A6, SI00A8/A9, S100A7/A15, S100A11, S100A13, and
S100P), which are involved in cancer, diabetes, neurodegeneration, and other inflammatory-
associated disease [177, 178, 240-242].

The expression of S100 proteins (e.g., SL00B and S100A6) is increased in ageing brains and
then decreased during old age. In addition, they have different distributions in the ageing
brain regions [243, 244]. Knockdown of S100A6 causes cell-cycle arrest in the G2/M phase
and subsequent cellular senescence and loss of numbers of endothelial cells [245] and
fibroblasts [246]. Mice overexpressing the human S100B show pathological changes in their
brains [247]. In addition, serum S100 protein (e.g., S100B) concentrations are increased and
related to human ageing progression [248, 249]. These findings provide direct evidence
linking S100 family members to ageing. S100 genes are clustered on human chromosome
1g21. This region is also frequently rearranged in various tumors, especially in human breast
carcinomas [250]. Some major forms of cancer exhibit dramatic changes in the expression
of S100 proteins (e.g., S100B, S100A2, S100A4, S100A6, S1I00A8/A9, and S100P). Serum
S100 proteins such as S100B are biomarkers of certain cancers, including malignant
melanoma [251]. The S100-AGER signaling pathway in the tumor microenvironment
appears to be important for many tumor biology processes and especially links inflammation
and cancer progression through activation of MAPK and the NF-«xB pathway. Besides
tumorigenesis, our study indicated that AGER is required for S100A8-mediated autophagy
in leukemia cells, which contributes to chemotherapy resistance [252]. However, some S100
proteins (e.g., SL00A4, S100A6, S100A8/A9, and S100A14) can trigger AGER-dependent
apoptosis in several cancer cells, suggesting that AGER plays a dual role in the regulation of
survival and death depending on the context [253]. It is not clear whether AGER is required
for S100 (e.g., S100A4)-mediated cancer-stromal interplay [254] as well as cancer stem cell
self-renewal [255]. Some of the role of S100A4 appears to involve promotion of
mesenchymal stem cell proliferation and survival [256]. In some cases, TLR4 participates in
S100 protein-mediated tumor growth and metastasis [257, 258]. Future studies will be
required to elucidate the relationship between AGER and TLR4 in the regulation of S100-
mediated promotion of tumor growth.

HSPs are a family of conserved, ubiquitously-expressed proteins among different species.
Under normal conditions, HSPs are constitutively present in various cells, but are
overexpressed when cells suffer from hyperthermia, pH shift, hypoxia, toxins, or other
stress. This specific cytoprotective response, generally termed heat shock response, is a
homeostatic maintenance mechanism in response to environmental stress [259, 260]. Heat
shock transcription factor 1 (HSF1) is the master transcription factor for regulating HSP
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gene expression and the heat shock response [261]. HSPs are termed and classified
according to their molecular mass, and human HSPs are composed of HSP110, HSP90,
HSP70, HSP40, and small HSP as well as the human chaperonin families HSP60/HSP10
and MARVEL domain containing 2 (MARVELD2/TRIC) [262]. A key function of
intracellular HSPs is molecular chaperones, which contribute to the proper folding and
activation of many signaling proteins [261]. Once loss or dysfunction of HSPs occurs,
misfolded proteins form aggregates which may impair and eventually kill the cell, which
will cause ageing, neurological degradation disorders, and cancer [259]. Apart from acting
as molecular chaperones, HSPs are also involved in protein assembly, export, turn-over, and
regulation. For instance, chaperone-mediated autophagy refers to heat shock 70kDa protein
8 (HSPAB/HSC70) associated with its co-chaperones (e.g., HSP40, BCL2-associated
athanogene, Hip, and Hop) delivers the substrate protein (containing a KFERQ-related motif
in its amino acid sequence) directly into lysosomes for degradation [263]. In addition, some
HSPs can be released during cell stress and injury and act as immunodominant molecules,
triggering inflammatory and immune responses [264, 265].

Ageing has long been seen as a result of cell function errors, often of several different types,
which lead to cellular dysfunction and accumulation of denatured, unfolded, and damaged
proteins. As molecular chaperones and autophagic regulators, HSPs are key components in
regulating ageing-related cellular phenotypes as well as lifespan through increasing protein
turnover and suppression of proteotoxicity [266, 267]. Several HSP genes and proteins are
upregulated during normal ageing [268], whereas pathological ageing attenuates the HSF1-
HSP pathway and leads to production of toxic accumulation [269, 270]. Overexpression of
HSPs (e.g., HSP70, HSP90, and small HSPs) by genetic technology extends lifespan in fruit
flies [271], Caenorhabditis elegans [272, 273], and yeast [274], and protects against
neurodegeneration in mice [275]. HSP accumulation in the nucleus after damage to the cell
protects chromosome structure and function through limiting genomic instability [276] and
preventing nuclear DAMP (e.g., HMGB1) release in response to oxidative injury and
inflammatory stimuli [277, 278]. HSPs such as HSP70 can also inhibit TP53-dependnent
and independent senescence as well as apoptosis. Interestingly, HSF1 regulates gene
expression, contributing to longevity not only by itself, but also through interplay with other
transcription factors such as FOX03 [279-282]. Thus, a complex transcriptional control
network regulates the stress response.

HSPs and HSF1 are also involved in tumor formation, development, and therapy [283-286].
Numerous studies indicate that the expression of HSPs and HSF1 is increased in many
human tumors (especially of epithelial origin or gliomas) and positively correlates with
tumor growth, metastases, drug resistance, and poor prognosis. Thus, suppression of HSP
(e.g., HSP90, HSP70, HSP60, and HSP27) expression increases chemotherapy-induced
death and inhibits tumor growth and development in vivo and in vitro [287]. In contrast,
overproduction of HSPs by gene transfection increases therapy resistance and promotes
tumor growth. In addition to their intracellular distribution, several HSPs (e.g., HSP90 and
HSP70) present on the plasma membrane components of tumor cells [288-290] and in the
extracellular space during cell death [291]. Extracellular HSP90 and HSP70 can activate the
adaptive immune system [292] and elicit specific anti-tumor T-cell immunity through the
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induction of antigen presentation [264, 265]. TLR4 is the major receptor that recognizes
HSPs exposed by tumor cells, which facilitates intracellular antigen processing and
presentation [293]. Other potential cell surface receptors such as TLR2, CD40, CD91,
CCR5, and members of the scavenger receptor family such as LOX-1, SREC-1, and FEEL-1
also mediate binding and uptake of HSPs into antigen-presenting cells [294, 295]. Moreover,
HSF1 may be an oncogene; HSF1-deficient mice are less susceptible to chemical-induced
skin tumors [285]. HSF1 regulates tumor progression through multiple mechanisms
involved in the regulation of the stress response, metabolism, inflammation, and oncogene
activity and senescence [285, 296, 297]. Thus, targeting HSF1 may provide a new approach
in cancer therapy.

5. Conclusions and Perspectives

Ageing remains a key public health concern; slowing ageing and associated morbidity and
extending our lifespan is our long-term goal. Ageing is a common high risk factor for many
diseases, especially human malignancies. There are various possibilities as to how loss of
cell growth (ageing) and gain of cell growth (cancer) pathways can meet. A large and
growing number of hallmarks are associated with ageing and cancer. In this review, we
discussed six common hallmarks contributing to the initiation, maintenance, and progression
of ageing and cancer. There are still substantial gaps in our knowledge of the biological
changes that lead to ageing and disease. Recent studies show that aberrant expression,
translocation, and release of DAMPs might act as an intriguing upstream signal, mediating
crosstalk between these common hallmarks and resulting in ageing and tumorigenesis. In
healthy cells, endogenous DAMPs (e.g., HMGBL1, histone, and HSPs) usually contribute to
sustaining cellular homeostasis in response to mild stress. Following severe or prolonged
damage, loss of intracellular DAMPs increases genomic instability, epigenetic alteration,
autophagic dysfunction, effete organelles and protein aggregates. Conversely, increased
DAMPs are often harmful when released, mediating an excessive inflammatory response
and immune dysfunction. Among them, nuclear DAMP such as HMGB1 may be an
attractive target for clinical trials in cancer/other diseases associated with ageing. A number
of emergent strategies such as antibodies, peptide inhibitors, endogenous hormones, and
various chemical compounds have been used to inhibit HMGBL1 release and activity [298].
Several antioxidative agents such as ethyl pyruvate, quercetin, green tea, and N-
acetylcysteine, curcumin have not only anti-ageing properties, but also the ability to inhibit
HMGBL release [34]. In addition, natural and synthetic SIRT1 activators show promise for
the treatment of ageing and age-related diseases. They are also protective in the setting of
experimental inflammation, partly through attenuating systemic HMGB1 accumulation as
well as activity [122, 299].

Although the ‘DAMP Hypothesis’ provides novel insights into the pathogenic mechanism
linking ageing and ageing-associate disease, many specific questions remain to be answered:
Do all types of DAMPs affect ageing and cancer progression in a similar manner? What is
the feedback loop regulating DAMP release and activity? Regardless of the source, how do
different DAMPs communicate to fine-tune the common biology of ageing and cancer?
How is the structural basis of the DAMP signaling pathway involved in disease states and
ageing? How do DAMPs qualitatively and quantitatively sense different forms of stressors
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different cells? An improved understanding of the role of DAMPs in ageing and ageing-
sociated diseases is creating a new opportunity for diagnosis and therapeutic intervention.
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The six common hallmarks of ageing and cancer
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Figure 2. Predominant intracellular quality control strategies to sustain homeostasis in response

to pathological and physiological stress

Whereas the ubiquitin-proteasome system is the major nonlysosomal proteolytic pathway of
intracellular proteins, autophagy pathways can selectively eradicate damaged cell organelles
or unused molecules including protein, DNA, and RNA through lysosomes. In addition,
molecular chaperones including HSPs contribute to the correction of misfolded or unfolded

proteins.
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Figure 3. Release and activity of DAMPs in response to injury, death, and stress
DAMPs can be derived from any compartment of the cell, including the nucleus and the

cytoplasm (e.g., mitochondria), although they vary greatly depending on the types and
severity of the injury. They can act as inducers, sensors, and mediators of stress through
plasma membrane receptors, intracellular recognition receptors (e.g., AGER and TLRs/
NLRs/RLRs/ALRS), or endocytic uptake. CIRP: cold-inducible RNA-binding protein.
TFAM: mitochondrial transcription factor A.
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Figure 4. DAMPs regulate common hallmarks of ageing and cancer
Most DAMPs are nuclear and cytosolic proteins. Increased stressors, especially oxidative

stress, lead to DAMPs translocating and releasing into the extracellular space. Loss of
intracellular DAMPs increase genomic instability, epigenetic alteration, telomere attrition,
reprogrammed metabolism, and impaired degradation system, whereas increased
extracellular DAMPs cause excessive inflammation and immune injury. These DAMP-
mediated pathogenic changes are an important force driving the initiation and development
of ageing as well as age-related diseases, including cancer.

Ageing Res Rev. Author manuscript; available in PMC 2016 November 01.



