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CHAPTER 1

General introduction

GENERAL INTRODUCTION
1. AGING AND AGE-RELATED DISEASE
Introduction
Global human life expectancy has continuously and markedly increased over the last four
decades and is projected to be 76 years in 2050 [1,2]. The number of people over the age of
60 as well as the percentage this group represents of the total population will dramatically
grow over the next decades (Figure 1). This increase of life expectancy is accompanied with a
longer period of work productivity and life experiences, often beyond the age of 60 and even
stretching into ages of 70’s and 80’s. On the other hand, the rise of people experiencing agerelated decline
of1their health and onset of frailty will impose a huge burden on the healthcare
Figure
system and accompanying costs [2].
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Figure 1. World Population Aging. Population aged 60 years or over by developmental region from 1950-2050.
By 2050, the worldwide number of people aged over 60 years is projected to be more than five times that in 1950.

Figure 2

Aging is characterized by a gradual decline of physiological function over time that
affects most living organisms. This degenerative process occurs at the molecular, cellular and
organismal levels and is driven by various
molecular, biochemical and metabolic
Age-related pathologies
alterations [2,3]. Traditional symptoms of
Parkinson’s disease
aging in mammals include loss of skeletal
Alzheimer’s disease
muscle mass (sarcopenia), increased
Cataracts
Macular degeneration
curvature of the spine (kyphosis), weight
COPD
loss, greying and loss of hair, loss of
Atherosclerosis
eyesight and hearing, immune failure, loss
Heart disease
of fertility, osteoporosis, loss of cognition,
Osteoporosis
Osteoarthritis
and many others [2]. Furthermore, aging
Type 2 Diabetes
is the main risk factor for major human
Cancer

Figure 2. Major human pathologies with aging as
the main risk factor.
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pathologies, including cardiovascular diseases, type 2 diabetes, COPD, osteoarthritis,
cancer, and neurodegenerative disorders (Figure 2) [4-8]. Better understanding of how aging
increases the risk of these disorders will inform strategies to delay or prevent them.
Not long ago, aging was assumed as a passive haphazard process of deterioration,
caused by the accumulation of multiple forms of damage in cells and tissues as a result of
impaired cellular maintenance systems [4,9,10]. However, recent studies have revealed that
a variety of interventions and pathways can control the rate of aging [10]. Many of these
pathways were first identified by gene mutagenesis studies in small, short-lived organisms,
but a substantial portion of these pathways has also been shown to extend lifespan in
mammals. In spite of this, the molecular mechanisms that underlie these interventions remain
poorly understood, further illustrating the extreme complexity of the aging process [9,10]. A
number of theories and/or cellular mechanisms have been proposed to explain the biology of
aging, including cellular senescence, inflammation, deregulated nutrient-sensing, genomic
and epigenomic alterations, loss of protein homeostasis, mitochondrial dysfunction, stem cell
depletion or dysfunction, and the altered immune system (Figure 3) [5,9,11]. In this thesis,
I will focus on the role of cellular senescence (Section 2 and 3) and inflammation (Section
5) in aging and age-related disease. In addition, I will shortly highlight the other pathways
involved in the aging process.
Cellular senescence
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Stem cell
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Figure 3. Hallmarks of Aging. This scheme depicts the cellular and molecular mechanisms that contribute to the
process of aging.

Nutrient-sensing pathways
The insulin- and insulin-like growth factor 1 (ISS) signaling pathway, which participates
in glucose sensing, was identified as the first pathway that can influence aging. Mutations
and genetic polymorphisms that affect the functionality of key components of the ISS
pathway extend lifespan in a number of model organisms and humans [9,11,12]. In addition,
downstream effectors of the ISS pathway and other related nutrient-sensing systems have
also been associated with longevity. This includes variants of the forkhead box protein O
(FOXO) transcription factor family causing higher transcriptional activity [11,13], and
increased activity of adenosine monophosphate-activated protein kinase (AMPK) [14-16].
Another established example of life extension is the genetic or pharmacological inhibition
of the mammalian target of rapamycin (mTOR) pathway [17-19]. In contrast, high fat diet
feeding in flies and mice hyperactivates mTOR and hereby contributes to two well known
age-related disorders namely insulin resistance and obesity [20,21]. Consistent with the
genetic or pharmacological interventions that cause reduced signaling of the nutrient-sensing
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pathways, it was demonstrated that dietary restriction extends lifespan in various organisms,
including mice and nonhuman primates (Figure 4) [11,22-24].
Altogether, current studies support the notion that decreased insulin nutrient-sensing
signaling extends longevity, while overnutrition accelerates aging [5].
GH

Dietary restriction

IGF-1

PI3K
Rapamycin
AMPK

Akt

FOXO

mTOR

Figure 4. Deregulated nutrient-sensing pathway.
Overview of the nutrient-sensing pathway involving
the growth hormone (GH) and the insulin growth
factor 1 (IGF-1) signaling pathway. An increase in
GH signaling leads to activation of the signaling
cascade IGF-1, phosphatidylinositide 3-kinase
(PI3K) and Akt pathways. Subsequently, Akt either
inhibits FOXO or activates mTOR signaling, leading
to accelerated aging. In addition, two interventions
that delay aging, namely dietary restriction and
rapamycin, are depicted as well as their modes of
action.

Genomic damage and epigenomic
alterations
Genomic DNA damage accumulates
AGING
in cells from various organisms and
humans during chronological aging [5].
Throughout life, DNA is constantly being damaged by spontaneous hydrolytic metabolites,
environmental factors and enzymatic reaction byproducts, like reactive oxygen species
(ROS) [25]. To safeguard against the high frequency and great variety of genomic DNA
lesions, organisms have developed a complex network of DNA repair mechanisms [26].
One of the key pathways is the DNA damage response (DDR) pathway, a signaling cascade
in which ATM/ATR kinases inhibit cell cycle progression through stabilization of p53 and
transcriptional activation of p21. Mutations in genes involved in the DDR have been reported
in patients with premature aging (progeroid) syndromes such as Cockayne’s syndrome
and thrichotiodystrophy [25]. Furthermore, mouse models of nucleotide-excision repair
syndromes demonstrate a strong correlation between the degree to which the DDR pathways
are malfunctioning and the severity of accelerated aging, suggesting a causal relationship
[25].
At the chromosomal level, both structural and numerical changes occur with aging.
For instance, in mice, age-related aneuploidization has been observed in various tissues,
including brain, spleen and colon [27-29]. In humans, aneuploidy was augmented in the
cerebral cortex of Alzheimer’s disease and ataxia telangiectasia patients [30]. Furthermore,
increased clonal mosaicism for large chromosomal anomalies were detected during aging
and in the etiology of cancer [31,32].
Continuous epigenetic alterations occur from early adulthood on, including variations
in DNA methylation patterns, modifications of histones and chromatin remodeling [5,33].
Increased histone methylation is linked to aging in invertebrates [34]. Although, it is unclear
whether histone-modifying enzymes influence aging directly through epigenetic alterations,
altered transcription, or both [5]. Sirtuins are a class of NAD+-dependent deacetylases,
which deacetylate both histones and proteins [35]. Overexpression of certain sirtuin genes
in mammals delays various features of aging and extends lifespan [35,36], suggesting that
manipulating the epigenetic landscape holds promise as a therapeutic target for treating agerelated diseases and extending healthy lifespan.
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Loss of protein homeostasis
Protein homeostasis is the concept of complex and integrated biological pathways that control
the balance between protein synthesis, folding, trafficking, aggregation and degradation
within and outside the cell [37]. In order to preserve the stability and functionality of proteins,
cells have evolved a number of quality control systems. Chaperones maintain the stability
and facilitate the correct folding of proteins, while the autophagy-lysosomal system and the
ubiquitin-proteasome system ensure proper degradation of proteins [38-40]. Aging and agerelated disorders have been associated with compromised protein homeostasis. For instance,
misfolded and/or aggregated proteins contribute to the development of age-related disorders,
like Parkinsons’s disease, Alzheimer’s diseases and cataracts [37]. Furthermore, deficiency
of co-chaperone proteins, such as the carboxyl terminus of Hsp70-interacting protein (CHIP)
in mice markedly reduced lifespan with accelerated age-related pathologies [41]. Decline of
the autophagy-lysosomal system and the ubiquitin-proteasome system also occurs during
aging [42,43]. Induction of autophagy and upregulation of components of the ubiquitinproteasome system can promote longevity in yeast and invertebrates [44-46]. Conversely,
studies in mammalian organisms that demonstrate that improved protein homeostasis can
delay aging are still lacking.
Mitochondrial dysfunction
The mitochondrial free radical theory of aging was proposed by Denham Harman and
postulates that the progressive decline in mitochondrial function with aging accumulates
free radicals, such as ROS, which subsequently causes damage to macromolecules and
accelerates aging [47]. Early studies confirmed that ROS accelerates aging, but recent work
demonstrating that increased ROS levels can prolong lifespan suggest that the relationship
between ROS and aging is more complex [48,49]. With evidence that ROS can have either
positive, negative or neutral effects on aging, the free radical concept of aging clearly needs
re-evaluation [50-53].
As mitochondria age they become progressively less efficient and might even
have toxic effects. The reduced efficiency of the respiratory chain may result from multiple
mechanisms, including reduced biogenesis, impaired removal of damaged mitochondria
by autophagy and the accumulation of mutations and deletions of mitochondrial DNA
[5,54]. Acute damage by for instance free radicals can activate the permeabilization of the
mitochondrial membrane to induce apoptosis or necrosis and pro-inflammatory signaling
[54]. Along this line, genetic impairment of mitochondrial function accelerates aging in mice
by engaging apoptotic signaling [52,53,55].
Stem cell depletion or dysfunction
A decline in the capacity to maintain homeostasis or repair tissues is a hallmark of aging and
is accompanied with depletion or impaired function of various stem cell populations [56,57].
Studies in aged mice have demonstrated diminished regenerative potential in various tissues,
including skeletal and cardiac muscle, and hematopoietic system [57-59]. The underlying
mechanisms seem complex and diverse and include accumulation of DNA damage and
telomere attrition leading to upregulation of cell cycle inhibitors [57,60]. On the other hand,
increased growth factor signaling in aged muscle stem cells results in loss of quiescence,
muscle stem cell depletion and diminished regenerative capacity [61].
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Recent studies have revealed the importance of cell extrinsic pathways in the
decline of stem cell function. Transplantation of muscle-derived stem cells from young
mice to progeroid mice extends lifespan and improves degenerative changes in other tissues
possibly by secreted factors. This was confirmed when young muscle-derived stem cells
were able to rescue proliferation and differentiation defects of old muscle-derived stem cells
upon co-culturing [62]. In addition, parabiotic pairing of young and old mice have proven
that systemic factors from young mice can reverse the age-related decline of muscle stem cell
function [63].

2. CELLULAR SENESCENCE
Introduction
Cellular senescence can be defined as the irreversible arrest of cell proliferation and is
accompanied with characteristic phenotypic alterations, when cells are exposed to a certain
stress [3,64,65]. Senescence was first described in 1961 when Hayflick and Moorhead
showed that primary human cells have a finite replicative lifespan and undergo replicative
senescence after extensive serial cultivation. The number of divisions a cell can complete
upon reaching the end of their replicative lifespan is known as the Hayflick limit [66]. Along
this line, it was observed that telomeres of diploid cells shorten with every cell division, and
ultimately become critically short, which causes replicative senescence [3,67]. Human cells
stably expressing telomerase can maintain their telomere length, bypass their Hayflick limit
and avoid replicative senescence [67,68]. This, together with the observation that telomerase
is expressed in immortalized human cell lines and in most human tumors, suggests that
senescence has evolved a tumor suppressor program [67]. Consistent, expression of oncogenic
ras in primary human or rodent cells leads to a permanent G1 arrest (oncogene-induced
senescence) [69]. Next to cessation of cell proliferation, senescent cells undergo a wide
variety of distinctive phenotypic changes in chromatin organization and gene expression.
These alterations comprise the production and secretion of pro-inflammatory cytokines,
chemokines, and proteases, a phenomenon that is known as the senescence-associated
secretory phenotype (SASP) [3,64,65,70]. The nature of these secreted factors suggests
that senescence might be involved in many other biological processes, and is not solely a
mechanism for preventing cancer. Recent studies have indicated that cellular senescence also
plays a role in embryonic development [71,72], tissue repair [73], wound healing [74] and
aging [75].
Inducers of senescence and tumor suppressor pathways
The causes and underlying mechanisms that induce cellular senescence are still not well
understood, but in vitro studies have identified a number of stresses and effector pathways,
which will be discussed in this section (Figure 5). As mentioned before, telomere attrition
was the first mechanism to be associated with the induction of senescence [67,68]. Telomeres
are a region of repetitive nucleotide sequences at the end of chromosomes that cannot be
completely replicated by polymerases. In most human cells, which lack telomerase, these
telomeres will shorten after every cell division [67]. Repeated cell division will eventually
result in critically short and dysfunctional telomeres that provoke the DDR, which blocks cell
cycle progression [76-78]. Dysfunctional telomeres are not reparable and cause a persistent
DDR, hereby enforcing the cell cycle arrest [65,78,79]. Other potential tumor stresses that
can provoke the senescence response are genomic DNA damage, like DNA double-strand
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breaks (DSB) and other lesions caused by either aging, radiation, cytotoxic chemotherapies,
oxidative stress, or other agents [80-84]. As with telomere attrition, severe DNA lesions cause
persistent DDR signaling, while mild DNA damage only generates a temporary growth arrest
and transient DDR signaling [3,78,80]. Oncogenes can also elicit senescence. Activation of
oncogenes, like oncogenic H-RasV12 in human cells provokes hyper-proliferation, which
causes DNA replication errors and formation of DSBs leading to activation of the DDR
[85]. On the other hand, inhibition of oncogenic c-Myc perturbs chromatin organization,
which is DDR-independent and induces senescence via activation of the p16Ink4a pathway
[86]. Strong proliferation-associated signals that act via overexpression of mitogen-activated
protein-kinase (MAPK) pathway, activation of growth factors, and chronic stimulation of
cytokines can all provoke the senescence response as a tumor protective mechanism [3,65].
Furthermore, inactivation of a number of tumor suppressors, like RB and PTEN, results in a
senescence growth arrest [3,65,87].
Senescence-inducing stimuli
Strong mitogenic signals
Oncogene activation
Telomere shortening
DNA damage

Tumor suppressor loss
Epigenetic changes
Spindle stress

Cycling cell

Figure 5. Senescence-activating stressors.
A variety of stressors can provoke the cellular
senescence response and induce a temporal cellcycle arrest. Upon mild stress, temporary arrested
cells may be successfully repaired and possibly
will resume normal cell proliferation. In case of
severe stress/damage, arrested cells transition
to a senescent growth arrest and undergo a
wide variety of distinctive phenotypic changes,
including morphological alterations and the
secretion of SASP components.

Alteration in the epigenome is
one of the characteristics of cellular
Repair
senescence, including the formation
of heterochromatin that can cause
SASP factors
repression of certain loci [88]. In
contrast, perturbations of chromatin
Cycling cell
Senescence
organization can also induce gene
expression that provokes senescence.
For example, histone deacetylase inhibitors can induce global relaxation of the chromatin,
resulting in derepression of p16Ink4a [89].
Last, spindle stress caused by insufficiency of the mitotic checkpoint proteins
BubR1, Bub3 and Rae1 in mouse embryonic fibroblasts (MEFs) induce the expression of
proteins in p53/p21 and p16Ink4a/RB pathway resulting in accelerated senescence [90,91].
The senescence-inducing stimulus determines whether either or both of p53/p21
and p16Ink4a/RB tumor suppressor pathways are engaged in the initial growth arrest and in
senescence maintenance (Figure 6) [92-95]. Both pathways are highly complex, regulate
each other and mainly control the senescence response [3,93,96,97].
Cell cycle arrest

Characteristics of senescent cells
Senescent cells are defined by their permanent cell cycle arrest and a number of other features
and markers can be used to identify a senescent cell (Table 1). However, like arrested cell
growth, many of these features and markers are not unique to senescent cells. Furthermore,
senescent cells are heterogeneous meaning that not all cells express the same genes and
contain the same set of traits [3].
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Figure 6. Main effector pathways
of the senescence program. The
senescence-inducing
stressor
governs whether either or both the
DDR
p53/p21 and p16Ink4a/RB tumor
suppressor pathways are engaged in
the senescence response. Genomic
damage activates the DDR response,
p38
MAPK,
ROS
Persistent
p16Ink4a
which can ultimately become
DDR
chronic or persistent leading to
increased expression of p16Ink4a
through enhanced activation of p38
SASP
p53
MAPK and higher ROS levels. Other
senescence-inducing stimuli that not
directly entail genomic or epigenomic
damage can induce the p16Ink4a
p21
suppressor and in some instances
indirectly engage the DDR (dashed
line). p16Ink4a triggers the activation
of the RB tumor suppressor, which
RB
silences certain proliferative genes
via
heterochromatin
formation
resulting in the senescence growth
Cell-cycle arrest
arrest. Persistent or chronic DDR
induces the SASP and activates the
p53 tumor suppressor. p53 can induce a growth arrest via the activation of downstream p21 and RB, while SASP
components can also directly stimulate the senescent growth arrest.
Genomic/Epigenomic damage

Other senescence-inducing stimuli

Cellular senescence occurs after
prolonged inhibition of Cdk-cyclin activity
Features
by p21 or p16Ink4a, or both, and the switch to
Loss of proliferative potential
continuous expression of p53 [65,98]. The
Enlarged and flattened morphology
tumor suppressor protein p16Ink4a is now
Senescence-associated β-galactosidase activity
regularly used as a marker for senescence.
Senescence-associated heterochromatin foci
Expression of p16Ink4a is low in most cells
Altered gene expression
and tissues under normal circumstances
Telomere-dysfunction-induced foci
DNA segments with chromatin alterations reinforcing
and is upregulated in cells upon exposure
senescence
to various senescence-inducing stimuli
Senescence-associated secretory phenotype
[99,100]. In addition, p16Ink4a expression
Molecular markers
is gradually induced in cells and tissues
Increased p53 and p21 expression
of various organisms during aging [101Increased p16 expression
104]. Another feature of senescent cells
Lamin B1 reduction
is that they are generally enlarged up to
two times of the volume of normal cells and have a flattened morphology. One the first
widely used markers for senescence is the histochemical staining for senescence-associated
β-galactosidase (SA-βgal) [105]. Overexpression and accumulation of the endogenous
lysosmal β-galactosidase activity in senescent cells can be easily detected at near-neutral pH
[106].
Senescence activation by either the p53/p21 pathway or the p16Ink4a/RB tumor
suppressor pathways leads to downregulation of nuclear lamin B1 expression [107,108].
Reduced lamin B1 levels are a key trigger for global and local chromatin remodeling that
affects gene expression and hereby reinforces the senescence response [109]. Many cells that
Table 1. Features and markers of senescent cells
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undergo senescence show formation of senescence-associated heterochromatin foci (SAHF),
which are enriched in chromatin modifications and can possibly prevent the activation of
proliferative-associated genes by mitogenic signals [88,110]. All these senescence-associated
alterations in the chromatin landscape result in major modifications in gene expression
[109,111,112]. Many of the senescence-inducing stimuli cause genomic damage, resulting in
persistent DNA damage foci and activation of the DDR pathway [3]. Examples of genomic
damage-related markers are telomere dysfunction-induced foci (TIF) and DNA segments
with chromatin alterations reinforcing senescence (DNA-SCARS) [104,113]. Both are
containing p53 binding protein (53BP1) foci, distinct from the foci that form immediately
after DNA damage [3].
Senescence-associated secretory phenotype
One of the most intriguing characteristics of senescent cells is the senescence-associated
secretory phenotype (SASP). The great variety of the SASP components can explain the
contributing role of cellular senescence in a number of biological processes [92,114]. The
SASP entails the secretion of numerous pro-inflammatory cytokines and chemokines, growth
factors and proteases [65,94,115]. They can include IL-1, IL-6, IL-8, GROα, monocyte
chemo-attractant proteins (MCPs), macrophage inflammatory proteins (MIPs), granulocyte
macrophage colony-stimulating factor (GM-CSF), and various metalloproteinases [3,115].
These secreted factors can either have beneficial or detrimental effects depending on the
context (see below). Many of the SASP features are conserved between mouse and human
cells. Secretion of SASP factors occurs in a wide variety of cells, including fibroblasts,
epithelial cells, endothelial cells and astrocytes, and also takes place in vivo in mice and
humans [114].
Cells that undergo senescence due to genomic damage or epigenomic alterations
show a SASP phenotype. However, cells that senesce due to overexpression of the tumor
suppressors p21 or p16Ink4a display a growth arrest together with some other characteristics
of senescence, but express no SASP [3,116]. Inducers of the SASP include dysfunctional
telomeres, DNA damage, mitogenic signals, epigenetic changes, oxidative stress and
other senescence-causing stimuli (Figure 7). The SASP phenotype can show great variety
in the secretion of components depending on the cell types, the strength of and the kind
of senescence-inducing stimuli [3,78,94,115,117,118]. Rapid activation of DDR signaling
after DNA damage is not sufficient to induce the SASP. In many cases, SASP activation
requires persistent DDR signaling via the DDR proteins ataxia telangiectasia mutated
(ATM) and checkpoint kinase 2 (CHK2) and is a slow and gradual process [94,115]. How
signaling via the DDR pathway can promote the expression of various SASP components is
incompletely understood, but a possible mechanism involves chromatin remodeling which
leads to profound changes in transcriptional regulation [109,112]. This is supported by the
fact that senescent cells continuously undergo genomic and epigenomic alterations, including
increased transcription of transposable elements and chromatin budding that result in the
formation of cytoplasmic chromatin fragments [65]. Another positive regulator of SASP is
the nuclear factor kappaB (NF-κB) pathway, which controls inflammatory cytokine gene
expression [119]. Proteomics analysis of senescent chromatin revealed that NF-κB subunit
p65 as the main transcription factor that accumulates on chromatin of senescent cells and
acts as a major regulator of the SASP by influencing the expression of numerous genes
[120]. In contrast, functional loss of the p53 tumor suppressor protein markedly accelerated
and amplified the development of SASP, suggesting that p53 normally restrains the SASP
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(Figure 6) [115]. Recent studies have demonstrated that several senescence-inducing stimuli
can produce SASP components without DNA damage, indicating that there are also DDRindependent mechanisms [71,72,121].
SASP and its impact on biological processes
Due to the complexity of the SASP, it was obvious that senescent cells are implicated in
various biological processes that engage paracrine signaling, such as cell proliferation,
angiogenesis, epithelial-to-mesenchymal transition, inflammation, stem cell renewal and
differentiation, wound healing and tissue repair [63,73,74,122-125]. In addition, several
SASP components including WNT16B, IL-6, IL-8 and growth-regulated oncogene 1 (Gro-1)
are necessary for the onset and maintenance of the senescence growth arrest [118,126,127].
Recent studies have suggested that the nature of processes in which senescence has been
implicated may require different courses of action that can be divided in acute versus chronic
senescence (Figure 7) [65]. An example of acute senescence is the process of wound healing.
The matricellular protein CCN1 is dynamically expressed at sites of wound repair and induces
senescence of myofibroblasts through integrin-dependent ROS generation by activation of
NOX1. CCN1-induced senescence of myofibroblasts limits excessive fibrosis in cutaneous
wound healing by inducing the expression of anti-fibrotic genes [74]. In addition, chemicalinduced liver fibrosis in mice will eventually induce senescence in activated hepatic stellate
cells to prevent excessive liver fibrosis. Senescent stellate cells exhibit enhanced secretion of
extracellular matrix-degrading enzymes and increased immune surveillance. Subsequently,
natural killer cells eliminate senescent stellate cells and hereby facilitate the resolution of
liver fibrosis, indicating that the senescence program limits fibrosis during acute tissue
damage [73]. Senescence also occurs during embryonic development at multiple locations to
allow tissue alteration. This is a highly programmed developmental response that includes the
induction of p21 and activation of downstream signaling pathways followed by macrophage
infiltration, clearance of senescent cells, and tissue remodeling [71,72].
Accumulation of macromolecular damage in cells over time will result in an
increasing number of cells undergoing chronic senescence, which is uncontrolled and
stochastic in nature. Chronic senescence may be one of the underlying mechanisms that play
a role in the development of aging and age-related diseases (see next section), and cancer, but
direct causal evidence is lacking thus far (Figure 7).
Senescence is a tumor-suppressive program that prevents the proliferation of
damaged cells, but there is mounting evidence that senescent cells can also drive tumor
progression. Xenograft studies have demonstrated that co-injection of senescent cells can
promote proliferation of epithelial tumor cells, stimulate tumor invasion and promote tumor
angiogenesis in immunocompromised mice, partially due to secretion of SASP components
[122,128,129]. Furthermore, senescent fibroblasts promote epithelial-to-mesenchymal
transition in premalignant epithelial cells, a critical step in the development towards a
metastatic cancer, through production of SASP factors IL-6 and IL-8 [115,123,130]. SASP
elements may also stimulate tumor initiation by causing chronic tissue inflammation and
impaired functioning of immune cells [124,131]. The overall picture is that accumulation
of senescent cells may create a microenvironment that allows the development and the
progression of cancer. However, this process is not straightforward as the same SASP factors
may promote tumor progression in one setting, but can be essential in tumor suppression in
the other [3].
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SASP-inducing stimuli
Strong mitogenic signals
Oxidative stress

NF-κB pathway
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Epigenetic changes
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DNA damage

• Cytokines
SASP factors
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Figure 7. Senescence-associated secretory phenotype implicates many biological processes. Numerous stresses
and stimuli can induce SASP, which can show great variety in the secretion of components, including cytokines,
chemokines, growth factors and metalloproteinases. Due to the great diversity of the secreted SASP components,
SASP has been implicated in a number of biological processes, such as tumor suppression, wound healing, tissue
repair, and embryonic development, but also in tumor promotion, aging and age-related diseases.

3. SENESCENCE IN AGING AND AGE-RELATED DISEASE
Accumulation of senescent cells during aging and age-related diseases
Hayflick and Moorhead already interpreted the phenomenon of replicative senescence as one
of the fundamental mechanisms underlying the process of organismal aging [66]. Consistent
with this, it was demonstrated that senescent cells accumulate with aging in vitro, and in a
number of tissues in aged mice and aged human skin [101,105]. By now it is widely accepted
that senescent cells increase with age in tissues of humans, primates, and rodents [81,104,132134]. Furthermore, accumulation of senescent cells has been observed at sites of various
age-related diseases including cardiovascular disease [135,136], osteoporosis [137], arthritis
[138,139], and neurodegenerative disorders [140,141]. This increase in senescent cells over
time can be a cause of accumulation of DNA damage and/or the increase of other senescenceinducing stimuli. Senescing human cells and aging mice show enhanced numbers of DNA
lesions with unrepairable DSBs [80,81]. Another possibility is that clearance of senescent
cells by the immune system is less efficient with aging. Elimination of senescent cells by
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the immune system was nicely demonstrated in a model of liver fibrosis and liver carcinoma
[73,142]. Senescent hepatic stellate cells augment the expression of immune modulators
encoding cytokines or receptors that activate natural killer cell function [73]. This suggests
that senescent cells have a self-elimination program (designated as ‘senescence surveillance’)
that acts via attracting and activating various immune cells by the secretion of inflammatory
cytokines and chemokines [65,73,131,142]. With aging, efficient elimination of senescent
cells is likely reduced as a result of aging-associated immune deficiency [143]. Studies have
demonstrated that the function of hematopoietic stem cells declines with aging, which results
in impaired lymphopoiesis and increased myelopoiesis, leading to impaired immune function
[144]. Furthermore, the immune system is unable to maintain a balanced T-cell repertoire due
to changes in T-cell production and consumption in the later stages of life of mammals [145].
Senescence and aging
The relevance of in vivo senescence in the development of aging and age-related diseases has
initially focused on the Cdkn2a locus, which encodes two tumor suppressors, namely p16Ink4a
and p19Arf. Both p16Ink4a and p19Arf can induce senescence in cultured cells and the level of both
proteins increases with aging in many tissues [75,101,146]. Testing whether the induction of
p16Ink4a and p19Arf causes in vivo senescence and organismal aging was hampered because
mice deficient for p16Ink4a and p19Arf die early from cancer before they reach the age that
normal mice start to show age-related phenotypes [92,147]. However, genetic inactivation of
p16Ink4a in a BubR1 progeroid mouse model attenuates both cellular senescence and premature
aging in certain tissues. In contrast, inactivation of p19Arf exacerbates senescence and aging
in BubR1 mutant mice. This study demonstrates for the first time that senescent cells can
promote age-related phenotypes [75].
SASP and aging
It is however not clear how senescence can drive aging. One possibility is that senescence
contributes to the decline of the regenerative capacity that occurs with aging by altering the
systemic environment through the secretion of various SASP factors [65,125]. Conversely,
parabiotic pairings of old and young mice proved that systemic factors from young mice
could restore the proliferation and regenerative capacity of aged satellite cells [58].
Chronic inflammation is associated with aging and plays a causative role in numerous
age-related disorders, like atherosclerosis, diabetes and cancer (see section inflammation)
[124]. With aging and at these sites of age-related diseases, senescent cells can accumulate
and secrete various pro-inflammatory cytokines and chemokines to promote infiltration of
macrophages and lymphocytes, and hereby potentially induce or accelerate a state of chronic
inflammation.
Another scenario that can accelerate age-related tissue deterioration is by paracrine
senescence. In two studies it was demonstrated that cells undergoing oncogene-induced
senescence were able to transmit senescence to healthy neighboring cells via the secretion of
multiple SASP components [148,149].
Furthermore, senescent cell secretion of proteases can possibly disrupt tissue
structure and organization by cleavage of extracellular matrix proteins or other components
of the tissue microenvironment [115,130]. This environment then allows epithelialmesenchymal transition and stimulates the invasiveness and metastatic properties of epithelial
cells [115,130].
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4. BUBR1 IN CANCER AND AGING
Mitotic checkpoint protein
Budding uninhibited by benzimidazole-related 1 (BubR1) is a mitotic checkpoint protein
that is considered to be the mammalian ortholog of yeast mitotic-arrest deficient 3 (Mad3)
[150,151]. BubR1 encodes a 1052 amino acid serine/threonine kinase and contains a number
of functional domains (Figure 8) [150,152-156]. BubR1 protein levels are continuously
changing throughout the different phases of the cell cycle. During most of the cell cycle
BubR1 protein levels are extremely low, but they rapidly rise during G2/M phase [157].
TPR
KEN1

Cdc20 BD2

Kinase Domain

1052 amino acids

KEN2 GLEBS

Figure 8. Schematic overview of mouse BubR1 protein. Functional domains of BubR1 are indicated: two
N-terminal KEN-boxes, destruction box-motifs associated with APC/CCdc20 inhibition (also known as Cdc20 binding
domain 1); a tetratricopeptide (TPR) motif for binding to Knl1; a Gle2-binding-sequence (GLEBS) motif for Bub3
binding and kinetochore localization; Cdc20 BD2, C-terminal Cdc20 binding domain 2; and a kinase domain.

BubR1 is a core component of a multi-protein network known as the mitotic
checkpoint complex or the spindle assembly checkpoint. This cellular maintenance system
of the eukaryotic cell cycle ensures accurate chromosome segregation by stalling anaphase
onset until are chromosomes are properly attached to the mitotic spindle [158]. BubR1
inhibits the activity of the anaphase promoting complex/cyclosome (APC/C), an E3 ubiquitin
ligase through binding to its co-activator subunit cell division cycle 20 (Cdc20) (Figure 9,
left). [159]. Upon proper bi-orientation of all chromosomes, BubR1 detaches from Cdc20
resulting in the polyubiquitination of securin and cyclin B1, which are inhibitors of separase
(Figure 9, middle). Separase-mediated cleavage of cohesion rings that holds duplicated sister
chromatids together then initiates anaphase (Figure 9, right) [160]. Furthermore, depletion
of BubR1 in human cells revealed a function of BubR1 in stabilization of microtubulekinetochore attachments [160].
Low levels of BubR1 protein cause a compromised function of the mitotic checkpoint.
For instance, haplo-insufficiency of BubR1 in mouse embryonic fibroblasts (MEFs) resulted
in an average BubR1 protein level of about 25% of that in wild-type MEFs. BubR1+/- MEFs
contain reduced amount of securin and Cdc20 and increased numbers of spontaneous formed
micronuclei, both hallmarks of a compromised spindle checkpoint [161]. Gradual reduction
of BubR1 protein levels in MEFs demonstrated that a certain threshold of BubR1 protein
is necessary to maintain proper mitotic checkpoint control. BubR1+/- MEFs could induce a
sustained pre-anaphase arrest in the presence of the spindle poison nocodazole, indicating
that the spindle assembly checkpoint is intact. Conversely, in BubR1 MEFs that contain
two hypomorphic alleles (BubR1H/H), which have about 10% of wild-type BubR1 protein, a
significant smaller percentage of the cells were able to arrest, indicating that spindle assembly
checkpoint was severely compromised. BubR1H/H MEFs were also unable to maintain cyclin
B-associated Cdc2 kinase activity after nocodazole release [90]. Furthermore, low levels
of BubR1 increased the incidence of premature sister chromatid separation (PMSCS) and
anaphase figures with lagging chromosomes, both hallmarks of defective spindle assembly
checkpoint [90].
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Figure 9. Simplified model of APC/C regulation by the mitotic checkpoint complex. In early mitosis
(prometaphase), not all chromosomes are properly attached to the mitotic spindle. This triggers the recruitment
of the mitotic checkpoint proteins BubR1 and Bub3 to associate with Mad2 and Cdc20. The association of BubR1
with Bub3, Mad2 and Cdc20 is known as the mitotic checkpoint complex, which interacts with APC/C leading
to its inactivation (left). In metaphase, all chromosomes undergo bipolar attachment and are aligned along the
metaphase plate, resulting in dissociation of the mitotic checkpoint complex and activation of the APC/C-Cdc20.
Activated APC/C-Cdc20 polyubiquitinates cyclin B1 and securin, which are both inhibitors of separase (middle).
Subsequently, separase mediates the cleavage of cohesin rings at the centromeres and chromosome arms, allowing
chromosome separation and mitotic progression (right).

BubR1 and aneuploidy
Inaccurate segregation of whole chromosomes can result in abnormal number of chromosomes
in the daughter cells, a phenomenon known as aneuploidy [162]. Aneuploidy in humans is
associated with severe developmental abnormalities and pathologies of disease, including
Down syndrome [163]. In addition, aneuploidy in embryos is the leading cause of congenital
birth defects and miscarriages [164].
Murine BubR1 deficiency results in embryonic lethality at day 8.5 in utero due to
massive apoptosis. Furthermore, BubR1-/- blastocysts demonstrated impaired proliferation
and increased atrophy [165]. Gradual reduction of BubR1 protein levels causes increased
rates of aneuploid metaphases in MEFs as expected in cells with defective spindle assembly
checkpoint. Karyotype analysis on metaphase spreads BubR1H/H MEFs showed increased
numerical abnormalities compared to wild-type and BubR1+/- MEFs [90]. BubR1-/H pups
showed significant aneuploidy at birth, while BubR1H/H pups did not. However, at 2 months of
age BubR1H/H mice have developed mild aneuploidy that increased in degree and severity with
aging [90]. Reduced expression of BubR1 also induced mild aneuploidy in spermatocytes
and oocytes, which might account for the infertility in both male and female BubR1H/H mice
[90].
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BubR1 and cancer
Aneuploidy is also a remarkable feature of human cancer, with numerous animal models
making it clear that aneuploidy can predispose to tumor development [166,167]. However,
mutations in mitotic checkpoint proteins are relatively uncommon in most human cancers or
cancer lines. For BUBR1 a number of mutations have been reported: analysis of 19 selected
colorectal cancer cell lines revealed BUBR1 missense mutations in two colorectal cancer cell
lines, with one mutation predicted to remove part of the kinase domain [168]. Mutations and
deletions of human BUBR1 were detected in three out of ten primary adult T-cell leukemia/
lymphomas (ATTL), including two missense mutations, and one with a small heterozygous
deletion [169]. Deep sequencing analysis on lymphocytes obtained from a patient with
gastrointestinal neoplasia identified a homozygous intronic BUBR1 mutation, which creates
a de novo splice site that is preferred over the authentic site. Mutant mRNA was targeted by
nonsense-mediated mRNA decay, so that no mutant protein was produced. As a consequence,
total BUBR1 proteins levels in the patient were significantly reduced compared to controls
[170]. BUBR1 mutations are also found in the hereditary cancer syndrome MVA, which will
be discussed below [171,172].
Misregulated expression of BUBR1 has been detected in various tumor types [173].
For instance, reduced BUBR1 protein expression was observed in a subset of thyroid cancer
cell lines and colorectal carcinomas [174,175], while increased BUBR1 protein expression
was found in breast, gastric, lung, bladder, ovarian, and kidney cancers [176-181].
BubR1 insufficiency in mice did not result in enhanced formation of spontaneous
tumors [90]. Nonetheless, challenge with the carcinogen azoxymethane (AOM) in haploinsufficient BubR1 mice induced rapid and increased formation of lung and intestinal
carcinomas compared to wild-type littermates [161]. Treatment of BubR1 hypomorphic
mice with the carcinogen 2,4-dimethoxybenzaldehyde (DMBA) resulted in a higher tumor
incidence and increased development of lung tumors in comparison with wild-type mice,
indicating that BubR1H/H mice are more susceptible to DMBA-induced tumorigenesis [91].
A recent study showed that loss of BubR1 acetylation in mice causes a defective spindle
assembly checkpoint and promotes the development of spontaneous tumors, including B cell
lymphoma, hepatocellular carcinoma and sarcomas [182].
BubR1 and aging
Unexpectedly, mutant mice that express low levels of BubR1 (BubR1H/H) have a fivefold
reduced lifespan and develop multiple progeroid phenotypes and aging-associated phenotypes
at an early age [75,90]. BubR1 hypomorphic mice are born without an overt phenotype, but
then started to develop cachexia and lordokyphosis (abnormal curvature of the spine). The
appearance of lordokyphosis corresponded with atrophy of the gastrocnemius and paraspinal
muscle fibers, indicating that BubR1 insufficiency causes severe sarcopenia [75,90]. Dualenergy X-ray absorptiometry (DEXA) measurements revealed that total body fat declined
prematurely in BubR1H/H mice. Histological analysis of skin confirmed accelerated fat loss,
as the thickness of the subcutaneous adipose tissue layer in BubR1 hypomorphic mice
was significantly thinner compared to controls [90]. Starting at 2 months of age, BubR1H/H
mice developed progressive bilateral cataracts that shared features with age-related human
cataracts, while no cataracts were observed in wild-type littermates [90]. Other agingassociated phenotypes in BubR1 hypomorphic mice include growth retardation (dwarfism),

22

facial dysmorphisms, impaired wound healing, infertility, gliosis, arterial wall stiffening and
cardiac arrhythmias [75,90,183,184].
Skeletal muscle, fat and eye, tissues that develop early aging-associated phenotypes
due to BubR1 insufficiency, have high levels of the senescence markers p16Ink4a and p19Arf.
Skeletal muscle of BubR1 hypomorphic mice also expressed high levels of other senescenceassociated genes, including Igfbp2, Mmp13 and PAI-1. In addition, inguinal adipose tissue
of BubR1H/H mice stained highly positive for SA-β-galactosidase and in vivo 5-bromo-2deoxyuridine (BrdU) labeling in BubR1H/H mice demonstrated reduced numbers of dividing
cells in abdominal muscle and adipose tissue compared to wild-type mice, which are both
hallmarks of senescence. Altogether, this indicates that skeletal muscle, fat and eye have high
levels of in vivo senescence in BubR1H/H mice [75].
Genetic inactivation of p16Ink4a in BubR1H/H mice significantly delayed the onset
of lordokyphosis, which was accompanied with reduced muscle atrophy and degeneration.
Furthermore, p16Ink4a loss in BubR1H/H mice caused a modest delay in the latency of cataract
formation and significantly reduced loss of subcutaneous adipose tissue compared to
BubR1H/H mice. However, several other progeroid phenotypes observed in BubR1H/H mice
were not improved upon p16Ink4a inactivation, including dwarfism, arterial wall stiffening
and infertility [75]. The selective correction by p16Ink4a disruption on specific progeroid
phenotypes seems to be dependent on the engagement of p16Ink4a and in vivo senescence
in BubR1H/H mice. This was supported with the observation that BubR1H/H;p16Ink4a-/- mice
have significantly reduced levels of senescence in skeletal muscle, fat and eye compared
to BubR1H/H mice. Altogether, p16Ink4a inactivation diminished both senescence and aging
phenotypes in these tissues, suggesting that BubR1 insufficiency accelerates age-associated
phenotypes via p16Ink4a-induced senescence (Figure 10) [75].
In contrast, p19Arf and p53 disruption in BubR1H/H mice accelerated the development
of lordokyphosis, muscle wasting, cataract formation, and fat loss. This was accompanied
with increased senescence in these tissues, implying that p19Arf and p53 induction in BubR1H/H
mice acts to prevent or suspend senescence, which further support that in vivo senescence
accelerates aging (Figure 10) [75,185]. Similarly, genetic inactivation of p21 in BubR1H/H
mice mimicked increased senescence levels in muscle and fat and age-related phenotypes in
these tissues. Conversely, p21 disruption delayed cataract formation in BubR1H/H mice, which
correlated with reduced senescence in the eye, indicating that p21 drives cataractogenesis in
BubR1 progeroid mice (Figure 10) [185].
Furthermore, the notion that BubR1 protein levels decline during natural aging
together with the observations that low levels of BubR1 can accelerate aging and several agerelated phenotypes, suggests that BubR1 might be a key determinant for life- and healthspan
[75,90].
Mosaic variegated aneuploidy
Mosaic variegated aneuploidy (MVA) syndrome is a rare human recessive autosomal
disorder characterized by high levels of chromosome missegregation resulting in mosaic
aneuploidies, mainly monosomies and trisomies, involving multiple different chromosomes
and tissues [171,172]. MVA is a pediatric syndrome with clinical heterogeneic features
that include short lifespan, growth deficiency, mental retardation, microcephaly, facial
dysmorphisms, cataracts and other eye abnormalities. Children with the MVA syndrome
have an increased risk for childhood cancers such as rhabdomyosarcoma, Wilms’ tumor and
leukemia [171,172,186,187].

23

Senescence

Age-related phenotypes

Muscle

Sarcopenia

Fat

Fat loss

Eye

Cataracts

BubR1H/H mice

p21 inactivation

p53 inactivation

p16Ink4a inactivation

p19Arf inactivation

Age-related phenotypes

Age-related phenotypes

Age-related phenotypes

Age-related phenotypes

Sarcopenia 

Sarcopenia 

Sarcopenia 

Sarcopenia 

Fat loss 

Fat loss 

Fat loss 

Fat loss 

Cataracts 

Cataracts 

Cataracts 

Cataracts 

Senescence

Senescence

Senescence

Senescence

Muscle 

Muscle 

Muscle 

Muscle 

Fat 

Fat 

Fat 

Fat 

Eye 

Eye 

Eye 

Eye 

Figure 10. Senescence and age-related phenotypes in the various BubR1 progeroid mouse models. Overview
of the gene-inactivation studies in BubR1H/H mice, indicating that senescence levels in tissues correlates with the
severity of the age-related phenotypes (see text).

The majority of MVA patients have bi-allelic mutations in BUBR1, which can be
either a missense mutation often located in the kinase domain, a nonsense mutation that
results in a premature truncation of the BUBR1 protein or an absent transcript, and/or a single
nucleotide variant in an intergenic region 44 kb upstream of a BUBR1 transcription start site
[171,172,187,188].
BUBR1 protein levels are usually very low in MVA patients with BUBR1 mutations,
which can be explained by either non-sense mediated mRNA decay or that mutated proteins
are very unstable [170,172,189]. Furthermore, fibroblasts derived from MVA patients with
reduced BUBR1 protein levels have an impaired mitotic checkpoint and ectopic BUBR1
expression enabled restoration of mitotic checkpoint activity, indicating that BUBR1
dysfunction causes chromosome segregation errors in MVA patients [189].

5. INFLAMMATION
Introduction
“Inflammaging” refers to a low-grade pro-inflammatory status that occurs during aging
in mammals [190,191]. This is reflected by increased expression of genes involved in
inflammation and immune response in aged rodents and humans [192-194], and higher levels
of inflammatory cytokines in plasma or serum of older humans, like interleukin-6 (IL-6)
and tumor necrosis factor alpha (TNFα) [195,196]. Others factors that contribute to the proinflammatory milieu are the increasing dysfunctional immune system resulting in impaired
clearance of pathogens and dysfunctional cells, increased secretion of SASP components by
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senescent cells, enhanced activation of the NF-κB pathway, and the reduced efficiency of the
autophagy response [5,191,197,198].
Chronic low-grade inflammation is involved in the initiation, propagation, and
development of age-related disorders, including obesity and type 2 diabetes [12,199].
Similarly, impaired resolution of inflammation in response to subendothelial lipoproteins
is a key event in the pathogenesis of atherosclerosis [200]. Furthermore, age-associated
inflammation has been implicated in inhibition of stem cell function, which is another hallmark
of aging [5,201]. Finally, persistent inflammation most likely perturbs efficient function
of the adaptive immune response that is also observed with aging (immunosenescence)
[202]. Altogether, these studies demonstrate that inflammation is associated with and likely
contributes to aging and age-related disorders.
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Figure 11. Activation of the canonical NF-κB pathway. Under normal circumstances, the NF-κB complex is
inactive and mainly sequestered in the cytoplasm by the inhibitory IκB proteins. Induction of the NF-κB pathway
can occur through various stimuli, including pro-inflammatory cytokines, growth factors and DNA damage that
result in IKK complex activation. Activated IKK phosphorylates the inhibitor IκBα, leading to its polyubiquitination
and subsequent proteasomal degradation. Dissociated NF-κB (heterodimer of p65/p50) can now translocate to the
nucleus, bind to κB-response elements and activate transcription of numerous genes, implicated in inflammation,
apoptosis and proliferation.
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Nuclear factor kappaB (NF-κB)
The transcription factor NF-κB is key component of the cellular response to inflammation,
damage, and stress. The NF-κB family consists of five members, p65 (RelA), p50, p52, c-Rel
and RelB, which are encoded by RELA, NFKB1, NFKB2, REL, and RELB [203]. These
transcription factors all share a N-terminal Rel homology domain (RHD), which is responsible
for homo- and heterodimerization and binding to target sequences termed κB-sites to control
gene expression. p65, RelB, and c-Rel also comprise a C-terminal transactivation domain,
which enables them to activate gene expression. In order to activate transcription, NF-κB
binds to the DNA as a dimer, with the most common one being the heterodimer p65/p50
(canonical pathway) [203,204].
The NF-κB complex is in an inactive state mainly sequestered in the cytoplasm by
the inhibitory IκB proteins [204]. NF-κB activation via the canonical pathway is facilitated
by the upstream IκB kinase (IKK), which consists of two catalytically activate kinases, IKKα
and IKKβ, and a regulator subunit known as NF-κB essential modulator (NEMO) [204].
Numerous stimuli, including pro-inflammatory cytokines, pathogens and growth factors
can activate IKK, which in turn phosphorylates IκBα, resulting in its polyubiquitination and
subsequent proteasomal degradation (Figure 11) [203,205]. Dissociated NF-κB can now
translocate to the nucleus, bind to cognate κB-sequences and activate the transcription of
numerous genes, involved in immunity, inflammation, and apoptosis [205].
NF-κB and aging
Various studies have now demonstrated an association with increased NF-κB activity during
aging and age-related diseases [206]. Fibroblasts derived from aged donors showed enhanced
NF-κB DNA binding activity and increased cell autonomous expression of pro-inflammatory
genes [207,208]. Motif module mapping indicated that NF-κB activity was strongly induced
in cells from Hutchinson Gilford progeria patients [208]. Moreover, nuclear DNA binding
activity of NF-κB is increased in various tissues of aged rodents, including heart, liver, kidney,
and brain [209-211]. In addition, chronic activation of NF-κB was observed in multiple agerelated disorders, such as muscle wasting, Parkinson’s disease, atherosclerosis, and cancer
[206,212-215].
The first causal relationship between increased NF-κB and aging was provided
in a study where they used inducible genetic blockade of NF-κB in the skin to reveal
that continuous NF-κB activity is necessary to inflict aging phenotypes in the skin [208].
Deficiency of mammalian sirtuin-6 (SIRT6) leads to a shortened lifespan and an aging-like
phenotype in mice [216]. They showed that the underlying mechanism for accelerated aging
is through hyperacetylation of histone H3 lysine 9 (H3K9) at specific promoters resulting
in increased p65 promoter occupancy and induced NF-κB-mediated modulation of gene
expression, apoptosis and cellular senescence [217]. Indeed, haplo-insufficiency of p65
was able to attenuate the short lifespan and aging-related phenotypes in SIRT6-/- knockout
mice [217]. Similarly, a mouse model of XFE progeroid syndrome, a disease of accelerated
aging caused by mutations in the xeroderma pigmentosum group F-excision repair crosscomplementing rodent repair deficiency complementation group 1 (XPF-ERCC1) DNA
repair endonuclease, showed accelerated aging in numerous organs driven by the inability
to repair DNA damage [218]. NF-κB activation was increased in tissues of aged wild-type
and progeroid, DNA repair-deficient mice, suggesting that accumulation DNA damage is
sufficient to activate NF-κB [219]. Genetic depletion of one allele of NF-κB subunit p65
or pharmacological inhibition of the NF-κB-activating kinase, IKK, delayed the onset of
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age-related symptoms and pathologies in this progeroid mouse model [219]. Altogether,
these studies indicate that chronic activation of NF-κB drives aging and age-related diseases
and that genetic and/or pharmacological NF-κB inhibition are at least in part sufficient to
attenuate the age-related phenotypes.
Post-translational modifications of RelA/p65
The diversity of the cellular and biological functions of the NF-κB pathway, together with
the notion that aberrant activation of NF-κB contributes to aging and age-related diseases,
demonstrate the necessity of specific and accurate regulation of its activity [220,221].
Although the activation of the canonical NF-κB pathway is well studied, much less is
known about the regulation of nuclear NF-κB activity. Emerging studies indicate that NF-κB
undergoes various post-translational modifications, and that these alterations play a key role
in regulating the intensity and duration of nuclear NF-κB activity in addition to determining
exact transcriptional output [221]. These post-translational modifications can occur at
multiple sites of p65, including phosphorylation, acetylation, methylation and ubiquitination
[220,221]. A number of phosphorylation sites of p65 have been identified, with most of them
located in the N-terminal RHD and the C-terminal transcriptional activation domains (Figure
12). Phosphorylation of these sites results in either increased or decreased transcription levels
depending on the stimuli, the phosphorylation sites and the target genes [221].
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Figure 12. Schematic representation of RelA/p65 with phosphorylation sites. Overview of the p65 protein with
its functional domains as indicated: N-terminal Rel Homology domain, responsible for homo- and heterodimerization
and binding to target sequences (κB-sites); two C-terminal transactivation domains (TADs), to enable activation of
gene expression. All known phosphorylation sites of p65 are indicated (yellow).

One of the best-studied phosphorylation site of p65 is serine 276, which can be
phosphorylated by the catalytic subunit of protein kinase A (PKAc) and mitogen- and
stress-activated kinase-1 (MSK1) upon activation by upstream lipopolysaccharide (LPS) or
TNFα [221-224]. Phosphorylation of serine 276 in response to a variety of stimuli causes
enhanced transcriptional activity of NF-κB, most likely through a conformational change that
results in either increased or decreased binding of co-factors [221,225,226]. MEFs derived
from a knock-in mouse expressing a p65 mutant bearing an alanine instead of a serine at
position 276 (S276A) demonstrate a significant drop in NF-κB-mediated transcription
[227]. Furthermore, the S276A embryos displayed embryonic lethality with variegated
developmental abnormalities. These phenotypes are caused by epigenetic repression as a
result from the recruitment of histone deacetylases by the non-phosphorylatable form of NFκB into the vicinity of genes positioned near NF-κB binding sites [227]. In contrast, knock-in
mice where serine 276 was replaced by an aspartic acid (S276D) displayed a progressive,
systemic hyperinflammatory condition leading to severe runting and death between postnatal
days 8-20 [228]. This “phospho-mimetic” mutation caused constitutive NF-κB activation
that triggers systemic inflammation through increased TNF production [228].
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Another phosphorylation site of p65, serine 468 has been implicated in termination
of NF-κB-mediated transcription [229,230]. Phosphorylation of serine 468 is mediated by
various kinases, including glycogen synthase kinase 3 beta (GSK-3β), IKKβ, and IKKε
[231-233]. Two independent groups demonstrated that TNFα-induced phosphorylation of
p65 at serine 468 allows the binding of copper metabolism (Murr1) containing domain 1
(Commd1) and cullin 2, components of a multimeric ubiquitination ligase complex mediating
ubiquitination and subsequent proteasomal degradation of chromatin bound p65 [229,230].
In addition, proteasomal p65 elimination was restricted to a subset of NF-κB target genes,
indicating that phosphorylation of serine 468 contributes to the selective termination of NF-κBdependent gene expression [230]. NF-κB target gene expression analysis after reconstitution
of NF-κB p65-deficient MEFs with the wild-type protein or phosphorylation-defect mutants
confirmed the highly target gene-specific transcription for this phosphorylation site [234].
However, mouse studies that assess the importance of phosphorylation at p65 serine 468 are
still lacking.

6. THESIS AIM AND OUTLINE
The number of people reaching old age is expected to increase dramatically, and concomitantly
age-related diseases, such as arthritis, diabetes, neurodegenerative disorders, heart disease
and cancer. To improve health and quality of life of the elderly, it will be necessary to
identify and understand the molecular pathways and events that drive aging and agingassociated diseases. The central aim of this thesis was to elucidate the contribution of cellular
senescence and inflammation in aging and age-related diseases using a number of newly
generated genetically modified mouse models. Our study revealed that cellular senescence
drives several age-related phenotypes and that removal of senescent cells can delay tissue
dysfunction and extend healthy lifespan.
In chapter 2, we examined whether p16Ink4a-positive senescent cells are causally
implicated in age-related dysfunction and whether their removal has beneficial effects. Using
a novel transgene, termed INK-ATTAC, that enables the inducible elimination of p16Ink4apositive senescent cells upon administration of a drug, we found that life-long removal of
senescent cells in a BubR1 progeroid mouse model selectively delayed the onset of p16Ink4adependent age-related pathologies. Furthermore, late-life clearance of senescent cells delayed
progression of already established age-related phenotypes.
Mutations that cause a reduction in BubR1 levels cause aneuploidy, shorten lifespan,
and accelerate the onset of aging-associated disorders in mice. In addition, reduced BubR1
expression is a characteristic of chronological aging. To investigate whether overexpression of
BubR1 can extend healthy lifespan, we generated transgenic mice expressing high amounts of
BubR1 (chapter 3). We discovered that sustained overexpression of BubR1 extends lifespan,
reduced senescence and neoplastic transformation, and delayed age-related deterioration in
several tissues. These tissues were protected against genome instability through improved
correction of mitotic checkpoint and/or kinetochore-microtubule attachment defects.
In chapter 4, we assessed the biological impact of a mono-allelic BubR1 MVA
mutation, that is found in an MVA patient with bi-allelic BUBR1 mutations. We demonstrated
that mice heterozygous for a BubR1 MVA mutation have a reduced median and maximum
lifespan and develop several aging-associated phenotypes at an accelerated rate. Moreover,
we identified that accelerated deterioration of skeletal muscle and age-related fat loss was
associated with increased levels of the senescence markers p16Ink4a and p19Arf in these tissues.
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Inflammation, including the pro-inflammatory phenotype induced by the SASP of
senescent cells, is thought to play an important role in aging and age-related disease. Studies
conducted to better understand the molecular mechanism of inflammation are described in
chapter 5. Specifically, we examined the in vivo importance of the phosphorylation site NFκB p65 at residue 467 (corresponding to human p65 serine 468), using two newly generated
knock-in mouse models in which we substituted serine 467 with either an alanine or an
aspartic acid, resulting in p65S467A (“non-phosphorylatable”) or p65S467D (“phospho-mimetic”)
mice, respectively. MEFs derived from these p65S467A mice have reduced total p65 protein
levels, showed impaired activation of NF-κB-mediated gene expression, and decreased
cell viability. Furthermore, in vivo TNF-induced NF-κB activation revealed diminished
expression of inflammatory genes in various tissues of p65S467A mice, while expression of
anti-apoptotic genes was unaffected.
Chapter 6 contains the main conclusions of this thesis as well as a general discussion
and future outlook.
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