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    Abstract  

  Human ageing studies are problematic due to 
their complex nature so genetic progeroid 
syndromes that manifest a subset of ageing 
phenotypes are used as proxies to dissect out 
specifi c ageing processes. Many such pro-
cesses are believed to involve cellular senes-
cence, as senescent cells gradually build- up 
during life. Two forms of cellular senescence 
exist; replicative due to telomere dysfunction 
and stress-induced via activation of p38 MAP 
kinase. As progeroid syndromes show prema-
ture ageing, they are useful for cell ageing 
studies that may provide support for the link-
age between cellular senescence and ageing. 
For several progeroid syndromes, notably 
Werner, ATR-Seckel, Hutchinson- Gilford, 
Ataxia-Telangiectasia, Nijmegen Breakage 
and Dyskeratosis congenita, there is clear 
 evidence that fi broblasts undergo rapid or 
premature ageing. For other syndromes such 
as Cockayne, Rothmund-Thomson and 
Bloom there is no such clear evidence. In 
addition, no clear relationship between the 
severity of  ageing features and premature 
fi broblast senescence is seen. However, as 
some of these syndromes result in early death 
from non-age related causes, it may be that 
insuffi cient lifespan is available for signifi -
cant premature ageing to occur. For example 
in Nijmegen Breakage syndrome, fi broblasts 
age rapidly but the progeroid features are 
slight, possibly due to early death from 
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 cancer. In addition, it may be that premature 
cell senescence occurs in cell types other than 
fi broblasts. The accelerated cell ageing that 
does occur results from accelerated telomere 
dysfunction in some syndromes, activation of 
p38 in others, or a mix of both mechanisms. 
In this chapter, I provide a summation of the 
evidence for accelerated cellular senescence 
in progeroid syndromes and attempt to relate 
this to the severity and tissue specifi city of the 
progeroid phenotypes. Finally, I discuss a 
model that may underlie the accelerated age-
ing in a subset of these syndromes that may 
be relevant to normal ageing processes.  

        Introduction 

 Human ageing is a process of the gradual build-
 up of deleterious changes that eventually impinge 
suffi ciently upon normal tissue function to cause 
failure of that tissue leading to death. An example 
of this process is the gradual weakening of 
 cardiac function prior to heart failure. As the 
impairment of normal biological function can 
result from both the processes of ageing and dis-
ease, it would be unsurprising if the basic ageing 
process itself eventually lead to the onset of those 
diseases specifi cally associated with ageing 
(Burton  2009 ). Such diseases include, amongst 
others, type II diabetes, cardiovascular disease 
(atherosclerosis), osteoporosis, dementia, sarco-
penia (muscle wasting) and cancer. If this prem-
ise is correct, then an understanding of the basic 
mechanisms underlying the ageing process 
should lead to advances in the pathophysiology 
of much age- related illnesses. This, in turn, 
should lead to novel therapeutic interventions 
that are aimed at the basic ageing process itself 
leading to the amelioration, or even prevention, 
of age-related disease leading to an improved 
quality of later life. 

 To date, basic ageing processes have been 
considered as a scientifi c speciality in their own 
right (biogerontology) that is quite distinct 
from the process of disease progression in the 
elderly that has often been the province of the 
various medical specialities such as geriatrics. 

The  reasons for this are complex, but may be 
related to the idea that disease can be treated, but 
ageing cannot (Bagley et al.  2011 ). However, it 
has been increasingly recognised that a signifi -
cant overlap exits between the fi elds of biogeron-
tology and disease processes. 

 Much remains to be discovered regarding the 
pathophysiology of human ageing (Puzianowska- 
Kuznicka and Kuznicki  2005 ), a complex pro-
cess involving genetic and environmental factors 
affecting several physiological pathways. Ageing 
is associated with loss of function of many cells, 
tissues and organs of the body. Since every tissue 
and organ is made up of many billions or even 
trillions of cells, it is necessary to understand 
how cells age and what contribution old cells 
make to the tissue in which they lie in order to 
discover the impact of cell ageing on frailty and 
disability. As mitotic human tissues consist of 
cells that have the ability to divide when stimu-
lated, one mechanism commonly postulated as 
underlying human ageing is cellular senescence, 
or the observation that many normal human 
somatic cells are capable of only a fi nite number 
of divisions (Burton  2009 ). How often these cells 
proliferate is dependent upon how frequently 
cells become damaged and lost, the so-called 
‘wear and tear’ hypothesis of ageing. As lost cells 
need to be replaced the remaining stock needs to 
enter division, eventually leading to a senescent 
phenotype. Although until recently controversial, 
it is becoming increasingly accepted that cell 
ageing (also called  replicative senescence ) is a 
major player in organismal ageing. 

 Practical diffi culties underlie human ageing 
studies, most importantly the biological com-
plexity and polygenic nature of the ageing pathol-
ogies. An alternative to the study of whole body 
ageing in normal humans is the study of progeroid 
syndromes (PSs) whose phenotypes show 
 specifi c characteristics of ageing (Puzianowska- 
Kuznicka and Kuznicki  2005 ). These hereditary 
disorders are often monogenic and affect only a 
subset of normal ageing phenotypes, i.e. they are 
segmental, with different tissues showing accel-
erated ageing in different PSs. However, the pro-
cess and pathology of the premature ageing that 
occurs appears remarkably similar to that seen in 
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normally aged individuals (Hofer et al.  2005 ). 
Thus if these syndromes are refl ective of normal 
ageing processes their study allows distinct 
 ageing pathways to be dissected out from the 
whole body ageing background leading to the 
identifi cation of causative genes underlying age-
ing processes.  

    Cellular Senescence 

    Mechanisms of Cellular Senescence 

 Human mitotically competent cells (e.g. fi bro-
blasts, endothelial cells, lymphocytes) have a 
limited division capability after which they enter 
a non-dividing state termed senescence, or mor-
tality stage 1 (M1). Cellular senescence is not 
death, but a stress response resulting in perma-
nent withdrawal from the cell cycle, with the 
cells capable of long-term survival. In this regard, 
senescence resembles terminal differentiation as 
the cells have distinct morphological and func-
tional changes that impair cellular homeostasis 
(Kipling et al.  2004 ). For example, senescent 
fi broblasts adopt an enlarged and granular mor-
phology with the presence of large arrays of 
F-actin stress fi bres and show high expression of 
senescence-associated β-galactosidase activity 
(SAβ-gal). In addition they have an increased 
expression of infl ammatory cytokines such as 
IL-1α and infl ammatory molecules such as 
ICAM-1, which has been termed the senescence 
associated secretory phenotype or SASP (Freund 
et al.  2011 ). 

 Cellular senescence is categorised into two 
distinct types, replicative (or intrinsic) and stress- 
induced, although this is mostly a defi nition 
dependent upon the  mode  of senescence as the 
resulting cells are remarkably similar in pheno-
type. Replicative senescence in fi broblasts is 
largely the consequence of progressive telomere 
shortening that results from the mechanism of 
DNA replication being unable to synthesise the 
5′ ends of linear chromosomes – the so-called 
“end-replication problem.” Telomeres are capped 
by a protein complex (the shelterin complex) 
whose function is to protect the DNA terminus 

that would otherwise be recognised as a double 
strand DNA break (DSB) and activate the DNA 
repair pathway. As fi broblasts divide their telo-
meres shorten until a critical length is reached, 
whereupon they lose the shelterin capping func-
tion exposing the DSB. This results in a DNA 
damage response (DDR) that activates the p53/
p21 WAF1  cell cycle arrest pathway inducing senes-
cence (d’Adda di Fagagna et al.  2003 ). 

 In addition to replicative senescence, human 
fi broblasts can undergo stress-induced premature 
senescence (SIPS) via activation of the MAP 
kinase p38 (and possibly other mechanisms) that 
responds to endogenous and exogenous cellular 
stress (Freund et al.  2011 ). The p38 MAP kinase 
is involved in growth arrest in response to the 
expression of oncogenes such as  ras , exogenous 
stress such as arsenite treatment or oxidative 
stress, ongoing DDR, diffi culties in completion 
of DNA replication (so-called replication stress), 
and also in telomere-dependent senescence: 
indeed, p38 defi nes a common senescence signal-
ling pathway linking both replicative senescence 
and SIPS (Iwasa et al.  2003 ). The p38 MAP 
kinase pathway is important for cell growth arrest 
and senescence due to its ability to activate both 
the p53/p21 WAF1  and the pRb/p16 INK4A  cell cycle 
arrest pathways (Fig.  3.1 ). Activation of p38 
leads to the expression of infl ammatory mole-
cules that is typical of senescent cells via 
 activation of the kinase MK2 and phosphoryla-
tion of the mRNA binding protein TTP, and also 
the altered morphology of senescent cells via 
phosphorylation of the small heat shock protein 
HSP27 and the subsequent formation of F-actin 
stress fi bres. Thus p38 plays a role in both induc-
ing cell senescence and the SASP.

       Role of Cellular Senescence 
in Human Ageing 

 Many human tissues require extensive and 
 continuous cell turnover throughout life to main-
tain homeostasis (e.g., small intestine, immune 
system, skin), and cell division is central to nor-
mal function or repair. Tissue function not only 
requires cells and cell division, but also the 
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 extracellular strata (or matrix) that maintains 
 tissue integrity. When division competent cells 
reach senescence this will impinge upon tissue 
integrity in two basic ways: failure to replace cell 
loss, and the deleterious biochemical features 
displayed by senescent cells (Kipling et al.  2004 ). 
For example, senescent cells secrete infl amma-
tory cytokines such as IL-1α and tumour necrosis 
factor (TNFα), and express cell surface mole-
cules such as ICAM-1 that are involved in the 
recruitment of leukocytes during infl ammation 
(Davis and Kipling  2006 ). In addition, senescent 
cells up-regulate the expression of matrix degra-
dative enzymes suggesting that, instead of main-
taining matrix integrity, they actively degrade it. 
Moreover, senescent fi broblasts are known to aid 
the malignant progression of pre-malignant 
 keratinocytes and breast epithelial cells; thus, 
although cellular senescence has been suggested 
as a possible tumour suppressive mechanism, the 
presence of senescent stromal fi broblasts may be 

particularly adept at creating a tissue environment 
that can promote the development of age- related 
epithelial cancers. By these mechanisms, cellular 
senescence may contribute to age-related degen-
erations in division competent tissues and/or the 
genesis of certain age-related pathologies (Kipling 
et al.  2004 ). 

 Evidence for replicative senescence  in vivo  
has been diffi cult to acquire leading to criticism 
of this postulate. However, as most human tissues 
lack detectable telomerase activity the cells in 
these tissues show progressive telomere shorten-
ing with age  in vivo . Even in tissues with detect-
able telomerase activity, such as immune cells, 
this activity is often insuffi cient to maintain telo-
mere length. Shortened telomeres are correlated 
with the progression of age-related diseases 
including immunosenescence, cardiovascular 
disease, sarcopenia, osteoporosis, osteoarthritis 
and skin ageing. In addition, there is an associa-
tion between telomere length and mortality in 

  Fig. 3.1    The p38 mitogen-activated protein kinase 
 pathway. This pathway is activated by endogenous and 
exogenous stress signals including oxidative stress, 
DNA damage (including short or dysfunctional telo-
meres), expression of cancer- inducing proteins (oncop-
roteins), various environmental stresses and possibly 
psychosocial stress. The actual mechanism whereby the 
stress is detected as a stress load is currently unknown, 
but stress results in the activation of MKK3 or MKK6 

that activate p38. This leads to inhibition of the cell 
cycle via activation of the inhibitor proteins p21 WAF1  
and/or p16 INK4A , or by activation of p53, leading eventu-
ally to stress-induced cellular senescence (SIPS). 
Additionally, p38 activates MK2 that controls the 
infl ammatory response that typifi es senescent cells. 
In both WS and ATR-SS fi broblasts the stress signal is 
thought to be due to a decreased ability to restart stalled 
DNA replication forks       
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people aged 60 years or older [reviewed in (Davis 
et al.  2009 )]. These data provide circumstantial 
support for a continual build-up of replicatively 
senescent cells  in vivo  through telomere 
shortening. 

 As well as replicative senescence, SIPS may 
occur in human tissues that are exposed to chronic 
stress. For example, cells of the vascular system 
are chronically exposed to a variety of oxidative 
burdens that would induce apoptosis or prema-
ture senescence (i.e. telomere-independent senes-
cence). In addition, endothelium cells in areas of 
vascular transitions (e.g., blood vessel bifurca-
tions) are under intense haemodynamic stress 
resulting in low-level (but chronic) injury again 
leading to premature senescence and/or cell loss 
through apoptosis. Several lines of evidence indi-
cate that a build up of senescent cells does indeed 
occur in atherosclerosis-prone areas of the vascu-
lature that may be due to SIPS (Erusalimsky and 
Kurz  2005 ). This SIPS then leads to increased 
proliferation of surrounding cells leading ulti-
mately to their replicative senescence. Similarly, 
human skin is under mechanical stress and suf-
fers chronic injury due to abrasion that leads to 
cell loss and/or SIPS. The resulting wound heal-
ing process to replace these lost cells may lead to 
signifi cant cell turnover and ultimately cellular 
senescence and skin ageing (Wall et al.  2008 ). 

 Cellular senescence may have relevance in 
mental health, incidence of which increases with 
age, with depression being likened to a state of 
accelerated ageing (Wolkowitz et al.  2010 ). 
Depressed individuals have high plasma levels of 
infl ammatory markers such as TNFα, suggesting 
elevated infl ammation and stress signalling that 
could lead to enhanced cellular turnover and 
SIPS. This SIPS may then underlie the increased 
rates of type II diabetes, osteoporosis, and cardio-
vascular disease often seen in depressed individ-
uals. However, although psychosocial stress has 
been proposed to prematurely age cells this has 
not been formally demonstrated (Wolkowitz 
et al.  2010 ). 

 Overall, data exist suggesting that several 
 ageing phenotypes may be related to the build-up 
of cells throughout life that have undergone rep-
licative and/or stress-induced senescence. That 

senescent cells may contribute to the ageing 
 process in mammals has been shown in mice by 
eliminating such cells, or preventing their build-
 up: this slowed or even reversed the acquisition 
of age-related pathologies in several tissues, 
including fatty tissue, skeletal muscle, spleen, 
intestine, the nervous system and the eye 
(Jaskelioff et al.  2011 ). Thus, although it may not 
yet be formally proven, there is strong evidence 
supporting a link between the build-up of senes-
cent cells and biological ageing processes.   

    Progeroid Syndromes 

    Phenotypic Characteristics 
of Progeroid Syndromes 

 One of the more intensively studied progeroid 
syndromes (PSs) is Werner syndrome (WS) due 
to null mutations in the  WRN  gene encoding the 
DNA helicase RECQ3 (WRN). Werner syn-
drome is often fi rst suspected during the teenage 
years as affected individuals lack the pubertal 
growth spurt resulting in shortness in height. 
Major characteristics are bilateral juvenile cata-
racts, skin atrophy and sclerosis, hair-greying, 
thymic atrophy and soft tissue calcifi cation, 
together with age-related diseases such as type II 
diabetes, atherosclerosis and osteoporosis, all 
diseases that are infl ammatory in nature (Davis 
et al.  2009 ). Premature ageing is segmental as no 
nervous system pathology is noted and there is no 
obvious immune system dysfunction, i.e. prema-
ture ageing affects some tissues but not others. 
An elevated incidence of cancer is observed, 
however, not all cancer types are affected, and 
there is an emphasis on rare non-epithelial 
 cancers such as mesenchymal and soft-tissue sar-
comas. Whether this is due to an active mecha-
nism to promote these cancer types, or a 
suppression of epithelial cancers, is unclear. WS 
individuals die with a median age of 54 mainly 
due to cardiovascular disease or cancer. 

 A second widely studied PS is the extremely 
rare Hutchinson-Gilford progeria (HGPS) due to 
splice defects in the  LMNA  gene encoding the 
nuclear protein lamin A/C. Hutchinson-Gilford 
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individuals appear normal at birth, but within a 
year display the effects of premature ageing 
(Davis et al.  2009 ). Initial symptoms include 
severely reduced growth rate and HGPS individ-
uals are short and below average weight. As the 
condition progresses individuals develop alope-
cia, skin of wrinkled and aged appearance remi-
niscent of scleroderma, and infl ammatory 
conditions such as arteriosclerosis, osteoporosis, 
and atherosclerosis. These individuals show very 
rapid ageing and appear many decades older than 
they actually are, having a similar respiratory, 
cardiovascular and arthritic condition to a senior 
citizen. Average age at death is 13, with 90% of 
individuals dying of heart failure and cerebrovas-
cular accident (strokes). 

 Cockayne syndrome (CS) is of two varieties, 
CSA and CSB, due to mutations in the proteins 
ERCC8 and ERCC6 that are involved in DNA 
repair pathways (Kraemer et al.  2007 ). However, 
CS individuals of both types are phenotypically 
very similar and have characteristic aged facial 
features, thin hair, cachexia, thin dry skin, retinal 
degeneration, hearing loss, neurodegeneration 
(cerebellar ataxia), and cataracts. Their clinical 
course typifi es premature ageing and usually 
results in early death, with CSA individuals dying 
in the second or third decade and CSB individu-
als usually in the fi rst decade of life. 

 Rothmund-Thomson (RTS) individuals show 
moderate ageing characteristics, although lifes-
pan is not shortened in the absence of cancer 
(Davis et al.  2013 ). Features include poikilo-
derma, alopecia, grey hair, and short stature, with 
juvenile cataracts reported in some individuals, 
and an elevated cancer incidence in others. 
The syndrome is highly pleiotropic with not all 
individuals showing all symptoms, probably due 
to RTS being of two types (I and II) resulting 
from mutations in (at least) two separate genes. 
The observed pleiotropy may be due to insuffi -
cient historic phenotypic characterisation of the 
two types as the aetiology is known only recently 
and only for Type II (due to mutations in the gene 
encoding the helicase RECQL4), although juve-
nile cataracts appear to be specifi c for Type I and 
osteosarcoma to Type II, whereas poikiloderma 
is common to both RTS types. 

 Individuals with ataxia-telangiectasia (AT) 
show moderate features reminiscent of premature 
ageing, such as grey hair, wrinkled skin, skin 
atrophy and sclerosis (scleroderma), and show a 
reduced lifespan with death usually occurring in 
the third and fourth decades (Davis et al.  2009 ). 
However, AT individuals do not show such 
infl ammatory features as atherosclerosis. Death 
is usually from recurrent respiratory infection in 
adolescence or early childhood. It is caused by 
null mutations of the gene encoding the check-
point kinase ataxia-telangiectasia, mutated 
(ATM). 

 The progeroid features described for Nijmegen 
Breakage syndrome (NBS), such as sparse grey 
hair and distinctive ‘bird-like’ facies, do increase 
with age, but are relatively mild and there are few 
infl ammatory features (Davis et al.  2009 ). 
However, the data on NBS are potentially con-
founded by many individuals dying at a young 
age as a result of cancer, so premature ageing has 
little time to manifest itself. In addition, NBS is 
complicated by its resemblance to AT, and to 
other human syndromes, leading to possible mis- 
diagnosis. Those NBS individuals with a known 
aetiology have hypomorphic mutations in the 
gene encoding nibrin ( NBN ; sometimes referred 
to as  NBS1 ). 

 Seckel syndrome (SS) results from mutations 
in a least six genes that impinge upon centro-
some function and affect the activation of the 
ataxia- telangiectasia and Rad3-related (ATR) 
checkpoint kinase, with classical SS having 
hypomorphic mutations in ATR itself (referred 
to here as ATR-SS, with the term SS referring to 
non-ATR SS). Seckel syndrome individuals 
show moderate ageing with few infl ammatory 
features, although accelerated ageing is clearly 
present in the ATR-SS mouse model (Tivey et al. 
 2013b ). Features include, bird-like facies, short 
stature, sparse hair, café-au-lait spots, impaired 
cardiovascular function and type II diabetes, all 
symptoms that occur in normal ageing. 

 Dyskeratosis congenita (DC) individuals 
show many ageing characteristics, such as alope-
cia, grey hair, wrinkled skin, abnormal skin pig-
mentation, poikiloderma, osteoporosis and 
cancer (Davis et al.  2009 ). The aetiologies of DC 
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are mutations in members of the telomerase 
 protein complex, with classical X-linked DC 
mutated for the protein dyskerin. Other mutations 
occur in the proteins NOP10 and TERT, and the 
RNA subunit TERC. 

 Bloom syndrome (BS) individuals have a 
moderately reduced lifespan (Hofer et al.  2005 ); 
however, although classifi ed as a PS, there is little 
evidence of a premature ageing defect apart from 
a high incidence of type II diabetes in young BS 
individuals, and an elevated cancer incidence. 
Bloom syndrome is due to null mutations in the 
gene encoding the DNA helicase RECQ2 (BLM).  

    Are Progeroid Syndromes Associated 
with Accelerated Fibroblast 
Senescence? 

 Associated with premature ageing, accelerated 
cellular replicative senescence is found in greater 
than 90% of WS fi broblast strains (Davis et al. 
 2009 ). Normal human dermal fi broblasts (NDFs) 
frequently have replicative capacities greater 
than 50 population doublings (PDs); in contrast 
WS fi broblasts usually do fewer than 25 PDs. 
This accelerated senescence of WS cells  in vitro  
has been postulated to correspond to a similar 
process  in vivo , and thus contribute to the accel-
erated ageing of division-competent tissues 
(Davis et al.  2009 ). Likewise, many strains of 
HGPS fi broblasts show reduced replicative 
capacity, although increased apoptosis is also 
prevalent, and HGPS individuals undergo rapid 
ageing and have very short lifespan (Hofer et al. 
 2005 ). However, many HGPS fi broblast strains 
have what appears to be a normal replicative 
capacity despite the extensive apoptosis that can 
be present (Davis et al.  2009 ). These differences 
may be due to the extensive heterogeneous 
 division capability of cells taken from different 
individuals at different times of life, and/or due to 
heterogeneous genetic backgrounds. 

 Two strains of SS fi broblasts have been exam-
ined; the strain with a hypomorphic mutation in 
 ATR  has a signifi cantly reduced replicative capac-
ity compared to NDFs (Tivey et al.  2013b ); the 
other strain that does not have an  ATR  mutation 

appears to have a normal replicative capacity. 
These differences refl ect that SS is a very hetero-
geneous syndrome resulting from mutations in 
six different genes. 

 Nijmegen breakage syndrome fi broblast 
strains either have no replicative defect (cell life 
spans greater than 40 PDs), or have a much- 
reduced replicative lifespan (Ranganathan et al. 
 2001 ; Tivey et al.  2013a ). The reasons for this 
large difference are not known, but NBS strongly 
resembles other PSs (or genomic instability syn-
dromes) in clinical features, notably AT and 
ataxia-telangiectasia-like disorder (ATLD). It is 
thus possible that some NBS cases may be mis- 
diagnosed. As the fi broblast strain with a 
reduced replicative capacity is known to have an 
 NBN  mutation (Ranganathan et al.  2001 ), it may 
be that the fi broblast strains with normal repli-
cative capacities are from an, as yet, unknown 
syndrome that shares clinical features with 
NBS. I use the terms NBS and NBSL (NBS-
like) respectively, here, for these subtypes solely 
for ease of clarity. 

 Cockayne Syndrome has two variants (CSA 
and CSB), and it has been shown that CSB fi bro-
blasts do not have a replicative capacity defect 
with the strains used managing greater than 50 
PDs (Tivey et al.  2013a ). The situation with CSA 
fi broblasts is unclear, however, but the CSA 
strains used to date cluster at the low end of the 
normal range that is suggestive of a reduced divi-
sion capacity. Those RTS fi broblasts that are 
mutated for RECQL4 (Type II) do not show an 
obvious mean replicative defect, although RTS 
strains cluster at the low end of the normal range 
for fi broblast lifespan (Davis et al.  2013 ) that 
may correlate with the observation that RTS indi-
viduals have a normal lifespan (Hofer et al. 
 2005 ). The replicative capacity for Type I RTS 
fi broblasts is unknown. With ataxia- telangiectasia, 
the replicative capacity of fi broblasts is signifi -
cantly reduced compared to NDFs almost to the 
same degree as seen in WS fi broblasts, and most 
AT fi broblast strains appear to have replicative 
capacities less than 25 PDs (Davis and Kipling 
 2009 ). The only DC fi broblasts that I have stud-
ied are from the X-linked variant that has muta-
tions in  DKC1  (dyskerin) and these fi broblast 
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strains have a very reduced replicative capacity 
(Davis et al.  2009 ; Tivey et al.  2013a ). Reduced 
replicative capacity is also seen in fi broblasts 
from DC cases due to mutations in the other 
causative genes (Davis et al.  2009 ). Finally, in the 
case of BS, there is no apparent replicative defect 
in any of the fi broblast strains examined to date 
(Tivey et al.  2013a ).  

    Role of p38 in Accelerated 
Senescence in Progeroid Fibroblasts 

 Fibroblasts senesce primarily as a result of 
 telomere erosion that activates p53 and p21 WAF1 . 
However, telomere erosion rates in WS fi bro-
blasts have been shown to be similar to that seen 
in NDFs, although some telomere dysfunction 
does occur, in particular a low level of sudden 
telomere truncation (Davis et al.  2005 ,  2009 ), 
suggesting an alternative pathway is involved in 
the premature WS cell senescence. In addition to 
a short replicative capacity, WS fi broblasts have 
very slow growth rates and an enlarged morphol-
ogy with extensive arrays of F-actin stress fi bres 
that strongly resembles senescent normal cells 
(Davis et al.  2005 ). They also have high levels of 
activated p38, phosphorylated HSP27, and 
p21 WAF1 . The stress-associated MAP kinase p38 
is involved in cellular senescence processes 
resulting from both the erosion of telomeres and 
to endogenous and exogenous stress, and its 
 activation can lead directly to cell cycle arrest by 
activating either the p53/p21 WAF1  or the p16 INK4A  
pathways (Iwasa et al.  2003 ). 

 Overall, WS fi broblasts resemble cells that 
have undergone p38 driven stress-induced pre-
mature senescence (SIPS). Treatment with the 
p38 inhibitor SB203580 had a remarkable effect 
on these cells, more than doubling their replica-
tive capacity to greater than 40 PDs, increasing 
their growth rate and changing their morphology 
to that seen in young NDFs. In contrast, p38 inhi-
bition resulted in only a small extension of the 
replicative lifespan of NDFs (Tivey et al.  2013a ). 
These data suggest that the shortened WS repli-
cative lifespan results from a robust telomere- 
independent p38-driven SIPS. 

 A large increase in replicative lifespan for 
ATR-SS fi broblasts resulted from inhibition of p38 
by three different inhibitors, with the increase 
directly proportional to the extent of p38 inhibition 
achieved (Tivey et al.  2013b ). Untreated ATR-SS 
fi broblasts show an aged morphology with F-actin 
stress fi bres, activated MK2 (a p38 target and the 
major HSP27 kinase) and phosphorylated HSP27, 
and elevated p16 INK4A , all  features that were cor-
rected by p38 inhibition. These data are consistent 
with SIPS in ATR-SS cells. 

 Smaller increases in replicative capacity were 
found for NBS fi broblasts, although whether p38 
is activated in NBS cells is undetermined and the 
cells may not have an aged morphology 
(Ranganathan et al.  2001 ). Increased telomere 
dysfunction (particularly telomere fusions) is 
prevalent in NBS cells, but the telomere erosion 
rates appear not to be signifi cantly elevated (Hou 
et al.  2012 ; Ranganathan et al.  2001 ). These data 
suggest that the shortened replicative capacity 
may result from the combined effects of telomere 
dysfunction and SIPS; however, NBS is not well 
understood at this time. For the NBSL strains 
with unknown aetiology, however, the effect of 
p38 inhibition was similar to that seen in NDFs 
(Tivey et al.  2013a ). 

 With AT, whilst fi broblast replicative capacity 
is reduced (Naka et al.  2004 ; Tchirkov and 
Lansdorp  2003 ), there is clear heterogeneity in 
the response to p38 inhibition, with some AT 
fi broblast strains showing lifespan extension and 
increased growth rates greater than seen in NDFs 
(although much smaller than seen with WS 
cells), whereas other strains showed a much 
reduced response (Davis and Kipling  2009 ). In 
addition, although some AT fi broblast strains 
had an altered morphology, they showed no 
increased level of F-actin stress fi bres, and no 
activated p38. This lack of p38 activation in AT 
cells agrees with (Naka et al.  2004 ), but contrasts 
with the study of (Barascu et al.  2012 ) who 
showed activated p38 in AT lymphoblasts and 
fi broblasts, although the fi broblasts used did not 
appear to have F-actin stress fi bres. The AT 
fi broblasts in this study did have some features 
characteristic of senescent cells, such as high 
SAβ-gal levels, that were corrected by p38 inhi-
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bition, or siRNA knockdown (Barascu et al. 
 2012 ). These differences suggest that loss of 
ATM produces a stress signal that activates p38 
leading to a low level of SIPS that results in 
some of the premature senescence seen in AT 
cells. However, this stress response is much 
reduced when compared to that seen in WS, 
ATR-SS and NBS cells, and the major cause of 
the shortened replicative capacity of AT fi bro-
blasts appears to be the dysfunctional telomeres 
and accelerated telomere shortening seen in AT 
cells (Tchirkov and Lansdorp  2003 ). 

 Activated p38 and phosphorylated HSP27 are 
also seen in Type II RTS, CSA and some CSB 
fi broblasts (Davis et al.  2013 ; Tivey et al.  2013a ). 
However, these are at a much-reduced level com-
pared to that seen in WS and p38 inhibition 
 produces only a small fi broblast lifespan exten-
sion similar to that seen in NDFs. In addition, few 
enlarged cells with F-actin stress fi bres are 
observed. This suggests only a low level of stress 
is occurring in these cells and any reduced repli-
cative lifespan for the CSA cells results from a 
process other than SIPS. The protein mutated in 
Type II RTS (RECQL4) is believed to play a role 
in telomere maintenance so the activated p38 
may result from a low level of telomere dysfunc-
tion (Davis et al.  2013 ). Alternatively these cells 
show elevated oxidative stress that would also 
activate p38. For CSA cells, a defective DNA 
repair process may lead to cell cycle arrest via 
p53 activation. 

 For fi broblasts from HGPS, BS, and SS no 
p38 activation is seen, the cells have a normal 
morphology, and p38 inhibition does not extend 
replicative lifespan beyond that seen in NDFs 
(Tivey et al.  2013a ), suggesting that SIPS is not 
present in these cells. This is supported by the 
observation that none of these cells strains show 
F-actin stress fi bres. Thus the premature senes-
cence seen in the HGPS cells used in the study is 
not due to p38 activation or SIPS. Finally, with 
DC fi broblasts p38 inhibition had only minimal 
effects on either replicative lifespan or cellular 
morphology, but as the cells used were almost at 
replicative senescence when p38 inhibition began 
and the activation of p38 was not assessed, no 
real conclusions could be drawn. However, the 

premature senescence of DC cells is thought to 
be due primarily to accelerated telomere erosion 
(Davis et al.  2009 ).   

    Discussion 

    General Discussion 

 Human ageing is a gradual process that reduces 
normal tissue function eventually resulting in 
 tissue failure leading to death; an example being 
the gradual weakening of cardiac function prior to 
heart failure. As both ageing and disease impair 
biological function, it would be unsurprising if 
basic ageing processes lead eventually to the 
onset of those diseases specifi cally associated 
with ageing. Indeed, biogerontologists have long 
been aware that an understanding of the basic age-
ing mechanisms should lead to advances in the 
pathophysiology of much age-related  illnesses, 
and possibly novel therapeutic interventions. This 
view is increasingly being accepted amongst 
medical professionals in addition to biogerontolo-
gists (Bagley et al.  2011 ). Due the polygenic 
nature and biological complexity of the ageing 
pathologies, biogerontologists often make use of 
the group of disorders known as progeroid syn-
dromes (PSs) whose phenotypes show specifi c 
characteristics of ageing (Puzianowska- Kuznicka 
and Kuznicki  2005 ). As these disorders are often 
monogenic and affect only a subset of normal 
ageing phenotypes, these syndromes are useful as 
their study may allow distinct ageing pathways to 
be dissected out from the whole body ageing 
background leading to the identifi cation of caus-
ative genes underlying ageing processes. 

 One possible mechanism that may underlie 
human ageing is that of cellular senescence as 
division competent tissues require continuous 
proliferative capacity throughout life to maintain 
function due to continuous cell loss. In addition, 
senescent cells display deleterious biochemical 
features such as the expression of degradative 
enzymes and infl ammatory molecules (Davis and 
Kipling  2006 ; Kipling et al.  2004 ). Thus instead 
of their normal function to support tissue func-
tion, senescent cells may actively do the opposite 
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and contribute to the age-related decline in tissue 
structure and the genesis of age-related patholo-
gies (Kipling et al.  2004 ). Although evidence for 
replicative cellular senescence  in vivo  has been 
diffi cult to acquire, it has become increasingly 
evident that a linkage between cellular senes-
cence and the age-related decline of tissue func-
tion does indeed exist. Human cells senesce as a 
result of two basic processes, replicative senes-
cence due to telomere erosion, and SIPS resulting 
from various stressors throughout life. However, 
in either case the cells have a strikingly similar 
phenotype and behaviour. As cellular senescence 
is proposed as a major causation of human age-
ing, it is useful to look possible roles for cellular 
senescence in the various PSs where specifi c 
ageing processes may be dissected out from the 
background of whole human ageing. In addition, 
as many of the age-related pathologies are 
infl ammatory in nature and senescent cells 
express high levels of the stress-related kinase 
p38, a role for p38 in the premature ageing seen 
in PSs is predicated. 

 Although fi broblasts from several of the PSs 
show premature fi broblast senescence, there 
appears to be no clear relationship between the 
replicative cellular capacity of the cell strains 
used and the presence of premature ageing fea-
tures of PSs. It may be that the presence of accel-
erated cellular senescence correlates with the 
severity of the ageing phenotype, e.g. in WS, 
HGPS and DC the ageing features are marked 
and the lifespan of individuals is reduced, and the 
replicative capacity of fi broblasts is much 
reduced compared to NDFs. In comparison, the 
ageing characteristics of individuals with RTS 
and BS are few and the replicative lifespan of 
fi broblasts is not signifi cantly reduced. However, 
there are PSs with relatively mild ageing features 
such as NBS, AT and ATR-SS, where the replica-
tive capacity of fi broblasts is much reduced. 
However, there is a complicating issue in that 
individuals with these syndromes have very short 
lives that do not result from premature ageing, 
thus it may be that they do not live long enough 
to manifest signifi cant accelerated ageing pheno-
types. This contrasts with other short-lived PSs 
such as HGPS, where the short lifespan of 

 individuals results directly from the premature 
ageing. Finally, in CS signifi cant accelerated age-
ing is not related to signifi cant accelerated fi bro-
blast senescence in CSB, but may be related to 
premature cellular ageing in CSA. It should be 
noted that there appear to be no genes that spe-
cifi cally cause ageing; the processes that affect 
ageing involve gene products that have diverse 
additional functions in the body, so mutations in 
such genes will have broad-ranging phenotypic 
consequences. 

 Alternatively, tissue specifi city may be impor-
tant, since dermal fi broblasts from WS, HGPS, 
DKC, AT and possibly CSA show premature senes-
cence and a notable feature of these PSs is skin age-
ing, in particular the infl ammatory scleroderma 
seen in WS, HGPS and AT. However, the other PSs 
with premature fi broblast ageing (NBS and 
ATS-SS) do not show accelerated skin ageing, 
although they do manifest the skin conditions of 
telangiectasias and café-au-lait spots. Moreover, 
BS also manifests telangiectasias and café-au-lait 
spots and no accelerated fi broblast ageing. However, 
a second aged phenotype, that of premature grey 
hair, is found in all the PSs that have premature 
fi broblast senescence, but in none of the others. 

 It should be noted that the only cell type that 
has been extensively studied are fi broblasts and 
the premature cellular phenotypes may affect 
other cell types such as endothelial cells or lym-
phocytes, although lymphocytes from WS have a 
normal replicative capacity (Davis et al.  2009 ). 
That other cell types may play a role in acceler-
ated ageing phenotypes comes from the observa-
tion that large arteries in HGPS individuals are 
severely depleted in endothelial and vascular 
smooth muscle cells, with many others thought to 
be senescent (Stehbens et al.  2001 ). Senescent 
endothelial cells have been found extensively in, 
and are thought to be causative of, atherosclerotic 
plaques that frequently occur in HGPS individu-
als. It is possible that features of ageing seen in 
other PSs may result from the premature ageing 
of other cell types. Thus, the observed lack of 
accelerated ageing of fi broblasts in some PSs 
does not suggest that the observed ageing  features 
are not due to replicative cellular senescence, or 
the presence of senescent cells of other cell types. 

T. Davis



35

 As for a role for p38 in cellular senescence 
and ageing in PSs, it is clear that no obvious rela-
tionship exists between the replicative capacity 
of fi broblasts and the activation of p38 and SIPS; 
although it may be a matter of the degree of p38 
activation (Fig.  3.2 ). This is illustrated for WS 
and ATR-SS cells that have high levels of acti-
vated p38 resulting in an altered cellular mor-
phology with F-actin stress fi bres: in these cells 
the loss of replicative capacity appears to be 
mostly (if not entirely) due to p38 and SIPS. With 
NBS the situation is more complicated with the 
cells having increased telomere dysfunction 
(Ranganathan et al.  2001 ) and, possibly, SIPS, 
although which effect predominates is unknown 
(Fig.  3.2 ).

   For CSA, CSB and RTS, however, the levels 
of activated p38 seen suggest that only a low 
level of SIPS is occurring. This SIPS may have 
little or no effect upon replicative capacity, 
although any small effects would be hard to 
detect due to the large variation in replicative 
lifespan seen in human NDFs (Davis et al.  2013 ; 
Tivey et al.  2013a ), and is insuffi cient to have 
major effects on cell morphology. Moderate p38 

activation is also seen in AT and the cells have a 
much-reduced replicative capacity. In this case a 
low level of SIPS synergises with a strong telo-
mere dysfunction signal (Tchirkov and Lansdorp 
 2003 ) to produce the shortened lifespan (Fig.  3.2 ). 
The much-reduced replicative lifespan seen with 
HGPS cells is not due to activated p38 and SIPS, 
and it may be independent of dysfunctional telo-
meres (Davis et al.  2009 ). In DC cells premature 
senescence results from accelerated telomere 
erosion. This leaves NBSL, SS and BS that do 
not appear to have premature cell senescence, do 
not activate the p38 pathway and have not been 
reported to show accelerated telomere 
dysfunction. 

 A possible complication in the scenario shown 
in Fig.  3.2  is that telomere dysfunction can also 
activate p38 (Iwasa et al.  2003 ), although it pre-
dominantly signals through p53 (d’Adda di 
Fagagna et al.  2003 ). Thus some of the p38 signal 
seen in various PSs (e.g. RTS and WS) may origi-
nate from a low level of telomere dysfunction. 

 As well as a poor relationship between p38 
activity and fi broblast premature senescence, 
there appears to be no clear relationship between 
p38 activity and the presence of infl ammatory 
disorders in the various PSs. For example the 
 disorder scleroderma has been linked with p38 
activity (Ihn et al.  2005 ), and this condition 
is seen in the PSs WS, AT and HGPS that show 
variable p38 activity. Likewise PSs that show high 
p38 activity such as ATR-SS do not show sclero-
derma. One possible caveat here is that not all 
cases of scleroderma show high p38 activity (Ihn 
et al.  2005 ), suggesting that others factors are at 
play that may interact with p38. A similar situa-
tion exist with the severity of cardiovascular dis-
ease that is noted in HGPS that shows no p38 
activation in fi broblasts, compared to WS that 
does, although as has been stated previously this 
may be cell type dependent. 

 Overall it is clear from this work that, whilst 
there is no overall correlation between premature 
fi broblast senescence and p38 activity, and 
the ageing characteristics seen in various PSs, 
there may be a clear role for these activities in a 
distinct subset of these disorders. This subset of 
PSs has defects in a certain type of DNA repair 

  Fig. 3.2    Integrated model for induction of premature 
senescence in fi broblasts from PSs. Progeroid syndromes 
induce premature senescence via multiple processes; 
some via telomere dysfunction (indicated by  purple dia-
monds ), others directly activate p38 and SIPS (indicated 
by  brown parallelograms ) and some do both (AT, and 
 possibly NBS) or neither (HGPS). Other PSs do not show 
premature senescence ( blue trapezium ). The intensity of 
the inducing signal and thus the degree of premature 
senescence induced by this mechanism is indicated by the 
 thickness of the arrow  from the relevant PS       
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processes, namely that involving the replication 
of the so-called common fragile sites: these syn-
dromes are WS, ATR-SS (and possibly NBS) that 
will be discussed in detail below. For some syn-
dromes (AT, RTS, CSA and some CSB strains), it 
is possible that the low levels of p38 activity and 
fi broblast senescence may play a role in the 
milder ageing characteristics seen in these syn-
dromes. Finally for the other PSs a larger role for 
these activities may occur in other cell types that 
have not been studied, although that is specula-
tion. Alternatively, it is possible that SS and 
NBSL may not actually show premature ageing, 
as these have not been suffi ciently characterised.  

    Proposed Model for Accelerated 
Cell Ageing in WS and ATR-SS 

 Common DNA fragile sites (CFSs) are observed 
as non-staining gaps or breaks in metaphase 
chromosomes of cells cultured under conditions 
of replicative stress. These sites are diffi cult to 
replicate and frequently cause replication fork 
stalling during normal replication (Tivey et al. 
 2013b ). An important function of the kinase ATR 
is the co-ordination of checkpoint control 
responses to replication fork stalling (Ozeri- 
Galai et al.  2008 ) (see Fig.  3.3 ). It appears that 
ATR responds to stalled replication forks in at 
least two ways: (1) by activating the BLM DNA 
helicase and MUS81 endonuclease that create 
transient DNA DSBs (Shimura et al.  2008 ); (2) 
by recruiting the WRN DNA helicase to process 
the DNA DSBs and prevent fork collapse 
(Ammazzalorso et al.  2010 ; Pirzio et al.  2008 ). 
By keeping these pathways in balance, ATR leads 
to replication fork stability and coordinates an 
error-free repair and replication fork restart in a 
manner that does not involve DNA recombina-
tion (   Franchitto et al.  2008 ), although the exact 
mechanism is not known. Cellular proliferation 
can then continue normally with the cells eventu-
ally reaching senescence that, incidentally, con-
tributes to tissue and whole body ageing (Fig.  3.3 , 
left panel). It is important to note that the func-
tion of this pathway is one of tumour suppression 
as CFS expression is common to many tumour 

types, and not ageing  per se  (Arlt et al.  2006 ; 
Tivey et al.  2013b ).

   During this repair process p38 is activated to a 
low level through an, as yet unknown, pathway 
leading to a low degree of SIPS. That this SIPS 
does occur is supported by the observation that 
normal fi broblasts do show an extension (albeit 
small) of replicative capacity when treated with 
p38 inhibitors (Tivey et al.  2013a ). It may be that 
p38 activation results from the formation of the 
transient DSBs, as both transient DSBs and acti-
vated p38 are absent in BS that lacks the BLM 
protein (Shimura et al.  2008 ). These DSBs activate 
ATM; however ATM is not the upstream kinase 
for p38 in this scheme as ATM inhibition does not 
prevent p38 activation in ATR-SS cells (my unpub-
lished observations). Thus the actual mechanism 
whereby p38 is activated is not fully understood. 

 In WS, lack of the WRN helicase leads to an 
inability to process the transient DSBs and stabi-
lise the replication fork, and the creation of large 
numbers of stable DSBs due to ATR activation of 
BLM and MUS81 (Fig.  3.3 , middle panel). 
Subsequently the fork collapses leading to an 
error-prone fork repair and restart via ATR activa-
tion of CHK1 and RAD51-induced recombina-
tion that leads to genomic instability and CFS 
expression. The increased DSB level results in a 
much elevated p38 activation and a signifi cant 
level of SIPS. Likewise, with ATR-SS, the lack of 
ATR results in the failure to recruit WRN and 
subsequently large DSB creation (Ammazzalorso 
et al.  2010 ) and replication fork collapse (Fig.  3.3 , 
right panel). However, with the lack of ATR, the 
checkpoint kinase ATM is used in the error-prone 
fork restart by activating CHK1 (the usual ATM 
target being CHK2) and CFS expression (Ozeri- 
Galai et al.  2008 ). As with WS, the level of p38 
activity is elevated leading to extensive SIPS. This 
idea is supported by the observation that ATR 
defi ciency does not synergise with WRN defi -
ciency in the elevated frequency of CFS expres-
sion, which is suggestive of a common pathway 
(Pirzio et al.  2008 ). Further support is provided by 
the extensive similarity between fi broblasts from 
both ATR-SS and WS, in that they grow slowly, 
have slow cycling time, increased  chromosomal 
instability, and show increased replication fork 
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stalling especially at CFSs (Davis et al.  2005 ; 
Mokrani-Benhelli et al.  2012 ; Pirzio et al.  2008 ). 

 Overall there is a strong overlap in the cellular 
phenotype of WS and ATR-SS cells as related to 
SIPS. This SIPS may lead to aspects of the whole 
body phenotypes of both ATR-SS and WS such 
as growth retardation and premature aging due in 
part to a reduction in cellular division capacity 
and an accelerated rate of build up of senescent 
cells. The chronic activation of p38 may also 
contribute to accelerated aging and the disease 
predisposition spectrum of these patients – so- 
called “infl amm-aging” (Franceschi et al.  2000 ). 

 Although ultimately ATR-SS and WS are 
“private” mechanisms of aging (insofar as they 

are driven by mutations not found in normal 
individuals), both pathways rapidly converge on 
a core signalling pathway (p38 MAP kinase) 
that is  subject to substantial regulation by cell 
intrinsic and extrinsic factors. This in turn raises 
the  possibility that normal human ageing might 
be affected, even if temporarily, by differential 
activation of the p38 pathway as a result of other 
activating circumstances, for example increased 
oxidative stress. Indeed, the observations of low 
levels of p38  activation and elevated oxidative 
stress in other human progerias strengthen the 
potential relevance of the p38 pathway to human 
ageing, even though the p38 activity doesn’t 
result in obvious premature cellular senescence 

  Fig. 3.3    Model for the premature cell senescence and 
ageing in WS and ATR-SS. Under normal conditions ( left 
panel ) the DNA replication fork has diffi culties process-
ing CFS regions of DNA. This results in a temporary fork 
stall and the activation of ATR. ATR recruits the WRN 
helicase resulting in fork stabilisation and an ATR depen-
dent error-free fork recovery, and the restart of DNA syn-
thesis. This allows cellular turnover that leads eventually 
to senescence and, incidentally, tissue ageing. During this 
process, p38 is activated leading to a low level of SIPS 

increasing cellular turnover, although the mechanism by 
which it is activated is unknown. Loss of either WRN or 
ATR ( middle  and  right panels ) negatively impinges upon 
this process resulting in fork collapse, an error-prone fork 
recovery and CFS expression, and an increased activation 
of p38. Thus, although fork restart is enabled, the elevated 
p38 activation results in a signifi cant level of SIPS, 
increased cell turnover and accelerated ageing. Note that 
many details of this pathway are still poorly understood       
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in these syndromes (Davis et al.  2005 ; Tivey 
et al.  2013a ). It is possible that the gene defects 
in other PSs can impinge on this pathway at a 
low level but in a chronic fashion leading to a 
degree of premature ageing. One such PS is 
NBS that has  NBN  mutations, as nibrin forms 
part of the MRN complex that fi rst recognises 
the DNA replication fork stall and subsequently 
recruits ATR (Lee and Dunphy  2013 ). It is not 
known if fi broblasts from NBS do show p38 
activation, but they may undergo a level of SIPS, 
suggesting a failure in the early part of the path-
way shown in Fig.  3.3 . It may be that increased 
telomere dysfunction plays a greater role in NBS 
premature cellular senescence than in WS or 
ATR-SS (see Fig.  3.2 ). It is interesting to note 
the putative role for BLM in this pathway to cre-
ate the DSBs that might be responsible for 
increased p38 activity, as neither SIPS nor p38 
activation is seen in BS and premature ageing is 
minimal.      
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