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           Introduction 

    The Stem Cell Theory of Aging 

 With age, the ability to maintain organ homeostasis and 
cellular regenerative capacity diminishes. The stem cell the-
ory of aging posits that this decline in homeostasis occurs 
when stem cells can no longer maintain their functionality, as 
defi ned by two characteristics, self-renewal and potency. 
Self renewal refers to the ability of a stem cell to divide 
asymmetrically such that one daughter cell is an exact copy 
that retains stemness, while the other daughter becomes a 
progenitor cell that gives rise to rapidly dividing precursors, 
which will eventually differentiate and perform specifi c 
functions [ 1 ]. Potency refers to the ability of a stem cell to 
give rise to a range of differentiated cell types. According to 
the stem cell theory of aging, the functional depletion of the 
adult stem cell pool by death, injury, senescence, cell cycle 
arrest, or differentiation results in an inability to regenerate 
old or injured tissues, leading to the organ dysfunction com-
monly observed in aged individuals. 

 The functionality of the adult stem cell pool depends upon 
conserved molecular pathways, which ensure the optimal bal-
ance between self-renewal, quiescence, and differentiation. 
In this chapter, we focus on molecular events that converge 
on a fi nal common path through the tumor suppressor p53 
and its downstream target, the cell cycle inhibitor p21Cip1/
Waf1 (p21). Both intrinsic, nuclear defects such as 
unrepaired DNA damage or laminopathies that disturb the 
integrity of the nuclear membrane and chromatin, and extrinsic 

defects in the stem cell milieu that are transmitted to the stem 
cell by receptor-mediated signaling cascades, can activate 
p53 and turn on p21 transcription in stem cells. The increased 
load of p21 inhibits the regenerative potential of stem cells, 
limiting cell turnover, maintenance of tissue function, and, 
ultimately, life span.  

    p21 and Stem Cells: The Goldilocks Effect 

 As the story goes, Goldilocks found the papa bear’s porridge 
too hot and the mamma bear’s porridge too cold, but the baby 
bear’s porridge was just right. Eating the porridge that was 
just right sustained and rejuvenated her. Similarly, stem cells 
require just the right amount of p21 for long-term regenera-
tive capacity, as illustrated in Fig.  1 . In the absence of p21, 
stem cells fail to maintain quiescence, resulting in hyper- 
proliferation and expansion of the progenitor cell population, 
followed by exhaustion of the stem cell pool. We discuss the 
essential role of p21 in maintaining stem cell quiescence in 
the next section. When stem cells accumulate excess p21, on 
the other hand, they can enter a state of prolonged or perma-
nent quiescence, resulting in hypo-proliferation of stem and 
progenitor cells and exhaustion of differentiated progeny by 
attrition. We explore the consequences of having too much 
p21, a far more likely situation to arise during the normal 
course of aging, in a later section. Together, these examples 
illustrate how either too little or too much p21 can impair 
stem cell regenerative capacity and limit healthy life span.

        Cell Cycle Arrest and the Maintenance 
of Stem Cell Quiescence by p21 

 Over the course of a lifetime, stem cell quiescence is critically 
important for the maintenance of tissue homeostasis and to 
prevent premature exhaustion of the stem cell pool under 
various conditions of stress [ 2 ]. p21, a member of the CIP/KIP 
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  Fig. 1    p21 and the Goldilocks effect. Too much p21 leads to senescence and impaired proliferation, while too little p21 leads to the loss of 
quiescence and increased apoptosis. Both decrease stem cell regenerative capacity and compromise optimal life span       

family of cyclin-dependent kinase inhibitors, appears to play 
a signifi cant role in the protection of the stem cell pool by 
ensuring cell cycle arrest during quiescence. In small 
amounts, p21 acts as a positive cell cycle controller in that it 
is actually necessary for formation of the cyclinD/CDK4 
complex [ 3 ,  4 ] and transit from G0 into G1. When expressed 
in amounts beyond what is needed for complex formation, 
however, it has a universally inhibitory role by blocking the 
activity of cyclin-dependent kinases (CDKs) necessary for 
cell cycle progression [ 5 – 8 ]. It does this in several ways 
(reviewed in [ 9 ]), as illustrated in Fig.  2 . p21 prevents CDKs 
from working with their respective cyclin to phosphorylate 
the Rb protein, thus blocking the release of the E2F tran-
scription factor and subsequent transcription of the E2F 
responsive genes needed for transit from G0 into G1 and 
from G1 into S phase [ 10 ] (Fig.  2a, b, and d ). p21 can also 
function as a cofactor with other DNA binding proteins, such 
as transcription factors, to control the expression of genes 
essential for cell cycle progression. For example, p21 can 
interact with E2F directly and block transcriptional activa-
tion of the cyclin A promotor [ 11 ] (Fig.  2c ). p21 can also 
bind the mismatch repair factor DNA polδ, inactivating 
PCNA-mediated DNA replication [ 12 ] (Fig.  2e ). In addition, 
p21 indirectly affects transit from G2 into M by binding to 
and inhibiting CDK-activating kinase (CAK), which phos-
phorylates CDK1 on Thr161 and activates the CDK1-cyclin 
B complex (Fig.  2f ). Inhibition of CAK is crucial for G2/M 
checkpoint activation [ 13 ].

   Cell cycle control by p21 appears to play a particularly 
important role in stem cells. Studies on the hematopoietic 
stem cells (HSCs) and neural stem cells (NSCs) of p21- 
defi cient mice provide convincing evidence of the protective 
role of p21 in the preservation of stem cell pools [ 14 ]. In the 

absence of p21, for example, the profi le of hematopoietic 
cells in the adult mouse is maintained despite decreased 
cytokine-mediated proliferation of bone marrow progenitor 
cells [ 15 – 18 ], suggesting that p21 might play a dual role, 
simultaneously increasing progenitor cell proliferation while 
preventing stem cell proliferation. In a test of this hypothe-
sis, Cheng et al. compared the time spent in G0 (quiescence) 
and G1 (cycling) phases of the cell cycle in stem cells from 
p21-defi cient and wild-type mice. They found that p21- 
defi cient HSCs spent less time in G0 and exhibited reduced 
repopulation capacity following 5-fl uorouracil (5-FU) deple-
tion of cycling bone marrow cells, as determined by 
cobblestone- forming assays    (CAFC). Importantly, serial 
transplantation of p21-defi cient bone marrow cells into 
lethally irradiated recipients resulted in greatly reduced sur-
vival compared to that conferred by normal bone marrow 
cells. Rather than remaining quiescent, p21-defi cient stem 
cells prematurely differentiated, exhausting the pool of self- 
renewing stem cells and demonstrating the important role of 
p21 in maintaining HSC quiescence during times of stress. 

 Under steady state conditions, HSC quiescence appears 
to be maintained not by p21 but by growth factors, such as 
angiopoietin or thrombopoietin, which act through AKT or 
JAK/STAT pathways [ 19 – 21 ]. However, in NSCs, p21 
appears to maintain quiescence under both steady state and 
stressed conditions. There are more NSCs in p21-defi cient 
mice between postnatal days 60–240 than in their wild-type 
counterparts, and this is due to higher proliferation rates. At 
16 months of age, however, NSC numbers drop in p21- 
defi cient mice and display limited self-renewal in vitro, sur-
viving only several passages before exhaustion [ 22 ]. This 
study highlights the contribution of p21 to the relative quies-
cence of adult NSCs, which might be more important than 
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indefi nite proliferation capacity for the life-long mainte-
nance of NSC self-renewal. 

 By triggering cell cycle arrest and limiting transmission 
of damaged DNA, p21 can also protect against cell death 
[ 111 ], repressing caspases and other proteins needed for 
apoptosis [ 13 ] [ 23 ,  24 ]. In the case of cancer, this ability of 
p21 to repress apoptosis can maintain stem cells pools, with 
obvious deleterious  consequences. In leukemogenesis, for 
example, p21 is actually critical for maintaining the leuke-
mic stem cell pool [ 24 ]. A molecular model has been pro-
posed in which the  CDKN1A  promoter is positively regulated 
by the tumor suppressors Miz and p53, which promote p21 
expression and suppress apoptosis, and negatively regulated 
by the oncogene Myc (reviewed in [ 25 ]). When Myc is acti-
vated, it interacts with and suppresses Miz, blocking 

p53-mediated transactivation of  CDKN1A  and inducing 
apoptosis. Point mutations in Myc that render it unable to 
bind to Miz inhibit the induction of apoptosis in human 
fi broblasts [ 26 ]. When p21 was reexpressed in Myc-
transformed cells, apoptosis was inhibited. When Zbtb4, a 
suppressor of Miz, was depleted in cell culture by siRNA, 
activation of p53 by vincristine promoted cell cycle arrest 
over apoptosis [ 27 ]. 

 In summary, stem cells lacking p21 fail to maintain quies-
cence, resulting in expansion of the progenitor cell popula-
tion and exhaustion of the stem cell pool.  Cdkn1a -defi cient 
mice exhibit defi cits in HSC and NSC quiescence, leading 
ultimately to tissue deterioration and loss of function. Several 
tumor suppressors and oncogenes coordinately regulate the 
activity of the  CDKN1A  promoter, with potentially deleterious 

  Fig. 2    p21 and the cell cycle. ( a ) p21 is required for complex forma-
tion of Cyclin D/CDK 4/6. This complex participates in the partial 
phosphorylation of Rb, reducing its binding affi nity with E2F and 
allowing transcription of genes such as Cyclin E. p21 in amounts 
greater than the minimum for complex formation has an inhibitory 
effect on the process. ( b ) p21 inhibits the Cyclin E/CDK2 complex 
from completing the phosphorylation of Rb. This allows transcription 

of the Cyclin A gene and the G1/S transition. ( c ) p21 associates with 
E2F, directly inhibiting the transcription of Cyclin A. ( d ) p21 inhibits 
Cyclin A/CDK2 complex, preventing transcription of E2F responsive 
genes. ( e ) p21 inhibits PCNA, blocking polδ from replicating damaged 
DNA. ( f ) p21 inhibits phosphorylation and activation of CDK1 by 
CAK. As a result, transcription of E2F responsive genes is inhibited, 
blocking the G2/M transition       
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effects on the ability of the organism to limit the regenerative 
capacity of tumor stem cells. In the next section, we explore 
the consequences on stem cell regenerative capacity of 
having too much p21 and how that can limit healthy life span.  

    Chronic Activation of p21 and Aging 

 Events that can result in excess p21 in stem cells fall into two 
broad classes, nuclear damage and damage to receptor- 
activated signaling pathways. With age, DNA mutations and 
epimutations can accumulate, the result of defective repair 
processes or a compromised nuclear membrane, for example, 
and cause chronic activation of the p53–p21 axis. 
Experimental hyperactivation of p53 in mice gives rise to a 
progeroid syndrome closely resembling normal aging at an 
accelerated rate. Pharmacologic inhibition of downstream 
effects of activated p53 returns p21 levels to normal and 
reverses senescence in fi broblasts derived from these mice. 
Mouse models of Hutchinson-Gilford progeria, a human 
progeroid syndrome, which are driven by defects in nuclear 
lamins, can be rescued by eliminating p53, which simultane-
ously normalizes p21 levels in fi broblasts and prevents 
senescence. 

 Age can also damage the microenvironment resulting in 
altered intracellular signaling pathways. For example, fl uc-

tuating levels of TGFb in the systemic circulation, coupled 
with defective Notch mobilization in the muscle stem cell, 
can upset the balance between activation and suppression of 
p21 and compromise muscle repair. The various effects of 
age that can chronically activate p21 in stem cells or their 
environment are represented in Fig.  3  and discussed in more 
detail in the following sections.

      Nuclear Defects and the p53: p21 Pathway 
in Stem Cells 

 Nuclear damage, including single- and double-stranded 
breaks, telomere shortening, chromosome rearrangements, 
excessive mitogenic signals from oncogenes, and damage by 
reactive oxygen species [ 28 – 32 ], can trigger activation of the 
tumor suppressor p53 and induce p21 expression, with power-
ful consequences on cell proliferation [ 33 ]. The p53–p21 path-
way is one of the two pathways that can induce cellular 
senescence (the other is p16–Rb), a cell culture phenomenon 
fi rst characterized by Hayfl ick and colleagues, who demon-
strated that normal cells had a fi nite capacity to proliferate in 
culture [ 34 ]. At the end of their proliferative life span, cells 
permanently halt cell division and become resistant to cell 
death (reviewed in [ 35 ]). Senescent cells can exhibit 
senescence- associated β-galactosidase    activation [ 36 ] and 

  Fig. 3    Molecular mechanisms of p21    activation in aging stem cells. 
Cell intrinsic defects, such as the loss of nuclear architecture, which 
jeopardize the integrity of the genome or epigenome, activate p53, the 
principal means by which p21 is induced in stem cells. Surface recep-
tors transduce extrinsic defects that affect the niche, such as a rise in 

systemic TGFb, to modulate critical intracellular pathways governing 
p21 expression. Both Wnt and Notch act in part through Myc, a trans-
repressor of the  CDKN1A  promoter.     , nuclear (intrinsic) defects.  ùùé   , 
receptor-mediated environmental defects (“niche”)       
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senescence-associated DNA damage foci (reviewed in [ 35 , 
 37 ]) that can cause the loss of both potency and the ability to 
self-renew [ 38 ,  39 ]. We will discuss cellular senescence in the 
context of mouse models of progeroid syndromes that illus-
trate not only how induction of p21 by p53 can impair cellular 
regenerative capacity but also how constitutive activation of 
this pathway can limit organ homeostasis and life span. 

    Stabilization of p53 by D40p53 Causes Chronic 
Activation of p21 
 The fi rst of these models was generated by introducing an 
ectopic, mutant allele of  p53  that codes for a protein missing 
the fi rst 40 amino acids of full-length p53 into a background 
of wild-type p53 [ 40 ]. This protein, Δ40p53, is one of several 
naturally occurring isoforms of p53 normally produced by 
alternate promoter usage or alternative splicing [ 41 ]. Δ40p53 
is unique in that its primary mode of production is by alterna-
tive translation initiation at a start site in exon 4 immediately 
downstream of an internal ribosome initiation site (IRES) 
[ 42 ]. Full-length p53 initiates at a start site in exon 2, result-
ing in the addition of 40 amino acids at the N-terminus of the 
protein, which make up the primary transactivation domain 
and the overlapping binding site for Mdm2. Other than this, 
p53 and Δ40p53 are identical, including in the tetrameriza-
tion domain, where p53 monomers interact to generate the 
tetrameric form of p53 that binds DNA and functions as a 
transcription factor. The absence of the N-terminal domain 
and the loss of the Mdm2 binding site in Δ40p53 contribute 
to its longer half-life compared to p53 [ 43 ] and the increased 
stability of p53 in heterotetramers with Δ40p53 [ 44 ,  45 ]. 

 p44Tg mice have two normal  p53  alleles that code for the 
full complement of p53 isoforms, as well as the ectopic allele 
on the transgene that codes for Δ40p53. The increased dos-
age of Δ40p53 in p44Tg mice leads to a progeroid syndrome 
characterized by a premature aging phenotype that can be 
observed as early as 4 months of age and results in an overall 
reduction in both mean and maximal life span by about 25% 
[ 40 ]. In addition, cells from p44Tg mice exhibit impaired 
proliferation, which results in fewer than the normal number 
of cells in adult organs as well as in embryos at all stages of 
development, and can be attributed at least in part to an 
increase in cellular senescence [ 40 ]. A model was proposed 
in which the extra dose of Δ40p53 in cells derived from 
p44Tg mice stabilized p53 and induced high levels of p21 
[ 40 ], resulting in the state of permanent cell cycle arrest, 
resistance to apoptosis, and altered gene expression that 
defi nes cellular senescence [ 35 ]. 

 This model was tested in NSCs and the effect of impaired 
proliferative capacity on their ability to contribute to the 
regenerative process of adult neurogenesis. Neurogenesis 
occurs throughout life in the subventricular zone (SVZ) of 
the lateral ventricles and the subgranular zone (SGZ) of the 
dentate gyrus of the hippocampus of the mammalian brain 

[ 46 ,  47 ]. In the SVZ, stem cells generate neural precursor 
cells, which then go on to migrate along the rostral migratory 
stream (RMS) until they reach the olfactory bulb (OB) where 
differentiation into granule cells and periglomerular inter-
neurons occurs [ 47 – 49 ]. In the SGZ, stem cells generate 
intermediate precursors that eventually undergo differentia-
tion into granule cells in the dentate gyrus (DG) [ 46 ,  50 – 52 ]. 
The continuous generation of neurons from these stem cells 
throughout life is crucial for maintaining odor discrimination 
and for learning and memory, functions subserved by the OB 
and DG, respectively [ 53 – 56 ]. 

 Using BrdU incorporation into replicating DNA as a 
marker of NSC proliferation, p44Tg mice were found to 
exhibit signifi cantly reduced proliferative capacity in both 
progenitor cell and stem cell populations with age [ 57 ]. At 
2–4 months of age, there were no differences in the number 
of labeled cells in the SVZ, but between 9 and 12 months, 
there was a signifi cant decrease in the p44Tg mice that did 
not occur in the NT mice until much later (30 months, 
Medrano and Scrable, unpublished data). In neurosphere 
(NS) culture, SVZ cells from p44Tg mice gave rise to fewer 
and smaller NS that could be serially passaged fewer times 
compared to cells from age-matched NT mice. NS from both 
prematurely old p44Tg mice [ 57 ] and normally aged NT 
mice (30 months, Medrano and Scrable, unpublished data) 
exhibited signifi cantly higher levels of activated (Ser15 
phosphorylated) p53 and p21 compared to controls. This can 
account for the 37 % increase in the length of the cell cycle 
that characterized p44Tg NSCs. 

 Consequences of impaired NSC proliferation were seen 
at all stages of neurogenesis, from reductions in the number 
of migrating neuroblasts in the RMS and new neurons in the 
OB to reduced density in the granule cell layer as dead or 
damaged cells failed to be replaced. The fi nal consequence 
was a pronounced decrease in olfactory acuity in p44Tg 
mice relative to normal mice [ 57 ]. Thus, the loss of prolifera-
tive capacity of neurogenic cells in the SVZ can be linked 
directly to loss of function in the region of the brain they 
supply with new neurons, a clear validation of the stem cell 
theory of aging.  

    Defects in Nuclear Lamins Activate p53 
and Chronically Induce p21 
 Hutchinson-Gilford progeria syndrome (HGPS) is the result 
of a mutation in the gene coding for lamin A ( LMNA  
1824C>T) in 90% of cases [ 58 ,  59 ]. The nuclear lamina is 
vital to maintaining the shape and size of the nucleus and is 
instrumental in regulating fundamental processes such as 
DNA replication, transcription, and repair [ 60 ]. These pro-
cesses are compromised by progressive changes in nuclear 
lamina morphology that occur as a consequence of normal 
aging [ 43 ] and can explain the inevitable accumulation of cells 
with unrepaired DNA damage [ 61 ]. HGPS has been partially 
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recreated in mice by causing a defi ciency in the gene coding 
for Zmpste24, a homolog of the zinc metallopeptidase STE24 
found in yeast. STE24/Zmpste24 post- translationally cleaves 
prelamin A into mature lamin A, a necessary step in the gen-
eration of the nuclear lamina. Predictably, loss of Zmpste24 
in mice led to profound  abnormalities in the nuclear envelope, 
resulting in irregularly shaped nuclei with herniation-like 
blebs [ 62 ]. Similar defects have been shown to evoke a 
p53-mediated response, resulting in apoptosis or senescence 
[ 63 ]. And, in fact,  Zmpste24 - defi cient  mice exhibit increased 
numbers of senescent cells in tissues such as kidney and in 
cultured adult fi broblasts [ 64 ]. 

 A second murine model of HGPS was generated by intro-
ducing a transgene expressing the most common  LMNA  
mutation (1824C>T) under the control of a tet-inducible pro-
moter [ 65 ]. Here, too, senescence was evident, this time in 
epidermal skin sections, consistent with depletion of adult 
epidermal stem cells and loss of regenerative capacity as 
early as 13 weeks after induction of mutant lamin A expres-
sion [ 66 ]. In addition to increased SA-b-galactosidase activ-
ity [ 36 ], isolated keratinocytes exhibited increased numbers 
of g−H2AX foci, evidence of increased unrepaired DNA 
double-stranded breaks [ 66 ]. 

 In normal cells, recruitment of the DNA repair machinery to 
sites of double-stranded breaks is facilitated by acetylation of 
lysine 16 on histone H4 (H4K16), which converts the chroma-
tin to a more relaxed state [ 67 ]. This chromatin modifi cation is 
carried out by the histone acetyltransferase MOF in association 
with lamin A in the nuclear matrix [ 68 ]. Like keratinocytes 
from mice with inducible mutant lamin A expression, mouse 
embryonic fi broblasts (MEFs) from  Zmpste24 -defi cient mice 
exhibit defective DNA repair. In the presence of excess prela-
min A, there is reduced binding of MOF to the nuclear matrix 
and hypoacetylation of H4K16 [ 69 ]. 

 The observation that cells from healthy elderly humans 
also exhibit nuclear abnormalities, prelamin A accumula-
tion, and unrepaired DNA damage links progeroid laminopa-
thies like HGPS and their mouse models to normal aging 
[ 70 – 72 ]. The same cryptic splice site that is used constitu-
tively in Hutchinson-Gilford progeria to generate mutant 
lamin A (Δ50 lamin A or  progerin )[ 58 ,  59 ] is used sporadi-
cally in old cells from normally aging humans [ 70 ]. 
Fibroblasts from individuals ranging in age from 81 to 96 
years resembled cells from patients with HGPS, with 
increased numbers of g-H2AX foci at sites of unrepaired 
DNA damage, mislocalization of lamin A at the nuclear 
periphery, and nuclear abnormalities. Among the targets 
affected by abnormal lamin A processing in cells from nor-
mally aging elderly individuals, p21 was signifi cantly 
increased. Inhibition of the cryptic splice site that gives rise 
to progerin using a morpholino oligonucleotide reversed 

these age-related defects, returned p21 levels to normal, and 
restored proliferative capacity [ 70 ].  

    Other Examples of Nuclear Changes 
That Increase p21 in Stem Cells 
 Aging affects processes in the chromatin such as DNA meth-
ylation and posttranslational modifi cations of histones, both 
of which are now thought to be reversible [ 73 ]. The epig-
enome is greatly affected by extrinsic factors, like diet, and 
intrinsic factors, such as double-stranded DNA breaks [ 74 –
 76 ]. Increased DNA methylation, much of it at CpG islands 
in gene promoters, has been observed in intestinal, colon, 
and mesenchymal stem cells (MSCs) from old humans and 
mice [ 77 – 79 ]. Changes in histone methylation with age 
appear to be tied closely to the self-renewal and proliferation 
of stem cells because of their effects on the expression of cell 
cycle inhibitors, like p21. Polycomb group (PcG) and tritho-
rax group (TrxG) complexes catalyze methylation of specifi c 
lysine residues on histones, resulting in repression or activa-
tion of gene expression, respectively [ 80 ,  81 ]. PcG and TrxG 
have been linked to organismal and stem cell aging [ 82 ,  83 ]. 
One such PcG that has been extensively studied is BMI1 can 
repress p21. Acute reduction of this protein by shRNA 
knockdown caused p21-mediated defects in adult mouse 
NSC self-renewal [ 82 ]. In human HSCs, loss of BMI1 
affected the ability of HSCs to retain multi-potency by caus-
ing premature differentiation [ 84 ]. 

 In summary, nuclear changes that occur with normal 
aging or with premature aging syndromes, such as HGPS, 
support the stem cell theory of aging.  Zmpste 24 -defi cient 
mice exhibit osteoporosis, growth retardation, and premature 
death [ 62 ,  85 ], as well as reduced BrdU incorporation and 
cell proliferation and defects in cell cycle profi les [ 64 ], a 
phenotype very similar to that of p44Tg mice [ 40 ]. As with 
p44Tg mice, these defects are associated with activation of 
p53 and upregulation of p53 target genes, such as  Cdkn1a  
[ 64 ]. p21 also appears to be a critically important target of 
aberrant lamin A splicing in normally aged cells, where it is 
associated with unrepaired DNA damage and reduced prolif-
eration [ 70 – 72 ]. Loss of the chromatin modifi er BMI1 in 
aging stem cells causes derepression of the  CDKN1A  gene 
promoter and increased expression of p21, resulting in 
defects in NSC and HSC self-renewal. Collectively, these 
examples highlight the central role of the cell cycle inhibitor 
p21 in mediating the effects of nuclear damage on the ability 
of cells, particularly stem cells, to maintain tissue homeosta-
sis and healthy aging. That it is, in fact, an axis that acts 
through p53 to turn on p21 in affected cells is brought into 
even sharper focus by the fi nding that the phenotypes of both 
 Zmpste24 -defi cient and p44Tg mice, including the increase 
in p21, are signifi cantly rescued in the absence of  p53  [ 64 ].   
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    Receptor-Mediated Transmission of Defects 
in the Microenvironment to Stem Cells 

 In addition to intrinsic changes to stem cells, such as break-
down of the nuclear membrane or impaired chromatin struc-
ture, age has important consequences on the availability of 
soluble ligands for several key signaling pathways, as illus-
trated in Fig.  3 . We focus on one ligand, TGFb, which 
directly and indirectly controls p21 expression in stem cells, 
and two major pathways, Wnt and Notch, that modulate this 
activity of TGFb in stem cells. Notch blocks the binding of 
the TGFb effector Smad to the  CDKN1A  promoter, suppress-
ing p21 expression. As Notch levels decrease with age, sup-
pression is lost and p21 levels go up. On the other hand, 
TGFb counteracts the effects of an age-associated increase in 
Wnt levels by blocking transactivation of the  MYC  gene by 
the Wnt effector β-catenin. As systemic TGFb levels go up, 
increased suppression of Myc, which transrepresses the 
 CDKN1A  promoter, indirectly results in increased p21 
expression. Thus, increased TGFb in the systemic “niche,” 
combined with intrinsic defects in Wnt and Notch pathways 
in stem cells, results in impaired stem cell proliferation and 
regenerative capacity as the organism ages. 

    Decreased Notch Signaling Releases the Block 
on p21 Transcription Induced by TGFb 
 Notch is a transmembrane protein that is activated by contact 
of its extracellular domain with the extracellular domain of a 
transmembrane protein of the Delta family expressed on the 
surface of a second cell. Although the Delta–Notch pathway 
is known primarily for its role in specifying cell fate during 
development, it is also the critical mediator of muscle regen-
eration following injury [ 75 ,  86 – 91 ]. Notch is expressed on 
the surface of muscle stem cells (satellite cells), and Delta is 
expressed on both stem cells and myofi bers [ 92 ], which 
make up the stem cell niche in adult muscle. With age, regen-
erative capacity is lost due to decreased Notch signaling in 
satellite cells, which in turn has been linked to reduced Delta 
expression in old muscle [ 86 ]. 

 The interaction of a cell expressing Delta with a cell 
expressing Notch leads to cleavage of Notch into a transcrip-
tionally active intracellular domain, which acts as a nuclear 
transcription factor for a number of genes, including  MYC  
[ 93 ]. Myc acts as a pro-proliferative signal in part by sup-
pressing expression of p21 [ 94 ]. Thus, in old satellite cells, 
one consequence of decreased Notch activation is reduced 
transrepression of the  CDKN1A  promoter by Myc, and ele-
vated levels of p21. A second, and perhaps more signifi cant 
consequence is on stem cell proliferation, which requires 
antagonism of TGFb-dependent upregulation of CDK inhib-
itors, including p21, by phosphorylated SMAD3. Young 
satellite cells display high levels of active Notch, which 
blocks binding of SMAD3 to the p21 promoter [ 95 ]. In old 

satellite cells with reduced Notch activity, this block is 
removed. Furthermore, p53 synergizes with SMAD3 to 
coordinately regulate the  CDKN1A  promoter, which requires 
p53 for full transcriptional activation [ 96 ]. The increase in 
p53 with age, as described in the previous section, along with 
systemic increases in TGFb, which occur in older mice and 
humans [ 97 ], would serve to increase promoter activation. In 
old stem cells, then, decreased Notch activity leads to 
increased p21 expression by both an indirect mechanism 
(reduced transrepression by Myc) and a direct mechanism 
(increased transactivation by SMAD3 and p53), the latter a 
direct consequence of age-dependent increases in the level of 
TGFb in the circulation. 

 In addition to these effects on p21 transcription, Notch 
and p53 also exert reciprocal effects on each other’s signal-
ing pathways (reviewed in [ 98 ]) that are not only sensitive to 
age but also can help to explain some of their age-associated 
defects. For example, one of the targets of Notch is  MDM2 , 
which binds to and ubiquitinates p53 [ 99 ], resulting in its 
proteasomal degradation. Decreased Notch signaling with 
age would result in less Mdm2-mediated p53 degradation 
and stabilization of the protein, which could help to explain 
the increases in p53 levels seen in aging cells. On the other 
hand, one of the targets of p53 is  PSEN1 , the gene encoding 
the catalytic component of g-secretase. g-secretase is the 
enzyme that cleaves Notch following its interaction with 
Delta, releasing the transcriptionally active Notch intracel-
lular domain. p53 can suppress presenilin-1 expression by 
competing with Ets transcription factors for binding to the 
 PSEN1  promoter [ 100 ] or by binding to the  CDKN1A  pro-
moter and inducing p21 expression [ 101 – 103 ]. Like p53, 
p21 is a negative regulator of presenilin-1 transcription [ 103 , 
 104 ]. One result of age-associated increases in p53 and/or 
the p53–p21 axis would be decreased expression of preseni-
lin- 1, decreased catalytic activity of g-secretase, and 
decreased nuclear Notch activity. This in turn could account 
for the relative inactivity of Notch signaling seen in old satel-
lite cells compared to young [ 86 ].  

   TGFb Can Induce p21 Transcription Even 
in the Presence of Increased Wnt Signaling 
 Wnt is a glycoprotein signaling molecule that binds to the 
Frizzled receptor and activates the transcription of cell cycle 
promoting genes, such as c-Myc, by β-catenin [ 105 ]. In an 
environment of increased Wnt, both intestinal crypt progeni-
tor cells [ 106 ] and HSCs [ 107 ] are rapidly exhausted, pre-
sumably by an intrinsic mechanism of increased suppression 
of p21 by Myc. As stem cells require some p21 to maintain 
quiescence, as described in a previous section, too much 
Wnt, like too little p21, can cause premature reentry into the 
cell cycle and deplete the stem cell pool. 

 As the individual ages, however, systemic increases in 
TGFb exert powerful extrinsic effects on the ability of the 

Stem Cells and Aging



370

Wnt pathway to suppress p21 by Myc. Upon activation of the 
TGFb receptor, SMAD3 associates with the corepressor 
p107 in the cytoplasm, and the complex translocalizes to the 
nucleus, where it binds to and transrepresses the Myc pro-
moter [ 108 ]. As Myc is a negative regulator of p21, repres-
sion of Myc by increases in systemic TGFb with age would 
cause p21 levels to go up. This can explain why MSCs 
exposed to serum from old rats exhibited both higher Wnt 
signaling and higher levels of p21 compared to cells exposed 
to young rat serum [ 109 ]. 

 Although the upstream mediators of increased Wnt in the 
stem cell environment are not known, one possibility is 
suggested by a study of murine embryonic stem cells (ESCs), 
where genotoxic and non-genotoxic insults induced 
p53-dependent expression of fi ve different Wnt ligands 
[ 110 ]. The age-associated increased in activated p53 seen in 
animal models of accelerated aging, such as that described 
for p44Tg and  Zmpste24 -defi cient mice above, might be one 
factor contributing to an environment in which stem cells are 
exposed to increased levels of Wnt. The recent fi nding that, 
in an environment of increased Wnt, there is activation of the 
p53–p21 axis in MSCs [ 109 ] suggests another way a niche 
factor could induce senescence and compromise stem cell 
function, in this case by a mechanism that is still unknown.    

    Conclusions 

 A hallmark of aging is the loss of regenerative potential. The 
stem cell theory of aging posits that regenerative potential is 
maintained by stem cells, and that tissue homeostasis is com-
promised when stem cells fail. p21 is a universal cell cycle 
inhibitor that appears to be a principal regulator of the stem 
cell pool throughout adult life. Too little p21 and stem cell 
quiescence is lost resulting in premature exhaustion of the 
stem cell pool. Too much p21 and the self-renewal capacity 
of the stem cell is lost resulting in a state of permanent 
mitotic arrest that functionally depletes the stem cell pool. 
Optimal life span requires just the right amount (Fig.  1 ).     
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