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Antiquity   •    200s B. C.

Aristole & Plato 
Greece

• discussion of death outlawed 

• interest in sorcery, early alchemy 

• died age 49, mercury poisoning

• aging is a disease 

• young = hot and wet 

• old = cold and dry?

Qin Shi Huang (秦始皇) 
China



Elizabethan/Renaissance eras   •    1400-1600

• mistress to King Henry II 

• drank gold to preserve looks 

• died age 66, gold poisoning

Diane de Portiers 
France



Elizabethan/Renaissance eras   •    1400-1600

• drank blood of young children 

• died age 59, unknown cause

Pope Innocent VIII 
Rome, Papal States



Elizabethan/Renaissance eras   •    1400-1600

• first proponent of “moderation” 

• died age 102

Luigi Cornaro 
Venice, Italy

“He who would eat much must eat little, for 
by eating less he will live longer, and so be 
able to eat more” 



Age of Reason   •    1600-1900

 p = a + bX

• probability of death increases 
exponentially with age



Age of Reason   •    1800s

August Weismann

Alfred Russel Wallace

• what is the evolutionary purpose of aging? 

• altruistic programmed death:           
make room for the next generation?
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• what is the evolutionary purpose of aging? 

• altruistic programmed death:           
make room for the next generation?



Age of Reason   •    1800s

August Weismann

Alfred Russel Wallace

• cost of death to individuals exceeds benefit to the group 

• long-lived individuals would produce more offspring

sexual maturity

genes passed on



animals have very different lifespans

mouse dog human
Mus musculus Canis lupus familiaris Homo sapiens

2-3 years 10-13 years ~40 years (late 19th c)

~80 years (today)

The aging paradox



bigger animals live longer

The aging paradox



except when they don’t

The aging paradox

big dogssmall dogs



The “wear and tear” theory

August Weismann

Alfred Russel Wallace

• body parts and cells “wear out” like machine parts 

• continued use + environment insults, outpaces the 
body’s capacity for repairing and replenishing



Charles-Édouard Brown-Séquard Leo Leonidas StanleySerge Voronoff 
Сергей Воронов

restored  
mating “virility”

young bull old bull

testicular 
transplant

Replacement “therapy”  •  1890 - 1920s
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The aging paradox - extrinsic mortality

• few old animals exist in wild - predation, 
competition, disease, starvation, etc 

• most animals die soon after genes already 
passed on, long before “aging” occurs 

• natural selection is increasingly ineffective with 
age

Peter Medawar

J. B. S. Haldane

George C. Williams



The aging paradox - extrinsic mortality

mouse
Mus musculus

extremely high extrinsic mortality extremely low extrinsic mortality

2-3 year lifespan

Brandt’s bat
Myotis brandtii

40 year lifespan



Meanwhile, during the Great Depression

• 1930s - life expectancy was 53 

• starvation, malnutrition commonplace 

• lack of any real scientific data on 
nutritional impacts on overall health 

• assess how and why malnutrition/
starvation was bad for the body

Clive McCay

Cornell University



Caloric restriction

group 1 group 2

identical macronutrient chow

ad libitum (unlimited eating) calorie restricted (30-50%)

McCay, C. M., Crowell, M. F., & Maynard, L. A. J. Nutrition, 1935, 10(1), 63-79.



Caloric restriction
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Caloric restriction

McCay, C. M., Crowell, M. F., & Maynard, L. A. J. Nutrition, 1935, 10(1), 63-79.

Clive McCay

• overall “slowing” of the body’s processes/breakdown 

• ~100 years later, we are still figuring out why calorie 
restriction extends lifespan



perfect maintenance 

(repair, regeneration)

The “disposable soma”

resources are finite

imperfect maintenance 

(good enough to mate)
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The 12 hallmarks of aging

Lopez, Otin, C. et al., Cell, 2023, in press



The 12 hallmarks of aging

Lopez, Otin, C. et al., Cell, 2023, in press
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Cellular aging
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Cellular aging



Stem cells regenerate tissue

Sharpless, N. E. et al., Nat. Rev. Mol. Cell Biol., 2007, 8, 707
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Young

Old

Stem cell Progenitors Effectors

Physiological ageing, mutagen
exposure or forced regeneration

Self-renewal
The capacity of replicating 
stem cells to generate 
daughter cells with the same 
biological and molecular profile 
that endows continued renewal 
potential. This can occur either 
asymmetrically when a stem 
cell produces another stem cell 
and a more differentiated 
daughter cell, or symmetrically 
when stem-cell division gives 
rise to two identical stem cells. 
Importantly, in mature organ 
systems, most cell-division 
activity that is responsible for 
tissue maintenance and 
expansion is not self-renewing.

Progeny 
Along with progenitor cells, 
these are relatively 
undifferentiated cell types that 
are derived from asymmetric 
stem-cell division and lack the 
capacity to self-renew.

organs in the adult human, their importance in rodents 
has been demonstrated experimentally. It is therefore 
reasonable to surmise that perhaps some characteristics 
of ageing — once thought to be degenerative — might 
reflect a decline in the regenerative capacity of resident 
stem cells across many different tissues. 

Self-renewal comes with some danger for the organ-
ism; in particular, a risk of malignant transformation4,9,10. 
Unrepaired genetic lesions in stem cells are passed on 
to their self-renewing daughters and accumulate with 
ageing in this way. Functional mutations that provide a 
growth or survival advantage in turn produce positive 
selection for the mutant stem-cell clone, with full-fledged 
cancer resulting from the accumulation of multiple 
cancer-promoting events. To offset this possibility, stem 
cells appear to have evolved multiple reinforcing mecha-
nisms that are aimed at maintaining genomic integrity  
beyond that of other proliferating cells (reviewed in 
REFS 2–4). When mutations occur despite these error-
prevention capacities, potent tumour-suppressor mecha-
nisms such as senescence and apoptosis exist to sense 
damaged stem-cell genomes with malignant potential 
and limit replicative expansion or cull such clones. This 
relationship between self-renewing cells and cancer 
raises the possibility that — while carrying out a benefi-
cial, anti-cancer function — these tumour-suppressor 
mechanisms may inadvertently contribute to ageing by 
causing stem-cell arrest or attrition.

Here, we discuss recent refinements of this so-called 
‘cancer–ageing hypothesis’, according to which cells 
within a tissue are compromised by these anti-cancer 
mechanisms (see also the Opinion article by Serrano and 
Blasco in this issue). Specifically, we reason that growth-
inhibitory molecules such as the cyclin-dependent  

kinase inhibitor p16INK4a and the tumour suppressor 
p53 exert their pro-ageing effects in part through their 
activation in specific self-renewing compartments such 
as tissue-specific stem cells. Further, we describe findings 
from a series of recently published human association 
analyses that suggest a link between the INK4/ARF locus 
(also called CDKN2a and CDKN2b) and the onset of 
distinct human age-associated phenotypes. These recent 
observations, together with the findings in genetic model 
systems, provide experimental support for the concept 
that the activation of tumour-suppressor mechanisms in 
self-renewing compartments contributes to the ageing 
processes in humans. 

Do stem cells age?
A decline in replicative function with age is appreciable 
in many mammalian tissues. In most mammalian tissues, 
however, the inability to purify the resident stem cell to 
homogeneity, as well as the lack of adequate models  
to test the function of these cells, has made it difficult to 
determine if a decline in stem-cell function is indeed a 
cause of the degradation of the regenerative capacities 
that is seen in many organs with ageing. 

Ageing of haematopoietic stem cells. In the haemato-
poietic system, it is possible to purify haematopoietic 
stem cells (HSCs) to near-homogeneity and assay their 
function using validated assays. Therefore, the ques-
tions of whether and how stem cells age are presently 
best addressed in this system, with the caveat that stem-
cell ageing may differ mechanistically in other tissues. 
Several effects of ageing on the blood organ are described 
in humans: decreased immunity11, increased incidence of 
bone marrow failure and haematological neoplasia12, and 
moderate anaemia13,14. Older individuals are more likely 
to suffer toxicity such as prolonged myelosuppression in 
response to traditional cytotoxic chemotherapy drugs, 
suggesting a reduced marrow regenerative capacity15–17.  
Particularly telling is the clinical observation that 
increased donor age in bone marrow transplantation is a 
predictor of transplant-related mortality18–22, suggesting 
that the diminished reconstituting ability of HSCs from 
elderly donors is partly cell-autonomous. These observa-
tions suggest a clinically overt decay in HSC function 
with normal human ageing. 

These correlative findings in humans are buttressed 
by related studies in rodents. A surprising finding 
has been that although HSC function clearly declines 
with age, the number of HSCs does not necessarily 
also decline. In some strains of mice, the HSC number 
actually expands with advancing age7,23–27 and this 
age-dependent expansion of HSCs is a transplantable, 
cell-autonomous property of HSCs7,25. Moreover, as 
demonstrated by Harrison and colleagues, HSCs can be 
serially transplanted into sequential recipients and show 
persistent function for >8 years, thus exceeding the life-
time of the original donor animal28. These experiments 
have established that cell-autonomous, replicative HSC 
exhaustion does not necessarily occur during periods of 
normal ageing in some strains of inbred mice that are 
maintained under laboratory conditions. 

Figure 1 | How stem cells age. Stem-cell number and self-renewal (curved arrow) does 
not necessarily decline with ageing, but function — the ability to produce progenitors 
(blue) and differentiated effector cells (depicted in different colours) — does decline. 
Stem-cell ageing can result in some systems from the heritable accumulation of DNA 
damage, which can engage tumour-suppressor activation as the stem cell attempts to 
divide asymmetrically. DNA damage can occur stochastically with normal ageing as a 
result of exposure to external mutagens, or from increased proliferation as in forced 
regeneration (see main text).
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This is not to say, however, that the replicative func-
tion of HSCs is not limited by anti-cancer mechanisms 
with ageing. It is entirely possible that senescent HSCs 
change their surface immunophenotype (and therefore 
are no longer identified as HSCs by flow cytometry) or 
that the senescence and apoptosis mechanisms are not 
engaged until old HSCs attempt to divide asymmetri-
cally. In the latter model, senescence or apoptosis could 
limit HSC function without decreasing the HSC num-
ber. Moreover, it is important to note that HSC numbers  

appear to decline with age in other inbred strains of 
mice26,27,29–31, and that several external stimuli (for 
example, chemotherapy, ionizing radiation and so on) 
hasten stem-cell exhaustion in humans and mice32–38. 
Thus, genetically outbred mammals in the wild may 
or may not experience HSC exhaustion with ageing, 
and exposure to environmental stresses that are not 
normally encountered in the laboratory setting may 
further induce HSC exhaustion. Finally, independently 
of replicative function, HSCs exhibit cell-intrinsic,  
functional signs of ageing. Numerous studies have 
shown that ageing alters HSC function with regard to 
mobilization39, homing7,23,24,31,39 and lineage choice7,24,31. 
In particular, there is a loss of lymphoid lineage poten-
tial with a skewing toward myeloid lineages in HSCs 
from old mice, and old HSCs demonstrate reproduc-
ible changes in gene expression with age, including 
increased expression of myeloid lineage transcripts7. 
Therefore, the preponderance of evidence suggests 
that HSCs undergo cell-intrinsic ageing, although 
there is also emerging evidence that the ageing HSC 
microenvironment may influence HSC function in an 
extrinsic manner (see below). 

Ageing in other self-renewing compartments. Several 
lines of evidence suggest that stem cells from other 
tissues suffer proliferative decline with advancing 
age (FIG. 1). For example, in rodents, a decline in the 
number of new neurons produced by neural stem cells 
(NSCs) with age or telomere dysfunction has been docu-
mented40,41, as has the in vivo proliferation of NSCs41–43. 
This decline in the capacity for murine neurogenesis 
has been associated with a progressive Parkinsonian 
disease41 and with an impairment of olfactory discrimin-
ation with ageing44. Likewise, hair greying has been 
linked to decreased melanocyte stem-cell maintenance, 
possibly in association with melanoblast senescence45. 

The capacity of the insulin-producing B-cell of the 
pancreatic islet to replicate in adult rodents throughout 
life has been known for decades, although the importance 
of this regenerative capacity with regard to the develop-
ment of type 2 diabetes mellitus (also called adult-onset 
diabetes mellitus) has only recently been appreciated. 
The prevailing view had been that type 2 diabetes mell-
itus was a metabolic disease resulting largely from an 
age-associated decline in the ability of muscle and liver to 
respond to insulin (insulin resistance), but recent careful 
analyses of islet mass have challenged this view. Studies 
in the immediate post-mortem period have shown sig-
nificant rates of B-cell production and apoptosis, even 
in aged adults, with an increased B-cell mass noted in 
obese individuals and a relatively reduced B-cell mass 
among adults with diabetes46,47. Therefore, the de novo 
synthesis of B-cells through self-renewal appears to be 
the predominant source of islet mass in adult humans. 
Islet replication appears to decline with human ageing47, 
although B-cell replication has been reported in human 
patients up to 89 years of age48. Consistent with these 
findings in humans, a sharp decline in B-cell prolifera-
tion with ageing in mice has been recently described49. 
More than 1% of islet cells from young mice proliferate  

 Box 1 | The hierarchy of haematopoiesis

Multipotent tissue-specific stem cells produce differentiated effector cells through a 
series of increasingly more committed progenitor intermediates. This tissue stem-cell-
derived differentiation process has been best characterized in the haematopoietic 
system (see figure). Here, long-term haematopoietic stem cells (LT-HSCs) represent the 
‘true’ stem cells that self-renew and produce multipotent progenitors (short-term (ST)-
HSCs and, subsequently, multipotent progeny (MPP)) with no self-renewal capacity. 
These in turn give rise to oligopotent progenitors including the common lymphoid 
progenitor (CLP) and common myeloid progenitor (CMP), which then yields the 
granulocyte–macrophage progenitor (GMP) that differentiates into monocytes, 
macrophages and granulocytes, and the megakaryocyte–erythrocyte progenitor (MEP) 
that differentiates into megakaryocytes, platelets and erythrocytes. Similar hierarchies 
are also thought to exist in other stem-cell-containing tissues (for example, brain, gut, 
liver and lung).

A principal advantage of studies in the haematopoietic system is that stem and 
progenitor cells from this organ can be purified to near-homogeneity by surface 
markers. For example, LT-HSCs express low levels of lineage markers (LIN–), high levels 
of the CD117/c-KIT receptor (KIT+), high levels of a surface marker called SCA1 (SCA1+), 
and low levels of another surface marker, CD34 (CD34Lo). With each asymmetric 
division of a LIN–KIT+SCA1+CD34Lo LT-HSC, there is the production of another LT-HSC 
and a multipotent daughter cell with limited renewal potential, ST-HSC, which has a 
similar surface immunophenotype to LT-HSC except that it has higher levels of CD34 
(CD34Hi). As ST-HSC in turn proliferate to form more differentiated MPP, they increase 
expression of another surface marker, FLK2. Development from oligopotent 
progenitors to mature blood cells proceeds through several intermediate progenitors 
that are not shown.
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Young
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Stem cell Progenitors Effectors

Physiological ageing, mutagen
exposure or forced regeneration

Self-renewal
The capacity of replicating 
stem cells to generate 
daughter cells with the same 
biological and molecular profile 
that endows continued renewal 
potential. This can occur either 
asymmetrically when a stem 
cell produces another stem cell 
and a more differentiated 
daughter cell, or symmetrically 
when stem-cell division gives 
rise to two identical stem cells. 
Importantly, in mature organ 
systems, most cell-division 
activity that is responsible for 
tissue maintenance and 
expansion is not self-renewing.

Progeny 
Along with progenitor cells, 
these are relatively 
undifferentiated cell types that 
are derived from asymmetric 
stem-cell division and lack the 
capacity to self-renew.

organs in the adult human, their importance in rodents 
has been demonstrated experimentally. It is therefore 
reasonable to surmise that perhaps some characteristics 
of ageing — once thought to be degenerative — might 
reflect a decline in the regenerative capacity of resident 
stem cells across many different tissues. 

Self-renewal comes with some danger for the organ-
ism; in particular, a risk of malignant transformation4,9,10. 
Unrepaired genetic lesions in stem cells are passed on 
to their self-renewing daughters and accumulate with 
ageing in this way. Functional mutations that provide a 
growth or survival advantage in turn produce positive 
selection for the mutant stem-cell clone, with full-fledged 
cancer resulting from the accumulation of multiple 
cancer-promoting events. To offset this possibility, stem 
cells appear to have evolved multiple reinforcing mecha-
nisms that are aimed at maintaining genomic integrity  
beyond that of other proliferating cells (reviewed in 
REFS 2–4). When mutations occur despite these error-
prevention capacities, potent tumour-suppressor mecha-
nisms such as senescence and apoptosis exist to sense 
damaged stem-cell genomes with malignant potential 
and limit replicative expansion or cull such clones. This 
relationship between self-renewing cells and cancer 
raises the possibility that — while carrying out a benefi-
cial, anti-cancer function — these tumour-suppressor 
mechanisms may inadvertently contribute to ageing by 
causing stem-cell arrest or attrition.

Here, we discuss recent refinements of this so-called 
‘cancer–ageing hypothesis’, according to which cells 
within a tissue are compromised by these anti-cancer 
mechanisms (see also the Opinion article by Serrano and 
Blasco in this issue). Specifically, we reason that growth-
inhibitory molecules such as the cyclin-dependent  

kinase inhibitor p16INK4a and the tumour suppressor 
p53 exert their pro-ageing effects in part through their 
activation in specific self-renewing compartments such 
as tissue-specific stem cells. Further, we describe findings 
from a series of recently published human association 
analyses that suggest a link between the INK4/ARF locus 
(also called CDKN2a and CDKN2b) and the onset of 
distinct human age-associated phenotypes. These recent 
observations, together with the findings in genetic model 
systems, provide experimental support for the concept 
that the activation of tumour-suppressor mechanisms in 
self-renewing compartments contributes to the ageing 
processes in humans. 

Do stem cells age?
A decline in replicative function with age is appreciable 
in many mammalian tissues. In most mammalian tissues, 
however, the inability to purify the resident stem cell to 
homogeneity, as well as the lack of adequate models  
to test the function of these cells, has made it difficult to 
determine if a decline in stem-cell function is indeed a 
cause of the degradation of the regenerative capacities 
that is seen in many organs with ageing. 

Ageing of haematopoietic stem cells. In the haemato-
poietic system, it is possible to purify haematopoietic 
stem cells (HSCs) to near-homogeneity and assay their 
function using validated assays. Therefore, the ques-
tions of whether and how stem cells age are presently 
best addressed in this system, with the caveat that stem-
cell ageing may differ mechanistically in other tissues. 
Several effects of ageing on the blood organ are described 
in humans: decreased immunity11, increased incidence of 
bone marrow failure and haematological neoplasia12, and 
moderate anaemia13,14. Older individuals are more likely 
to suffer toxicity such as prolonged myelosuppression in 
response to traditional cytotoxic chemotherapy drugs, 
suggesting a reduced marrow regenerative capacity15–17.  
Particularly telling is the clinical observation that 
increased donor age in bone marrow transplantation is a 
predictor of transplant-related mortality18–22, suggesting 
that the diminished reconstituting ability of HSCs from 
elderly donors is partly cell-autonomous. These observa-
tions suggest a clinically overt decay in HSC function 
with normal human ageing. 

These correlative findings in humans are buttressed 
by related studies in rodents. A surprising finding 
has been that although HSC function clearly declines 
with age, the number of HSCs does not necessarily 
also decline. In some strains of mice, the HSC number 
actually expands with advancing age7,23–27 and this 
age-dependent expansion of HSCs is a transplantable, 
cell-autonomous property of HSCs7,25. Moreover, as 
demonstrated by Harrison and colleagues, HSCs can be 
serially transplanted into sequential recipients and show 
persistent function for >8 years, thus exceeding the life-
time of the original donor animal28. These experiments 
have established that cell-autonomous, replicative HSC 
exhaustion does not necessarily occur during periods of 
normal ageing in some strains of inbred mice that are 
maintained under laboratory conditions. 

Figure 1 | How stem cells age. Stem-cell number and self-renewal (curved arrow) does 
not necessarily decline with ageing, but function — the ability to produce progenitors 
(blue) and differentiated effector cells (depicted in different colours) — does decline. 
Stem-cell ageing can result in some systems from the heritable accumulation of DNA 
damage, which can engage tumour-suppressor activation as the stem cell attempts to 
divide asymmetrically. DNA damage can occur stochastically with normal ageing as a 
result of exposure to external mutagens, or from increased proliferation as in forced 
regeneration (see main text).
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cell division  
is a violent process

• chromosome condensation 

• chromatid alignment 

• mechanical separation
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Stem cell

Telomerase
A ribonucleoprotein complex 
that extends the ends of 
telomeres after replication by 
using telomerase reverse 
transcriptase (TERT) and an 
RNA template (TERC) that is 
part of the enzyme complex.

in telomere-dysfunctional mice to recover following 
chemotherapeutic challenge, as well as with a progres-
sive neurodegenerative condition that is associated with 
decreased NSC reserves and function in the telomerase-
knockout model41,59. Together, these results are consist-
ent with the view that DNA damage accumulates with 
ageing in the HSC compartment, as evidenced by the 
accumulation of H2AX foci, and that this damage can 
be physiologically significant if unrepaired.

But what causes DNA damage in stem-cell com-
partments in adult mice? Recent data from Ruzankina 
et al., who used a conditional allele for the DNA-dam-
age response gene Atr (ataxia telangiectasia and Rad3-
related), are worth considering in this regard60. Loss 
of Atr is toxic to proliferating cells61 and when Atr was 
somatically excised in adult mice in a widespread man-
ner by conditional inactivation, the vast majority of pro-
liferating cells rapidly disappeared, producing marked 
intestinal atrophy and bone marrow hypoplasia 2 weeks 
after conditional activation. However, the animals sur-
vived this transient period of cell loss because rare stem 
cells that had not recombined the Atr allele replaced  
the lost cells. By 1 month after conditional activation, the  
mice appeared largely normal, with rapidly prolifer-
ating tissues that had been fully reconstituted by spor-
adic Atr-competent cells. Surprisingly though, these 
reconstituted mice then developed a marked progeroid 
phenotype a few months later, with osteopaenia, greying 
and loss of lymphoid and haematopoietic progenitors. 

Therefore, the excess regeneration that was forced to 
occur to reconstitute proliferative tissues after transient 
Atr inactivation in some proliferating cells produced 
a durable compromise of stem-cell function in Atr- 
competent cells (FIG. 1), although it is important to 
emphasize that the possible adverse effects of ATR  
deletion on the stem-cell niche may also have contrib-
uted to the accelerated ageing. This result is consistent 
with the view that such forced regeneration in response 
to homeostatic demands, even in the absence of external 
DNA-damaging agents, can be toxic to stem cells across 
many organ systems. 

In the ‘DNA-damage accrual’ model of ageing, 
unrepaired (or improperly repaired) genomic damage 
accumulates with ageing in stem-cell compartments. 
At some point, accumulated damage perturbs normal 
stem-cell biology, driving stem cells to a few possible 
fates: transformation, senescence, apoptosis or dysfunc-
tion; for example, a loss of the ability to robustly pro-
duce progeny or an impaired potential for multilineage  
differentiation (FIG. 3). As this process proceeds with time, 
depleted and/or dysfunctional stem-cell compartments 
cannot match the regenerative needs of a given organ 
and homeostatic failure ensues. Likewise, if oncogenic 
DNA-damage-induced lesions accumulate, self-renew-
ing clones that contain such lesions undergo positive 
selection, leading to cancer. Therefore, it is tempting to 
speculate that cancer and ageing are related endpoints 
of accumulating DNA damage within self-renewing 
compartments. 

How telomere shortening could affect stem-cell ageing. 
There has been significant interest in the possibility that 
telomere dysfunction, a specialized form of DNA dam-
age, contributes to the ageing of human stem cells. In the 
absence of adequate telomerase activity, telomere short-
ening inexorably occurs with proliferation, eventually 
triggering a change in telomere structure that is sensed 
by the cell as a DNA double-strand break. In humans, 
robust telomerase activity is predominantly restricted 
to germ-cell compartments, some somatic early stem-
cell or progenitor compartments and proliferating  
lymphocytes. 

Whereas telomere dysfunction in the setting of an 
intact DNA-damage response can serve as a potent 
tumour-suppressor mechanism, the role of telomere-
mediated checkpoints in stem-cell ageing remains an 
area of active investigation. Mice have long telomeres 
relative to humans and, thus, telomere dysfunction 
appears not to be a major cause of stem-cell exhaustion 
in many strains of Mus musculus. Accordingly, in the 
telomerase-knockout mouse62, the lack of telomerase 
activity per se produces a modest phenotypic effect in 
adult mice59,63. Murine telomere length can be made 
more limiting and reduced to a ‘humanized’ length by 
serial intercrossing of mice that are deficient in telo-
merase activity. In this experimental setting, telomere 
length becomes shorter with each successive generation 
until telomere dysfunction ensues with dramatic pheno-
typic effects, thus providing a model system to address 
the stem-cell issue. 

Figure 3 | Fates of damaged stem cells. A limited number of outcomes appear to be 
possible for stem cells with heritable DNA damage. Although it is likely that many 
mutational events do not lead to any alteration of stem-cell function, significant 
damage is expected to induce apoptosis, senescence, transformation or dysfunction. 
Importantly, these outcomes are not necessarily mutually exclusive; for instance, many 
genetic events associated with stem-cell dysfunction (for example, the oncogenic 
translocation that fuses BCR and ABL (forming the Tyr kinase BCR/ABL) in 
haematopoietic stem cells (HSCs)) are also associated with subsequent transformation. 
Examples of DNA lesions associated with each outcome are indicated. Mutations in RAS 
and the tumour-suppressor p53 are associated with transformation, whereas loss of the 
long arm of chromosome 5 (5q–) or the Y-chromosome are associated with dysfunction 
of HSCs, manifesting as myelodysplasia (MDS). Unrepaired double-strand DNA breaks 
(DSBs) and telomere dysfunction induce apoptosis and senescence, respectively.  
SA-SP, senescence-associated secretory phenotype. 
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• DNA damage accumulation throughout 
life causes aging (wear and tear?) 

• again, this is “invisible” to natural 
selection 

• aging evolves because selection cannot 
eliminate “bad” mutations that only 
occur late in life

Damage accumulation



Damage accumulation

Bahman, G. et al., Plastic and Recon. Surg., 2009, 123, 1321-1331

• non-smoker 

• <10 drinks per 
week 

• ~5 h sun 
exposure per 
week

• smoker 

• ~20 drinks per 
week 

• ~30 h sun 
exposure per 
week (job outside)



Damage accumulation

Bahman, G. et al., Plastic and Recon. Surg., 2009, 123, 1321-1331

“truck driver  
facial syndrome”



Damage accumulation

Yousefzadeh, M. et al., Elife, 2021, e62852

one reaches a state where multiple aspects of cell biology are perturbed, for example, genome

integrity, proteostasis, and mitochondrial function.

DDR and cell fate decisions
Once DNA damage is recognized in the nuclear genome, bulky adducts, small miscoding lesions,

single-strand breaks, or non-complex double-strand breaks (DSBs) can be directly repaired by nucle-

otide excision repair (NER), base excision repair (BER), and non-homologous end-joining (NHEJ),

respectively. If replication forks or transcription complexes encounter polymerase-blocking lesions

(Vermeij et al., 2016), this can lead to the formation of a DSB or R-loop (Tresini et al., 2015), which

potently activate signaling events that halt cell cycle progression and promote repair. If the damage

signals persist, then the cell selects a fate that avoids replicating a damaged genome and mutagene-

sis at all cost, by activating events that lead to cell death (apoptosis) or irreversible cell cycle arrest

(senescence) (Figure 1). DNA damage signaling begins with the MRE11-RAD50-NBS1 (MRN) com-

plex activating the phosphatidylinositol 3-kinase-like kinases (PIKKs) ataxia-telangiectasia mutated

(ATM), ATM-related kinase (ATR) and/or related PIKK (Thompson, 2012). ATM is activated primarily
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Figure 1. Schematic representation of signaling events within a cell that enable DNA damage to promote aging. Depicted are various stressors that

can lead to genome instability and activation of the DNA damage response (DDR). The DDR (light blue) leads to cell cycle arrest (green). If signaling

persists, apoptosis or senescence ensues. Senescence can affect neighboring, undamaged cells.

Yousefzadeh, Henpita, et al. eLife 2021;10:e62852. DOI: https://doi.org/10.7554/eLife.62852 3 of 17
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Damage accumulation

DNA is also susceptible to damage by environmental factors such as ultraviolet (UV), ionizing radi-
ation, and alkylating agents used to treat proliferative disorders like cancer (Table 1). Notably, even

when exogenous genotoxin exposure is instigated with the purpose of driving cell death (e.g., in

cancer therapy) adduct burdens are well below the incidence of endogenous damage (Jackson and

Loeb, 2001). Fortunately, all organisms have robust mechanisms to sense all types of DNA damage,

delay genome replication (if needed), signal for repair, and correct or tolerate the large number of

genomic insults that occur on a daily basis (Hoeijmakers, 2009). DNA damage that is not repaired

in a timely manner or is too egregious to be repaired induces signaling events that lead to one of

many cell fates, one of which, senescence, plays a causal role in aging.

Conceptually, could DNA damage drive aging?
Why? and how? organisms age remain challenging questions. Why one ages interrogates the rea-

sons. How one ages interrogates the method. The antagonistic pleiotropic theory of aging provides

a genetic solution to why we age, posing that genes that provide an advantage during reproductive

life are disadvantageous post reproduction, yet these genes cannot be selected against (Kirk-

wood, 2005). As an example of antagonistic pleiotropy, activation of the DNA damage response

(DDR) is critical for preventing cancer; however, chronic activation of the DDR is thought to drive the

accumulation of senescent cells and chronic sterile inflammation in old age, as described in more

detail below. The pillars of aging (Kennedy et al., 2014) describe the method by which (or how) we

age: loss of or impaired, mitochondrial integrity and function, metabolism, stem cell function, pro-

teostasis, nutrient sensing, adaptation to stress, autophagic flux, epigenetic control, and an accumu-

lation of damaged cellular macromolecules. This includes damage to the nuclear and mitochondrial

genomes. Nevertheless, it has proven challenging to establish the pillars of aging as true causes of

aging rather than merely consequences of aging.
If DNA damage drives aging, mechanistically how does it do so? Through activating signaling

responses (d’Adda di Fagagna et al., 2003), blocking transcription (Vermeij et al., 2016) and other

DNA metabolism, altering the epigenome (Oberdoerffer et al., 2008), mutagenesis (Vijg, 2014),

triggering cells senescence or apoptosis? DNA damage occurs stochastically but the amount and

types of DNA damage one experiences is influenced by the expression of genes encoding antioxi-

dant enzymes, genes linked to energetics and mitochondrial function, and a myriad of other factors

such as histones, methylases, sirtuins, transcription, and replication factors. Every aspect of how

DNA damage might drive aging is also genetically determined via the cellular response to DNA

damage. The somewhat surprising finding is that DNA damage has far-reaching effects on many

aspects of cellular metabolism tied to aging, the so-called pillars of aging (Kennedy et al., 2014).

This suggests that aging might be driven by many types of cellular damage yet does not occur until

Table 1. Estimated frequencies of DNA lesions caused by endogenous and common environmental sources of DNA damage.
Adapted from Friedberg, 2006; Lindahl, 1993; Sander et al., 2005; Sears and Turchi, 2012; Mouret et al., 2006.

Endogenous DNA adducts

DNA lesion
DSB Cytosine

deamination
Cyclopurine
adducts

Depyrimidination 8-oxoG Malondialdehyde
adducts

Alkylation adducts Depurination SSB

Frequency per cell
per day

101 102 102 102 103 103 103 104 104

DNA adducts caused by environmental exposures

Genotoxin
Sunlight Background radiation Ionizing radiation therapy Oxaliplatin cancer

therapy

Lesion
Photodimers Damaged bases SSB DSB Damaged

bases
SSB Intra- and interstrand

crosslinks

Frequency per
cell per day

102 in skin cells
only

10 2–5 0.25 103 103 103

Yousefzadeh, Henpita, et al. eLife 2021;10:e62852. DOI: https://doi.org/10.7554/eLife.62852 2 of 17
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Unrepaired DNA damage accelerates aging

Brosh. R. M. et al., Nat. Rev. Cancer, 2013, 13, 542-558
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Unrepaired DNA damage accelerates aging
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Werner Syndrome

defective RecQ helicase

key helicase m
odes of action

Helicases are critical for damage repair 
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wildtype mouse  
(2 mo old)

XPR helicase double KO 
(2 mo old)
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odes of action
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Mutational damage alone does not cause aging

Michael Stratton mutant polymerase abnormally more mutations

normal polymerase normal amount of mutations

Robinson et al., Nat. Genetics, 2021, 53, 1434-1442
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normal polymerase normal amount of mutations

Robinson et al., Nat. Genetics, 2021, 53, 1434-1442

individuals with 
normal polymerase

individuals with 
mutant polymerase



Mutational damage alone does not cause aging

Robinson et al., Nat. Genetics, 2021, 53, 1434-1442

individuals with mutant polymerase aquire massive amounts of mutations throughout lifetime



Mutational damage alone does not cause aging

almost no correlation between mutational rate and lifespan and overall aging phenotype

Robinson et al., Nat. Genetics, 2021, 53, 1434-1442
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every cell has  
the same genome

different cell types run different  
gene expression programs

Epigenetic dysregulation
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Epigenetic dysregulation
REVIEW RESEARCH

TEI of vernalization is prevented by the function of ELF6, which is a 
H3K27-specific demethylase52. These data suggest that both hetero-
chromatin and Polycomb can induce TEI. Notably, the presence of a 
histone binding domain that recognizes the same mark as is deposited 
by the enzymatic moiety in both heterochromatin and PRC2 might 
provide these systems with amplification potential28. Differential levels 
of their marks might be reconstituted at each generation through dif-
ferential affinity of PRC2 or other heterochromatin complexes to chro-
matin regions endowed with differential initial densities of marked 
nucleosomes (Fig. 3c).

Transgenerational inheritance in mammals
In vertebrates, DNA methylation is globally reduced twice in each gen-
eration: immediately after fertilization and in developing primordial 
germ cells113. Histone marks and 3D genome organization are also 

reprogrammed in the germline and after fertilization19. Furthermore, it 
is difficult in mammals and virtually impossible in humans to exclude 
potential confounding elements, such as maternal contribution, com-
ponents of seminal fluids, changes in utero or postnatal effects114. So, 
what is the evidence for mammalian TEI? A classic example of multi-
generational inheritance, insertion of the IAP endogenous retrovirus 
at the mouse agouti coat-colour locus, depends on heritable, variable 
methylation of the IAP retrovirus on an alternative promoter for the 
agouti gene115. A recent systematic survey of murine IAP insertions 
has indicated that multigenerational inheritance is rare, however116. 
Several reports have attracted attention for their suggestion that diet 
or exposure to chemicals and behavioural stresses can be transmitted 
to the progeny for multiple generations117–119, but some of these results 
have been criticized120. In humans, epidemiological evidence from 
the Överkalix population cohort established links between grandpa-
ternal food supply at the beginning of the twentieth century and the  
mortality rate of subsequent generations121, although molecular  
evidence is unavailable for this cohort. DNA methylation has been 
suggested as a potential mechanism for these effects, and retroele-
ments and some genes involved in neurological and metabolic dis-
orders remain methylated during the wave of DNA demethylation in 
human primordial germ cells122. However, a recent report in which 
a high-fat diet induced insulin resistance, obesity and addictive-like 
behaviours up to the third generation did not identify heritable 
changes in the DNA methylome123. Other chromatin components 
might also be involved. For example, transient overexpression of the 
H3K4-specific KDM1A histone demethylase in mouse spermato-
genesis has been shown to induce TEI124. These studies suggest that 
TEI is limited but possible in humans. Future work should address 
the underlying mechanisms of TEI, and epigenome-wide association 
studies should complement genome-wide association studies in order 
to assess the relative contributions of DNA sequence and epigenome 
alterations in disease59.

Epigenetics, health and disease
Changes in the levels of DNA methylation, histone modifications 
and changes in non-coding RNA (ncRNA) function are common  
in disease, as are mutations in epigenetic components57,125. The ability  
to distinguish driver from passenger roles for epigenetic alterations 
will make it possible to identify diseases in which epigenetics might 
affect diagnosis, prognosis and therapy. Dissecting the interplay  
between epigenetic components and other disease pathways  
will also allow the development of combinatorial intervention 
approaches.

The epigenetics of ageing
The application of machine learning to high-throughput DNA meth-
ylation data has identified indicators of chronological or biological 
age. One study found that changes in CpG methylation at 353 genomic 
sites produced a score that was highly correlated with age across  
tissues126 (epigenetic clock; Fig. 4a). Strikingly, a comparison of dif-
ferent molecular predictors of age indicated that the epigenetic clock 
is the most highly correlated to biological age127. Furthermore, epi-
genetic age is adversely affected (accelerated) by a high body mass 
index, whereas it is reduced by high levels of education or physical 
activity, a low body mass index and consumption of fish, poultry, 
fruits and vegetables128. Many of the 353 CpGs investigated are located 
close to poised promoters of bivalent genes (marked by H3K4me3 and 
H3K27me3), or to active promoters126, suggesting that ageing may 
correlate with reduced plasticity in the expression of some bivalent 
genes, which might resolve into repressed or active states, and with 
active genes changing their expression levels. More recently, integra-
tion with composite clinical measures of phenotypic age identified 
a set of CpG genomic sites that better predicts lifespan as well as 
healthspan129. Establishing the mechanistic links between the ageing 
process and variations in CpG methylation will be critical in order to 
identify the causes of ageing.

a   DNA methylation in ageing: an epigenetic clock 

b   Epigenetic alterations and cancer
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Fig. 4 | Epigenetics and disease. a, The ‘epigenetic clock’ consists of 
a specific set of genomic CpG sites whose levels of DNA methylation 
change progressively with age, leading to an estimate of age based on 
DNA methylation that correlates tightly with chronological age. Rather 
than a global change in methylation levels, some of the age-related CpG 
sites show increased methylation (black lollipops, red outline), whereas 
others show decreased methylation (white lollipops, blue outline). 
The relationship between changes in DNA methylation and chromatin 
architecture in ageing remains to be investigated, as well as the cause–
consequence relationships between ageing, DNA methylation and gene 
expression changes. b, The genes encoding epigenetic components such 
as DNA methylases and demethylases, Polycomb, Trithorax, chromatin 
remodellers, DNA methylation components and CTCF are frequently 
mutated or dysregulated in cancer, often as a result of environmental 
insults or physiological changes such as ageing. These mutations alter 
cellular properties such as cell division, cell differentiation, adhesion and 
proliferation, and increase the heterogeneity of gene expression, thereby 
promoting tumorigenesis.
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The current best aging model
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The current best aging model

damage accumulation antagonistic pleiotropy

• DNA, organelle, and cell damage 
throughout life causes aging 

• repair mechanisms cannot fully keep up 

• net degeneration of cells/tissue/body

• genes that beneficial early in life become 
detrimental later and cause aging 

• DNA repair good, then bad 

• net degeneration and loss of information
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Caloric restriction works… but why?

Caenorhabditis elegans (C. elegans)Cynthia Kenyon

lifespan ~ 2 weeks

Klass, M. et al., Nature, 1976, 260(1), 523-525.
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Caloric restriction works… but why?

Kenyon, C. et al., Nature, 1993, 366(1), 461-464.
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Iifespans of these animals were normal (Fig. 3a), as were the 
lifespans of fem-3(eI996) mutants'O, which do not produce 
sperm or self-progeny (Fig. 3b). We conclude that production 
of germ cells and progeny in itself does not shorten the lifespan 
of the C. hermaphrodite. As expected, e 1370) ani-
mals still exhibited the longevity phenotype after ablation of the 
gonad and germ cells (data not shown). It seems likely that 
factors other than decreased germ cell or progeny production 
are responsible for the longevity of C. elegans lifespan mutants, 
including spe-26. 

Why did dauer-constitutive mutations in the genes daF7, daf-
II and da(-14 not affect lifespan? These genes function upstream 
of daf-2 in regulating dauer formations. They appear to act 
within partially redundant parallel pathways to keep dar2 activ-
ity levels high in the absence of dauer-inducing signals". daf-II 
lies in one pathway, and da(-7 and daF14 lie in the other path-
way. Our data imply that mutations in these genes do not reduce 
the activity of da(-2 in such a way that the Iifespans of adults 
can be lengthened. It may be that because these gene functions 
are partially redundant, none of these mutations alone has a 
strong enough effect on levels to affect lifespan. Another 
possibility is that daf-II, 7 and 14 are capable of regulating dar 
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2 levels only during Ll, when dauer formation can be initiated. 
If so, shifting these mutants to the non-permissive temperature 
at later times would have no effect on daf-2 levels. 

How do dar2 mutations extend lifespan? The gene 
functions downstream of daF2 to promote dauer formation (refs 
5, 12 and D. L. Riddle, personal communication). We found 
that the darl6 mutation m26 completely suppressed the lifespan 
extension of daF2( (1370) adults (Fig. 4). This suggests that daF 
2 mutations extend lifespan by allowing inappropriate activation 
of function. But how daf-16 activity extends lifespan is 
unclear. The simplest model is that daf-16 activity extends the 
lifespans of da(-2 adults by triggering expression of a regulated 
lifespan extension mechanism that is normally coupled to dauer 
formation. This would imply that the long lifespan of the dauer 
is not simply a consequence of the fact that it is developmentally 
arrested, as has been widely assumed4

.'3. Alternatively, the 
mechanism by which daf-16 extends the lifespans of daj-2 adults 
could be different from the mechanism that allows dauers to live 
longer. 

Could a similar type of lifespan extension operate in other 
organisms? Lifespans of mammals, and, to a limited extent, C. 
elegans, can be increased by food limitation'4. It is possible that 

FIG. 1 daf-2 adults have extended lifespans. a, daf-2(sa189) and wild 
type (N2) shifted from 15°C to 20 DC, the non-permissive temperature, 
at the L4 stage. Mean lifespans were 42 days for sa189 (n = 43) and 
18 days for N2 (n = 35). Comparisons of these means with each other 
using the log-rank test17 yielded a x. 2 value of 62.9 (P, the probability 
of these lifespan differences occurring by chance, «0.00001). b, Life-
spans of daf-2(e1370) and N2 (wild-type) animals shifted from 20°C 
to 25 DC, the non-permissive temperature, as L4 larvae. Mean lifespans 
were 22.5 days for e1370 (n = 120) and 17 days for N2 (n = 119). x. 2 = 
10.0 (P<0.0016). This is one of two experiments; both gave similar 
results. When shifted to 25°C, about half the daf-2(e1370) animals 
died as young adults containing newly hatched progeny. c, Lifespan 
extension of daf-2(e1370) cultured continuously at 20°C. Mean lifes-
pans were 42 days for daf-2(e1370) (n = 42) and 20 days for N2 (n = 
49); X2 

= 67.1 (p«0.00001). At this temperature, daf-2(e1370) mut-
ants did not die prematurely as 'bags of worms', which probably contri-
buted to the greater mean lifespan of the population. The third allele, 
daf-2(sa193), also exhibited an extended lifespan when shifted from 
20°C to 25 °C (non-permissive temperature). Mean lifespan for sa193 
was 25 days (n = 21) and for N2 controls, 15 days (n = 44). The efficiency 
of dauer formation in this strain was lower than daf-2(sa189) and daf-
2(e1370) (not shown), as was its maximum lifespan (39 days). When 
cultured continuously at 20°C, the mean lifespan of this strain was 
also extended slightly (not shown). sa189 and sa193 were isolated 
recently; the N2 control used in those lifespan experiments was the 
direct parent of these mutants. sa189 and sa193 were isolated recently 
by E. A. Malone and J. Thomas (personal communication). The lifespans 
of daf-7(e1372), and daf-14(m77) were examined when grown continu-
ously at 15°C, or when shifted from 15 to 20 °C and from 15 to 25°C 
as L4 animals. The lifespan of daf-11(m84) was determined after shift-
ing L4 animals from 15 to 25°C during L4. Under some conditions, a 
fraction of the mutants died prematurely as bags of worms". The life-
spans of the remaining animals were not significantly different from 
wild type (data not shown). In all experiments, five L4 animals were 
placed on NGM plates seeded with Escherichia coli OP50 (ref. 18). 
Animals were transferred to fresh seeded plates every two days when 
producing progeny, and about once a week thereafter. Animals were 
scored as dead when they no longer moved or twitched when prodded 
or pushed several times. All experimental strains were grown in parallel 
with wild type. 
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Turning back the stem cell clock
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Young

Old

Stem cell Progenitors Effectors

Physiological ageing, mutagen
exposure or forced regeneration

Self-renewal
The capacity of replicating 
stem cells to generate 
daughter cells with the same 
biological and molecular profile 
that endows continued renewal 
potential. This can occur either 
asymmetrically when a stem 
cell produces another stem cell 
and a more differentiated 
daughter cell, or symmetrically 
when stem-cell division gives 
rise to two identical stem cells. 
Importantly, in mature organ 
systems, most cell-division 
activity that is responsible for 
tissue maintenance and 
expansion is not self-renewing.

Progeny 
Along with progenitor cells, 
these are relatively 
undifferentiated cell types that 
are derived from asymmetric 
stem-cell division and lack the 
capacity to self-renew.

organs in the adult human, their importance in rodents 
has been demonstrated experimentally. It is therefore 
reasonable to surmise that perhaps some characteristics 
of ageing — once thought to be degenerative — might 
reflect a decline in the regenerative capacity of resident 
stem cells across many different tissues. 

Self-renewal comes with some danger for the organ-
ism; in particular, a risk of malignant transformation4,9,10. 
Unrepaired genetic lesions in stem cells are passed on 
to their self-renewing daughters and accumulate with 
ageing in this way. Functional mutations that provide a 
growth or survival advantage in turn produce positive 
selection for the mutant stem-cell clone, with full-fledged 
cancer resulting from the accumulation of multiple 
cancer-promoting events. To offset this possibility, stem 
cells appear to have evolved multiple reinforcing mecha-
nisms that are aimed at maintaining genomic integrity  
beyond that of other proliferating cells (reviewed in 
REFS 2–4). When mutations occur despite these error-
prevention capacities, potent tumour-suppressor mecha-
nisms such as senescence and apoptosis exist to sense 
damaged stem-cell genomes with malignant potential 
and limit replicative expansion or cull such clones. This 
relationship between self-renewing cells and cancer 
raises the possibility that — while carrying out a benefi-
cial, anti-cancer function — these tumour-suppressor 
mechanisms may inadvertently contribute to ageing by 
causing stem-cell arrest or attrition.

Here, we discuss recent refinements of this so-called 
‘cancer–ageing hypothesis’, according to which cells 
within a tissue are compromised by these anti-cancer 
mechanisms (see also the Opinion article by Serrano and 
Blasco in this issue). Specifically, we reason that growth-
inhibitory molecules such as the cyclin-dependent  

kinase inhibitor p16INK4a and the tumour suppressor 
p53 exert their pro-ageing effects in part through their 
activation in specific self-renewing compartments such 
as tissue-specific stem cells. Further, we describe findings 
from a series of recently published human association 
analyses that suggest a link between the INK4/ARF locus 
(also called CDKN2a and CDKN2b) and the onset of 
distinct human age-associated phenotypes. These recent 
observations, together with the findings in genetic model 
systems, provide experimental support for the concept 
that the activation of tumour-suppressor mechanisms in 
self-renewing compartments contributes to the ageing 
processes in humans. 

Do stem cells age?
A decline in replicative function with age is appreciable 
in many mammalian tissues. In most mammalian tissues, 
however, the inability to purify the resident stem cell to 
homogeneity, as well as the lack of adequate models  
to test the function of these cells, has made it difficult to 
determine if a decline in stem-cell function is indeed a 
cause of the degradation of the regenerative capacities 
that is seen in many organs with ageing. 

Ageing of haematopoietic stem cells. In the haemato-
poietic system, it is possible to purify haematopoietic 
stem cells (HSCs) to near-homogeneity and assay their 
function using validated assays. Therefore, the ques-
tions of whether and how stem cells age are presently 
best addressed in this system, with the caveat that stem-
cell ageing may differ mechanistically in other tissues. 
Several effects of ageing on the blood organ are described 
in humans: decreased immunity11, increased incidence of 
bone marrow failure and haematological neoplasia12, and 
moderate anaemia13,14. Older individuals are more likely 
to suffer toxicity such as prolonged myelosuppression in 
response to traditional cytotoxic chemotherapy drugs, 
suggesting a reduced marrow regenerative capacity15–17.  
Particularly telling is the clinical observation that 
increased donor age in bone marrow transplantation is a 
predictor of transplant-related mortality18–22, suggesting 
that the diminished reconstituting ability of HSCs from 
elderly donors is partly cell-autonomous. These observa-
tions suggest a clinically overt decay in HSC function 
with normal human ageing. 

These correlative findings in humans are buttressed 
by related studies in rodents. A surprising finding 
has been that although HSC function clearly declines 
with age, the number of HSCs does not necessarily 
also decline. In some strains of mice, the HSC number 
actually expands with advancing age7,23–27 and this 
age-dependent expansion of HSCs is a transplantable, 
cell-autonomous property of HSCs7,25. Moreover, as 
demonstrated by Harrison and colleagues, HSCs can be 
serially transplanted into sequential recipients and show 
persistent function for >8 years, thus exceeding the life-
time of the original donor animal28. These experiments 
have established that cell-autonomous, replicative HSC 
exhaustion does not necessarily occur during periods of 
normal ageing in some strains of inbred mice that are 
maintained under laboratory conditions. 

Figure 1 | How stem cells age. Stem-cell number and self-renewal (curved arrow) does 
not necessarily decline with ageing, but function — the ability to produce progenitors 
(blue) and differentiated effector cells (depicted in different colours) — does decline. 
Stem-cell ageing can result in some systems from the heritable accumulation of DNA 
damage, which can engage tumour-suppressor activation as the stem cell attempts to 
divide asymmetrically. DNA damage can occur stochastically with normal ageing as a 
result of exposure to external mutagens, or from increased proliferation as in forced 
regeneration (see main text).
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This is not to say, however, that the replicative func-
tion of HSCs is not limited by anti-cancer mechanisms 
with ageing. It is entirely possible that senescent HSCs 
change their surface immunophenotype (and therefore 
are no longer identified as HSCs by flow cytometry) or 
that the senescence and apoptosis mechanisms are not 
engaged until old HSCs attempt to divide asymmetri-
cally. In the latter model, senescence or apoptosis could 
limit HSC function without decreasing the HSC num-
ber. Moreover, it is important to note that HSC numbers  

appear to decline with age in other inbred strains of 
mice26,27,29–31, and that several external stimuli (for 
example, chemotherapy, ionizing radiation and so on) 
hasten stem-cell exhaustion in humans and mice32–38. 
Thus, genetically outbred mammals in the wild may 
or may not experience HSC exhaustion with ageing, 
and exposure to environmental stresses that are not 
normally encountered in the laboratory setting may 
further induce HSC exhaustion. Finally, independently 
of replicative function, HSCs exhibit cell-intrinsic,  
functional signs of ageing. Numerous studies have 
shown that ageing alters HSC function with regard to 
mobilization39, homing7,23,24,31,39 and lineage choice7,24,31. 
In particular, there is a loss of lymphoid lineage poten-
tial with a skewing toward myeloid lineages in HSCs 
from old mice, and old HSCs demonstrate reproduc-
ible changes in gene expression with age, including 
increased expression of myeloid lineage transcripts7. 
Therefore, the preponderance of evidence suggests 
that HSCs undergo cell-intrinsic ageing, although 
there is also emerging evidence that the ageing HSC 
microenvironment may influence HSC function in an 
extrinsic manner (see below). 

Ageing in other self-renewing compartments. Several 
lines of evidence suggest that stem cells from other 
tissues suffer proliferative decline with advancing 
age (FIG. 1). For example, in rodents, a decline in the 
number of new neurons produced by neural stem cells 
(NSCs) with age or telomere dysfunction has been docu-
mented40,41, as has the in vivo proliferation of NSCs41–43. 
This decline in the capacity for murine neurogenesis 
has been associated with a progressive Parkinsonian 
disease41 and with an impairment of olfactory discrimin-
ation with ageing44. Likewise, hair greying has been 
linked to decreased melanocyte stem-cell maintenance, 
possibly in association with melanoblast senescence45. 

The capacity of the insulin-producing B-cell of the 
pancreatic islet to replicate in adult rodents throughout 
life has been known for decades, although the importance 
of this regenerative capacity with regard to the develop-
ment of type 2 diabetes mellitus (also called adult-onset 
diabetes mellitus) has only recently been appreciated. 
The prevailing view had been that type 2 diabetes mell-
itus was a metabolic disease resulting largely from an 
age-associated decline in the ability of muscle and liver to 
respond to insulin (insulin resistance), but recent careful 
analyses of islet mass have challenged this view. Studies 
in the immediate post-mortem period have shown sig-
nificant rates of B-cell production and apoptosis, even 
in aged adults, with an increased B-cell mass noted in 
obese individuals and a relatively reduced B-cell mass 
among adults with diabetes46,47. Therefore, the de novo 
synthesis of B-cells through self-renewal appears to be 
the predominant source of islet mass in adult humans. 
Islet replication appears to decline with human ageing47, 
although B-cell replication has been reported in human 
patients up to 89 years of age48. Consistent with these 
findings in humans, a sharp decline in B-cell prolifera-
tion with ageing in mice has been recently described49. 
More than 1% of islet cells from young mice proliferate  

 Box 1 | The hierarchy of haematopoiesis

Multipotent tissue-specific stem cells produce differentiated effector cells through a 
series of increasingly more committed progenitor intermediates. This tissue stem-cell-
derived differentiation process has been best characterized in the haematopoietic 
system (see figure). Here, long-term haematopoietic stem cells (LT-HSCs) represent the 
‘true’ stem cells that self-renew and produce multipotent progenitors (short-term (ST)-
HSCs and, subsequently, multipotent progeny (MPP)) with no self-renewal capacity. 
These in turn give rise to oligopotent progenitors including the common lymphoid 
progenitor (CLP) and common myeloid progenitor (CMP), which then yields the 
granulocyte–macrophage progenitor (GMP) that differentiates into monocytes, 
macrophages and granulocytes, and the megakaryocyte–erythrocyte progenitor (MEP) 
that differentiates into megakaryocytes, platelets and erythrocytes. Similar hierarchies 
are also thought to exist in other stem-cell-containing tissues (for example, brain, gut, 
liver and lung).

A principal advantage of studies in the haematopoietic system is that stem and 
progenitor cells from this organ can be purified to near-homogeneity by surface 
markers. For example, LT-HSCs express low levels of lineage markers (LIN–), high levels 
of the CD117/c-KIT receptor (KIT+), high levels of a surface marker called SCA1 (SCA1+), 
and low levels of another surface marker, CD34 (CD34Lo). With each asymmetric 
division of a LIN–KIT+SCA1+CD34Lo LT-HSC, there is the production of another LT-HSC 
and a multipotent daughter cell with limited renewal potential, ST-HSC, which has a 
similar surface immunophenotype to LT-HSC except that it has higher levels of CD34 
(CD34Hi). As ST-HSC in turn proliferate to form more differentiated MPP, they increase 
expression of another surface marker, FLK2. Development from oligopotent 
progenitors to mature blood cells proceeds through several intermediate progenitors 
that are not shown.
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This is not to say, however, that the replicative func-
tion of HSCs is not limited by anti-cancer mechanisms 
with ageing. It is entirely possible that senescent HSCs 
change their surface immunophenotype (and therefore 
are no longer identified as HSCs by flow cytometry) or 
that the senescence and apoptosis mechanisms are not 
engaged until old HSCs attempt to divide asymmetri-
cally. In the latter model, senescence or apoptosis could 
limit HSC function without decreasing the HSC num-
ber. Moreover, it is important to note that HSC numbers  

appear to decline with age in other inbred strains of 
mice26,27,29–31, and that several external stimuli (for 
example, chemotherapy, ionizing radiation and so on) 
hasten stem-cell exhaustion in humans and mice32–38. 
Thus, genetically outbred mammals in the wild may 
or may not experience HSC exhaustion with ageing, 
and exposure to environmental stresses that are not 
normally encountered in the laboratory setting may 
further induce HSC exhaustion. Finally, independently 
of replicative function, HSCs exhibit cell-intrinsic,  
functional signs of ageing. Numerous studies have 
shown that ageing alters HSC function with regard to 
mobilization39, homing7,23,24,31,39 and lineage choice7,24,31. 
In particular, there is a loss of lymphoid lineage poten-
tial with a skewing toward myeloid lineages in HSCs 
from old mice, and old HSCs demonstrate reproduc-
ible changes in gene expression with age, including 
increased expression of myeloid lineage transcripts7. 
Therefore, the preponderance of evidence suggests 
that HSCs undergo cell-intrinsic ageing, although 
there is also emerging evidence that the ageing HSC 
microenvironment may influence HSC function in an 
extrinsic manner (see below). 

Ageing in other self-renewing compartments. Several 
lines of evidence suggest that stem cells from other 
tissues suffer proliferative decline with advancing 
age (FIG. 1). For example, in rodents, a decline in the 
number of new neurons produced by neural stem cells 
(NSCs) with age or telomere dysfunction has been docu-
mented40,41, as has the in vivo proliferation of NSCs41–43. 
This decline in the capacity for murine neurogenesis 
has been associated with a progressive Parkinsonian 
disease41 and with an impairment of olfactory discrimin-
ation with ageing44. Likewise, hair greying has been 
linked to decreased melanocyte stem-cell maintenance, 
possibly in association with melanoblast senescence45. 

The capacity of the insulin-producing B-cell of the 
pancreatic islet to replicate in adult rodents throughout 
life has been known for decades, although the importance 
of this regenerative capacity with regard to the develop-
ment of type 2 diabetes mellitus (also called adult-onset 
diabetes mellitus) has only recently been appreciated. 
The prevailing view had been that type 2 diabetes mell-
itus was a metabolic disease resulting largely from an 
age-associated decline in the ability of muscle and liver to 
respond to insulin (insulin resistance), but recent careful 
analyses of islet mass have challenged this view. Studies 
in the immediate post-mortem period have shown sig-
nificant rates of B-cell production and apoptosis, even 
in aged adults, with an increased B-cell mass noted in 
obese individuals and a relatively reduced B-cell mass 
among adults with diabetes46,47. Therefore, the de novo 
synthesis of B-cells through self-renewal appears to be 
the predominant source of islet mass in adult humans. 
Islet replication appears to decline with human ageing47, 
although B-cell replication has been reported in human 
patients up to 89 years of age48. Consistent with these 
findings in humans, a sharp decline in B-cell prolifera-
tion with ageing in mice has been recently described49. 
More than 1% of islet cells from young mice proliferate  

 Box 1 | The hierarchy of haematopoiesis

Multipotent tissue-specific stem cells produce differentiated effector cells through a 
series of increasingly more committed progenitor intermediates. This tissue stem-cell-
derived differentiation process has been best characterized in the haematopoietic 
system (see figure). Here, long-term haematopoietic stem cells (LT-HSCs) represent the 
‘true’ stem cells that self-renew and produce multipotent progenitors (short-term (ST)-
HSCs and, subsequently, multipotent progeny (MPP)) with no self-renewal capacity. 
These in turn give rise to oligopotent progenitors including the common lymphoid 
progenitor (CLP) and common myeloid progenitor (CMP), which then yields the 
granulocyte–macrophage progenitor (GMP) that differentiates into monocytes, 
macrophages and granulocytes, and the megakaryocyte–erythrocyte progenitor (MEP) 
that differentiates into megakaryocytes, platelets and erythrocytes. Similar hierarchies 
are also thought to exist in other stem-cell-containing tissues (for example, brain, gut, 
liver and lung).

A principal advantage of studies in the haematopoietic system is that stem and 
progenitor cells from this organ can be purified to near-homogeneity by surface 
markers. For example, LT-HSCs express low levels of lineage markers (LIN–), high levels 
of the CD117/c-KIT receptor (KIT+), high levels of a surface marker called SCA1 (SCA1+), 
and low levels of another surface marker, CD34 (CD34Lo). With each asymmetric 
division of a LIN–KIT+SCA1+CD34Lo LT-HSC, there is the production of another LT-HSC 
and a multipotent daughter cell with limited renewal potential, ST-HSC, which has a 
similar surface immunophenotype to LT-HSC except that it has higher levels of CD34 
(CD34Hi). As ST-HSC in turn proliferate to form more differentiated MPP, they increase 
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progenitors to mature blood cells proceeds through several intermediate progenitors 
that are not shown.

R E V I E W S

NATURE REVIEWS | MOLECULAR CELL BIOLOGY  VOLUME 8 | SEPTEMBER 2007 | 705

 F O C U S  O N  A G E I N G

~40 transcription factors

3 key proteins

Oct4

Sox2 Klf4

“OSK”

“Yamanaka Factors”



Turning back the stem cell clock

Sharpless, N. E. et al., Nat. Rev. Mol. Cell Biol., 2007, 8, 707

reprogram normal cells?

only prior existing stem cell source:  

human embryos



Turning back the stem cell clock

Sharpless, N. E. et al., Nat. Rev. Mol. Cell Biol., 2007, 8, 707

OSK reverts cells back to a “stemlike” state

induced pluripotent  
stem cells (iPSCs)

OSK

fully differentiated cells 
from donor (ie skin, etc)



Turning back the stem cell clock

Sharpless, N. E. et al., Nat. Rev. Mol. Cell Biol., 2007, 8, 707

OSK reverts cells back to a “stemlike” state

induced pluripotent  
stem cells (iPSCs)

OSK

fully differentiated cells 
from donor (ie skin, etc)



Turning back the stem cell clock

Sharpless, N. E. et al., Nat. Rev. Mol. Cell Biol., 2007, 8, 707

OSK reverts cells back to a “stemlike” state

induced pluripotent  
stem cells (iPSCs)

OSK

fully differentiated cells 
from donor (ie skin, etc)

on demand cell production



Stem cell therapies

Sharpless, N. E. et al., Nat. Rev. Mol. Cell Biol., 2007, 8, 707

OSK



in vivo epigenetic reprogramming

OSK

AAV 
vector

cell or tissue specific 
delivery in vivo



in vivo epigenetic reprogramming

David Sinclair

Lu, Y. et al. Nature, 2020, 588(7836), 124-129

optic nerve 
regeneration in vivo



in vivo epigenetic reprogramming

David Sinclair

Yang. J. et al., Cell, 2023, 186, 305-326

3 mo old 3 mo old



Living your best supercentenarian life

Sister Lucille Randon 

Alés, France 

born Feb 11, 1904 

died Jan 17, 2023 

age 118
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Jouberton, South Africa 

born May 11, 1894 

died Mar 08, 2023 
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The Dog Aging Project

• dozens of trials to test different 
interventions, doses, timing, etc 

• you can volunteer your dog 

• results ongoing over next few years/decades
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