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ABSTRACT: Aging is a process that involves all organs and tissues of the human organism. Cells and
tissues are impacted by aging in differing degrees, depending on their regenerative potential and sensitivity
to outside stimuli. In this review, we discuss the potential role of adult stem cells in the aging process, and
the new results that support the role of stem cells in the aging process. Finally, we discuss new evidence
from progeroid syndromes that supports the stem cell hypothesis of aging.
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Stem Cell Hypothesis of Aging

Aging is the process of accumulating changes in an
organism over time. Despite its significance for the well-
being of individuals and the population as a whole, aging
is a poorly understood process. Multiple hypotheses
were proposed to address the biological basis for aging.
These include: shortening of telomeres, DNA damage,
epigenetic alterations of transcriptional regulation, and
others [1-3]. Very recently, a stem cell hypothesis of
aging was proposed, which states that a major reason of
aging is either depletion, or failed differentiation of stem
cells.

Stem Cells

Stem cells are undifferentiated cells that that are capable
of self-renewal and differentiation. Most human tissues
are composed of a majority of differentiated cells with a
limited life span. These cells die and the tissue shrinks,
unless replenished by new cells. A crucial source of these
new cells is tissue stem cells, which compose only a
small minority of a tissue’s cells. These cells are termed

adult stem cells and are multipotent (capable of
differentiation into several cell types, but not all three
germ layers). Nevertheless, they are required for the
maintenance of adult tissues.

A subspecies of stem cells are embryonic stem (ES)
cells, which can be obtained from early stage embryos
(blastocyst). ES cells are pluripotent, which means they
can differentiate into all three primary germ layers [4, 5].
ES cells are critical to organism development. A defect in
ES cell differentiation may have a pleiotropic effect on
the organism.

ES cells recently gained tremendous attention due to
the reprogramming of adult somatic cells into induced
pluripotent (iPS) cells [5]. iPS cells posses ES cell
properties and were developed with the long-term
objective to gain a new therapeutic tool. Since they are
pluripotent, iPS cells could hypothetically be used to
develop any desired cell type to replace cells that are
abnormal or absent in patients, from whose cells the iPS
cells originated (e.g. insulin-producing cells for the
treatment of diabetes).

Stem cells in an Aging Organism
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From the standpoint of aging, adult stem cells attract
the most attention of all stem cell types. Since they are
critical for the renewal of many tissues, it appears to
make sense that loss of these cells or their function would
contribute to aging. Yet, the issue is not that simple.
Human tissues have varying regenerative potential and
their cells have varying life spans. For example, the brain
contains post-mitotic neurons whose life span may be as
long as the life span of the whole organism. Yet aging
occurs even in these tissues, which do not require
replenishment by the stem cell pool. In contrast, in some
tissues, replenishment by stem cell differentiation is
continuous and occurs during the whole body existence.
An example of this type of tissue or organ is the
hemopoietic system. Finally, in some tissues, the
differentiated cells retain proliferative potential and can
regenerate the organ as needed. An example of this type
of organ and tissue maintenance is liver, which can be
regenerated by hepatocytes themselves. Thus, for
practical purposes, aging is sometimes divided into
replicative, which requires the presence of dividing cells,
and chronological, which occurs in nondividing cells, and
can, of course, also occur in cells that are capable of
dividing, such as stem cells. In order to understand the
role of stem cells in aging, the first question to be
answered is: do adult stem cells change during the aging
process?

Evidence for Stem Cell Aging

The function of stem cells in an aging organism has been
explored for a relatively short time. One of the best-
studied stem cell types in this respect are hemopoietic
stem cells. Hemopoietic stem cell differentiation is
ongoing until death, as is hemopoietic stem cell renewal.
However, there are distinct changes as an organism ages.
Bone marrow decreases in cellularity, anemias are more
common, lymphopoiesis declines, and the incidence of
myeloid  abnormalities, such as  malignancies,
myelodysplastic syndromes and myeloproliferative
disorders, increases [6]. These changes are associated
with alterations in the hemopoietic stem cell pool [6-9].
Hypothetically, hemopoietic stem cells could be affected
into two ways. They can either decrease in number, or
they cannot properly differentiate. | reality, the number
of hemopoietic stem cells increases with age in humans
[6, 10-13]. However, there appear to be aberrations in
differentiation. Specifically, the stem cells appear to be
myeloid-biased, and exhibit less inclination to
differentiate into lymphoid lineages [6-9]. This would at
first sight suggest and problem in differentiation.
However, it has been recently shown that there is a loss
of a specific hemopoietic stem cell subpopulation that
prefers to form lymphoid progeny [14-17]. In addition,

aged hemopoietic stem cells show aberrant engraftment
[6]. Similar findings were reported from mouse studies.
Thus, the picture of hemopoietic stem cell aging is
complex and involves both loss of cell numbers and loss
of the ability to differentiate.

The other major type of adult stem cells is
mesenchymal stem cells. They are present in bone
marrow and other tissues, such as adipose. These are rare
cells, representing ca. 0.001 to 0.01% of the nucleated
cells in bone marrow. They are multipotent and can
differentiate into mesodermal and nonmesodermal tissues
[18-22]. Studies in mice demonstrated that the number of
bone marrow mesenchymal stem cells decreases only
marginally as the organism ages [23]. However, their
self-renewal ability and bone formation ability
dramatically drop. Thus, both major features of stem
cells are affected by aging in this stem cell type [24-26].

A third type of adult stem cells to be discussed in this
review is skin-derived precursors. These cells reside in
dermal papillae of human hair follicles anda re not to be
confused with epidermal stem cells [27-29]. Studies on
aged human subjects demonstrated that human SKP
abundance and differentiation potential sharply decreases
with age [30]. They are thus affected, similarly to
mesenchymal stem cells, in both major features of stem
cells. In contrast, the above mentioned epidermal stem
cells show little response to aging. They do not appear to
decrease in number and functionality with age [31].

Finally, stem cells are involved in tissue repair,
which is known to decline with age. One example is the
age-related endothelial dysfunction [32]. It has been
shown that bone-marrow-derived endothelial progenitor
cells (EPCs) play a role in maintenance of endothelial
function by contributing to re-endothelization and
neovacularization [33, 34]. EPCs functionally decline
with age, however, and this decline correlates with
impairment of the endothelium [32].

A similar situation occurs in muscles. The muscle
stem cell (termed the satellite cell) is usually quiescent
and mobilized when required for repair, for example
when an injury occurs. The numbers of satellite cells do
not appear to change much with age [35, 36]. However,
their repair, i.e. differentiation ability is dramatically
reduced [37, 38]. Thus, the satellite cells are altered in at
least one of the major features of stem cells.

In summary, adult stem cells, with an exception of
epidermal stem cells, undergo age-related changes. The
age-related decline is mainly functional, but in some
cases, decline in stem cell numbers can be observed (see
above). What is the molecular mechanism underlying the
observed stem cell deficits in the aged organism?

Molecular changes underlying the aging process and
stem cells
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In general, mechanisms that are involved in aging of
somatic cells are also involved in aging of adult stem
cells. These include telomere shortening, oxidative stress,
epigenetic dysregulation and miRNAs. During DNA
replication, cellular DNA has to be replicate faithfully. It
had been suggested first by the Russian scientist
Olovnikov in 1970s that DNA replication may result in
chromosomal shortening, due to difficulties when
replicating chromosomal ends, and this shortening may
be related to aging [39]. The chromosomal ands are
protected by telomeres, which are ribonucleprotein
complexes that consist of tandem DNA repeats
(TTAGGG) and several proteins, together termed
shelterin [40]. Conventional DNA polymerases can not
replicate the chromosomal ends. To prevent shortening of
these ends (telomeres) with each cell cycle, cells posses
the enzyme telomerase, which can add the TTAGGG
repeats to the chromosomal ends. The activity of
telomerase is known to decline with age [41]. The
shortening of chromosomal ends can eventually lead to
the loss of telomere protection. The naked chromosomal
ends than may trigger a DNA damage response, with
resulting growth arrest and/or apoptosis [42]. Adult stem
cells express high levels of telomerase [43]. The
proposed role of telomere shortening in aging is
supported by evidence from telomerase-deficient mice,
which exhibit premature aging [44-47]. This finding is
accompanied by dramatic impairment of adult skin stem
cells [48, 49]. This phenomenon can be rescued by
suppression of p53, which is a key protein of cellular
DNA damage response [48, 49]. This latter data thus
support the hypothesis that naked chromosomal ends
trigger DNA damage response. Consistently, p53
overexpression leads to premature aging in mice [41]. In
addition to skin stem cells, late generation telomerase-
deficient mice have also limited hemopoietic reserve,
which is accompanied by short telomeres in the stem cell
population [41].

The DNA damage response can be also triggered by
other mechanisms than telomere shortening. The DNA
damage theory of aging postulates that the main cause of
the functional decline associated with aging is the
accumulation of DNA damage and ensuing cellular
alterations [50, 51]. From this point of view, telomere
shortening is only a part of the picture. Cells are exposed
to many types of DNA damaging agents and sources,
both extrinsic and intrinsic, including reactive oxygene
species [52]. Accordingly, they posse multiple DNA
repair systems, which can repair the damage. Function of
many of these systems declines with age [50, 51]. The
hypothesis that cumulative, unrepaired DNA damage
may play a role in aging is supported by some premature
aging (progeria) syndromes. These include the Werner
syndrome, trichothiodystrophy, Cockayne syndrome and

ataxia telangiectasia. Individuals that suffer from these
syndromes have significantly shortened life span and
exhibit signs on premature aging [36, 50]. Significantly,
mutations and genes in which these mutations occur were
identified for each of these syndromes. The Werner
syndrome protein is a RECQ-related DNA helicase that
is known to be involved in DNA repair, in addition to
other cellular processes as outlined below [53].
Trichothiodystrophy is caused by point mutation in the
XPD gene, which is involved in nucleotide excision
repair (NER,[54]). Similarly, Cockayne syndrome is
caused by mutations in either CSA or CSB gene, both of
which are required for nucleotide excision repair [54].
Finally, the gene mutated in ataxia telangiectasia is
involved in double strand break DNA repair [55]. Thus,
this link between DNA repair and aging strongly
supports the DNA damage hypothesis of aging. Similar
results were obtained with transgenic animals that carry
mutations in DNA repair genes. Mutations in Ligase 4,
Ku80 and Ku70 genes, which are involved in double-
strand DNA break (DSB) repair, lead to poor
hemopoietic reconstitution due to a hemopoietic stem cell
defect in repopulation ability [8, 56, 57]. Similarly, a
deficiency in another component of the DSB repair,
Rad50, results in hemopoietic failure due to ablation of
hemopoietic stem cells [58]. In addition, a repopulation
defect was observed in mice carrying a mutation in the
NER gene XPD [8]. Finally, mice carrying a mutation in
the ataxia telangiectasia gene (ATM) have decreased
stem cell numbers, loss of repopulation ability and
increased apoptosis of hemopoetic stem cells [59]. These
results raise a question whether this type of stem cell
defects is due to a decreased DNA repair ability of
hemopoietic stem cells. In support of this hypothesis, it
had been demonstrated that antioxidants reduced the
oxidative stress and maintained stem cell function in
ATM-deficient mice [59]. Finally, in aged humans, aged
hemopoietic stem cells from normal individuals were
shown to accumulate DNA damage, which appears to
contribute to their functional decline, and exhibit increase
in the numbers of | H2AX foci, which are markers of
double strand DNA breaks [60]. Taken together, the
presented results suggest that DNA damage may play a
significant role in aging and loss of functionality of stem
cells.

Another phenomenon associated with aging is
changes in epigenetic modifications of histones and DNA
and consequent dysregulation of gene expression. The
epigenetic modifications that were observed to change
during aging are related to histone acetylation, histone
methylation and DNA methylation. In mice, it has been
observed that the level of the histone deacetylase SirT1
decreases with age [61]. Significantly, decrease of SirT1
expression correlates with premature aging in mice with
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increased p53 activity [62]. Inactivation of fhe yeast
homologue of SirT1, Sir2, decreases the replicative
lifespan of yeast [63-65]. Interestingly, the well known
SirT1 activator, resveratrol, prolongs the life span of
mice when added to the diet [66]. However, it is not yet
possible conclude that SirT1 controls aging by
controlling histone acetylation, although histones are a
major SirT1 target [67]. The second observed epigenetic
change is increased methylation of H4K20, and
decreased methylation of H3K27 and corresponding
decrease in the EZH2 histone methyltransferase [68, 69].
These changes were observed in senescent human cells
[66]. Senescence is also associated with the presence of
senescence-associated heterochromatin foci (SAHFs,
[70]). The third aging-associated epigenetic phenomenon
is a global decrease in DNA methylation [71]. However,
at the same time, there is an increase in DNA methylation
at certain loci. Among these are tumor suppressor genes
[72-74]. DNA methylation generally suppresses
expression, and inactivation of tumor suppression genes
may increase risk of cancer in aged individuals. Finally,
aging may involve miRNAs. Expression of these
transcriptional regulators significantly varies with aging
and may predict the onset of aging-related diseases [75].
One recently described example is miRNA targeting p16.
This miRNA increases with age (average 16 fold
decrease over the human lifespan), and suppresses
expression of the tumor suppressor gene pl6 [75]. It is
not yet clear if all described epigenetic changes occur in
aging stem cells. However, it has been demonstrated that
the levels of some DNA methyltransferases (DNMTS)
control the self-renewal and differentiation of stem cells.
For example, DNMT1 is essential for self-renewal of
hemopoietic stem cells [76]. Epigenetic dysregulation of
H3K9 and H3K14 acetylation also occurs in aging
mesenchymal stem cells [77]. In summary, the presented
data suggest that aging of stem cells is associated with
epigenetic changes, and these changes may affect either
self-renewal or differentiation of these essential cell

types.

Aging and Stem Cells: cause or consequence?

Given the key role of stem cells in maintenance of many
tissues, it is easy to assume that they play a central role in
the aging of the said tissues. This model would assume
that the somatic cells can be easily replaced, and, as long
as stem cells are intact, tissue aging does not occur or is
reversible. This was first outlined as so-called disposable
stroma theory of aging [78, 79]. Yet, several factors need
to be considered. First, not all somatic cells, even in
tissues or organs with high overall cell turnover, have a
short life span. One example could be memory T cells,
which have a very long life span, particularly when

compared to erythrocytes, which originate from the same
stem cell. Thus, aging can occur differently in long-lived
subset of these cells. Another aspect to consider is that
the potential aging of differentiated cells can lead to
exhaustion of stem cells, which are then driven to
continual effort to replace the somatic cells. A third
aspect to consider is the stem cell environment, in other
words, the niche the stem cell reside in, as well as more
distant interactions, mediated by circulating proteins and
growth factors. The possible role of the niche was has
been addressed using heterochronic approaches, where
young stem cells were transplanted into an old niche and
vice versa [6, 36]. What was demonstrated is that, at least
in hemopoietic stem cell case, the bone marrow
environment significantly affects stem cell aging, and a
young environment can actually rejuvenate the old stem
cells [6, 36]. This is consistent with results from studies
with induced pluripotent stem cells, which demonstrate
that reprogramming of somatic cells into stem cells leads
to lengthening of telomeres, and thus indicates that the
rejuvenation and reversibility of the aging process is
indeed possible [80]. Conversely, young stem cells fail
to efficiently repopulate an old niche [6, 81]. The second
possibility, i.e. a possible role for circulating, systemic
factors, was addressed in a recent paper published in
Nature, which used surgically joined young and old mice
to demonstrate that young environment can rejuvenate
the hemopoietic stem cell niche, and consequently, the
stem cells themselves [82]. This was attributed to
circulating soluble factors that control local insulin-like
growth factorl (IGF-1). Unfortunately, the paper was
very recently retracted by 3 out of 4 authors, so the role
of systemic factors in stem cell aging is still unclear. In
conclusion, stem cell aging is influenced by the aged
microenvironment they are in. Thus, stem cell and
organism aging is an interconnected process.

Stem Cell Aging and progeroid syndromes

As outlined above, the molecular basis of many
progeroid syndromes support the DNA damage theory of
aging. However, two syndromes point to the role of stem
cells. The Hutchinson-Gilford progeria syndrome
(HGPS) is a disease in which patients develop symptoms
of premature aging during their first year of life. The
average lifespan is 13 years [83, 84]. HGPS is caused by
a mutation in the LMNA gene, which encodes lamin A
proteins. The mutation activates a cryptic splicing site,
which results in production of a truncated protein, known
as progerin. Since lamin A associates with the nuclear
lamina, it presumably affects multiple cellular functions
[85-87]. However, a model has been proposed, supported
by in vitro studies on mesenchymal stem cells, in which
the premature aging of HGPS patients is caused by
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premature exhaustion of stem cells [88]. This hypothesis
was recently given support by data from a mouse model
of HGPS, which demonstrated initial epidermal
hyperplasia followed by epidermal hypoplasia in mice
expressing the HGPS mutation [89]. This phenotype was
accompanied by downregulation of the epidermal stem
cell maintenance protein p63 with accompanying
activation of DNA repair and premature senescence of
adult stem cells [90]. Thus, the HGPS results suggest a
key stem cell role in the pathogenesis of this progeroid
syndrome.

New evidence for a potential stem cell role in aging
also comes from our recent studies of the Werner
syndrome (WS). WS is an autosomal recessive disorder.
Its hallmark is premature aging, which is associated with
the early onset of degenerative and neoplastic diseases
[91]. Gene expression in WS closely resembles that of
normal aging and supports the use of WS as a model of
aging [91]. The gene, whose mutation underlies the WS
phenotype, is called WRN. Mutations in WRN result in
the instability of WRN mRNA, as well as truncation of
the protein with loss of the nuclear localization signal
(NLS) and all or some enzymatic domains of the protein.
The protein encoded by the WRN gene, WRNp, has
helicase activity [92]. WRNp is a member of the RecQ
DNA helicase family, which in humans includes four
other members (RecQl, Bloom Syndrome Protein
(BLM), RecQ4 and RecQ5, [93]). Several functions were
suggested for WRNp. Since WS cells exhibit high
sensitivity to the topoisomerase | poison camptothecin, it
has been proposed the WRNp plays a role in DNA
replication and DNA repair [91]. Interestingly, WRNp
deficiency does not accelerate aging in mice, which
occurs only in double knock-out WRN and telomerase-
deficient animals [94]. Overall, WRNp function is not yet
fully understood. It has been noted that the RecQ
helicases, including the WRN protein, engage in dynamic
subnuclear relocalizations in response to different
conditions of cell growth [95]. Very recently, it has been
shown that altered chromatin structure, even in the
absence of DNA breaks, recruits the WRN protein into
chromatin [96]. We have studied the WRNp function in
NCCIT cells, which are a teratocarcinoma cell line
somewhat resembling embryonic stem cells in their
ability to differentiate into all three major embryonic
layers [97]. These cells express a transcription factor
called Oct4 [98]. The fundamental role of Oct4 is to
maintain pluripotency of ES cells and primordial germ
cells. The Oct4 gene is expressed at high levels in ES
cells, but undergoes rapid heterochromatinization and
silencing upon the addition of retinoic acid (RA, [99]).

This process involves a cascade of epigenetic histone
and DNA modifications. First to occur is deacetylation of
lysines 9 and 14 of histone H3, which occurs within

several hours after the addition of RA. This is
accompanied by a loss of trimethylation of lysine 4 of H3
(H3K4). Approximately 12 hours after the addition of
RA, trimethylation of lysine 9 of histone H3 (H3K9) can
be observed. The histone methyltransferase (HMT)
responsible for this event is G9a. In contrast, the majority
of H3K9 trimethylation in pericentric heterochromatin is
performed by Suv39h HMT [100]. The process of
heterochromatinization of the Oct4 promoter thus
possesses  certain  specific characteristics. H3K9
methylation reaches its peak at 24-48 hrs after RA
exposure. Trimethylation of H3K9 sets the stage for local
heterochromatinization via binding of the
heterochromatin protein 1 (HP1) to the trimethylated
H3K9 (H3K9me3). Finally, Oct4 promoter DNA is
methylated by the de novo DNA methyltransferase
Dnmt3b.

Although the process of Oct4 promoter suppression
was thus described in some detail, fundamental questions
remain. One question is the identity of players that
suppress the promoter. Currently, only G9a, HP1 and
Dnmt3b have been identified (see above). Another
question relates to the relationships among these proteins,
since we do not know how they are recruited and how
they interact with each other. In our study, we
demonstrated that WRNp localizes to the Oct4 promoter
during retinoic acid-induced differentiation of human
pluripotent cells, and associates with the de novo
methyltransferase Dnmt3b in the chromatin of
differentiating NCCIT cells. Depletion of WRNp does
not affect demethylation of lysine 4 of the histone H3 at
the Oct4 promoter, nor methylation of lysine 9 of H3, but
it blocks recruitment of Dnmt3b to the promoter and
results in reduced methylation of CpG sites within the
Oct4 promoter. The lack of DNA methylation was
associated with continued, albeit greatly reduced, Oct4
expression in WRN-deficient, retinoic acid-treated cells,
which resulted in attenuated differentiation. The
presented results revealed a novel function of WRNp,
and demonstrated that WRNp may play a role in stem
cell differentiation. In addition to stem cell
differentiation, our data also tie WRNp to regulation of
DNA methylation, dysreguation of which is also
associated with aging (see above). Our data are also
consistent with studies of the Chua’s lab showing that
WRN is not recruited to the telomeres of Sirt6-/- mice,
which lack an apparent H3K9 deacetylase [101]. Finally,
we note that NCCIT cells are related to ES cells, which
raises another question, when the process of aging
actually begins, before it manifests phenotypically. It has
been shown extremely recently that aging may begin as
early as embryogenesis, when IGF-1 switches cells from
pluripotency to differentiation and its levels decline and
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miR-675 levels increase [102]. Our results are also
consistent with this hypothesis.

The presented results from progeroid syndromes thus
strengthen the hypothesis that stem cell aging is a key
event in the overall aging of the organism. However,
several caveats should be noted. First, NCCIT cells are
not true stem cells. Thus, it will be necessary to
reinvestigate the WRNp role in normal adult stem cells.
The second caveat applies to all progeroid syndromes
and it is that it is not yet clear that the premature “aging”
we observe in these diseases is a faithful model of and
recapitulates normal aging. Nevertheless, the stem cell
link observed in these studies should focus our attention
on the stem cell role in aging of normal organisms.

Perspectives

The new findings regarding the role of stem cells in
aging give rise to new important questions. One critical,
still unresolved issue, is the degree to which aging of
stem cells contributes to the overall aging process of
humans. The second question is what molecular
mechanism underlies stem cell aging. What is the
contribution of epigenetic changes? Cellular levels of
telomerase? Status of DNA repairs in aged stem cells? A
third question is how do the niche stem cells that reside
in influence aging of stem cells, and vice versa. Finally,
are there systemic factors that could delay or accelerate
stem cell aging? Regenerative medicine, which aims to
restore organ function, puts a lot of hopes into stem cell
approaches. Yet, the questions outlined above and
answers to them will largely determine the success or
failure of these approaches. One example is a
transplantation of young stem cells into an aged niche.
Since the status of the niche may impact the success of
this approach, it may be necessary to determine the
overall suitability of the niche prior to the transplant.
Conversely, a potential role of epigenetic modifications
in stem cell aging may lead to development of
approaches where these modifications can be altered in
the aged stem cells in situ, and these cells regenerated,
without a need for stem cell transplant. In summary, new
stem cell findings provide new perspectives and should
stimulate new research on stem cells and aging, which
can potentially result in breakthrough treatments and
lifespan extension.

Conflict Of Interest Statement
Authors declare no competing interests.

References

(1]
(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Goyns MH (2002). Genes, telomeres and mammalian
ageing. Mech Ageing Dev, 123: 791-799

Li H, Mitchell JR and Hasty P (2008). DNA double-
strand breaks: a potential causative factor for
mammalian aging? Mech Ageing Dev, 129: 416-424
Rodriguez-Rodero S, Fernandez-Morera JL, Fernandez
AF, Menendez-Torre E and Fraga MF Epigenetic
regulation of aging. Discov Med, 10: 225-233

Do JT and Scholer HR (2009). Regulatory circuits
underlying pluripotency and reprogramming. Trends
Pharmacol Sci, 30: 296-302

Okita K and Yamanaka S (2006). Intracellular
signaling pathways regulating pluripotency of
embryonic stem cells. Curr Stem Cell Res Ther, 1: 103-
111

Woolthuis CM, de Haan G and Huls G Aging of
hematopoietic stem cells: Intrinsic changes or micro-
environmental effects? Curr Opin Immunol, 23: 512-
517

Kim M, Moon HB and Spangrude GJ (2003). Major
age-related changes of mouse hematopoietic
stem/progenitor cells. Ann N Y Acad Sci, 996: 195-208
Rossi DJ, Bryder D, Zahn JM, Ahlenius H, Sonu R,
Wagers AJ and Weissman IL (2005). Cell intrinsic
alterations underlie hematopoietic stem cell aging. Proc
Natl Acad Sci U S A, 102: 9194-9199

Sudo K, Ema H, Morita Y and Nakauchi H (2000).
Age-associated characteristics of murine hematopoietic
stem cells. J Exp Med, 192: 1273-1280

Beerman I, Maloney WJ, Weissmann IL and Rossi DJ
Stem cells and the aging hematopoietic system. Curr
Opin Immunol, 22: 500-506

Chambers SM, Shaw CA, Gatza C, Fisk CJ,
Donehower LA and Goodell MA (2007). Aging
hematopoietic stem cells decline in function and exhibit
epigenetic dysregulation. PLoS Biol, 5: €201

Morrison SJ, Wandycz AM, Akashi K, Globerson A
and Weissman IL (1996). The aging of hematopoietic
stem cells. Nat Med, 2: 1011-1016

Taraldsrud E, Grogaard HK, Solheim S, Lunde K,
Floisand Y, Arnesen H, Seljeflot | and Egeland T
(2009). Age and stress related phenotypical changes in
bone marrow CD34+ cells. Scand J Clin Lab Invest,
69: 79-84

Challen GA, Boles NC, Chambers SM and Goodell
MA Distinct hematopoietic stem cell subtypes are
differentially requlated by TGF-betal. Cell Stem Cell,
6: 265-278

Cho RH, Sieburg HB and Muller-Sieburg CE (2008). A
new mechanism for the aging of hematopoietic stem
cells: aging changes the clonal composition of the stem
cell compartment but not individual stem cells. Blood,
111: 5553-5561

Roeder I, Horn K, Sieburg HB, Cho R, Muller-Sieburg
C and Loeffler M (2008). Characterization and
guantification of clonal heterogeneity among
hematopoietic stem cells: a model-based approach.
Blood, 112: 4874-4883

Aging and Disease * Volume 3, Number 3, June 2012

265



J.A. Smith and R. Daniel

Stem Cells and Aging

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

Wang J, Geiger H and Rudolph KL Immunoaging
induced by hematopoietic stem cell aging. Curr Opin
Immunol, 23: 532-536

Deng J, Petersen BE, Steindler DA, Jorgensen ML and
Laywell ED (2006). Mesenchymal stem cells
spontaneously express neural proteins in culture and
are neurogenic after transplantation. Stem Cells, 24:
1054-1064

Engler AJ, Sen S, Sweeney HL and Discher DE (2006).
Matrix elasticity directs stem cell lineage specification.
Cell, 126: 677-689

Petersen BE, Bowen WC, Patrene KD, Mars WM,
Sullivan AK, Murase N, Boggs SS, Greenberger JS and
Goff JP (1999). Bone marrow as a potential source of
hepatic oval cells. Science, 284; 1168-1170.

Pittenger MF, Mackay AM, Beck SC, Jaiswal RK,
Douglas R, Mosca JD, Moorman MA, Simonetti DW,
Craig S and Marshak DR (1999). Multilineage
potential of adult human mesenchymal stem cells.
Science, 284: 143-147

Smith JR, Pochampally R, Perry A, Hsu SC and
Prockop DJ (2004). Isolation of a highly clonogenic
and multipotential subfraction of adult stem cells from
bone marrow stroma. Stem Cells, 22: 823-831

Sethe S, Scutt A and Stolzing A (2006). Aging of
mesenchymal stem cells. Ageing Res Rev, 5: 91-116
Chen TL (2004). Inhibition of growth and
differentiation of osteoprogenitors in mouse bone
marrow stromal cell cultures by increased donor age
and glucocorticoid treatment. Bone, 35: 83-95

Knopp E, Troiano N, Bouxsein M, Sun BH, Lostritto
K, Gundberg C, Dziura J and Insogna K (2005). The
effect of aging on the skeletal response to intermittent
treatment with parathyroid hormone. Endocrinology,
146: 1983-1990

SunY, Li W, Lu Z, Chen R, Ling J, Ran Q, Jilka RL
and Chen XD Rescuing replication and osteogenesis of
aged mesenchymal stem cells by exposure to a young
extracellular matrix. FASEB J, 25: 1474-1485

Hunt DP, Morris PN, Sterling J, Anderson JA,
Joannides A, Jahoda C, Compston A and Chandran S
(2008). A highly enriched niche of precursor cells with
neuronal and glial potential within the hair follicle
dermal papilla of adult skin. Stem Cells, 26: 163-172
Fernandes KJ, McKenzie 1A, Mill P, Smith KM,
Akhavan M, Barnabe-Heider F, Biernaskie J, Junek A,
Kobayashi NR, Toma JG, Kaplan DR, Labosky PA,
Rafuse V, Hui CC and Miller FD (2004). A dermal
niche for multipotent adult skin-derived precursor cells.
Nat Cell Biol, 6: 1082-1093

Fernandes KJ, Toma JG and Miller FD (2008).
Multipotent skin-derived precursors: adult neural crest-
related precursors with therapeutic potential. Philos
Trans R Soc Lond B Biol Sci, 363; 185-198

Gago N, Perez-Lopez V, Sanz-Jaka JP, Cormenzana P,
Eizaguirre |, Bernad A and lzeta A (2009). Age-
dependent depletion of human skin-derived progenitor
cells. Stem Cells, 27: 1164-1172

(31]

(32]

(33]

[34]

[35]

(36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Racila D and Bickenbach JR (2009). Are epidermal
stem cells unique with respect to aging? Aging (Albany
NY), 1: 746-750

Heiss C, Keymel S, Niesler U, Ziemann J, Kelm M and
Kalka C (2005). Impaired progenitor cell activity in
age-related endothelial dysfunction. J Am Coll Cardiol,
45: 1441-1448

Asahara T, Murohara T, Sullivan A, Silver M, van der
Zee R, Li T, Witzenbichler B, Schatteman G and Isner
JM (1997). Isolation of putative progenitor endothelial
cells for angiogenesis. Science, 275: 964-967

Reyes M, Dudek A, Jahagirdar B, Koodie L, Marker
PH and Verfaillie CM (2002). Origin of endothelial
progenitors in human postnatal bone marrow. J Clin
Invest, 109: 337-346

Brack AS and Rando TA (2007). Intrinsic changes and
extrinsic influences of myogenic stem cell function
during aging. Stem Cell Rev, 3: 226-237

Jones DL and Rando TA Emerging models and
paradigms for stem cell ageing. Nat Cell Biol, 13: 506-
512

Brack AS, Conboy MJ, Roy S, Lee M, Kuo CJ, Keller
C and Rando TA (2007). Increased Wnt signaling
during aging alters muscle stem cell fate and increases
fibrosis. Science, 317: 807-810

Conboy IM, Conboy MJ, Smythe GM and Rando TA
(2003). Notch-mediated restoration of regenerative
potential to aged muscle. Science, 302: 1575-1577
Olovnikov AM (1973). A theory of marginotomy. The
incomplete copying of template margin in enzymic
synthesis of polynucleotides and biological significance
of the phenomenon. J Theor Biol, 41: 181-190

de Lange T (2005). Shelterin: the protein complex that
shapes and safeguards human telomeres. Genes Dev,
19: 2100-2110

Donate LE and Blasco MA Telomeres in cancer and
ageing. Philos Trans R Soc Lond B Biol Sci, 366: 76-
84

Vaziri H and Benchimol S (1996). From telomere loss
to p53 induction and activation of a DNA-damage
pathway at senescence: the telomere loss/DNA damage
model of cell aging. Exp Gerontol, 31: 295-301
Zimmermann S and Martens UM (2005). Telomere
dynamics in hematopoietic stem cells. Curr Mol Med,
5:179-185

Blasco MA, Funk W, Villeponteau B and Greider CW
(1995). Functional characterization and developmental
regulation of mouse telomerase RNA. Science, 269:
1267-1270

Blasco MA, Lee HW, Hande MP, Samper E, Lansdorp
PM, DePinho RA and Greider CW (1997). Telomere
shortening and tumor formation by mouse cells lacking
telomerase RNA. Cell, 91: 25-34

Herrera E, Samper E, Martin-Caballero J, Flores JM,
Lee HW and Blasco MA (1999). Disease states
associated with telomerase deficiency appear earlier in
mice with short telomeres. EMBO J, 18: 2950-2960
Lee HW, Blasco MA, Gottlieb GJ, Horner JW, 2nd,
Greider CW and DePinho RA (1998). Essential role of

Aging and Disease * Volume 3, Number 3, June 2012

266



J.A. Smith and R. Daniel

Stem Cells and Aging

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

mouse telomerase
Nature, 392: 569-574
Siegl-Cachedenier I, Flores I, Klatt P and Blasco MA
(2007). Telomerase reverses epidermal hair follicle
stem cell defects and loss of long-term survival
associated with critically short telomeres. J Cell Biol,
179: 277-290

Flores I, Cayuela ML and Blasco MA (2005). Effects
of telomerase and telomere length on epidermal stem
cell behavior. Science, 309: 1253-1256

Freitas AA and de Magalhaes JP A review and
appraisal of the DNA damage theory of ageing. Mutat
Res, 728: 12-22

Kenyon J and Gerson SL (2007). The role of DNA
damage repair in aging of adult stem cells. Nucleic
Acids Res, 35: 7557-7565

Liu J, Cao L and Finkel T (2011). Oxidants,
metabolism, and stem cell biology. Free radical biology
& medicine, 51: 2158-2162

Lee JW, Harrigan J, Opresko PL and Bohr VA (2005).
Pathways and functions of the Werner syndrome
protein. Mech Ageing Dev, 126: 79-86

Hasty P, Campisi J, Hoeijmakers J, van Steeg H and
Vijg J (2003). Aging and genome maintenance: lessons
from the mouse? Science, 299: 1355-1359

Rotman G and Shiloh Y (1997). Ataxia-telangiectasia:
is ATM a sensor of oxidative damage and stress?
Bioessays, 19: 911-917

Nijnik A, Woodbine L, Marchetti C, Dawson S, Lambe
T, Liu C, Rodrigues NP, Crockford TL, Cabuy E,
Vindigni A, Enver T, Bell JI, Slijepcevic P, Goodnow
CC, Jeggo PA and Cornall RJ (2007). DNA repair is
limiting for haematopoietic stem cells during ageing.
Nature, 447: 686-690

Qing Y, Lin Y and Gerson SL (2011). An intrinsic BM
hematopoietic niche occupancy defect of HSC in scid
mice facilitates exogenous HSC engraftment. Blood,
Bender CF, Sikes ML, Sullivan R, Huye LE, Le Beau
MM, Roth DB, Mirzoeva OK, Oltz EM and Petrini JH
(2002). Cancer predisposition and hematopoietic
failure in Rad50(S/S) mice. Genes Dev, 16: 2237-2251
Ilto K, Hirao A, Arai F, Matsuoka S, Takubo K,
Hamaguchi I, Nomiyama K, Hosokawa K, Sakurada K,
Nakagata N, lkeda Y, Mak TW and Suda T (2004).
Regulation of oxidative stress by ATM is required for
self-renewal of haematopoietic stem cells. Nature, 431:
997-1002

Rossi DJ, Bryder D, Seita J, Nussenzweig A,
Hoeijmakers J and Weissman IL (2007). Deficiencies
in DNA damage repair limit the function of
haematopoietic stem cells with age. Nature, 447: 725-
729

Sasaki T, Maier B, Bartke A and Scrable H (2006).
Progressive loss of SIRT1 with cell cycle withdrawal.
Aging Cell, 5: 413-422

Sommer M, Poliak N, Upadhyay S, Ratovitski E,
Nelkin BD, Donehower LA and Sidransky D (2006).
DeltaNp63alpha overexpression induces
downregulation of Sirtl and an accelerated aging
phenotype in the mouse. Cell Cycle, 5: 2005-2011

in highly proliferative organs.

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

(78]

[79]

Haigis MC and Guarente LP (2006). Mammalian
sirtuins--emerging roles in physiology, aging, and
calorie restriction. Genes Dev, 20: 2913-2921

Kennedy BK, Austriaco NR, Jr., Zhang J and Guarente
L (1995). Mutation in the silencing gene SIR4 can
delay aging in S. cerevisiae. Cell, 80: 485-496

Longo VD and Kennedy BK (2006). Sirtuins in aging
and age-related disease. Cell, 126: 257-268

Calvanese V, Lara E, Kahn A and Fraga MF (2009).
The role of epigenetics in aging and age-related
diseases. Ageing Res Rev, 8: 268-276

Sedivy JM, Banumathy G and Adams PD (2008).
Aging by epigenetics--a consequence of chromatin
damage? Exp Cell Res, 314: 1909-1917

Bracken AP, Kleine-Kohlbrecher D, Dietrich N, Pasini
D, Gargiulo G, Beekman C, Theilgaard-Monch K,
Minucci S, Porse BT, Marine JC, Hansen KH and
Helin K (2007). The Polycomb group proteins bind
throughout the INK4A-ARF locus and are
disassociated in senescent cells. Genes Dev, 21: 525-
530

Sarg B, Koutzamani E, Helliger W, Rundquist | and
Lindner HH (2002). Postsynthetic trimethylation of
histone H4 at lysine 20 in mammalian tissues is
associated with aging. J Biol Chem, 277: 39195-39201
Narita M, Nunez S, Heard E, Lin AW, Hearn SA,
Spector DL, Hannon GJ and Lowe SW (2003). Rb-
mediated heterochromatin formation and silencing of
E2F target genes during cellular senescence. Cell, 113:
703-716

Berdyshev GD, Korotaev GK, Boiarskikh GV and
Vaniushin BF (1967). [Nucleotide composition of
DNA and RNA from somatic tissues of humpback and
its changes during spawning]. Biokhimiia, 32: 988-993
Esteller M (2007). Cancer epigenomics: DNA
methylomes and histone-modification maps. Nat Rev
Genet, 8: 286-298

Esteller M (2008). Epigenetics in cancer. N Engl J
Med, 358: 1148-1159

Maegawa S, Hinkal G, Kim HS, Shen L, Zhang L,
Zhang J, Zhang N, Liang S, Donehower LA and lIssa JP
Widespread and tissue specific age-related DNA
methylation changes in mice. Genome Res, 20: 332-
340

Swan M Steady advance of stem cell therapies: report
from the 2011 World Stem Cell Summit, Pasadena,
California, October 3-5. Rejuvenation Res, 14: 699-704
Trowbridge JJ, Snow JW, Kim J and Orkin SH (2009).
DNA methyltransferase 1 is essential for and uniquely
regulates hematopoietic stem and progenitor cells. Cell
Stem Cell, 5: 442-449

Li Z, Liu C, Xie Z, Song P, Zhao RC, Guo L, Liu Z
and Wu Y Epigenetic dysregulation in mesenchymal
stem cell aging and spontaneous differentiation. PLoS
One, 6: 20526

Kirkwood TB (1977). Evolution of ageing. Nature,
270: 301-304

Rando TA (2006). Stem cells, ageing and the quest for
immortality. Nature, 441: 1080-1086

Aging and Disease * Volume 3, Number 3, June 2012

267



J.A. Smith and R. Daniel

Stem Cells and Aging

(80]

(81]

(82]

(83]

(84]

[85]

[86]

(87]

(88]

(89]

[90]

Marion RM and Blasco MA (2010). Telomere
rejuvenation during nuclear reprogramming. Curr Opin
Genet Dev, 20: 190-196

Mauch P, Botnick LE, Hannon EC, Obbagy J and
Hellman S (1982). Decline in bone marrow
proliferative capacity as a function of age. Blood, 60:
245-252

Mayack SR, Shadrach JL, Kim FS and Wagers AJ
Systemic signals regulate ageing and rejuvenation of
blood stem cell niches. Nature, 463: 495-500

DeBusk FL (1972). The Hutchinson-Gilford progeria
syndrome. Report of 4 cases and review of the
literature. J Pediatr, 80: 697-724

Merideth MA, Gordon LB, Clauss S, Sachdev V, Smith
AC, Perry MB, Brewer CC, Zalewski C, Kim HJ,
Solomon B, Brooks BP, Gerber LH, Turner ML,
Domingo DL, Hart TC, Graf J, Reynolds JC, Gropman
A, Yanovski JA, Gerhard-Herman M, Collins FS,
Nabel EG, Cannon RO, 3rd, Gahl WA and Introne WJ
(2008). Phenotype and course of Hutchinson-Gilford
progeria syndrome. N Engl J Med, 358: 592-604
Broers JL, Ramaekers FC, Bonne G, Yaou RB and
Hutchison CJ (2006). Nuclear lamins: laminopathies
and their role in premature ageing. Physiol Rev, 86:
967-1008

De Sandre-Giovannoli A, Bernard R, Cau P, Navarro
C, Amiel J, Boccaccio I, Lyonnet S, Stewart CL,
Munnich A, Le Merrer M and Levy N (2003). Lamin a
truncation in Hutchinson-Gilford progeria. Science,
300: 2055

Eriksson M, Brown WT, Gordon LB, Glynn MW,
Singer J, Scott L, Erdos MR, Robbins CM, Moses TY,
Berglund P, Dutra A, Pak E, Durkin S, Csoka AB,
Boehnke M, Glover TW and Collins FS (2003).
Recurrent de novo point mutations in lamin A cause
Hutchinson-Gilford progeria syndrome. Nature, 423:
293-298

Scaffidi P and Misteli T (2008). Lamin A-dependent
misregulation of adult stem cells associated with
accelerated ageing. Nat Cell Biol, 10: 452-459

Sagelius H, Rosengardten Y, Hanif M, Erdos MR,
Rozell B, Collins FS and Eriksson M (2008). Targeted
transgenic expression of the mutation causing
Hutchinson-Gilford progeria syndrome leads to
proliferative and degenerative epidermal disease. J Cell
Sci, 121: 969-978

Rosengardten Y, McKenna T, Grochova D and
Eriksson M Stem cell depletion in Hutchinson-Gilford
progeria syndrome. Aging Cell, 10: 1011-1020

[91]

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

Orren DK (2006). Werner syndrome: molecular
insights into the relationships between defective DNA
metabolism, genomic instability, cancer and aging.
Front Biosci, 11: 2657-2671

Gray MD, Shen JC, Kamath-Loeb AS, Blank A,
Sopher BL, Martin GM, Oshima J and Loeb LA
(1997). The Werner syndrome protein is a DNA
helicase. Nat Genet, 17: 100-103

Hickson ID (2003). RecQ helicases: caretakers of the
genome. Nat Rev Cancer, 3: 169-178

Chang S, Multani AS, Cabrera NG, Naylor ML, Laud
P, Lombard D, Pathak S, Guarente L and DePinho RA
(2004). Essential role of limiting telomeres in the
pathogenesis of Werner syndrome. Nat Genet, 36: 877-
882

Bohr VA (2008). Rising from the RecQ-age: the role of
human RecQ helicases in genome maintenance. Trends
Biochem Sci, 33: 609-620

Turaga RV, Massip L, Chavez A, Johnson FB and
Lebel M (2007). Werner syndrome protein prevents
DNA breaks upon chromatin structure alteration. Aging
Cell, 6: 471-481

Damjanov |, Horvat B and Gibas Z (1993). Retinoic
acid-induced differentiation of the developmentally
pluripotent human germ cell tumor-derived cell line,
NCCIT. Lab Invest, 68: 220-232

Dahl JA and Collas P (2007). A quick and quantitative
chromatin immunoprecipitation assay for small cell
samples. Front Biosci, 12: 4925-4931

Feldman N, Gerson A, Fang J, Li E, Zhang Y, Shinkai
Y, Cedar H and Bergman Y (2006). G9a-mediated
irreversible epigenetic inactivation of Oct-3/4 during
early embryogenesis. Nat Cell Biol, 8: 188-194

Schotta G, Lachner M, Sarma K, Ebert A, Sengupta R,
Reuter G, Reinberg D and Jenuwein T (2004). A
silencing pathway to induce H3-K9 and H4-K20
trimethylation at constitutive heterochromatin. Genes
Dev, 18: 1251-1262

Michishita E, McCord RA, Berber E, Kioi M, Padilla-
Nash H, Damian M, Cheung P, Kusumoto R,
Kawahara TL, Barrett JC, Chang HY, Bohr VA, Ried
T, Gozani O and Chua KF (2008). SIRT6 is a histone
H3 lysine 9 deacetylase that modulates telomeric
chromatin. Nature, 452: 492-496

Hinault C, Kawamori D, Liew CW, Maier B, Hu J,
Keller SR, Mirmira RG, Scrable H and Kulkarni RN
(2011). Deltad40 Isoform of p53 controls beta-cell
proliferation and glucose homeostasis in mice.
Diabetes, 60: 1210-1222

Aging and Disease * Volume 3, Number 3, June 2012

268



