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Abstract
Tissue homeostasis and regenerative capacity rely on rare populations of somatic stem cells
endowed with the potential to self-renew and differentiate. During aging, many tissues show a
decline in regenerative potential coupled with a loss of stem cell function. Cells including somatic
stem cells have evolved a series of checks and balances to sense and repair cellular damage to
maximize tissue function. However, during aging the mechanisms that protect normal cell
function begin to fail. In this review, we will discuss how common cellular mechanisms that
maintain tissue fidelity and organismal lifespan impact somatic stem cell function. We will
highlight context-dependent changes and commonalities that define aging, by focusing on three
age-sensitive stem cell compartments: blood, neural, and muscle. Understanding the interaction
between extrinsic regulators and intrinsic effectors that operate within different stem cell
compartments is likely to have important implications for identifying strategies to improve health
span and treat age-related degenerative diseases.

1. INTRODUCTION
Aging leads to profound effects on many, if not all tissues of the body, including muscle
weakness (Lang et al., 2010), graying and loss of hair (Nishimura, Granter, & Fisher, 2005),
a decline in cognition (Bishop, Lu, & Yankner, 2010), and impaired immune function
(Geiger, de Haan, & Florian, 2013). The regenerative response of tissues after injury is often
delayed leading to slower repair of parenchyma that is commonly replaced by accumulation
of adipogenic or fibrogenic accumulation (Kapetanaki, Mora, & Rojas, 2013).

Maintenance and repair of many adult tissues rely on stem cells. These cells reside at the top
of a cellular hierarchy endowed with the ability to self-renew and differentiate, whereas their
downstream progeny is restricted to replenishing the differentiated tissue (Orford &
Scadden, 2008; Simons & Clevers, 2011). Stem cells spend relatively long periods of time in
a quiescent state compared to their progeny, which proliferate to produce numerous
differentiated cells that replace or repair the tissue throughout the lifespan of the organism
(Li & Clevers, 2010; Orford & Scadden, 2008). In response to increased demand such as
growth or regeneration after injury, stem cells break from quiescence, enter the cell cycle,
and divide either symmetrically or asymmetrically to replace the stem cell pool and the
committed progenitor pool. To avoid abnormal growth or loss of tissues, the balance
between production of stem cells and differentiated progeny needs to be tightly regulated.
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Multiple levels of cell autonomous and extrinsic factors tightly control fate decisions of stem
cells. For example, a specialized microenvironment, also known as the stem cell niche,
provides extrinsic signals in the form of paracrine or juxtacrine signaling that is essential for
maintenance of stem cell function and restricting stem cell numbers (Li & Clevers, 2010;
Morrison & Spradling, 2008). It is possible that extrinsic signals derived from the local
niche and systemic environment shape the epigenetic landscape of the stem cell, which
influences gene expression to dictate stem cell fate (Pollina & Brunet, 2011).

Recent technological advances in genetic reporters and cell surface marker detection have
revealed a greater complexity in stem cell populations than previously anticipated (Grompe,
2012; Simons & Clevers, 2011). Across different niches, stem cells with a restricted
proliferative history, termed slow dividing stem cells, are endowed with high self-renewing
potential compared with stem cells from the same tissue that have undergone more divisions
during their history (Chakkalakal, Jones, Basson, & Brack, 2012; Foudi et al., 2009; Wilson
et al., 2008; Zhang, Cheong, Ciapurin, McDermitt, & Tumbar, 2009). That slow dividing
cell give rise to frequently dividing cells, but not vice versa, demonstrates a hierarchical
relationship that is controlled by or correlated with proliferative output. As the markers to
define stem cells increase, the degree of heterogeneity within a population is becoming
appreciated. Within the same tissue, subsets of stem cells can be indiscriminately identified
that are biased to differentiate into distinct cell types, albeit restricted in the same
developmental lineage. Due to this level of complexity, it is possible that changes in
function between two points (i.e., adult and aged) are a feature of extrinsic and intrinsic
changes in all stem cells or the expansion of biased subsets over others.

Studies on stem cell aging and the molecular regulation of lifespan were pioneered in
nonmammalian systems (Jones & Rando, 2011; Kenyon, 2010). In Drosophila, the number
of stem cells in the testis and ovary declines during aging, due in part to age-dependent
changes in the niche (Boyle, Wong, Rocha, & Jones, 2007; Pan et al., 2007). Moreover,
deregulation of Notch/JNK (Jun-activated kinase) signaling during aging causes loss of
intestinal tissue homeostasis through overproliferation and inappropriate differentiation of
intestinal stem cells (ISCs) (Biteau, Hochmuth, & Jasper, 2008). Remarkably, reducing
proliferation of ISCs through repression of insulin-like growth factor (IGF) and JNK stress
pathways demonstrates an inverse correlation between lifespan and ISC proliferation.
Maximal lifespan was achieved when ISC proliferation was reduced, which correlated with
improved metabolic homeostasis of aged Drosophila (Biteau et al., 2010). This
demonstrates a direct link between lifespan and stem cell activity, at least in the intestine.
Moreover, stem cell function and lifespan are affected by metabolic and epigenetic factors
that change with age (Bratic & Larsson, 2013; Eijkelenboom & Burgering, 2013; Laplante
& Sabatini, 2012; Pollina & Brunet, 2011).

At the organismal level, aging is based on a chronological clock. At the cellular level, age
can be broken down into two components, replicative and chronological age. Replicative
age relates to the proliferative output of stem cells during their history. Chronological aging
is linked to the age of the intracellular constituents of stem cells. Hierarchically upstream
stem cells are widely considered restricted in their proliferative output compared to
downstream progenitors. Therefore, aging of quiescent stem cells occurs primarily on a
chronological clock, whereas the age of downstream progeny is based on a replicative clock.

During each round of division a cell has to faithfully copy its DNA, repair any errors, and
transcribe and translate proteins necessary for ensuring the appropriate fate and functionality
of the cell. Each of these processes is error prone and demands high-fidelity repair processes
and functional checkpoints. In the absence of replication, the cellular constituents may be
the same age as the organism itself. In a nonreplicating cell, the cellular constituents must
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repair faulty DNA and remove damaged and misfolded proteins that are normally cleared
through cell division to avoid protein toxicity. Whether a stem cell ages on a chronological
or replicative clock will affect the cellular damage and repair processes that are invoked,
which ultimately may impact the aging phenotype of the stem cell.

In the mammalian organism, it is unquestionable that tissue homeostasis and regenerative
capacity decline during aging. It is clear that age-dependent stem cell dysfunction can
manifest in many forms, such as depletion of available stem cells, deregulation of cell fate,
that is, loss of self-renewal and/or differentiation, increased apoptosis, and senescence.
However age-dependent changes across different niches are not conserved. For example, as
we discuss later, the number of skeletal muscle stem cells and neural stem cells (NSCs)
decreases, whereas the number of blood forming stem cells is maintained during aging.
These differences may reflect the extent of accrued damage, the capacity to repair, or the
ability to persist in spite of damage. It is noteworthy that the defects that impact stem cell
function with age are unique to stem cells, such as impaired self-renewal potential; however,
some changes such as apoptosis or senescence may be generalizable to all types of somatic
cells during aging and organismal lifespan.

In this review, we discuss the mechanisms and consequences of cellular and organismal
aging that are used reiteratively in the regulation of mammalian somatic stem cells. We also
highlight the common and context-specific age-dependent changes of stem cell function by
focusing on three paradigmatic stem cell populations: blood, neural, and skeletal muscle,
due to their previously characterized aged phenotypes.

2. MOLECULAR PLAYERS OF CELLULAR AGING
In this section, we outline the cell-intrinsic mechanisms and extrinsic modifiers that have
been demonstrated to control cellular aging (Fig. 14.1).

2.1. Genome
DNA is relatively unstable and prone to DNA mutations through by-products of cellular
metabolism such as reactive oxygen species (ROS) and environmentally induced lesions
such as exposure to ultraviolet (UV) or irradiation (IR). Accumulation of irreversible
genomic DNA damage has been implicated as a prominent cause of aging (Eijkelenboom &
Burgering, 2013; Kenyon, 2010; Sperka, Wang, & Rudolph, 2012). The WRN (Werner
syndrome ATP-dependent) helicase and ATM (Ataxia Telangiectasia Mutated) kinase are
essential for DNA repair. Deletion of either leads to a premature aging phenotype in mice
(Lombard et al., 2000; Wong et al., 2003).

Maintenance of genomic integrity and fidelity is dependent on protective DNA repair
mechanisms. ROS-induced damage is repaired by base excision repair, whereas repair of
double strand breaks (DSBs) after IR is achieved by nucleotide excision repair (Blanpain,
Mohrin, Sotiropoulou, & Passegue, 2011). Cells invoke distinct methods to repair DSBs
depending on the cell cycle status; quiescent cells are repaired by non-homologous end
joining (NHEJ), proliferating cells are repaired by homologous recombination (HR).
Therefore, due to their quiescent nature, somatic stem cells may rely on NHEJ for repair.
NHEJ is a more error-prone repair mechanism, as it does not rely on the other intact DNA
strand as a template. Therefore, it is possible that the quiescent state of stem cells may
increase their likelihood of accumulating DNA damage and impacting stem cell function;
however, it is also possible that when the quiescent stem cell enters the cell cycle any
damage will be repaired using HR.
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Telomere integrity is cited as a major regulator of lifespan longevity (Flores et al., 2008;
Vaziri & Benchimol, 1996). Age-associated telomere reduction has been shown to threaten
chromosome integrity of highly proliferative aging tissues (Vaziri & Benchimol, 1996). A
gradual decline of telo-mere length with age has been observed in mouse (Flores et al.,
2008) and human tissues (Harley, Futcher, & Greider, 1990). Further evidence supports the
notion that age-related decrease in telomere length could occur through loss of telomerase,
which maintains telomere length. Telomerase mutations, which are found in patients with
dyskeratosis congenita, who have shorter telomeres, show a premature aging phenotype
(Mitchell, Wood, & Collins, 1999). In a mouse model, loss of telomerase promotes lineage
skewedness, which is one of the aging phenotypes in HSCs (hematopoietic stem cells) (Ju et
al., 2007). Overexpression of telomerase delays the appearance of age-dependent
phenotypes and shows cancer resistance (Tomas-Loba et al., 2008). These studies show that
shortened telomeres or a deficit in telomerase function can cause a functional decline of
tissues. Therefore, the proliferative output and levels of telomerase will influence the
contribution of telomere biology to stem cell decline during aging.

Accumulation of DNA damage results in a cell checkpoint response, involving the
upregulation of cell cycle inhibitors, such as p16Ink4a, p19Arf, and p53 that leads to cell
cycle arrest, senescence, apoptosis, or differentiation (Signer & Morrison, 2013; Sperka et
al., 2012). p16Ink4a, p19Arf, and p53 are increased with age (Sahin & DePinho, 2012; Sperka
et al., 2012) and their loss is associated with tumor incidence (Kemp, Donehower, Bradley,
& Balmain, 1993; Matheu et al., 2007). Intuitively, higher expression of tumor suppressors
may be associated with increased incidences of cancers with age as a compensatory
mechanism to prevent the prevalence of tumors (Matheu et al., 2007). Insufficiency of
BubR1, which is one of the major components of the mitotic checkpoint for spindle
assembly, increases expression of both p16Ink4a and p19Arf that causes premature aging by
progressively increased aneuploidy and senescence (Baker et al., 2004). As expected, loss of
p16Ink4a attenuates age-dependent decline in proliferation and function of stem cells (Janzen
et al., 2006; Krishnamurthy et al., 2006; Molofsky et al., 2006). In contrast to differentiated
tissue, there is a scarcity of data showing that senescence occurs to stem cells in vivo.
Interestingly, the influence of senescent cells on tissue homeostasis may be through their
influence on neighboring cells via secretion of paracrine factors (Burtner & Kennedy, 2010;
Campisi, 2005; Krishnamurthy et al., 2004).

2.2. Mitochondrial DNA mutation
Oxidative phosphorylation in the mitochondrial electron transport chain generates ROS,
which is highly reactive and toxic to mitochondrial (mt) DNA, leads to a decline in
mitochondrial functions (Kujoth et al., 2005; Trifunovic et al., 2004). With age, increased
levels of ROS have been observed along with dysfunctional mitochondria and considered as
a cause of aging (Bratic & Larsson, 2013; Trifunovic et al., 2004).

Can mtDNA mutations affect lifespan and aging? Homozygous knock-in mice engineered to
express mtDNA polymerase that have defective proof-reading, show increased mtDNA
point mutations and deletions, which is associated with reduced lifespan and premature
aging phenotypes (Kujoth et al., 2005; Trifunovic et al., 2004). In addition, mice that lack
mtDNA polymerase exonuclease display neural and hematopoietic progenitor dysfunction
and a progeria phenotype (Ahlqvist et al., 2012). In contrast, introduction of random point
mutations in mtDNA to a mouse model was not sufficient to reduce lifespan (Edgar et al.,
2009). Therefore, the extent of mtDNA damage or the specific mutation in the mitochondrial
genome will influence the impact to the stem cell.
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2.3. Epigenome
The epigenetic code enables cells to receive and remember environmentally induced signals
to create a more stable state (Cavalli & Paro, 1998; Grewal & Klar, 1996). DNA
methylation and histone modifications provide transient regulation of gene expression, but
not through the DNA sequence itself. The identification of specific enzymes that balance
these modifications suggests that modulation of the epigenome may influence stem cell fate
and the aging process.

Histone acetylases and deacetylases add and remove acetyl groups on histones, respectively.
Sirtuins (Sirt) are a family of histone deacetylases that have been shown to regulate
organismal lifespan as well as oxidative stress and DNA damages (Kaeberlein, McVey, &
Guarente, 1999; Kennedy, Austriaco, Zhang, & Guarente, 1995; Mostoslavsky et al., 2006;
Rodgers et al., 2005). Sirt1 and Sirt2 have been implicated in life extension in different
model organisms (Kaeberlein et al., 1999; Kennedy et al., 1995). However, moderate
overexpression of Sirt1 in mice was not sufficient to increase lifespan (Herranz et al., 2010).
In contrast, overexpression of Sirt6 extends lifespan of male mice by regulating the IGF
signaling pathway (Kanfi et al., 2012), which has a key role in aging (Kenyon, 2010).

Histone methylation also plays a role in aging. The ASH-2 trithorax complex 9, which
trimethylates H3K4, is a lifespan regulator in Caenorhabditis elegans. Deficiencies in the
ASH-2 complex and the H3K4 methyltransferase SET-2 are shown to extend worm lifespan
(Greer et al., 2010). Moreover, deficiencies in the ASH-2 complex only in parents can be
inherited to descendants spanning several generations (Greer et al., 2011). Therefore,
ancestral chromatin states may be incompletely reprogrammed and influence gene
expression of descendants during future generations.

Chromatin modifiers have been shown to control cellular proliferation, metabolism, and
even longevity (Florian et al., 2012; Greer et al., 2010; Jacobs, Kieboom, Marino, DePinho,
& van Lohuizen, 1999). The polycomb repressive complex (PRC), which consists of PRC1
(core subunit Bmi1, Cbx, Ring1, and Phc) and PRC2 (structural members including Ezh2,
Eed, and Suz12) directly methylate specific lysines on histones to control levels of gene
expression (Margueron & Reinberg, 2011; Sauvageau & Sauvageau, 2010). Bmi1 has been
related to organismal longevity (Greer et al., 2010), self-renewal and differentiation of HSCs
(Hidalgo et al., 2012; Lessard & Sauvageau, 2003; Park et al., 2003), NSC (Fasano et al.,
2007; Molofsky et al., 2003), lung (Zacharek et al., 2011), prostate (Lukacs, Memarzadeh,
Wu, & Witte, 2010), and epidermal stem cells (Ezhkova et al., 2009). Expression of p16Ink4a

and p19Arf, which are encoded from the Cdkn2a locus, increases with age (Krishnamurthy et
al., 2004). The Ink4a/Arf locus is regulated by PRC1 including Bmi1 (Lessard & Sauvageau,
2003; Lukacs et al., 2010; Molofsky et al., 2003; Park et al., 2003; Zacharek et al., 2011).
Indeed, attenuation of p16Ink4a partially rescues self-renewal functions of stem cells lacking
Bmi1 (Lessard & Sauvageau, 2003; Molofsky et al., 2003; Park et al., 2003; Sauvageau &
Sauvageau, 2010). A recent report shows association of PRC2 with aging phenotypes in
HSCs (Beerman et al., 2013). Given the roles of PRC-mediated transcriptional regulation of
specific genes critical for self-renewal, differentiation, and DNA damage repair in adult
stem cells their contribution would not be surprising.

The addition of methyl groups to specific regions of the DNA sequence suppresses gene
transcription. DNA methylation patterns are controlled by at least three DNA
methyltransferases, DNMT1, DNMT3A, and DNMT3B that catalyze the transfer of a
methyl group to DNA (Smith & Meissner, 2013). Aged tissues show a decrease in DNA
methylation (Maegawa et al., 2010; Pollina & Brunet, 2011). However, specific loci tend to
become hypermethylated (Maegawa et al., 2010). A conditional loss-of-function approach to
delete Dnmt1 from hair follicle stem cells led to stem cell failure and an exaggerated aged
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phenotype to the hair follicles and skin (Li et al., 2012). In addition, inhibition of DNMT1 or
3A in a mesenchymal stem cell population increased cell senescence in vitro, through the
upregulation of cell cycle inhibitors P16Ink4a and p21Cip1/Waf1 (So, Jung, Lee, Kim, & Kang,
2011). Understanding the function of the methylated target genes will be important to
decipher whether global or specific methylation drives stem cell aging.

2.4. Protein homeostasis
Tight regulation of the proteome is required for normal cell function. The accumulation of
misfolded or aggregated proteins can disrupt intracellular signaling cascades and induce
toxicity and apoptosis. In response to stress, cellular homeostasis is achieved by removal of
the cell via apoptosis or removal of damaged macromolecules via autophagy. Autophagy is
a potent repressor of unwanted apoptosis or necrosis possibly through liberation of Bcl-2
(Lee et al., 2009; Pattingre et al., 2005). Removal of unwanted proteins relies on
autophagasomes, chaperones, lysosomes, and ubiquitin-proteasome system (UPS) (Ellis &
Pinheiro, 2002; Hartl, Bracher, & Hayer-Hartl, 2011). Increased protein accumulation in
aged tissues suggests that homeostasis of the proteome is deregulated during aging (Chiti,
Stefani, Taddei, Ramponi, & Dobson, 2003). UPS is one of the main proteolytic
mechanisms to ensure degradation of damaged proteins (Hartl et al., 2011; Rubinsztein,
Marino, & Kroemer, 2011). UPS selectively tags poly-ubiquitin chains on damaged proteins
and degrades the tagged proteins by proteasome complex machinery. During aging,
proteasome activity declines (Conconi, Szweda, Levine, Stadtman, & Friguet, 1996;
Shibatani, Nazir, & Ward, 1996).

Genetic inhibition of autophagy induces premature aging phenotypes. In C. elegans, loss of
members of the autophagy pathway, Atg3 (autophagy-related 3), Atg9, Atg18, and Beclin1,
decrease the lifespan (Toth et al., 2008). In addition, the deletion of Sestrin1 (activator the
AMP-responsive protein kinase and repressor of mTOR pathway) (Lee, Budanov, et al.,
2010), possibly through decreased autophagy, reduces the longevity of Drosophila. In
contrast, overexpression of Atg8 increased Drosophila lifespan (Simonsen et al., 2008). In
mice liver, expression levels of Lamp2a decline with age. Overexpression of hepatocyte-
specific Lamp2a, a key protein in the chaperone-mediated autophagy (CMA) pathway,
prevents the aging-associated defect in CMA, which leads to a reduction in toxic proteins
and aggregates, and apoptotic cells within the liver (Zhang & Cuervo, 2008). These studies
indicate that aging is correlated with a decline in autophagy function.

2.5. Energy metabolism
Mitochondrial and metabolic activity during development and normal aging may influence
life span and rate of aging phenotypes (Sahin & DePinho, 2012; Signer & Morrison, 2013).
The FoxO family of transcription factors, as a part of IGF/mTOR (target of rapamycin)
pathway has been shown to regulate metabolism and oxidative stress by promoting
antioxidant enzymes (Murphy et al., 2003; Wang, Bohmann, & Jasper, 2005). Stimulation of
the IGF pathway induces the PI3K/AKT/mTORC2 pathway, which leads to inactivation of
FoxO due to phosphorylation (Kenyon, 2010). Caloric restriction (CR) has been shown to
increase lifespan in various species from yeast to mammals (Kenyon, 2010; Mair & Dillin,
2008). Although the underlying mechanisms behind lifespan extension are not fully
resolved, recent papers show that CR preserves numbers and functions of stem cells
(Cerletti, Jang, Finley, Haigis, & Wagers, 2012; Yilmaz et al., 2012). Genetic analysis in
rodents shows modulation of TOR pathway is a major effector of CR response. mTOR
exists as two complexes, mTORC1 and mTORC2. As mentioned before, mTORC2 is a
downstream target of IGF-PI3K pathway that activates the Akt-FoxO signaling pathway to
promote cell proliferation and regulate oxidative stress. In contrast, mTORC1 promotes
protein translation, ribosome biogenesis, and regulates autophagy (Laplante & Sabatini,
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2012). Therefore, mTOR influences many critical cellular processes and will likely be
involved in age-associated stem cell decline.

3. EXTRINSIC REGULATION OF AGED CELLULAR AND TISSUE
HOMEOSTASIS

In Section 2, the intrinsic effectors of aged cell function were considered. However, it is
known that tissue-specific stem cells reside in niches. Across different mammalian stem cell
compartments niches have been operationally defined (Morrison & Spradling, 2008). Local
signaling from the niche regulates tissue maintenance by preserving the function of stem
cells. Studies from drosophila have provided direct evidence how local signaling factors
from the niche are required for maintenance of stem cell number and function throughout
life (Boyle et al., 2007; Pan et al., 2007).

In addition to the niche, tissue-specific stem cell niches lie near blood vessels, containing
numerous soluble growth factors and cytokines that can potentially influence stem cell
function. Direct evidence of a systemic influence on stem cell function during aging was
provided using heterochronic parabiosis, the surgical pairing of two mice to achieve a shared
circulation between young and aged mice (Conboy, Conboy, & Rando, 2013). This system
has been used to determine whether the decline in tissue-specific stem cell function with age
was due to cell-intrinsic irreversible, age-related changes or cell-extrinsic influence by the
environment in muscle (Brack et al., 2007; Conboy et al., 2005), liver (Conboy et al., 2005),
heart (Loffredo et al., 2013), and the central nervous system (Ruckh et al., 2012; Villeda et
al., 2011). The data from these diverse tissue types indicate that the aged systemic
environment markedly contributes to aged stem cell phenotypes and nonstem cell
phenotypes.

Another example of tissue rejuvenation was provided by aged skin. It is known that Nf-κb
increases with age in multiple tissues (Chambers et al., 2007; Helenius, Hanninen, Lehtinen,
& Salminen, 1996; Korhonen, Helenius, & Salminen, 1997). Nf-κb is activated by different
cell stressors that accelerate aging such as DNA damage and oxidative stress (Pasparakis,
2009). Moreover, signals such as Sirt1 and FoxO3 that positively regulate longevity are
found to repress Nf-κb (Lin, Hron, & Peng, 2004; Yeung et al., 2004). Remarkably,
blocking Nf-κb activity for 2 weeks in aged skin led to partial rejuvenation of the gene
profile, reverting half of the age-dependent genes back to youthful levels (Adler, Kawahara,
Segal, & Chang, 2008). Moreover, many of the phenotypes associated with aged skin, such
as increased epidermal thickness, increased senescence, and decreased proliferation were all
partially restored back to levels seen in younger skin. Together, these results demonstrate the
potential of multiple aged tissues to undergo molecular and phenotypic rejuvenation after
modulation of the extrinsic environment.

4. AGING IN TISSUE-SPECIFIC STEM CELLS
The general cellular processes that breakdown during aging appear to impact many different
cell types including somatic stem cells. The unique functions, intrinsic regulators, and
specialized environments of tissue-specific stem cells are likely to impose distinct responses
and phenotypic consequences to aging. In this section, we will discuss age-related
phenotypes and the mechanisms that lead to stem cell demise in three distinct stem cell
niches (Fig. 14.2).
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4.1. Hematopoietic stem cells
HSCs reside in the bone marrow, have long-term self-renewal potential, and can
differentiate into committed progenitors that are critical for generating downstream progeny
of the blood system (Orkin & Zon, 2008).

Aging in the blood system drives changes in HSC numbers, decreases regenerative potential,
and skews differentiation potential toward myeloid lineages (Beerman, Maloney,
Weissmann, & Rossi, 2010; Geiger et al., 2013). These phenotypes are contributed to by
both cell-autonomous and cell-extrinsic factors. Contrary to other stem cell niches, the
number of HSCs in the bone marrow increases with age (Beerman, Bhattacharya, et al.,
2010; Beerman et al., 2013; Challen, Boles, Chambers, & Goodell, 2010). Intuitively,
increased HSCs in aged bone marrow may seem beneficial. However, analyzed on a per-cell
basis or in a competitive transplant setting, the gold standard for assessing stem cell activity,
aged HSCs show defects in self-renewal potential and long-term reconstitution of the blood
(Chambers et al., 2007; Janzen et al., 2006; Rossi et al., 2005). Therefore, HSCs are
functionally impaired due in part to cell-autonomous defects. It remains to be answered why
the number of HSCs in aged population increases.

One of the hallmarks of aging in HSCs is a skewed differentiation potential toward the
myeloid lineage at the expense of the lymphoid and erythroid lineages (Beerman,
Bhattacharya, et al., 2010; Benz et al., 2012; Challen et al., 2010; Dykstra, Olthof,
Schreuder, Ritsema, & de Haan, 2011; Morita, Ema, & Nakauchi, 2010; Rossi et al., 2005).
Such biased lineage potentials in aged HSCs are not from changes in differentiation
potential of individual HSCs but rather by changes in composition of the HSC pool
(Beerman, Bhattacharya, et al., 2010; Beerman, Maloney, et al., 2010; Challen et al., 2010;
Morita et al., 2010). Prevalence of myeloid-biased (CD150high) HSCs may be a result of
more robust self-renewal potential than of lymphoid-biased (CD150low) HSCs (Beerman,
Bhattacharya, et al., 2010; Challen et al., 2010). Both aged CD150high and CD150low HSCs
show reduced proliferative capacity and homing to the bone marrow. This indicates that the
functional heterogeneity within the HSC pool is cell autonomously maintained and has the
potential to skew lineage phenotypes over time.

Genomic integrity of any cell is dependent on protective DNA repair mechanisms. With age,
DNA damage accumulates in HSCs, indicating a decrease in the function of appropriate
repair mechanisms (Rossi, Seita, et al., 2007). The mode of DNA repair differs between
quiescent and cycling stem cells. Quiescent HSCs rely on NHEJ for DNA repair, which is a
more error-prone mechanism and will impact the accrual of DNA damage throughout life,
leading to genomic rearrangements (Mohrin et al., 2010). Whether the accrued damage is
cleared when aged quiescent HSCs enter into the cell cycle and take up a more effective
mode of DNA repair will determine the extent that DNA damage accumulation impacts aged
stem cell function.

Mutation or deletion in DNA repair components such as Msh2−/− (mismatch repair) (Reese,
Liu, & Gerson, 2003), Brca2−/− (HR) (Navarro et al., 2006), XpdTTD (nucleotide excision
repair) (Rossi, Bryder, et al., 2007), Ku80−/− (NHEJ) (Rossi, Bryder, et al., 2007), and
Lig4Y288C (NHEJ) (Nijnik et al., 2007) all show reduced HSC function, leading to depletion
of HSCs in mice. Deletion of DNA damage sensor Atm causes elevation of ROS, and loss of
HSC quiescence, defects in repopulating capacity, and ultimately a depletion of the HSC
pool (Ito et al., 2006). Antioxidant treatment on Atm−/− HSCs rescues the reduced
repopulating potential when challenged by serial transplantation. This implies that elevated
ROS can cause aging phenotypes in HSCs.
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ROS can also mutate mtDNA, which is irreversible and deleterious to mitochondrial
function (Kujoth et al., 2005; Trifunovic et al., 2004). In HSCs, the skewed differentiation
toward myeloid lineage was observed in mutant mtDNA polymerase γ mice, and this
phenotype was rescued by antioxidant-mediated ROS inhibition (Trifunovic et al., 2004),
which implies mtDNA mutagenesis modulates adult stem cell function, thus leading to aging
phenotypes. However, Bryder and colleagues show stark transcriptional differences between
the aged mutant and wild-type mice. Moreover, unlike physiological aging that has
epigenetic and genetic signature (Chambers et al., 2007), the transcriptional signature of
HSCs is not impacted by the mitochondrial mutation (Norddahl et al., 2011). To date, it
remains to be investigated whether mtDNA mutation directly contributes to physiological
stem cell aging.

Other major players of cell-intrinsic regulation of HSC aging are oxidative damage,
metabolic stress, and autophagy. Autophagy is a stress-response mechanism to clear
damaged proteins and a major contributor in aging (Rubinsztein et al., 2011). Loss of
autophagy by deletion of Atg7 (Mortensen et al., 2011) and Fip200 (Liu et al., 2010),
members of autophagosome, increases ROS levels that lead to HSC depletion in mice,
which indicates that autophagy is essential for HSC homeostasis. Is aging of the stem cell
caused by a decline in autophagy? Recently, Passegue and colleagues challenged this notion
(Warr et al., 2013). The authors revealed that freshly isolated aged HSCs have basal levels
of autophagy, unlike adult HSCs that only when activated and stressed, mount an autophagic
response. Prevention of the autophagic response led to HSC apoptosis, suggesting that
steady-state autophagy is essential for aged HSC maintenance.

Oxidative stress and its regulation via FoxO are important for aging in HSCs. Conditional
deletion of FoxO1, 3, and 4 leads to a loss in HSC quiescence, increased apoptosis, myeloid-
biased differentiation, and decreased long-term HSC maintenance (Miyamoto et al., 2007;
Tothova et al., 2007). A partial rescue of these phenotypes was observed using the ROS
inhibitor N-acetyl-L-cysteine (Tothova et al., 2007), indicating that FoxO family members
act as an important modulator of oxidative stress and HSC function throughout life.

The Sirtuin (Sirt) family is another candidate regulator of stem cell aging. Deletion of Sirt1
in adult HSCs causes increased proliferation and elevated DNA damage, which leads to loss
of long-term HSC populations (Singh et al., 2013). Sirt3, which controls the activity of
mitochondrial enzyme acetyl coenzyme A synthetase 2 (AceCS2) and electron transport
chain complex 1 in mitochondria (Finkel, Deng, & Mostoslavsky, 2009), is critical for adult
and aged HSC function under transplantation stress conditions (Brown et al., 2013).
Interestingly, overexpression of Sirt3 can compensate for the ROS-mediated aged HSC
phenotype (Bratic & Larsson, 2013). It remains unclear whether other members of Sirtuin
family can also reverse aging-related phenotypes in aged stem cells.

mTORC1 functions as an energy sensor and attenuator of autophagy (Nicklin et al., 2009).
Calorie restriction attenuates the mTORC1 signaling pathway, which increases stem cell
proliferation and stem cells in the intestine through mTORC1 expressed in the niche
(Yilmaz et al., 2012). With age, expression of mTORC1 increases in HSCs and its
repression by rapamycin restores self-renewal of aged HSCs (Chen, Liu, Liu, & Zheng,
2009). In contrast, indirect activation of mTOR via conditional deletion of Pten in young
HSCs induces a progeria phenotype and depletion of HSCs (Kalaitzidis et al., 2012; Lee,
Nakada, et al., 2010; Magee et al., 2012). Therefore, HSCs and other stem cells are sensitive
to metabolic output via mTORC1 levels. It is unlikely the requirement of mTORC1 is age
specific or stem cell specific; however, any age-dependent change in metabolic regulation
may increase the sensitivity of aged stem cells to mTORC1 levels.
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Using genome-wide DNA methylation analysis of human and mouse HSCs, it was
demonstrated that genes associated with myeloid lineage become hypomethylated with age.
In contrast, site-specific hypermethylation was observed at genes associated with the PRC2
complex (Beerman et al., 2013; Bocker et al., 2011). Interestingly, age-dependent myeloid-
skewedness and DNA methylation are largely dependent on the proliferative history of
HSCs. Using proliferative demand as a driver of HSC aging, it was demonstrated that
replicative aging is distinct from chronological aging at the DNA methylation level
(Beerman et al., 2013). Both aged HSCs and adult HSCs under moderate proliferative
demand underwent site-specific hypermethylation at the PRC2 complex, which was
accompanied by transcriptional repression, as suggested previously (Chambers et al., 2007).
In contrast, adult HSCs with a high level of experimentally enforced proliferation had a
distinct methylome. Therefore, site-specific methylome changes appear to correlate with the
functional decline of aged HSCs. Moreover, these data confirm at the epigenome level that
stem cells with limited turnover throughout life experience the effects of chronological
rather than proliferative aging.

The influence of the systemic environment and the local niche on HSC aging is becoming
apparent. Recent data show that both systemic and niche-derived factors contribute to
lineage skewedness of HSCs. Rante/Ccl5 cytokine, which is highly expressed in the local
niche and aged blood, has been shown to increase myeloid progenitor proliferation, whereas
knockout of Ccl5 increases lymphoid lineages during transplantation (Ergen, Boles, &
Goodell, 2012). In addition, Challen et al. show lineage skewedness can be enhanced by
differential responsiveness of TGFβ (Challen et al., 2010). The authors demonstrate that
TGFβ provokes differential responses to myeloid-biased (CD150high) HSCs on activation.
G-CSF is a well-known cytokine that promotes HSC proliferation, mobilization into the
bloodstream, and eventual stem cell depletion (Ju et al., 2007; Song, Zhang, Ju, & Rudolph,
2012). Normal HSCs transplanted into telomerase-deficient mice that possess a hostile
microenvironment show limited engraftment that was abrogated by G-CSF blocking
antibody (Ju et al., 2007). Moreover, pharmacological strategies can partially reprogram the
aged epigenetic HSC signature to that of adult HSCs (Alberts, Geneste, & Treisman, 1998),
thus providing another example of molecular and functional reversion to a youthful state
(Nebbioso, Carafa, Benedetti, & Altucci, 2012).

4.2. Neural stem cell
Neurons and glial cells are generated from NSCs, which reside in the sub-ventricular zone
(SVZ) of the lateral ventricle and the subgranular zone (SGZ) of the dentate gyrus of the
hippocampus (Kempermann, Jessberger, Steiner, & Kronenberg, 2004). Astroglial NSCs in
the SVZ give rise to transit-amplifying cells, which are responsible for generating neurons
that maintain the olfactory bulb (Imayoshi et al., 2008). NSCs from the SGZ generate neural
progenitors that generate postmitotic neurons, which are critical for learning, memory, and
behavior (Shors, Townsend, Zhao, Kozorovitskiy, & Gould, 2002). A progressive and
dramatic decline in neurogenesis has been observed across different species during aging
(Kempermann, Kuhn, & Gage, 1998; Kuhn, Dickinson-Anson, & Gage, 1996). This has
been correlated with a decline in both the number of NSCs and proliferative expansion of
transit-amplifying progenitors (Encinas et al., 2011; Lugert et al., 2010, 2012). Using
markers to define distinct NSC subsets, Lugert et al. showed a reduction in the number of
active NSCs due to their transition to a quiescent state in aged mice and therefore,
preventing their contribution to neurogenesis (Lugert et al., 2010). In addition, a subset of
aged cycling NSCs forms astrocytes instead of neurons (Encinas et al., 2011). Together,
these changes are consistent with a failure to produce newborn neurons in the aged brain.
Moreover, these studies highlight the heterogeneity within the NSC pool and the divergent
responses of distinct subsets to respond to aging.
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Several cell-intrinsic factors including the cell cycle inhibitors p16Ink4a and p57Kip2, mTOR
signaling pathway, and FoxO family members have been correlated with aged phenotypes in
NSCs (Furutachi, Matsumoto, Nakayama, & Gotoh, 2013; Molofsky et al., 2006; Nishino,
Kim, Chada, & Morrison, 2008; Paik et al., 2009; Paliouras et al., 2012; Renault et al.,
2009). Expression of p16Ink4a increases with age in neural progenitors (Molofsky et al.,
2006). Deletion of the Ink4a locus reveals increased proliferation and neurogenesis from
neural progenitors in SVZ compared to young counterpart, but not in the SGZ (Molofsky et
al., 2006). In adult neural progenitors, p16Ink4a repression occurs through Hmga2, which is a
member of the high-motility group A family that has no transcriptional activity but
influences chromatin structure (Nishino et al., 2008). In aged neural progenitors, Hmga2 is
repressed through upregulation of let-7b microRNA, leading to an increase in p16Ink4a

expression. Overexpression of let-7b is sufficient to upregulate p16Ink4a expression by
targeting Hmga2 expression. In contrast, deletion of Hmga2 leads to an increased expression
of p16Ink4a, and a loss in the number and self-renewal potential of NSCs in fetal and young
mice but not aged mice. This decline was partially rescued by p16Ink4a deletion. Together,
these results indicate that changes in let-7b and Hmga2 may contribute to NSC aging
phenotypes. It will be interesting to uncover why aged NSCs in SGZ of the aged brain were
not sensitive to P16Ink4a levels.

Quiescence is critical for stem cell maintenance, in part through regulation of cell cycle
inhibitors such as p57Kip2 (Matsumoto et al., 2011; Zou et al., 2011). Recently, Furutachi et
al. showed a role of p57Kip2on SGZ NSC maintenance during aging (Furutachi et al., 2013).
Short-term deletion of p57Kip2 specifically in Nestin-positive NSCs led to a transient
amplification of radial NSCs and neurogenesis. In contrast, chronic deletion of p57Kip2 leads
to a reduction in number of NSCs and neurogenesis, indicating that p57Kip2 is important for
aged NSC maintenance. Moreover, these findings suggest that a short-term increase in NSC
output is beneficial for neurogenesis, however, long-term proliferation leads to NSC
exhaustion.

mTOR has been identified as a regulator of NSC quiescence (Paliouras et al., 2012). In the
SVZ of adult mice, mTORC1 expression is absent in quiescent NSCs and present in transit-
amplifying progenitors. In the aged SVZ, a decline in mTORC1 activity was observed along
with reduced NSC proliferation. Reduction of mTORC1 by administration of rapamycin
promotes adult NSC quiescence. Administration of EGF, strong inducer of mTOR, activated
quiescent NSCs in aged mice, an effect abolished upon rapamycin treatment. This report
indicates that mTOR activity determines the ratio between quiescent and activated NSCs.

Another cell-intrinsic player of aging in NSCs is the FoxO family. Recent studies show the
role of FoxO proteins in regulating stem cell homeostasis in NSCs (Paik et al., 2009;
Renault et al., 2009). One group utilized FoxO3−/− (Renault et al., 2009), and the other
studied conditional deletion of FoxO1/3/4 (Paik et al., 2009). Both studies show that
deletion of FoxO leads to a transient increase in the neonatal NSC pool in vivo but eventual
depletion of NSCs in the adult. Reduced self-renewal potential assessed by in vitro
neurosphere formation assay and differentiation potential was also observed in FoxO deleted
mice. In the absence of FoxO, NSCs undergo increased oxidative stress, altered glucose
metabolism (Renault et al., 2009), and elevated Wnt signaling (Paik et al., 2009). This
suggests that the FoxO family regulates homeostasis of NSC through regulation of diverse
genes and pathways.

The decline in neurogenesis during aging may also be regulated by changes in systemic
factors in the blood circulation. Wyss-Coray and colleagues analyzed the systemic factors
that influence neurogenesis using heterochronic parabiosis and identified that elevated levels
of chemokine CC-chemokine ligand 11 (Ccl11) in plasma from aged mice and adult mice
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paired with aged mice (Villeda et al., 2011). After systemic delivery of Ccl11, adult mice
developed learning and memory deficits, which were abrogated with coinjection of
antibodies neutralizing Ccl11 along with Ccl11. Therefore, aging-related increase in Ccl11
is at least partly responsible for the reduction in aged neurogenesis. How Ccl11 affects
neurogenesis remains unclear.

In addition to the systemic environment, changes in the NSC niche may impose age-
dependent changes to NSC function. Components of the Wnt signaling pathway regulate
adult neurogenesis (Seib et al., 2013). A recent study shows that expression of the soluble
Wnt inhibitor, Dkk1 (Seib et al., 2013) increased with age in SGZ NSCs, which decreased
adult neurogenesis. Conditional deletion of Dkk1 in Nestin-positive NSCs upregulated Wnt
signaling, which led to increased self-renewal and differentiation into new neurons (Seib et
al., 2013). Deletion of Dkk1 in aged mice showed evidence of enhanced behavioral
performance levels, similar to young counterparts. This report emphasizes that changes in
niche factors during aging affect NSCs function. Interestingly, exercise provides a positive
stimulus for hippocampal neurogenesis in adult and aged mice (van Praag, Christie,
Sejnowski, & Gage, 1999; van Praag, Shubert, Zhao, & Gage, 2005).

Another factor enriched in aged niches is TGFβ, which has been shown to be increased in
blood (Challen et al., 2010) and muscle (Carlson et al., 2009) and leads to aging phenotypes.
Levels of TGFβ increase in endothelial cells of the NSC niche during aging and after
exposure to IR (Pineda et al., 2013). Inhibition of TGFβ signaling by delivery of a
neutralizing antibody or administration of a pharmacological TGFβ inhibitor restored
neurogenesis of irradiated adult mice and aged mice compared to young mice. This study
demonstrates that TGFβ from the local niche is one driver of stem cell aging and these
changes can be reversed when inhibited by pharmacological intervention.

4.3. Skeletal muscle stem cells
The differentiated muscle fiber functions as a niche cell that provides cues to retain muscle
stem cells or satellite cells (MuSCs) in a quiescent and non-differentiated state (Bischoff,
1986). In aged muscle, the number of MuSCs declines by approximately 50% compared to
adult muscle (Brack, Bildsoe, & Hughes, 2005; Cerletti et al., 2012; Chakkalakal et al.,
2012). It was recently demonstrated that aged MuSCs break out of their stable quiescent
state due to a redeployment of the developmental mitogen, fibroblast growth factor-2
(FGF2) in aged muscle fibers but not by the MuSCs themselves (Chakkalakal et al., 2012).
FGF2-mediated proliferation was associated with increased apoptosis, myogenic
commitment, and stem cell decline. Therefore, the aged niche is a modulator of stem cell
number, similar to that observed in the aged niche of Drosophila (Boyle et al., 2007; Pan et
al., 2007). Interestingly, although proliferative output increased, a subset of MuSCs that had
undergone fewer divisions throughout adult life were able to retain long-term self-renewal
potential when transplanted into adult muscle. These data demonstrate the importance of the
quiescent state for maintenance of stem cell potential. Using a genetic strategy to increase
FGF signaling in MuSCs only via deletion of Sprouty1, an intracellular feedback inhibitor of
FGF signaling (Shea et al., 2010), elevated FGF signaling in aged MuSCs exacerbated the
age-dependent satellite cell decline. Importantly, MuSC loss negatively impacted
regenerative capacity (Chakkalakal et al., 2012). In contrast, short-term deletion of
Sprouty1, to acutely activate FGF signaling, was met with an enhanced regenerative
outcome (Chakkalakal et al., 2012), confirming that FGF signaling acts as a potent
myogenic factor to prime MuSCs for functional myogenic contribution (Shefer, Van de
Mark, Richardson, & Yablonka-Reuveni, 2006). This demonstrates that cell fate decisions
depend on the level and duration of signaling. Other ligands including TGFβ2 and Delta1
that increase and decrease, respectively, in aged muscle fibers may also participate in
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deregulation of aged satellite cell homeostasis (Carlson et al., 2009; Conboy, Conboy,
Smythe, & Rando, 2003). It can be concluded that niche-derived changes occurring during
homeostasis can impact the success of subsequent regenerative insults. In the future, it will
be important to determine what drives induction of growth factors in the aged niche.

Transplantation assays to compare engraftment potential between adult and aged MuSCs
have given conflicting results, depending on whether the adult recipients were preirradiated
(Chakkalakal et al., 2012; Collins, Zammit, Ruiz, Morgan, & Partridge, 2007). Engraftment
potential of aged MuSCs was comparable to adult MuSCs if the adult host was irradiated
(Chakkalakal et al., 2012; Collins et al., 2007). It is known that a fraction of MuSCs are
depleted in response to IR (Heslop, Morgan, & Partridge, 2000). Therefore, IR decreases the
number and function of adult stem cell “competitors” in the recipient muscle and provides a
less competitive environment for the engrafted aged MuSCs to reoccupy the muscle.

It is generally accepted that MuSCs lose their regenerative potential during aging, due to
intrinsic defects and cell-extrinsic changes in the aged environment (Brack & Rando, 2012).
As we discuss next, the mechanisms that cause those changes are beginning to be identified.

To date, age-dependent DNA damage has not been extensively studied in aged MuSCs.
However, dysfunction of aged MuSCs and muscle regeneration is exacerbated in the
absence of Ku80, a component of the nonhomologous end-joining complex, that participates
in DNA repair (Didier, Hourde, Amthor, Marazzi, & Sassoon, 2012). This demonstrates that
DNA repair processes facilitate MuSC maintenance; however, determining whether DNA
damage is causative to MuSC aging will require the formal demonstration that augmentation
of DNA repair pathways in aged MuSCs rescues their function.

In addition, consistent with increased DNA damage response and cell cycle arrest, it has
been suggested that aged MuSCs display increased abundance of the Ink4a/Arf family of
cell cycle inhibitors (Carlson, Hsu, & Conboy, 2008). This may partially explain the delay in
MuSC activation in response to injury. Whether Ink4a/Arf-mediated senescence occurs in
aged MuSCs remains unexplored.

Metabolic factors control the level of mitochondrial and nuclear DNA damage induced by
ROS, a by-product of oxidative phosphorylation. CR is a known modulator of metabolism
and lifespan (Mair & Dillin, 2008). Recently, CR was demonstrated to increase MuSC
number and function in adult and aged mice (Cerletti et al., 2012). The reduction in caloric
load in adult and aged mice was correlated with increased number of mitochondria and
elevated expression of well-known metabolic regulators Sirtuin and FoxO in FACS sorted
MuSCs. Dissecting the complex relationship between DNA repair, metabolism, and
autophagy and how they contribute to stem cell aging will require sophisticated genetic
approaches.

To date, the contribution of the extrinsic environment to MuSC decline during aging is more
clearly defined. It has been demonstrated that extrinsic modifications can rejuvenate MuSC
function and muscle repair in the context of heterochronic tissue transplants (Carlson &
Faulkner, 1989) and heterochronic parabiosis (Brack et al., 2007; Conboy et al., 2005). The
extent of rejuvenation will likely depend on a multitude of factors including the age of the
organism, the type and severity of injury, and the inflammation invoked by the injury
(Shavlakadze, McGeachie, & Grounds, 2010; Smythe et al., 2008).

Using parabiotic pairings, Conboy et al. showed that unidentified factors in the serum of
young mice could reverse the proliferative decline of MuSCs and that proliferation of adult
MuSCs was impaired when exposed to aged systemic environment (Conboy et al., 2005).
This seminal work provided a novel paradigm demonstrating that at least a subset of tissue-
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specific stem cells in aged organisms are functionally competent if exposed to a favorable
milieu.

Early activation of adult MuSCs requires a high Notch/low Wnt state, followed by a low
Notch/High Wnt state for activated MuSC to commit to differentiation (Brack, Conboy,
Conboy, Shen, & Rando, 2008; Conboy & Rando, 2002). In aged muscle, both signaling
cascades are deregulated; early Notch signaling is repressed and Wnt signaling is
derepressed, leading to delayed satellite cell entry and a myogenic-to-fibrogenic fate
conversion of a subset of aged MuSCs, respectively (Brack et al., 2007; Conboy et al.,
2003). Serum factors have been identified that inhibit Notch and upregulate Wnt signaling.
Elevated TGFβ2 in aged serum is able to repress Notch signaling and to increase cell cycle
inhibitors of the Ink4a/Arf family to repress cell cycle entry of aged MuSCs. The
identification of a Frizzled-binding protein that was upregulated in aged serum and when
depleted, abrogated the fate change induced by aged serum, suggested a component of the
Wnt pathway was involved (Brack et al., 2007). This was later identified as a complement
family member (C1q) that activated Wnt signaling in an age-dependent manner (Naito et al.,
2012). This series of papers shows that the systemic aged environment modulates satellite
cell fate changes, but whether the subset of aged MuSCs that loses myogenic fate is
intrinsically distinct from those that retain a MuSC identity remains unknown. Overall, the
changes that occur to the aged niche are likely multifactorial and unlikely controlled through
a single factor.

5. DISCUSSION AND CONCLUDING COMMENTS
Our understanding of the molecular control of stem cell function and the mechanisms that
go awry during aging is rapidly expanding due to technological advances. For example, the
identification of markers that allow unambiguous isolation of specialized stem cells,
advances in sequencing technology that enable molecular analysis of rare stem cells, and
appropriate assays to interrogate stem cell function in vivo. Through these advances, a
picture emerges of many overlapping mechanisms that impact stem cell function in different
niches during the aging process. The contribution of age-dependent changes to DNA
fidelity, the epigenetic landscape, metabolic stress, and extrinsic factors all impact stem cell
function during aging. Therefore, it is clear that the major regulators of general cellular
fitness and lifespan also govern stem cell aging. This begs the question, what is unique about
stem cell aging? Stem cells are unique in their ability to self-renew, a function that is lost
during aging. Moreover, stem cells are relatively scarce compared to other cell types;
therefore, the consequences of stem cell decline during aging are severe. Hence, identifying
the mechanisms responsible for stem cell decline whether specific to stem cells or general
regulators of cell aging and lifespan will illustrate the careful balance between tissue
homeostasis, aging, and cancer.

In this review, we focused on three well-defined stem cell systems that have been
characterized during aging: blood, neural, and muscle. Unfortunately, the specter of aging
does not spare a single body part and therefore most stem cell compartments will undergo
some form of age-related decline. As we begin to uncover age-dependent changes in other
stem cell niches, context-specific differences and commonalities that define aging will
become crystallized for the interests of human health.

A common theme across stem cells niches is the observed hierarchical relationship between
stem cells of different potential, with upstream stem cells endowed with long-term self-
renewal potential and a propensity to maintain a dormant quiescent state, relative to their
more committed daughters. Can the loss of self-renewal potential during aging be explained
by an increase in downstream stem cells at expense of the hierarchically upstream subset?
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Both aged HSCs and MuSCs retain a small fraction of label retaining cells endowed with
self-renewal potential, however, the relative fraction of the more committed subset increases
in the aged MuSC pool. It remains unknown whether this hierarchical skewing occurs in the
HSC or NSC compartment during aging. If so, this could explain how the HSC pool is
maintained in aged bone marrow at the same time that functionality declines.

It is interesting that unlike the NSC and MuSC compartment, the number of HSCs during
aging does not decline. One interpretation is that the HSC system has compensatory
mechanisms to prevent stem cell loss. Preservation of the quiescent state is critical for stem
cell maintenance. However, the turnover of HSCs, MuSCs, and NSCs is relatively
infrequent and therefore unlikely to explain the stark differences. In the future, direct
comparisons between stem cell compartments may reveal context-dependent differences in
protective or stress pathways that lead to preservation or loss of one stem cell compartment
relative to another.

The identification of functionally heterogeneous subsets of adult stem cells under different
molecular control dictates that any changes in stem cell function of a whole population
maybe through selective loss or expansion of subsets during stress, turnover, and aging. A
clonal subset that is intrinsically superior or acquires increased fitness under selective
pressure will dominate the aged stem cell pool. Therefore, age-dependent changes in the
extrinsic milieu and epigenetic state of the stem cell may cause functional changes to the
whole pool of stem cells or allow for selection of one subset at the expense of the other.
Determining the consequence of clonal expansion or loss in specific subsets will require a
more comprehensive study into stem cell heterogeneity and specific signals that govern the
functional properties of such subsets.

The clinical applications of stem cell augmentation are obvious. Several methods of
intervention have been discussed that functionally improve aged stem cells. In some
instances, the exposure of aged cells to a young environment restores cellular function,
suggesting that the aged environment induces a repressive state that can be reversed in a
youthful setting. Other promising strategies include the restoration of extrinsic signaling
pathways such as Notch, Wnt, and TGFβ to youthful levels; decreasing stress pathways
through metabolic reprogramming; or the reduction in inflammatory pathways all provide
favorable functional outcome to stem cells and regenerative response of aged organisms.
Whether these stem cell modifiers represent a functional compensation by an aged stem cell
or true molecular rejuvenation to a young stem cell state remains to be tested. In the absence
of full molecular rejuvenation, any functional improvement to aged stem cells is likely to be
transient. It is also exciting to consider that stem cells can be modified through lifestyle
factors. Exercise and reduced caloric intake appear to enhance tissue-specific stem cell
activity in both adult and aged organisms. Understanding how aging of stem cells can be
prevented to enhance tissue homeostasis and regeneration potential will be critical for
healthy living and the treatment of age-related diseases in the ever expanding human aged
population.
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Figure 41.1.
Multiple components driving stem cell aging. Stem cell aging occurs through changes in
both cell-extrinsic regulators and intrinsic effectors. Cell-external influences such as changes
in systemic factors from the bloodstream (blue) or factors from the stem cell niche (gray)
can alter stem cell function by inducing signaling pathways and modifying the epigenetic
and genetic signature of stem cells. The aged stem cell may also directly alter the niche.
Aging is also driven by deregulation of cell-intrinsic effectors that control proteostasis,
mitochondrial function, and metabolic control. Many of these modifications are interrelated
suggesting one can impact another, leading to stem cell failure at multiple levels. ROS,
reactive oxygen species; mtDNA, mitochondrial DNA.
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Figure 14.2.
Schematic diagrams of adult stem cells and niche in bone marrow, brain, and muscle tissue.
(A, D) Quiescent adult hematopoietic stem cells (HSCs) are located in the endosteal region
of adult (A) and aged (D) bone marrow (left) residing in a niche composed of endothelial
cells, osteoblasts (gray), and perivascular cells (dark blue line). The adult HSC pool consists
of lymphoid-biased (CD150low) HSCs (green) and myeloid-biased (CD150high) HSCs
(blue), with high self-renewal potential and balanced differentiation toward lymphoid
(green, elongated) and myeloid progenitor cells (blue, elongated) in the peripheral blood
(right, A and D). In aged HSC niche, selective expansion/retention of myeloid-biased
CD150high HSCs skewing differentiation toward the myeloid lineage due to the robust self-
renewal potential of aged CD150high HSCs compared to CD150low HSCs. (B, E) Neural
stem cells (NSCs) reside at subgranular zone (SGZ) of the dentate gyrus of the hippocampus
in adult (B) and aged (E) brain. NSCs (red) can give rise to neural progenitors (green),
which progressively differentiate into neurons (blue). Systemic factors from the blood and
local niche factors (purple) control NSC number and function. With age, number of NSCs
and adult neurogenesis (making new neurons) declines. (C, F) Muscle satellite stem cells
(MuSCs) in adult (C) and aged (F) muscle fibers. MuSCs (green) reside between the
plasmalemma (gray line) and the basal lamina (black line) of muscle fibers. Long-term label
retaining (LRC) MuSCs (dark green) have a high capacity for self-renewal and
differentiation into muscle. nonLRC MuSCs (light green) are capable of differentiation but
have limited self-renewal capacity. With age, the number of LRC MuSCs and fusion
competent progenitors declines leading to a reduced number of functional stem cells and
defective muscle repair.
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