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  Pref ace   

 In societies all around the globe, the population is aging. This fact will pose impor-
tant challenges to healthcare and social systems in industrialized and emerging 
economies alike. It is therefore critical to devise strategies to extend the healthy 
years of life and thus limit the exponential increase in healthcare cost associated 
with growing old and frail. Understanding the aging process at a fundamental level 
will help do so, extending healthspan and maybe even increasing lifespan. 

 Stem cells are critical for maintaining tissue homeostasis, and age-related dys-
function of stem cells is likely the underlying cause of degeneration, regenerative 
dysfunction, and aging-associated disease in a great variety of organisms and tis-
sues. Knowledge on the molecular mechanisms driving stem cell aging is thus 
expected to inspire rational interventions for a range of age-related pathologies. 

 This book summarizes our current understanding of cellular and molecular 
mechanisms of stem cell aging in a great variety of model systems while highlight-
ing promising approaches to attenuate stem cell aging. We hope that this book will 
serve as a reference in the fi eld and will also, in the long run, contribute to healthy 
aging.  

    Novato ,  CA ,  USA      Henri     Jasper   
  
   Ulm ,  Germany      Maria     Carolina     Florian   

   Ulm ,  Germany      Hartmut     Geiger      
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  1      Stem Cell Aging: An Overview 

             Heinrich     Jasper    

    Abstract  

  Stem cell dysfunction is associated with age-related degenerative and prolifera-
tive diseases. Recent work in a range of model organisms has focused on charac-
terizing the causes and consequences of stem cell aging. The insight obtained 
from these studies is likely to impact our ability to promote healthy aging and to 
develop new therapies against age-related diseases. This book provides an over-
view of such studies, aiming to present a comprehensive assessment of the cur-
rent status of the fi eld. 

      Loss of tissue homeostasis is a hallmark of aging, resulting in degenerative as well 
as proliferative diseases like cancer. A decline in stem cell (SC) function is a likely 
cause for these pathologies, and recent work in model organisms has focused on 
characterizing the causes and consequences of stem cell aging. Limiting these 
 consequences of stem cell aging is likely to impact our ability to promote healthy 
aging and to develop new therapies against age-related diseases. Furthermore, the 
promise of regenerative medicine implies that mastering stem cell biology may 
open new avenues for truly rejuvenating therapies. For this promise to become 
 reality, we need to understand not only the stem cell-intrinsic changes occurring as 
the organism ages but also the changes in local and systemic conditions that impact 
stem cell function and regenerative capacity in a variety of tissues. A wide range of 
studies in a variety of model systems have begun dissecting the mechanisms and 
consequences of stem cell aging, resulting in a coalescence of new concepts and 
models that promise to provide a comprehensive understanding of the decline of 
regenerative capacity in aging tissues (Jones and Rando  2011 ; Rando  2006 ; 
Sharpless and DePinho  2007 ). 
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 This book provides an overview of such mechanisms, aiming to present a 
 comprehensive assessment of the current status of the fi eld. To achieve an accurate 
and exhaustive account of our understanding of stem cell aging, we have assembled 
a group of authors that study aging processes in a variety of model systems,  including 
yeast, worms, and fl ies, as well as various mouse models of regenerative processes. 
The work of these authors thus represents a broad overview of stem cell aging 
 ranging from cell-intrinsic mechanisms of replicative aging in yeast, over germline 
and somatic stem cell aging and niche-stem cell interactions in fl ies and worms to 
complex tissue/stem cell interactions in various vertebrate tissues, and strategies to 
improve regeneration and potentially design rejuvenating therapies in vertebrate 
models. We believe that this comprehensive approach is likely to achieve the most 
informative and timely overview of the fi eld and allows identifying similarities and 
differences between individual stem cell systems. Here, I provide a broad overview 
of themes and insights that are elaborated on in more detail in the corresponding 
chapters. 

1.1     SC-Intrinsic Changes in the Aging Organism: 
SC Dysfunction as Anticancer Mechanism 

 Age-related dysfunction of SCs is caused by both cell-intrinsic and cell-extrinsic 
mechanisms. While the germline stem cell lineage is in principle immortal, and 
should therefore have acquired mechanisms to prevent age-related decline, their 
proliferative activity is affected by changes in local and systemic support processes 
that decay in aging animals, leading to reproductive senescence. Somatic SCs, in 
turn, while being affected by systemic changes, also seem to age due to intrinsic 
mechanisms that limit their replicative lifespan. These include telomere dysfunc-
tion, DNA damage-induced cellular senescence, and age-related increases in the 
expression of cell cycle inhibitors (Gunes and Rudolph  2013 ; Jones and Rando 
 2011 ; Rando  2006 ; Sharpless and DePinho  2007 ). It has been proposed that these 
age-related changes in somatic stem cells are part of anticancer mechanisms that 
prevent deregulation of SC proliferation. The inability of somatic SCs to sustain 
effi cient tissue regeneration in aging organisms would thus be a trade-off of pro-
cesses required for cancer prevention (Campisi  2013 ; Sharpless and DePinho  2007 ). 
Supporting this view, recent studies confi rm that deregulation of stem cell prolifera-
tion can contribute to tumor formation (Barker et al.  2009 ; Lapouge et al.  2011 ; 
White et al.  2011 ; Youssef et al.  2010 ). Furthermore, the identifi cation of molecular 
similarities between cancer stem cells and tissue-specifi c stem cells highlights the 
importance of preventing deregulation of these cells to ensure long-term tissue 
homeostasis (Merlos-Suarez et al.  2011 ). This insight suggests that to promote tis-
sue health and ultimately organismal lifespan, it is key to fi nd strategies to modulate 
somatic SC function and increase their regenerative capacity without promoting 
excessive and deregulated proliferation.  

H. Jasper
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1.2     Diverse Aging Processes in SCs 

 While stereotypical age-related processes that limit regeneration can thus be defi ned, 
somatic SCs exhibit a large proliferative diversity, refl ecting the specifi c require-
ment of individual tissues. Specifi c modes of SC proliferation include (i) continu-
ously cycling stem cells of high-turnover tissues, such as intestinal stem cells (Li 
and Clevers  2010 ; Simons and Clevers  2011 ; van der Flier and Clevers  2009 ) and 
short-term hematopoietic stem cells (HSCs) (Fuchs  2009 ); (ii) SCs whose prolifera-
tion is induced by injury, including airway basal epithelial stem cells and muscle 
satellite cells (Abou-Khalil and Brack  2010 ; Dhawan and Rando  2005 ; Rock et al. 
 2011 ); and (iii) stem cells with alternate quiescent and proliferative periods, such as 
hair follicle stem cells (Fuchs  2009 ). This diversity results in distinct age-associated 
defi ciencies that contribute to regenerative decline of individual tissues and 
 highlights the need to study aging of distinct SC systems separately to achieve a 
comprehensive understanding of the regenerative decline in aging organisms. Here, 
we take account of this diversity of aging processes in different stem cell popula-
tions by focusing on the age-associated dysfunction of individual stem cell 
 populations separately in individual chapters.  

1.3     SC Aging Through Evolutionarily Conserved 
Stress Responses 

 While cell-intrinsic age-related changes in somatic stem cells often specifi cally 
impact cell cycle regulation (and can thus be defi ned as anticancer “programs” that 
contribute to tissue aging), somatic SCs are also impacted by the random age-related 
accumulation of molecular damage, as well as by changes in local and systemic 
conditions in the aging organism. This includes infl ammatory conditions and 
 oxidative stress, as described in the hematopoietic system of the mouse and in the 
posterior midgut of fl ies (Biteau et al.  2011 ; Tothova and Gilliland  2007 ). The 
resulting accumulation of damage to DNA and other macromolecules is thus likely 
an important accelerator of SC aging (Biteau et al.  2011 ; Jones and Rando  2011 ; 
Rudolph et al.  2009 ; Tothova and Gilliland  2007 ). Mechanisms that allow cells to 
cope with these challenges and processes that contribute to the development of pro-
liferative dysfunction in aging SCs are likely to be conserved from yeast to humans, 
and studies exploring the regulation of replicative lifespan in yeast are thus expected 
to provide important insight into somatic SC aging. One interesting example is the 
observation that budding yeast ensures rejuvenation of newly formed cells by asym-
metrically segregating damaged and old macromolecules, providing a new “young 
copy” of such molecules to daughter cells (Aguilaniu et al.  2003 ; Shcheprova et al. 
 2008 ). Recent studies suggest that similar processes occur in human embryonic 
stem cells and in germline and somatic stem cells of fl ies (Bufalino et al.  2013 ; 
Fuentealba et al.  2008 ). 

1 Stem Cell Aging: An Overview
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 The complexity of somatic stem cell lineages in vertebrates often causes 
 diffi culties in defi nitively characterizing age-associated dysfunctions at the stem 
cell level in vivo. Characterization of stem cell aging in simpler model organisms in 
which lineage relationships are clearly defi ned, and which allow lineage tracing 
with relative ease to study stem cell proliferation and pluripotency, is thus necessary 
to provide a conceptual framework of stem cell aging and the loss of regenerative 
capacity. Work in fl ies and worms has provided such insight in recent years. This 
work initially focused on the effects of aging on germline stem cells (GSCs), and 
a large body of literature has examined mechanisms of stem cell aging in the worm 
and fl y germline, as well as identifi ed endocrine mechanisms by which GSCs 
 infl uence metabolism and longevity of the animal (Arantes-Oliveira et al.  2002 ; 
Crawford et al.  2007 ; Drummond-Barbosa and Spradling  2001 ; Hsin and Kenyon 
 1999 ; Hsu et al.  2008 ; Jones and Rando  2011 ; LaFever and Drummond-Barbosa 
 2005 ; Mair et al.  2010 ; Pan et al.  2007 ; Pinkston et al.  2006 ; Toledano et al.  2012 ; 
Ueishi et al.  2009 ; Wang et al.  2008 ). These studies have established that in the 
aging animal, GSC maintenance is affected by a decline in specifi c niche factors, by 
metabolic imbalances, as well as by oxidative stress. 

 Adult somatic stem cells have been identifi ed in the fl y gonad, the intestine, and 
the Malpighian tubules (Decotto and Spradling  2005 ; Fox and Spradling  2009 ; 
Gonczy and DiNardo  1996 ; Margolis and Spradling  1995 ; Micchelli and Perrimon 
 2006 ; Ohlstein and Spradling  2006 ; Singh et al.  2007 ; Takashima et al.  2008 ). 
Among these stem cell populations, intestinal stem cells (ISCs) have served as a 
model to characterize processes and signaling mechanisms that regulate regenera-
tive responses and whose deregulation contributes to the age-related decline in 
regenerative capacity (Biteau et al.  2011 ; Casali and Batlle  2009 ). These include 
signaling pathways required for homeostatic epithelial renewal (such as EGF and 
insulin signaling), stem cell maintenance (such as Wnt and Tor signaling), as well 
as stem cell stress responses (JNK, Jak/Stat, and Hippo signaling). Characterizing 
these signaling mechanisms is likely to not only provide insight into basic mecha-
nisms of stem cell regulation but also elucidate the molecular etiology of tissue 
dysfunction, including age-related degeneration and cancer (Radtke and Clevers 
 2005 ; Rossi et al.  2008 ; Sharpless and DePinho  2007 ). It is important to note that 
the processes driving stem cell aging appear to be conserved from fl ies to mammals. 
FoxO transcription factors, for example, promote stem cell maintenance and func-
tion in both mice and fl ies (Biteau et al.  2010 ,  2011 ; Tothova and Gilliland  2007 ).  

1.4     Oxidative Stress and Diet: Major Environmental 
Parameters Promoting Stem Cell Aging 

1.4.1     Redox State and Stem Cell Function 

 The intracellular redox state has an important infl uence on stem cell function, and 
age-related changes in redox state or redox homeostasis have been implicated in 
age-related stem cell dysfunction of a wide range of stem cells. In mice, elevated 
ROS levels result in reduced regenerative potential and self-renewal in a wide range 
of stem cell populations, including neuronal and glial progenitors and HSCs (Diehn 
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et al.  2009 ; Ito et al.  2004 ; Le Belle et al.  2011 ; Liu et al.  2009 ; Miyamoto et al. 
 2007 ; Smith et al.  2000 ; Tothova and Gilliland  2007 ; Tothova et al.  2007 ; Tsatmali 
et al.  2005 ). In fl ies, oxidative stress has been implicated in the age-associated loss 
of germline stem cells and in the age-associated deregulation of intestinal stem cell 
proliferation (Hochmuth et al.  2011 ; Pan et al.  2007 ). A low intracellular concentra-
tion of reactive oxygen species (ROS) is thus increasingly recognized as a critical 
condition for stemness, self-renewal, and pluripotency of stem cells. 

 Work in fl ies over the last decade has begun unraveling the signaling mecha-
nisms mediating this effect. Increased ROS concentration primes hematopoietic 
progenitors of the larval lymph gland for differentiation (Owusu-Ansah and 
Banerjee  2009 ) and promotes ISC proliferation in the adult gut (Biteau et al.  2008 ; 
Buchon et al.  2009 ; Choi et al.  2008 ; Hochmuth et al.  2011 ). In the intestine, a 
Duox-mediated innate immune response in ECs produces ROS to control commen-
sal and pathogenic bacteria, stimulating ISC proliferation (Biteau et al.  2008 ; 
Buchon et al.  2009 ; Choi et al.  2008 ; Ha et al.  2005 ; Hochmuth et al.  2011 ; Yang 
et al.  2009 ). The  Drosophila  homologue of the Nrf2 transcription factor, CncC, 
which regulates the expression of antioxidant enzymes, regulates ISC proliferation 
rates and limits ISC hyper-proliferation in aging fl ies (Hochmuth et al.  2011 ). It is 
likely that this mechanism is conserved in vertebrates, as mice defi cient in Keap1, 
the negative regulator of Nrf2, show signifi cant hyperkeratosis of the esophageal 
epithelium (Wakabayashi et al.  2003 ). Redox regulation by the Keap1/CncC regula-
tory module thus emerges as central to the control of SC proliferation and epithelial 
regeneration.  

1.4.2     Metabolic/Dietary Effects on Stem Cell Function 

 Dietary conditions signifi cantly infl uence lifespan, as exemplifi ed by the robust 
lifespan extension observed in most tested organisms that are maintained on low- 
calorie food (dietary restriction, DR) (Jasper and Jones  2010 ; Kapahi et al.  2010 ; 
Katewa and Kapahi  2010 ). Somatic (as well as germline) stem cell function is 
strongly affected by nutritional conditions, suggesting that the longevity effects of 
DR are, at least in part, mediated by the enhanced regenerative capacity of a large 
number of tissues (Arantes-Oliveira et al.  2002 ; Mair et al.  2010 ). Many studies 
elucidating the interaction of dietary conditions, stem cell function, and lifespan 
have been performed in invertebrate model organisms, but recent work has also 
extended this inquiry into vertebrates. 

 In fl ies and worms, GSC proliferation is regulated by the nutrient-sensing insu-
lin/IGF signaling (IIS) pathway (Drummond-Barbosa and Spradling  2001 ; Hsu 
et al.  2008 ; LaFever and Drummond-Barbosa  2005 ; Pinkston et al.  2006 ; Ueishi 
et al.  2009 ). IIS activity acts cell autonomously to maintain male GSCs (Drummond- 
Barbosa and Spradling  2001 ; Hsu et al.  2008 ; LaFever and Drummond-Barbosa 
 2005 ; McLeod et al.  2010 ; Ueishi et al.  2009 ), and DR conditions that extend lifes-
pan delay the age-associated loss of GSCs (Mair et al.  2010 ). At the same time, poor 
diets can increase the rate of GSC loss during aging in females, where IIS activity 
also infl uences GSC maintenance in a non-autonomous manner by regulating the 
interaction between GSCs and the niche (Hsu and Drummond-Barbosa  2009 ). The 
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Tor signaling pathway contributes to the regulation of GSC and somatic stem cell 
maintenance in the  Drosophila  ovary, as it promotes germline and somatic stem cell 
proliferation independently of insulin signaling, and needs to be suppressed by the 
tuberous sclerosis complex (TSC) to prevent premature differentiation of GSCs 
(LaFever et al.  2010 ; Sun et al.  2010 ; Voog and Jones  2010 ). 

 Dietary conditions also infl uence somatic SC populations, affecting their prolif-
erative activity, lineage commitment, and maintenance. Not surprisingly, the IIS and 
Tor signaling pathways play important roles in infl uencing SC function in these 
conditions. FoxO transcription factors, which are activated in conditions of low IIS 
activity, promote quiescence, long-term maintenance, and regenerative capacity of 
various somatic SC populations in fl ies and mice: In the  Drosophila  midgut, insulin 
signaling and FoxO regulate proliferation of intestinal stem cells, infl uencing the 
proliferative response of ISCs to tissue damage and the extent of age-related intes-
tinal dysplasia (Amcheslavsky et al.  2009 ; Biteau et al.  2010 ). Accordingly, moder-
ate reduction of IIS activity in the ISC lineage promotes intestinal homeostasis and 
extends fl y lifespan (Biteau et al.  2010 ). The role of FoxO in the control of SC 
quiescence is conserved in mammalian hematopoietic stem cells (HSCs) and neuro-
nal progenitor cells (Renault et al.  2009 ; Tothova and Gilliland  2007 ; Tothova et al. 
 2007 ), where it affects SC proliferation, in part, by its ability to regulate antioxidant 
gene expression (Renault et al.  2009 ; Tothova and Gilliland  2007 ; Tothova et al. 
 2007 ). The Tor signaling pathway plays a critical role in promoting stem cell main-
tenance in the intestinal epithelium of fl ies, where its activity has to be suppressed 
by TSC proteins in SCs to prevent premature differentiation and loss of these cells 
(Amcheslavsky et al.  2011 ; Kapuria et al.  2012 ). 

 It can be anticipated that the role of reducing IIS/Tor signaling in the lifespan 
extension by DR is mediated, at least in part, by its benefi cial consequences for 
somatic stem cell maintenance and proliferative control (Biteau et al.  2010 ; Kapuria 
et al.  2012 ). Whether DR can promote somatic stem cell function by infl uencing the 
activity of IIS in mammalian systems remains unclear. However, the decreased can-
cer incidence in dietary-restricted mice suggests that SC maintenance and quies-
cence are improved in DR (Kalaany and Sabatini  2009 ). 

 It is likely that other nutrient-sensing signaling pathways also infl uence stem cell 
function and regenerative capacity. This includes signaling through the Sir2/SIRT1 
family of NAD+-dependent deacetylases (Firestein et al.  2008 ; Guarente and Picard 
 2005 ). 

 Understanding the signaling mechanisms translating nutritional status to stem 
cell state and regenerative capabilities is likely to not only provide new insight into 
avenues to improve stem cell maintenance in aging animals but also to provide new 
therapies for proliferative diseases associated with metabolic dysfunction.   

1.5     Age-Related Niche Dysfunction 

 A central cause of stem cell and regenerative dysfunction in aging organisms 
appears to be the loss of support from the local microenvironment, the “niche” 
(Jones and Rando  2011 ). Age-related niche dysfunction has been characterized 
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primarily in the male and female germline of  Drosophila , but studies in mice sup-
port the notion that similar processes are conserved in vertebrates. The interaction 
between GSCs and their niche is disrupted in aging females due to increased oxida-
tive stress (Pan et al.  2007 ), while a decline in trophic support from the niche drives 
GSC decline in males (Jones and Rando  2011 ; Toledano et al.  2012 ). Interestingly, 
this decline is caused by an increase in the expression of the microRNA let-7, which 
negatively regulates the RNA-binding protein Imp (IGFII mRNA-binding protein), 
which in turn is required to stabilize the mRNA of the IL-6 like ligand Upd in the 
niche. Highlighting the potential conservation of processes driving age-related stem 
cell dysfunction, the let-7 microRNA has been implicated in stem cell self-renewal 
and differentiation in vertebrates, and deregulation of IL-6 expression by inhibition 
of let-7 promotes cell transformation into cancer stem cells in a breast cancer para-
digm (Iliopoulos et al.  2009 ; Melton et al.  2010 ). 

 The infl uence of the local and systemic environment on somatic SC function has 
been explored extensively in mice. Studies using heterochronic parabiosis and 
assessing the regenerative capacity of satellite cells (muscle stem cells) suggest that 
changes in the exposure to growth and differentiation factors, including Wnt ligands, 
play a critical role in age-related stem cell dysfunction (Brack et al.  2007 ,  2008 ; 
Conboy et al.  2005 ; Conboy and Rando  2005 ; Jones and Rando  2011 ; Wagers and 
Conboy  2005 ). 

 A recent study further shows the importance of niche-derived factors for long- 
term maintenance of intestinal stem cells in mice and for the effects of nutritional 
status on stem cell maintenance: Paneth cells express the ligands Wnt3, Wnt11, and 
EGF to promote stem cell function in vitro and in vivo and can be considered 
“niche” cells for these SCs (Sato et al.  2011 ). Nutrient-responsive Tor signaling in 
Paneth cells infl uences their ability to promote SC maintenance, most likely by 
regulating the expression of bone stromal antigen 1 (Bst1), an ectoenzyme that pro-
duces the paracrine factor cyclic ADP ribose (Yilmaz et al.  2012 ).  

1.6     SCs and Lifespan 

 While it is clear that improved regenerative capacity of stem cells promotes tis-
sue health, the effects of stem cell function on overall lifespan of the organism 
have only recently begun to be understood. Studies in worms and fl ies have 
uncovered signifi cant effects of germline stem cells on lifespan, primarily through 
endocrine effects on metabolism. But also somatic stem cell function in the fl y 
intestine has recently been shown to affect lifespan, primarily by infl uencing the 
integrity of this critical tissue (Biteau et al.  2010 ; Rera et al.  2011 ,  2012 ). 
Strikingly, these studies revealed that stem cell activity has to be maintained 
within a critical window to improve tissue function and extend lifespan, high-
lighting the delicate balance between maintaining regenerative capacity and pro-
moting dysplasia or cancer when stem cell proliferation is enhanced. Interestingly, 
IIS activity infl uences ISC function, suggesting that the lifespan effects of modu-
lating IIS activity are mediated, at least in part, by its effects on ISC maintenance 
and activity. Similar effects may be conserved in vertebrates: Similar to fl ies, 
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where dysplasia in the intestine is triggered by hyper-activation of IIS (Biteau 
et al.  2010 ), loss of FoxO negatively impacts NSC and HSC behavior in mam-
mals (Renault et al.  2009 ; Tothova and Gilliland  2007 ; Tothova et al.  2007 ). It is 
likely that an optimal level of IIS is achieved during DR and contributes to SC 
maintenance (Mair et al.  2010 ). 

 The relationship between stem cell deregulation and tumor formation 
 suggests that modulating somatic stem cell function in vertebrates should have 
signifi cant effects on lifespan (Radtke and Clevers  2005 ). In the intestinal epi-
thelium of mice, for example, intestinal stem cell proliferation and intestinal 
cancer have been linked: stress signaling can induce cell proliferation in the 
intestinal crypt and increases tumor incidence and growth in an infl ammation-
induced colon cancer model (Sancho et al.  2009 ). The precise role of stem cell-
specifi c stress signaling in the development of tumors remains unclear, however, 
and the detailed analysis of stem cell activity in the  Drosophila  intestine is 
providing important new insight. Chronic and excessive stress signaling in the 
ISC lineage causes intestinal dysplasia (Biteau et al.  2008 ), while overexpres-
sion of tumorigenic RasV12 predisposes ISCs to tumor formation when exposed 
to a stimulus (Apidianakis et al.  2009 ). From such studies, a detailed picture of 
stem cell regulation under stress, infection, and aging conditions is emerging 
that has clear implications for our understanding of stem cell regulation in 
 vertebrates (Biteau et al.  2008 ,  2011 ; Buchon et al.  2009 ; Jiang et al.  2009 ; 
Shea et al.  2010 ).  

1.7     GSCs and Longevity 

 While somatic SCs thus seem to infl uence lifespan of the organism primarily by 
promoting tissue health, studies in worms and fl ies indicate that germline SCs infl u-
ence longevity by endocrine mechanisms that affect somatic tissues and coordinate 
reproduction and somatic maintenance according to nutritional conditions (Arantes- 
Oliveira et al.  2002 ). 

 Ablation of GSCs, but not the entire gonad, extends lifespan, suggesting that 
GSCs promote aging of the organism, while somatic cells in the gonad contribute to 
the lifespan extension observed in GSC-ablated animals (Arantes-Oliveira et al. 
 2002 ; Hsin and Kenyon  1999 ), most likely by directly infl uencing metabolic homeo-
stasis (Wang et al.  2008 ). However, the exact consequences of GSC regulation for 
the lifespan of the organism can be complex: while germline ablation extends lifes-
pan robustly under normal conditions, under DR conditions GSC ablation can have 
positive or negative consequences for lifespan, depending on genetic backgrounds 
(Crawford et al.  2007 ). In the fl y, ablation of the germline extends lifespan by induc-
ing insulin resistance – like phenotypes in somatic cells (Flatt et al.  2008 ). However, 
these phenotypes are dependent on the specifi c method of GSC ablation, indicating 
that, as in the worm, lifespan extension by loss of GSCs is dependent on complex 
variables, such as timing of germline loss, presence of somatic cells in the gonad, 
genetic background, and diet (Barnes et al.  2006 ). Ovary transplantation studies 
indicate that the described effects of the germline on lifespan may be conserved in 
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vertebrates (Cargill et al.  2003 ; Mason et al.  2009 ). The role of developing oocytes 
(as opposed to the ovarian soma) in this effect remains unclear, yet these studies 
confi rm that maintenance of ovarian tissue also benefi ts life and healthspan of 
vertebrates.  

1.8     Rejuvenation and Tissue Repair 

 The signifi cant expansion of our understanding of stem cell regulation and of 
mechanisms promoting stem cell maintenance that is afforded by research in 
invertebrate model organisms is expected to inform strategies for stem cell 
 rejuvenation and tissue repair in aging humans. The feasibility of interventions 
aimed at restoring regenerative capacity of old tissues has been demonstrated by 
experiments in which exposure to a young systemic environment restored 
 regenerative capacity of muscle stem cells and neural stem cells (Conboy et al. 
 2005 ; Ruckh et al.  2012 ). 

 Whether such interventions, which aim at reactivating endogenous regenerative 
capacity of tissue stem cells, have the potential to also extend lifespan of the 
 organism remains to be established. It is likely, however, that the systemic signals 
identifi ed in these studies will enhance the effi cacy of cell replacement strategies 
using patient-derived induced pluripotent stem cells (Lamba et al.  2009 ; Lindvall 
et al.  2012 ; Robinton and Daley  2012 ). While recent successes in engrafting iso-
lated stem cells into mouse tissues highlight the potential of using lineage-restricted 
precursors or multipotent stem cells in such approaches (Yui et al.  2012 ), managing 
the aged systemic environment into which such cells are transplanted is likely to be 
required to ensure their effi cacy.     
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    Abstract  
  In the last few decades, the budding yeast  Saccharomyces cerevisiae  has emerged 
as a simple and powerful model organism to study aging. Replicative aging and 
chronological aging are the two major models that have been established in 
yeast. In this chapter, we review the two aging model systems, focusing on genes 
and pathways that modulate replicative and chronological aging. The purpose of 
this chapter is to provide an overall understanding of the aging process in the 
single-celled yeast and a basis by which to generate models of molecular 
 mechanisms that may affect aging stem cell populations in adult tissues, as well 
as the multicellular eukaryotes they inhabit.  

2.1          Introduction 

 Why include a chapter about yeast in a book on stem cells and aging? The question 
revolves around whether aging is something that occurs at the level of the organism 
or whether the pathologies we describe as part of the aging process are aggregates 
of aging in single cells. Certainly, dividing and nondividing cells in the aging organ-
ism, including adult stem cells, have altered features with age and evidence points 
to both cell autonomous and non-autonomous processes. 

 One diffi cult aspect of studying mammalian aging is the lack of an accepted cell- 
based system to assess properties of aging. Certainly, cell senescence in fi broblasts 
and other cell types has been the subject of intense investigation, yielding important 
fi ndings that may be relevant to aging of the organism. However, there are very 
likely aspects of aging that cannot be modeled in cell culture. Yeast lives as a 
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unicellular species. Thus, the cell and the organism are aligned. Moreover, it either 
replicates or enters a stress-resistant nonproliferative mode depending on environ-
mental conditions, and aging models have been derived for both states. Simplistically, 
it has been speculated that the replicative aging model may provide a window to 
aging in dividing mammalian cells and the nonproliferative model to aging quies-
cent cells. 

 Over the last few decades, the budding yeast  Saccharomyces cerevisiae  has 
developed into one of the most prominent model organisms for aging-related 
research (Longo et al.  2012 ). The use of the yeast as an aging model organism is 
preferred due to several advantages: (1) yeasts are unicellular eukaryotic organisms 
with a short lifespan; (2) they have a relatively small genome, which is completely 
sequenced and mapped and for which a set of strains exists with each gene deleted 
individually (Goffeau et al.  1996 ; Winzeler et al.  1999 ); (3) the metabolic and regu-
latory mechanisms of the yeast are highly conserved within higher eukaryotic sys-
tems (Kaeberlein  2010 ). A large portion of genes in yeast have been shown to be 
orthologous in higher eukaryotes that have been implicated in human diseases 
(Ploger et al.  2000 ). (4) Lastly, the ease of genetic/environmental manipulation, 
maintenance and storage, low relative cost, and comprehensive integrated biologi-
cal information allow for genome-wide studies and comparisons, leading to a more 
integrative understanding of aging-related pathways (McCormick and Kennedy 
 2012 ). To date, numerous genetic manipulations have been found to modulate aging 
in yeast, and although some are specifi c to this organism, many of the important 
pathways appear to play a conserved role in the aging of multicellular eukaryotes 
(Kaeberlein  2010 ). 

 Yeasts have also been used as a model system to unravel the molecular basis for 
several aging-related diseases, such as Alzheimer’s disease, Parkinson’s disease, 
Huntington’s disease, and cancer (Outeiro and Giorgini  2006 ; Rubel et al.  2013 ; 
Willingham et al.  2003 ). Moreover, with the large amount of data collected in yeast, 
systems biology approaches are easily applied to this organism for quantitative 
description of complex phenotypes such as aging (Lorenz et al.  2009 ; Matecic et al. 
 2010 ; Yizhak et al.  2013 ). 

 There are two major lifespan assays that have been established in the study of 
yeast aging: the replicative lifespan assay and the chronological lifespan assay 
(Kaeberlein  2006 ; Longo et al.  2012 ). Replicative aging refers to a model of mitoti-
cally active cells, in which the replicative lifespan is defi ned by the number of 
daughter cells a mother cell can produce prior to senescence (Fig.  2.1 ) (Mortimer 
and Johnston  1959 ; Steffen et al.  2009 ). Chronological aging, in contrast, refers to 
an aging model of cells in a quiescent state, in which the chronological lifespan is 
defi ned by the length of time that a population of nondividing yeast cells can main-
tain viability or more often the capacity to resume cell division when restored to an 
environment conducive to proliferation (Fabrizio and Longo  2007 ; Murakami and 
Kaeberlein  2009 ). In this chapter, the main questions we address are the following: 
(1) What mechanisms underlie replicative and chronological aging? (2) To what 
extent are the two aging models related? (3) What do studies of aging in yeast tell 
us about aging in mammals? These studies of aging in a single-celled organism may 
presage important mechanisms driving the aging of adult stem cell populations.   
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2.2     Replicative Lifespan 

 The budding yeast  Saccharomyces cerevisiae  divides asymmetrically with the origi-
nal “mother” cell budding to give rise to a “daughter” cell (Barker and Walmsley 
 1999 ; Jazwinski  1990 ). The fi rst replicative lifespan studies (RLS) were published 
more than 60 years ago by Mortimer and Johnston, who designed a method to mea-
sure the number of buds or daughters produced by a single mother cell (Mortimer 
and Johnston  1959 ). Based on continual observation of individual cells and separa-
tion of the morphologically asymmetric buds, they determined that the number of 
buds produced by one “mother” cell is limited, defi ned as its lifespan. After under-
going a certain number of mitotic divisions, cells cease to divide and enter a short 
post-replicative state followed eventually by cell lysis. 

 The RLS assay is traditionally performed using a standard dissection micro-
scope with a micromanipulator. From a logarithmically growing culture, indi-
vidual newborn daughter cells are isolated onto a solid-media substrate. 

Number of
daughter cells

Survival time in
stationary phase

t5

t4

t3

t2

t1

CLSRLS

  Fig. 2.1    Schematic for yeast replicative lifespan ( RLS ) and chronological lifespan ( CLS ). 
Replicative lifespan is defi ned by the number of daughter cells a mother cell can produce prior to 
senescence. Chronological lifespan is defi ned by the length of time that a population of nondivid-
ing yeast cells can maintain replicative potential when restored to rich media       
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Subsequent budded daughter cells are separated manually from mother cells by 
microdissection, and the number of divisions each mother cell has produced is 
then recorded, the totals of which result in the mean RLS (Kaeberlein and 
Kennedy  2005 ; Steffen et al.  2009 ). The typical mean lifespan of laboratory wild-
type  Saccharomyces cerevisiae  is around 25 generations, with the maximum 
being around 40 (Gillespie et al.  2004 ). It is important to note that strain back-
ground, nutritional conditions, and temperature can have major effects on the 
outcome of RLS experiments (Kirchman et al.  1999 ; Kaeberlein and Powers 
 2007 ; Smeal et al.  1996 ; Kaeberlein  2010 ; Shama et al.  1998 ). While this tech-
nique may be the most accurate for determining lifespan, it has limitations includ-
ing being labor intensive and suffers from an inability to generate large populations 
of old cells for biochemical analysis. 

 Lindstrom and Gottschling developed a new method, the Mother Enrichment 
Program, which blocks genetically the proliferative potential of daughter cells 
(Lindstrom and Gottschling  2009 ). This method can provide a large number of aged 
mother cell cohorts at a late stage of their lifespan, allowing the subsequent analysis 
of age-associated phenotypes, such as gene expression or protein levels. Recently, 
microfl uidic devices have been developed to study yeast aging, providing another 
high-throughput method for automated analyses of single cells. These microfl uidic 
systems use tiny transparent chambers to trap single mother cells while automati-
cally removing daughter cells by continuous medium fl owing through the device 
and allow for high-resolution microscopic live-cell imaging system to capture a cell 
throughout the aging process (Lee et al.  2012 ; Xie et al.  2012 ; Zhang et al.  2012 ). 
Together, these techniques now provide the capacity for a wide range of experimen-
tal approaches to study the yeast replicative aging process. 

 An early hypothesis to explain the limited lifespan of yeast cells was based on 
the observation that permanent, non-overlapping bud scars remained on the cell 
surface after each division (Barton  1950 ). In addition, cells increase in size as they 
get older, which reduces surface-to-volume ratios. Thus, a reduced relative surface 
area may eventually impair division of aging cells (Bacon et al.  1966 ; Seichertova 
et al.  1975 ). A more recent version, the “hypertrophy” hypothesis, has been pro-
posed whereby yeast cells stop dividing after reaching a maximum size (Yang et al. 
 2011 ; Bilinski  2012 ; Bilinski et al.  2012 ). Longer-lived mutants would start out 
smaller as buds or increase in size at a reduced rate during the budding process. 
However, this theory has been disputed and remains controversial (Ganley et al. 
 2012 ; Kaeberlein  2012 ). 

 Since the early 1990s, when it was demonstrated that genetic manipulation were 
suffi cient to alter yeast replicative lifespan (D’Mello et al.  1994 ; Kennedy et al. 
 1995 ; Sun et al.  1994 ), the yeast aging fi eld has become a prominent model for 
aging research, serving as a platform for the discovery and characterization of 
genes, pathways, and molecular mechanisms involved in aging. As a result, there is 
growing interest in understanding which characteristics of replicative aging in 
yeast are shared with mammals, either with respect to the lifespan of the organism 
or the survival and proliferative capacity of adult cells within the mammalian 
organism.  
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2.3     Dietary Restriction and Yeast Replicative Lifespan 

 Dietary restriction (also referred to as calorie restriction) is defi ned as a reduction in 
nutrient intake without malnutrition. Even though the fi rst demonstration of lifespan 
extension by dietary restriction (DR) was 80 years ago in rats (McCay et al.  1989 ), 
the mechanism behind its effect is still only partially understood (Gallinetti et al. 
 2013 ; Gems and Partridge  2013 ; Guarente  2013 ). DR is the only environmental 
intervention that can extend lifespan in all common model organisms, including 
yeast, worm, fl ies, mice, primates, and several others (Fontana et al.  2010 ; Anderson 
and Weindruch  2010 ; Masoro  2005 ; Weindruch et al.  1986 ; Colman et al.  2009 ; 
Mattison et al.  2012 ). In yeast, DR is typically invoked by reducing levels of glucose 
in the media from 2 % to either 0.5 % or 0.05 % during the lifespan experiment (Lin 
et al.  2000 ; Kaeberlein et al.  2004a ). DR has been shown to increase both replicative 
and chronological lifespan in yeast (Kaeberlein  2010 ; Kennedy et al.  2007 ); how-
ever, the mechanism(s) proposed to explain the effects of DR in yeast remains only 
partly understood (Steinkraus et al.  2008 ).  HXK2  encodes the glycolytic enzyme 
hexokinase II, which converts glucose to glucose-6-phosphate and leads to glucose 
entering the glycolytic pathway (Walsh et al.  1983 ). Genetic models of DR, such as 
deletion of  HXK2  and other nutrient-responsive genes, also lead to RLS extension 
(Lin et al.  2000 ). Amino acid restriction, while maintaining normal glucose levels, 
has also been shown to extend lifespan (Jiang et al.  2000 ). However, the contribu-
tion of each amino acid component to aging is still a mystery. Methionine restriction 
has been shown to improve lifespan from yeast to rodents (Orentreich et al.  1993 ; 
Richie et al.  1994 ; Johnson and Johnson,  2014 ). A recent study showed that specifi c 
amino acid and glucose affect aging through different pathways (Mirisola et al. 
 2014 ). They demonstrated that threonine and valine promoted aging and sensitized 
yeast cells to stress mainly by activating the Tor/S6K pathway, while serine pro-
moted aging by activating sphingolipid-mediated serine protein kinase (Pkh1/2); 
glucose promoted aging and sensitized yeast cells to stress through a Ras-dependent 
mechanism (Mirisola et al.  2014 ). Moreover, the function of amino acid transporter 
showed to link with longevity in yeast. A recent study reported that the inhibition of 
tryptophan uptake and destabilization of tryptophan permease Tat2 are benefi t for 
increasing yeast RLS (He et al.  2014 ). 

 Much of the focus on the mechanisms by which DR extends lifespan has cen-
tered on the silent information regulator 2 (SIR2), which belongs to the deacety-
lase sirtuin protein family. SIR2 and its role in RLS are discussed in greater detail 
later in this chapter. It was originally proposed that DR increased RLS by activa-
tion of Sir2p (Lin et al.  2000 ); however, this hypothesis has since been called into 
question as DR was found to extend lifespan via Sir2-independent mechanisms 
(Kaeberlein et al.  2004b ). Whether other Sirtuins play a redundant role with 
Sir2p in DR-mediated lifespan extension has also been debated (Lamming et al. 
 2005 ; Tsuchiya et al.  2006 ). Understanding the role of SIR2 in yeast aging is 
important given the fi ndings implicating SIRT1, the mammalian ortholog, in 
aging, stem cell function, and cellular senescence (Giblin et al.  2014 ; Imai and 
Guarente  2014 ). 
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 More recently, there has been a growing recognition of the possibility that lifes-
pan extension by DR is mediated via several partially redundant nutrient-responsive 
signal transduction pathways, including PKA, TOR, and SCH9. Mutations with 
reduced PKA, TOR, or SCH9 signaling are replicatively long lived, and lifespans of 
these mutants cannot be further extended by DR (Kaeberlein et al.  2005c ; Lin et al. 
 2000 ; Fabrizio et al.  2004 ). While the TOR pathway has been linked to Sir2 func-
tion (Ha and Huh  2011 ), the totality of evidence suggests that reduced signaling 
through these nutrient-responsive pathways occurs through multiple mechanisms 
(Longo et al.  2012 ). 

 Yeast cAMP-dependent protein kinase (PKA) is a conserved serine/threonine 
kinase complex containing three catalytic subunits encoded by  TPK1 ,  TPK2 , and 
 TPK3  (Toda et al.  1987a ,  b ). In yeast, cAMP/PKA is a major signaling pathway for 
growth on different carbon sources. The basal level of cAMP is higher in yeast 
growing on fermentable carbon sources (glucose, fructose, and sucrose), compared 
to growing on non-fermentable carbon sources (glycerol, ethanol, and acetate) 
(Robertson et al.  2000 ). PKA is regulated by at least two upstream sensing path-
ways via the induction of cAMP (Santangelo  2006 ). One sensing pathway involves 
RAS activation (Busti et al.  2010 ). G-protein Ras stimulates acetylate cyclase 
(Cyr1), which leads to increased cAMP levels in yeast (Thevelein  1994 ). RAS acti-
vation is upregulated by guanine nucleotide exchange factors such as Cdc25p 
(Martegani et al.  1986 ). Prevention of activation of this pathway by deletion of 
 CDC25  leads to lifespan extension (Lin et al.  2000 ). The other upstream sensing 
pathway is a G-protein-coupled receptor system encoded by  GPA2  and  GPR1 . 
Deletion of either  GPA2  or  GPR1  leads to RLS extension, and these mutants are 
commonly used as models for reducing PKA activity in lifespan experiments (Lin 
et al.  2000 ). 

 Another major nutrient-responsive pathway implicated in yeast replicative aging 
is the target of rapamycin (TOR) network (Heitman et al.  1991 ). The TOR protein 
is a serine/threonine kinase conserved in all eukaryotes (De Virgilio and Loewith 
 2006 ). Unlike higher eukaryotes, yeast has two TOR proteins, Tor1p and Tor2p, 
which function in two distinct multiprotein complexes: TOR complex 1 (TORC1) 
and TOR complex 2 (TORC2) (Dann and Thomas  2006 ; Loewith et al.  2002 ). 
TORC1 contains either Tor1p or Tor2p and is sensitive to rapamycin (Loewith et al. 
 2002 ; Stan et al.  1994 ). TORC2 contains only Tor2 (Loewith et al.  2002 ). TORC2 
regulates polarization of the actin cytoskeleton in a rapamycin-insensitive manner 
(Zheng et al.  1995 ; Loewith et al.  2002 ). Aside from rapamycin, evidence demon-
strates that the TOR signaling pathway is regulated by the presence of nitrogen 
sources such as glutamine availability; however, the sensing mechanism is still 
unclear (Crespo et al.  2002 ; Carvalho and Zheng  2003 ). 

 TOR was proposed as a primary conduit in RLS regulation based on the analysis 
of replicative lifespan in 564 single-gene deletion strains of yeast (Kaeberlein et al. 
 2005c ). Among the ten single-gene deletions with increased RLS, which were iden-
tifi ed from the 564 randomly selected deletion strains, at least fi ve of these corre-
spond to gene-encoding components of the TOR pathway (Kaeberlein et al.  2005c ). 
Reduced TOR signaling by either rapamycin treatment or in a  tor1Δ  mutant strain 
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leads to RLS extension in yeast (Kaeberlein et al.  2005c ; Medvedik et al.  2007a ). 
DR treatment to the  tor1Δ  mutant fails to further increase lifespan, indicating that 
TOR regulation of lifespan is through an overlapping pathway with DR (Kaeberlein 
et al.  2005c ). Reduced TOR activity also leads to lifespan extension in  C. elegans  
(Vellai et al.  2003 ; Jia et al.  2004 ; Hansen et al.  2008 ),  D. melanogaster  (Kapahi 
et al.  2004 ; Bjedov et al.  2010 ), and mice (Komarova et al.  2012 ; Harrison et al. 
 2009 ; Anisimov et al.  2011 ), suggesting that TOR signaling not only plays an 
important role in mediating the longevity effects of DR but also is a conserved 
nutrient-responsive pathway throughout divergent eukaryotic species. 

 Sch9p is also a nutrient-responsive kinase that can be phosphorylated by Tor1p 
and is the functional ortholog of mammalian ribosomal S6 kinase (Powers  2007 ; 
Urban et al.  2007 ).  SCH9  is required for TORC1-mediated regulation of ribosome 
biogenesis, translation initiation, and entry into G 0  phase (di Blasi et al.  1993 ; 
Hay and Sonenberg  2004 ). Sch9p also shows sequence homology to the kinase Akt, 
a central component of insulin/IGF-1-like signaling pathways (Paradis and Ruvkun 
 1998 ; Burgering and Coffer  1995 ). Even though yeast lacks a formal insulin/IGF-1- 
like signaling pathway, Sch9 may have a comparable role to both Akt and S6 kinases 
(Steinkraus et al.  2008 ). Deletion of  SCH9  extends both mean and maximum RLS 
(Fabrizio et al.  2004 ; Kaeberlein et al.  2005c ) in yeast, and consistent with this 
observation, deletion of either Akt homologs or S6 kinase extends lifespan in 
 C. elegans  (Pan et al.  2007 ; Hansen et al.  2007 ; Paradis and Ruvkun  1998 ). Mice 
lacking S6 kinase 1 (S6K1) also have enhanced longevity (Selman et al.  2009 ). 
Interestingly, a recent report suggested that independently of TORC1, Sch9p can be 
independently phosphorylated and activated by the Snf1 kinase, which is the yeast 
ortholog of the mammalian AMPK kinase, through the acetylation of the Snf1 com-
plex component, Sip2p (Lu et al.  2011 ). Enhanced Sip2p acetylation extends lifes-
pan, likely because it results in downregulation of Snf1p-mediated phosphorylation 
of Sch9p (Lu et al.  2011 ). 

 Increasing attention has been paid to the downstream mediators of the PKA, 
TOR, and SCH9 pathways, specifi cally with regard to their importance in yeast 
RLS. Recently, a comprehensive, computational network of TORC1 has been con-
structed (Mohammadi et al.  2013 ). The functional map of TOR downstream effec-
tors can be used to predict transcriptional changes and posttranslational modifi cations 
in response to TOR inhibition, which helps to identify new targets for antiaging 
therapy (Mohammadi et al.  2013 ). 

 Regulation of mRNA translation has been shown to be one of the most relevant 
downstream mediators required for RLS extension. It has been repeatedly shown 
that decreased mRNA translation, either by downregulating ribosomal protein bio-
synthesis or translation initiation factors, leads to lifespan extension (Steffen et al. 
 2008 ). The yeast ribosome has a small (40S) and a large (60S) ribosomal subunit 
which contains 78 ribosomal proteins (RP) encoded by 137 RP genes (Kaeberlein 
 2010 ). Although most RP subunits are essential in yeast, the majority of RP genes 
are duplicated, which allows for a viable deletion of one of the paralogs (Komili 
et al.  2007 ; McIntosh and Warner  2007 ). In the initial yeast deletion collection 
screen for replicative lifespan, the  rpl31aΔ  and  rpl6bΔ  strains, which lack genes 
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coding for ribosomal large subunit proteins, were identifi ed as long lived, although 
not every RP deletion extends lifespan (Kaeberlein et al.  2005c ). Follow-up work 
demonstrated that among the 20 RP gene deletions which have been shown to 
increase RLS, 18 genes encode the 60S-subunit proteins, indicating genes that 
encode the components of the 60S subunit appear to more robustly regulate yeast 
RLS (Chiocchetti et al.  2007 ; Kaeberlein et al.  2005c ; Managbanag et al.  2008 ; 
Steffen et al.  2008 ,  2012 ). Deletion of any one of three mRNA translation initiation 
factors ( tif1Δ ,  tif2Δ , and  tif4631Δ ) has also been found to confer RLS extension 
(Steffen et al.  2008 ). Again, lifespan regulation by ribosomal proteins can also be 
found in another eukaryotic species. In  C. elegans , an RNAi screen demonstrated 
that decreased mRNA translation level is associated with enhanced lifespan (Pan 
et al.  2007 ; Chen and Contreras  2007 ; Curran and Ruvkun  2007 ; Hansen et al. 
 2007 ), suggesting that modulation of mRNA translation by reducing the TOR sig-
naling pathway is a conserved mechanism throughout divergent eukaryotic  species 
(Smith et al.  2008 ). 

 Gcn4p is another downstream mediator of the nutrition signaling pathway. 
Gcn4p is one of the main transcriptional activators of amino acid biosynthetic 
genes,  specifi cally in response to amino acid starvation (Hinnebusch  2005 ; 
Hinnebusch and Natarajan  2002 ). Gcn4p abundance is translationally regulated by 
four small inhibitory upstream open reading frames (uORFs) in the 5' untranslated 
region of the  GCN4  mRNA (Hinnebusch  2005 ). Due to the uORFs,  GCN4  is largely 
not translated under normal growth conditions. Nevertheless, alterations in 60S 
ribosomal subunit levels lead to increased translation of GCN4, despite an overall 
decrease in protein synthesis. This evidence suggests that decreased mRNA transla-
tion affects aging at least in part by differentially altering the translation of specifi c 
mRNA targets. As a result of these fi ndings, Gcn4 has been identifi ed as a transla-
tional regulator responsible for the role of the 60S subunit with regard to lifespan 
regulation, although GCN4-independent effects are also apparent (Steffen et al. 
 2008 ). In addition, yeast RLS extension resulting from DR,  tor1Δ , and  sch9Δ  can be 
partially blocked by  gcn4Δ , indicating that  GCN4  is a downstream mediator of DR, 
TOR, and  SCH9  in a conserved aging pathway. This pathway might also be 
 conserved in mammals as recent evidence indicates that protein levels of the 
 mammalian ortholog of  GCN4 ,  ATF4 , are increased in fi broblasts from liver tissue 
from long-lived mouse models (Li and Miller  2015 ).  

2.4     Sirtuins 

 Sirtuins are a highly conserved family of nicotinamide adenine dinucleotide 
(NAD + )-dependent protein deacetylases. Sirtuins have been well studied in recent 
years for their potential roles in the regulation of yeast lifespan and because of their 
highly conserved nature (Finkel et al.  2009 ; Imai et al.  2000 ; Landry et al.  2000 ; 
Smith et al.  2000 ). Sirtuins are involved in multiple physiological processes includ-
ing cellular stress resistance, genomic stability, energy metabolism, and longevity 
(Wierman and Smith  2014 ). Moreover, reports have shown that sirtuin activators are 
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potentially benefi cial in the treatment of mammalian disease models (Finkel et al. 
 2009 ; Michan and Sinclair  2007 ; Guarente  2006 ; Imai and Guarente  2010 ). 

 The silent information regulator (SIR) genes, including  SIR2 ,  SIR3 , and  SIR4 , 
were fi rst identifi ed in  S. cerevisiae  as being required for silencing at the cryptic 
mating-type loci, HML and HMR (Ivy et al.  1986 ; Rine and Herskowitz  1987 ). In 
 S. cerevisiae , Sir2p is a vital component of multiple protein complexes that are 
required for silencing chromatin regions in telomeres and ribosomal DNA (rDNA; 
Aparicio et al.  1991 ; Guarente  1999 ; Smith and Boeke  1997 ). It has been well estab-
lished that Sir2p is recruited to the telomeres by Sir3p and Sir4p, as well as other 
factors. Disruption of these proteins leads to loss of silencing of the telomeres (Koch 
and Pillus  2009 ). Also, Sir2p protein abundance declines with age (Dang et al. 
 2009 ), which is consistent with fi ndings that an extra genomic copy of  SIR2  leads to 
lifespan extension (Kaeberlein et al.  1999 ). Moreover, the decrease in Sir2 protein 
abundance correlates with an increase in histone H4 lysine 16 acetylation and loss 
of histones near telomeres. When histones are lost from the telomeres, transcrip-
tional silencing near the telomeres is also lost. Overexpression of histones extends 
lifespan (Dang et al.  2009 ; Feser et al.  2010 ). Together, this data suggests that the 
Sir2p-dependent stabilization of telomere chromatin could have a critical role in 
RLS. Due to the potential relationship between telomeric dysfunction, cell senes-
cence, and aging in humans, the hypothesis relating Sir2p to telomere function in 
yeast is appealing (Shawi and Autexier  2008 ; Blackburn et al.  2006 ). 

  S. cerevisiae  contains 100–200 copies of an rDNA repeat unit, which are located 
in tandem on chromosome XII (Johnston et al.  1997 ; Petes  1979 ). The rDNA tan-
dem array is unstable, with repeat excision from the genome occurring by homolo-
gous recombination and leading to formation of extrachromosomal rDNA circles 
(ERCs) (Sinclair and Guarente  1997 ). ERCs replicate during S-phase, but are 
largely maintained in mother cells during cell division because they do not have a 
centromeric element. As a result, they accumulate to toxic levels in the mother cell 
with age and can limit their lifespan (Sinclair and Guarente  1997 ). It has been 
hypothesized that Sir2p activity promotes replicative aging by suppressing ERC for-
mation (Sinclair and Guarente  1997 ). Mutants lacking  SIR2  display a six- to tenfold 
increase in rDNA recombination and have a 50 % reduced lifespan. On the other 
hand, overexpressing SIR2, through integration of a second  SIR2  copy, extends rep-
licative lifespan (Kaeberlein et al.  1999 ,  2004a ; Kennedy et al.  1995 ). Additionally, 
Fob1 promotes ERC formation as an indirect consequence of its role in regulating 
replication fork traffi c in the rDNA (Kobayashi and Horiuchi  1996 ). Mutants lack-
ing  FOB1  display a dramatic reduction in rDNA recombination and ERC levels and 
a signifi cant increase in replicative lifespan (Defossez et al.  1999 ).  fob1Δ  rescues 
the short replicative lifespan seen in  sir2Δ  (Kaeberlein et al.  1999 ; Defossez et al. 
 1999 ). Both  sir2Δ fob1Δ  and  fob1Δ  strains have low ERC levels, suggesting that 
 FOB1  is epistatic to  SIR2  for rDNA recombination (Kaeberlein et al.  1999 ). 
However, the lifespan of the  fob1Δsir2Δ  strain is similar to wild type, and shorter 
than that of the  fob1Δ  strain, indicating that Sir2 has a second function for regulat-
ing lifespan which is independent of both Fob1 and ERC accumulation (Kaeberlein 
et al.  1999 ). A recent study also showed that age-associated ERC formation can be 
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 FOB1  independent using Mother Enrichment Program (Lindstrom et al.  2011 ). This 
study reported that increased rate of homologous recombination of rDNA, rather 
than ERCs, contributes to aging in yeast (Lindstrom et al.  2011 ). It is also suggested 
that Sir2 protein levels are not the major factor regulating rDNA recombination in 
old cells. 

 Inhibition of TOR signaling by DR or by rapamycin treatment increases rDNA 
stability by enhancing the association of Sir2p with rDNA (Ha and Huh  2011 ). 
Recently, a quantitative trait locus (QTL) study shows that SIR2 and rDNA loci play 
predominant roles in RLS (Stumpferl et al.  2012 ). Another QTL study also indi-
cates that polymorphisms of rDNA, independent of SIR2 and FOB1, contribute to 
the lifespan extension due to modulating genome replication dynamics (Kwan et al. 
 2013 ). It has also been reported that Sir2 modulates lifespan through repression of 
E-pro, an rDNA noncoding promoter (Saka et al.  2013 ). When E-pro is repressed by 
an inducible promoter, it shows increased rDNA stability, decreased ERC levels, 
and increased RLS. Moreover, Sir2 is dispensable for lifespan extension when 
E-pro is repressed, indicating that Sir2 regulates lifespan through the repression of 
E-pro noncoding transcription in the rDNA loci. Although ERCs have been reported 
in higher eukaryotes including human tissues, their role in aging process is unknown 
(Cohen et al.  2010 ; Cohen and Segal  2009 ). Another possibility in mammals is that 
SIRT1 might regulate recombination in other repeated regions of the human genome, 
which could impact both cell senescence and aging (Oberdoerffer et al.  2008 ). 

 There is also evidence that SIR2 has functions outside of modulating rDNA 
recombination and telomere dynamics. First, it has been reported that Sir2 prevents 
daughter cells from inheriting oxidative damage that accumulates in aging mothers 
(Erjavec and Nystrom  2007 ; Aguilaniu et al.  2003 ). This hypothesis is further sup-
ported by the fi nding that SIR2 overexpression rescues the short lifespan of yeast 
treated with H 2 O 2  (Oberdoerffer et al.  2008 ). Overexpression of Hsp104, a stress 
tolerance factor that functions with chaperones to dissipate protein aggregation, 
extends the lifespan of  sir2Δ  strains (Erjavec et al.  2007 ). Increased Hsp104 activity 
also rescues the missegregation of damaged proteins to daughters in the  sir2Δ  
strain. In 2010, Liu et al. showed that Hsp104-recruiting protein aggregates move 
back from the bud to the mother cell along actin cables in an Sir2-dependent man-
ner (Liu et al.  2010 ). Because oxidative damage has been implicated in aging pro-
cess in invertebrates and mammals, there has been a growing interest in studying 
the link between sirtuins and oxidative stress and their roles in mediating lifespan. 
In addition, it has been showed that SIRT1, one of the sirtuin members that have 
been identifi ed in mammals, regulates an oxidative stress response by deacetylating 
several transcription factors that regulate antioxidant genes (Brunet et al.  2004 ; 
Motta et al.  2004 ; van der Horst et al.  2004 ). Identifying yet another potential 
 function of Sir2 relevant to aging, a recent study showed that Sir2 exhibits 
 co-enrichment to various chromatin targets involved in metabolism and protein 
translation (Li et al.  2013 ). 

 It has been suggested that DR mediates lifespan in a sirtuin-dependent manner in 
yeast, worms, fl ies, and mice, although the topic is still highly debated (Guarente 
 2005 ; Rizki et al.  2011 ; Viswanathan and Guarente  2011 ; Burnett et al.  2011 ). One 
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complicating factor is that DR can be induced in different ways and might require 
different downstream factors in different protocols, as appears to be the case in 
worms. 

 In mammals, there are seven sirtuins (SIRT1-7) that function as NAD-dependent 
deacetylases, deacylases, and/or ADP-ribosyl-transferases (Houtkooper et al.  2012 ). 
In mice, SIRT1 is the closest ortholog to yeast SIR2, and it has been suggested to be 
required for lifespan extension by DR (Dryden et al.  2003 ; Finkel et al.  2009 ; Cohen 
et al.  2004 ; Nemoto et al.  2004 ). However, it was reported recently that overexpres-
sion of SIRT1 in mice whole body does not infl uence lifespan (Herranz et al.  2010 ). 
In addition, recent evidence shows that overexpression of SIRT6 has a signifi cantly 
increased lifespan in male mice (Kanfi  et al.  2012 ). Nevertheless, there has been a 
growing recognition that sirtuins contribute to healthy lifespan by protecting against 
several age-associated diseases (Guarente  2011 ).  

2.5     Mitochondria and Oxidative Damage in Yeast 
Replicative Lifespan 

 Mitochondria are semiautonomous organelles that contain their own genome 
(mtDNA) and have essential roles in energy production, metabolism, intracellular 
signaling, and apoptosis (Cheng et al.  2008 ; Braun and Westermann  2011 ; Suen 
et al.  2008 ). In addition, mitochondria are the major intracellular source of reactive 
oxygen species (ROS), which cause damage to cell structures and may regulate 
aging. However, in  S. cerevisiae , the role of mitochondrial function in replicative 
aging is still poorly understood. In  S. cerevisiae , yeasts lacking mtDNA have been 
associated with varying replicative lifespans depending on the strain background 
(Kaeberlein et al.  2005b ; Kirchman et al.  1999 ). It has also been debated whether 
lifespan extension by DR requires enhanced respiration (Easlon et al.  2007 ; 
Kaeberlein et al.  2005a ; Lin and Guarente  2006 ; Lin et al.  2000 ). 

 Similar to the lifespan phenotypes of strains lacking cytoplasmic ribosomal pro-
teins, deletion of mitochondrial ribosomal proteins, for example,  MRPL25 , which 
encodes a component of the large subunit of the mitochondrial ribosome, leads to 
increased oxidative stress resistance and RLS (Heeren et al.  2009 ). A later study 
showed that strains lacking nuclear-encoded mitochondrial translation complex 
genes, such as SOV1, cause an Sir2-dependent RLS extension without affecting 
oxidative damage (Caballero et al.  2011 ). These studies indicate that mitochondrial 
translation may impinge on yeast RLS by multiple mechanisms. 

 Mitochondria exist in vivo as a dynamic organelle, which continually undergo fi s-
sion and fusion (Westermann  2010 ). Recent work has shown that mitochondrial 
dynamics also play important roles in yeast replicative aging. A recent Mother 
Enrichment Program study confi rmed and extended prior fi ndings using microdissec-
tion that mitochondrial morphology changes dramatically through lifetime: mito-
chondria are tubular in young cells, fragmented in the early aging process, and form 
large aggregates in aged cells (Easlon et al.  2007 ; Hughes and Gottschling  2012 ). 
Mitochondria also lose membrane potential as cells age (Hughes and Gottschling 
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 2012 ). The relationship between mitochondrial dynamics and aging is not fully 
understood. One study showed that strains lacking the mitofusin proteins Dnm1p or 
Fis1p, results in reduced fragmentation and extended RLS (Scheckhuber et al.  2007 ). 
Subsequently, deletion of the dynamin-related GTPases Mgm1p, results in increased 
fragmentation and reduced RLS and CLS (Scheckhuber et al.  2011 ). A recent addi-
tional study demonstrated that the double deletion of DNM1 and MGM1 exhibited a 
normal mitochondrial morphotype, but a decrease in mitophagy and a striking reduced 
RLS, indicating that a balanced mitochondrial dynamics, but not the fi lamentous 
mitochondrial morphotype might be benefi t for longevity (Bernhardt et al.  2015 ). 

 The effects of mitochondrial uncouplers on yeast RLS have been studied. Partial 
uncoupling of oxidative phosphorylation by chemical uncoupling agent carbonyl 
cyanide p-trifl uoromethoxyphenylhydrazone (FCCP) results in increased levels of 
ROS and decreased lifespan (Stockl et al.  2007 ). Conversely, cells treated with dini-
trophenol (DNP), which causes proton leak and uncoupling of the electron trans-
port, results in decreased ROS and increased lifespan (Barros et al.  2004 ). The 
relationship between ROS and DR is still not clear. Recent study suggested that 
elevated ROS levels caused by DR result in mild stress response, which promotes 
lifespan extension through a hormetic mechanism (Sharma et al.  2011 ; Calabrese 
et al.  2011 ). Higher reactive oxygen species has also been linked to lifespan exten-
sion in worms (Yang and Hekimi  2010 ). 

 The retrograde signaling pathway mediates stress signals from the mitochondria 
to the nucleus. One key output of the retrograde signaling pathway is an alteration 
in nuclear gene expression of mitochondrial proteins, such as  CIT2 , in response to 
mitochondrial dysfunction (Epstein et al.  2001 ; Traven et al.  2001 ). It has been dem-
onstrated that genetic and environmental manipulations that induce retrograde 
response pathway can increase RLS in certain strain backgrounds (Kirchman et al. 
 1999 ). Three genes have been shown to mediate the signaling pathway.  RTG1  and 
 RTG3  encode the subunits of a leucine zipper transcription factor, which activates 
the transcription of many retrograde response target nuclear genes for mitochondrial 
proteins (such as  CIT2 ) (Rothermel et al.  1997 ; Jazwinski  2005a ,  b ).  RTG2  encodes 
part of SLIK histone acetyltransferase complex that triggers the translocation of 
Rtg1–Rtg3 transcription complex to the nucleus (Rothermel et al.  1995 ). It has been 
proposed that lifespan regulation by retrograde response occurs through both  RTG2 -
independent and  RTG2 -dependent processes (Kirchman et al.  1999 ; Liu and Butow 
 2006 ). Ras-PKA and TOR pathways have been shown as upstream regulators for the 
retrograde signaling (Tate and Cooper  2003 ; Kirchman et al.  1999 ; Borghouts et al. 
 2004 ; Komeili et al.  2000 ). However, another study indicated that activation of ret-
rograde response by mitochondria leads to increased ERC accumulation (Borghouts 
et al.  2004 ). Overall, the mechanisms by which the retrograde response regulates 
lifespan in yeast remain unclear; however, it is of interest because the mitochondria-
to-nucleus signaling pathway may have an evolutionarily conserved role in the 
aging process in higher organisms (Kujoth et al.  2007 ; Sedensky and Morgan  2006 ). 

 Recent studies on mitochondria have elucidated a link between mitochondrial 
dysfunction and vacuolar acidifi cation (Hughes and Gottschling  2012 ). Vacuolar 
acidity decreases during the aging process, which leads to mitochondrial dysfunc-
tion through reducing pH-dependent amino acid storage in the vacuolar lumen 
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(Hughes and Gottschling  2012 ). Preventing the decline of vacuolar acidity leads to 
a stabilization of mitochondrial function and increased lifespan (Hughes and 
Gottschling  2012 ). Along similar lines, it has been illustrated that increased vacu-
olar fusion, by overexpression of  OSH6 , leads to increased lifespan (Gebre et al. 
 2012 ). With multiple lines of evidence pointing to a linked function of the vacuole 
and mitochondria related to aging in yeast (Hughes and Gottschling  2012 ), it will be 
important to determine which of these events are conserved in mammalian aging, as 
well as adult stem cell function.  

2.6     The Ubiquitin/Proteasome System in Yeast 
Replicative Lifespan 

 It has also been reported that the ubiquitin/proteasome system (UPS) may play a 
crucial role in RLS (Dange et al.  2011 ; Kruegel et al.  2011 ). Importantly, protea-
some activity acts as a central regulator of oxidative stress and aging in different 
organisms, providing strong evidence for a conserved potential effect on longevity 
from yeast to humans (Vernace et al.  2007 ; Carrard et al.  2002 ; Ghazi et al.  2007 ). 
Long-lived organisms such as the naked mole rat display higher levels of protea-
some activity when compared to similar shorter-lived species (Perez et al.  2009 ). In 
addition, a recent study showed that germline ablation in  C. elegans  results in 
increased somatic UPS activity and lifespan extension (Vilchez et al.  2012 ). 

 The function of UPS decreases during aging (Shringarpure and Davies  2002 ; 
Baraibar and Friguet  2012 ). Importantly, increased UPS activity results in a signifi -
cantly increased RLS and resistance to proteotoxic stress (Kruegel et al.  2011 ). It has 
been proposed that increased proteasome activity is benefi cial for longevity and is due 
to improved elimination of damaged proteins which are asymmetrically segregated to 
the mother cell during cell division (Zhou et al.  2011 ; Kruegel et al.  2011 ). Recently, 
a study tried to answer why UPS activity declines as cells age. If the level of damaged 
proteins reaches the proteasome capacity, then protein aggregates will occur. However, 
as cells age, aggregated proteins appear to accumulate beyond a threshold whereby 
they interfere directly with proteasome function creating a negative feedback loop 
(Andersson et al.  2013 ). A new study demonstrated that proteasomes regulates the 
AMPK pathway by targeting Mig1, a transcription factor involved in glucose repres-
sion (Yao et al.  2015 ). Increased proteasome activity caused reduced Mig1 level and 
incorrect localization of Mig1 (Yao et al.  2015 ). These fi ndings might impact not only 
mammalian aging, but a wide range of protein aggregation-based diseases. 

 A recent study reported that yeast metacaspase (Mca1) play a critical role in 
aggregate management and RLS (Hill et al.  2014 ). MCA1 showed to help degrade 
misfolded proteins that left into the daughter cells. MCA1 deletion didn’t affect 
lifespan in wild type strains, but decreased RLS in strains lacking Ydj1, the Hsp70 
co-chaperone. Subsequently, overexpressing MCA1 increased RLS in YDJ1 dele-
tion background. These fi ndings not only challenges the idea that caspases execute 
cellular suicide in an altruistic mechanism, but also might shed lights on protein 
degradation and rejuvenation mechanisms in stem cells (Kampinga,  2014 ) (Hill and 
Nystrom,  2015 ).  
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2.7     The Methodology of Chronological Lifespan 
and New Variants 

 Chronological lifespan (CLS) is the length of time that a population of nondividing 
yeast cells can maintain viability or replicative potential (Longo et al.  1996 ). The chron-
ological lifespan assay was developed as an alternative to the highly tedious replicative 
lifespan assays. Rather than measuring lifespan in a mitotic state, the chronological 
lifespan assay does so in a postmitotic or quiescent state. This has been argued to be a 
better representation of nondividing cells in higher organisms, but also has drawbacks 
that are addressed later in this section. Unlike the RLS studies, the CLS assay is more 
conducive to biochemical studies since survival is assessed in a population of cells. 

 Yeast cells are facultative anaerobes, generating energy mostly through fermen-
tation in rich media with high glucose levels, but switching to respiration when 
nutrients become scarce. After nutrient depletion, cells enter a nonproliferative 
stress-resistant state where they can retain viability for a period from days to weeks 
depending on media conditions. While diploid cells can sporulate under certain 
conditions, the CLS assay is performed typically in haploid cells or in diploids in a 
non-sporulation environment. The most common method for CLS is to culture cells 
in liquid synthetic defi ned media for a period of 2–3 days where they progress 
through a postdiauxic, respiratory state and reach maximum cell density before 
stopping proliferation and ultimately stationary phase. Then, the percentage of cells 
that retain viability are monitored by periodically plating serial dilutions onto rich 
media and monitoring colony formation (Kaeberlein  2006 ; Fabrizio and Longo 
 2007 ). Readers can refer to these citations for detailed written and video protocols 
for a high-throughput method using a Bioscreen machine to obtain outgrowth 
curves from aged cells (Murakami et al.  2008 ; Murakami and Kaeberlein  2009 ). 
In addition, tools such as Yeast Outgrowth Data Analysis (YODA) have been 
 developed in order to assist researchers (Olsen et al.  2010 ). 

 There are several variations of the chronological lifespan protocol, with each 
having its own strengths and weaknesses. All the methods are variations on the 
concept of placing cells in a postmitotic state and measuring how long the cells are 
able to maintain viability (Longo et al.  1996 ). This method attempts to mimic the 
conditions that yeast may commonly encounter in their environment, but slight 
variations in the preparation of the cultures such as the type of caps used on the 
culture tubes and the media/fl ask volume ratios can drastically alter the aeration of 
the culture, directly altering viability and infl uencing the pathways that modulate 
lifespan (Hu et al.  2014 ; Longo et al.  2012 ). 

 Several other complementary CLS methods have been developed. One involves 
measuring viability after starting cultures in a calorie-restricted state and another 
starting cells in normal conditions, but transferring them from spent media to water 
after nutrients are depleted. Both methods drastically extend chronologic lifespan. 
Depending on growth conditions, buildup of acetic acid during the growth phase as 
a result of fermentation can acidify media and accelerate cell death in the nonprolif-
erative phase (Burtner et al.  2009 ). This observation has also been demonstrated to 

C. He and B.K. Kennedy



33

be true in several strain backgrounds, as well as wild vineyard strains (Murakami 
et al.  2011 ). This is one reason why starting cells in reduced glucose or transferring 
them to water after proliferation ceases extends lifespan. However, by altering 
growth conditions, the impact of acetic acid can be reduced (Hu et al.  2014 ; Longo 
et al.  2012 ). One additional way to reduce effects of acetic acid is to grow yeast in 
buffered media, so that the pH does not drop with acetic acid accumulation and 
secretion (Burtner et al.  2009 ). 

 Another method has been developed where cells in a tryptophan auxotrophic 
background are plated onto solid media lacking tryptophan. At every time point, 
tryptophan is added to the plate, and the number of colonies that form is counted 
(Wei et al.  2009 ). This method, however, is less conducive to high-throughput. In 
addition, measuring lifespan by this method slightly reduces chronological lifes-
pan compared to the liquid media approach. The differences can likely be 
accounted for by the differential response of yeast cells depending on the nutri-
ents for which they are limited. Cells starving for carbohydrates respond differ-
ently than tryptophan, for instance. An analysis of the response of yeast under a 
variety of conditions indicates that the cellular response depends on the fi rst nutri-
ent that becomes depleted (Gresham et al.  2011 ). Cells encountering starvation in 
a condition for which they are adapted to respond (e.g., a nutrient for which they 
would normally become restricted in the wild) have extended survival and evoke 
a common stress response that protects against a wide range of stressing agents. 
However, starvation in an unnatural condition leads to an ineffective response and 
rapid loss of viability.  

2.8     Genes and Pathways Modulating 
Chronological Lifespan 

 By using a combination of several CLS methods, it has been possible to identify 
genetic and environmental manipulations that regulate chronological lifespan. 
Dietary restriction, which for CLS is defi ned as growth under reduced glucose, typi-
cally at a concentration of 0.05 % of the culture medium, has been reliably 
 demonstrated to extend chronological aging signifi cantly (Smith et al.  2007 ). 
Similarly, transfer of postmitotic cells to water also extends chronological lifespan. 
DR has been found to increase respiration (Lin et al.  2002 ), as a part of a global 
restructuring of the metabolic state of the cells. Consistent with this hypothesis, 
cells grown under caloric restriction result in a more basic medium, whereas cells 
grown under ordinary culture conditions (2 % w/v glucose) actually acidify their 
medium modestly. The difference in pH in the media likely is a result of byproducts 
of the metabolic restructuring, as Burtner et al. demonstrated that acetic acid is pro-
duced during growth and expelled into the extracellular environment (Burtner et al. 
 2009 ). Similarly, Burtner et al. demonstrated that acetic acid is a likely candidate 
because in cultures grown under calorie restriction or under 3 % glycerol, which 
forces the cells to respire, because the culture medium was not acidifi ed and acetic 
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acid did not accumulate under these conditions. Interestingly, a similar phenomenon 
has been reported for growth of mammalian cells in culture. Cells grown in culture 
acidify their medium by secretion of lactic acid, which reduces their long-term via-
bility. Interestingly, rapamycin extends survival by reducing lactic acid production 
(Leontieva and Blagosklonny  2011 ). 

 Consistent with the fi ndings that altered metabolism extends chronological 
 lifespan, the two main pathways that have been well characterized for extending 
chronological lifespan are the nutrient sensing PKA and TOR/SCH9 pathways. 
Genetic perturbations in both have been demonstrated to reliably extend chrono-
logical lifespan in a variety of chronological methods, and these effects have been 
pinpointed to be a result of Rim15 and its downstream effectors Msn2/4 (Burtner 
et al.  2009 ). In accordance, reduced Tor signaling increases mitochondrial transla-
tion, oxidative phosphorylation (OXPHOS), and mitochondrial respiration, as well 
as mitochondrial reactive oxygen species (Bonawitz et al.  2007 ; Pan and Shadel 
 2009 ). These results taken together suggest that chronological aging is a result of an 
adaptive mitochondrial response, especially since stimulation of ROS during the 
growth phase is suffi cient to extend chronological lifespan. In addition, pre-growth 
on  glycerol and  HAP4  overexpression, which activates respiration, both extends 
CLS (Piper et al.  2006 ). 

 One of the most studied members of the Tor pathway is  SCH9 . Consistent with 
its direct role in the Tor pathway, several studies have demonstrated that deletion 
of  SCH9  extends chronological lifespan. Also consistent with the metabolic per-
turbations observed of cells under calorie restriction,  sch9Δ  demonstrates meta-
bolic alterations, specifi cally enhanced glycerol biosynthesis. Glycerol 
biosynthetic genes are upregulated in  sch9Δ , and these genes are required for the 
chronological lifespan extension in  sch9Δ  (Wei et al.  2009 ). They also proposed 
that glycerol is an important stress protectant during chronological aging. Cells 
lacking  SCH9  are also protected from loss of viability due to extracellular acetic 
acid (Burtner et al.  2009 ).  tor1D  cells also exhibit enhanced glycerol biosynthesis 
(Wei et al.  2009 ). 

 Another mechanism that has been directly linked to chronological lifespan is 
the role that membrane potential of the mitochondria plays in chronological aging. 
It is documented that as cells age by replication, their mitochondria display signs 
of altered morphology and of decreased membrane potential (Easlon et al.  2007 ; 
Hughes and Gottschling  2012 ). Respiration is also required for normal chrono-
logical lifespan; however, up to a 60 % reduction in respiration does not affect 
lifespan (Pan et al.  2011 ; Ocampo et al.  2012 ). Overexpression of superoxide 
dismutases curtails the extended chronological lifespan of Tor mutants (Pan et al. 
 2011 ), consistent with the fi nding that reactive oxygen species can promote 
enhanced CLS (Piper et al.  2006 ). These observations, along with the fact that 
addition of trehalose to the media is suffi cient to restore chronological aging in 
respiratory-defi cient mutants, suggest that there is an elevated stress response that 
is dependent on reactive oxygen species. Although yet to be fully elucidated, this 
mitochondrial reactive oxygen species signaling could prove a fruitful pathway to 
study given the multitude of diseases associated with aberrant mitochondrial 
function.  
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2.9     RLS and CLS: From Yeast to Mammalian Aging 

 Since the earliest chronological lifespan studies, it has been known that several 
interventions that affect chronological aging overlap with those that also affect rep-
licative aging, such as DR, TOR/Sch9 pathway, and PKA pathway (Lin et al.  2000 ; 
Fabrizio et al.  2001 ,  2004 ). Mitochondria function and oxidative damage are also 
associated with both replicative and chronological aging (Kaeberlein  2010 ). 
However, some mutations have been reported to have confl icting effects in RLS and 
CLS assays (Harris et al.  2001 ,  2003 ; Fabrizio et al.  2004 ). rDNA instability is rel-
evant to RLS, but not CLS since rDNA instability by  sir2Δ  results does not affect 
CLS (Smith et al.  2007 ; Wu et al.  2011 ; Kennedy et al.  2005 ). 

 Recently, a direct link between the CLS and RLS assays has been elucidated. 
Delaney et al. studied the effects chronological aging on the subsequent RLS of 
mother cells (Delaney et al.  2013 ). They demonstrated, consistent with an earlier 
report (Ashrafi  et al.  1999 ), that cells aged chronologically display a reduced repli-
cative potential and that this is exacerbated under conditions that give rise to acetic 
acid toxicity (Delaney et al.  2013 ). 

 Chronological aging and replicative aging have both shed light on similar path-
ways and have been insightful on their mechanisms. The fi rst quantitative analysis 
study to address if the longevity genes are conserved between  S. cerevisiae  and 
 C. elegans  was demonstrated by Smith et al. (Smith et al.  2008 ). They found that the 
yeast orthologs of worm long-lived genes are more likely to impact yeast RLS, indi-
cating that genes modulating aging have been conserved between divergent eukary-
otic species (Smith et al.  2008 ). On an evolutionary timeline, the unicellular yeast  S. 
cerevisiae  and multicellular worm  C. elegans  are separated by 1.5 billion years, which 
is greater than worm and mammals (1 billion years) (Wang et al.  1999 ). This indicates 
that the conserved genes between yeast and worm are likely to have similar overlap in 
mammals. In contrast to RLS, and in spite of the fact that many of the major pathways 
affecting RLS, CLS, and worm aging are conserved, there has been no successful 
quantitative demonstration of conservation in aging pathways between yeast CLS and 
worm aging or even between CLS and RLS. The efforts to date have centered on CLS 
conditions where acidifi cation is a prime  determinant of aging (Burtner et al.  2011 ), 
and it may be the case that other methods of CLS may lead to greater correspondence 
with aging determinants in the RLS assay and multicellular eukaryotes. 

 Both the replicative aging and chronological aging assays are meant to establish 
aging mechanisms in relatively simple organisms that can be tested in metazoans. 
Chronological aging is proposed as a model for postmitotic cells such as neurons, 
while replicative aging can be a model for dividing populations of cells, such as 
adult stem cells. Like budding yeast, it has been reported that damaged proteins in 
stem cells are asymmetrically distributed during cell division (Fuentealba et al. 
 2008 ; Rujano et al.  2006 ), although it remains unclear whether the mechanisms by 
which this segregation occurs are conserved in mammals. We predict that the bud-
ding yeast replicative aging studies will provide further insights into key regulators 
for stem cell development and senescence (Thorpe et al.  2008 ). 

 In addition, yeast is increasingly used to model aging-related disease, such as 
neurodegenerative diseases and cancer (we refer readers with specifi c interest in 
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disease models to a dedicated review (Tenreiro et al.  2013 ; Pereira et al.  2012 )). For 
example, Werner syndrome is an autosomal recessive disorder characterized by the 
appearance of premature aging and cancer predisposition (Epstein et al.  1966 ). 
Werner syndrome is caused by mutation of the WRN gene, which functions in telo-
mere maintenance, DNA replication, and DNA repair (Yu et al.  1996 ). It has been 
shown that deletion of WRN ortholog in yeast,  SGS1 , results in decreased lifespan 
and elevated ERC accumulation (McVey et al.  2001 ). Many other chronic diseases 
have also been modeled. 

 The yeast model not only has provided a valuable model to discover compounds 
that impact aging. Many compounds have now been identifi ed that extend yeast 
lifespan (Table  2.1 ). Examples include rapamycin and resveratrol, which were fi rst 
identifi ed and characterized as antiaging compounds in yeast and have been studied 
for a number of aging-related diseases in humans (Lamming et al.  2013 ; Kennedy 
and Pennypacker  2014 ). Novel targets such as serine palmitoyltransferase (the fi rst 
enzyme in the de novo sphingolipid biosynthesis pathway) have also been identifi ed 
that play important roles in aging, providing further promising pharmacological 
targets for antiaging interventions (Huang et al.  2014 ). Moreover, a systems biology 
approach has been applied to yeast to identify perturbations that can potentially 
transform an “aged” metabolic state to the desired “young” metabolic state, as well 
as predict new antiaging drug targets (Yizhak et al.  2013 ).

   As the last few decades of aging research have shown us, yeasts are not only a 
viable model for studying aging, but they have been critical in discovering novel 
pathways that are involved in aging throughout different eukaryotic species. 
Replicative and chronological lifespan studies have unraveled sirtuins, TOR, and 
PKA, as conserved modulators of longevity, which have been the basis for numer-
ous successful studies in higher organisms. More importantly, we are reaching the 
era when systems biology and high-throughput technology approaches can be 
applied to this organism in an attempt to understand aging holistically. 

 An interesting area of future studies will be to compare the yeast RLS assay to 
studies of adult stem cells from mammalian tissues. Indeed, while speculation has 
been that yeast RLS mimics aging in replicatively active adult stem cells, the 
 evidence to support this is minimal. In fact, current studies would indicate that yeast 
aging corresponds more closely to organismal aging in higher eukaryotes. However, 
as the pathways modulating adult stem cell aging become further elucidated, it will 
be possible to perform more direct comparisons of aging mechanisms to that of 
yeast, and the answers to this question may become apparent. Suffi ce it to say that 
we have learned more about aging in mammals from yeast studies than anyone 
would have predicted, and the best may be yet to come.     
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  3      Germline Stem Cells and Their Roles 
in the Regulation of Organism Longevity 

             Chih-chun     Janet     Lin      and     Meng     Carla     Wang    

    Abstract  
  Aging is a genetically regulated process that happens in all organisms. Lifespan 
extension can be achieved through several mechanisms, including regulatory 
 signaling from germline stem cells, which will be the focus of this chapter. 
The free-living nematode  Caenorhabditis elegans  has become the standard 
workhorse for aging studies due to its fast life cycle, short lifespan, and powerful 
functional genomics. In this chapter, we will fi rst introduce germline organiza-
tion and germline stem cell maintenance in  C. elegans . Next, we will review the 
knowledge achieved by  C. elegans  research on how gonadal signaling pathways 
regulate organism longevity. Lastly, the current model of lipid metabolic repro-
gramming as the link between germline and longevity will be discussed as well.  

3.1         Introduction 

 Aging is a fundamental biological process occurring in the whole animal kingdom. 
It refers to the gradual loss of normal functions in organs, physiological systems, 
and ultimately the organism as a whole. Although this phenomenon is a familiar 
experience for all, it is only recently that people has started to realize aging is not 
just a simple process of wear and tear but rather a series of complex regulatory pro-
cesses under tight control. Over the last two decades, groundbreaking work in model 
organisms has identifi ed many genes and signaling pathways that regulate organism 
lifespan, including insulin/IGF-1 receptor, forkhead transcription factor, TOR 
kinase, AMP kinase, and Sirtuin (Blagosklonny et al.  2010 ; Kenyon  2010b ). 
Strikingly, most of those molecular mechanisms were fi rst linked to lifespan 
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regulation by using a tiny free-living nematode,  Caenorhabditis elegans , as a 
genetic model organism and lately shown to be well conserved across other 
species. 

  C. elegans  is small (~1 mm in length) and transparent and has a fast life cycle, 
passing through four larval stages to adulthood in approximately 3 days. It also has 
short lifespan (~2–3 weeks), which is remarkably shorter than 2–3 months in 
 Drosophila  or 2–3 years in mice. The entire cell lineage of  C. elegans  has been 
completely mapped and found to be invariant among generations and populations 
(Sulston et al.  1983 ). Therefore, the developmental fate of each single cell in those 
tiny worms is clear throughout their lives. Furthermore, with fully sequenced 
genome (~97 megabases) (Consortium  1998 ), and the ease of RNA interference 
(RNAi) and transgenic techniques,  C. elegans  is highly amenable for genetic manip-
ulation. Together, those features have made  C. elegans  a powerful animal model in 
studies of development, reproduction, metabolism, evolution, and aging.  C. elegans  
is a multicellular organism like human beings, in which the functions of different 
cells and organs integrate and cooperate to support various biological processes, 
including aging.  C. elegans  lifespan can be modulated via a cell nonautonomous 
manner with the nervous system, intestine (the worm fat storage tissue), and germ-
line stem cells (GSCs) serving as a major endocrine signaling network (Russell and 
Kahn  2007 ). In this chapter, we will focus on the endocrine function of GSCs and 
review the knowledge known to date on how those stem cells systemically modulate 
the aging process of the whole organism in  C. elegans .  

3.2     GSC Maintenance in  C. elegans  

 Before we start to discuss the endocrine functions of GSCs in the regulation of 
organism aging, it is necessary to fi rst overview their organization in the germline, 
and the signaling events that determine their stem cell fate and functions. 

3.2.1     Germline Development in C. elegans 

 The reproductive system in adult  C. elegans  is consisting of two symmetrical 
U-shaped arms, connected by a common uterus. In each germline arm of adult 
worms, all stages of germ cells, from GSCs to differentiated gametes, are present at 
one time but fi nely regulated to specialize their positions. Germline specifi cation 
occurs during embryogenesis and early L1 larval stage (Strome  2005 ). This process 
relies on the distribution of P granule at early embryogenesis (Updike and Strome 
 2010 ). P granule contains maternal RNAs and is asymmetrically segregated into P 
blastomeres, which eventually grow into Z2 and Z3 primordial germ cells (Fig.  3.1a ). 
In early L1 worms, the Z2 and Z3 primordial germ cells (PGCs), together with Z1 
and Z4 somatic gonad precursors (SGPs), are surrounded within a basement mem-
brane (Fig.  3.1b ). These four cells will give rise to the complete reproductive system 
during the postembryonic development.  
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 Germline proliferation, survival, and differentiation continue through L1 to L3 
larval stages, followed by gametogenesis at L4 and early adulthood (Fig.  3.1b ) 
(Hubbard and Greenstein  2005 ). When nutritional condition is favorable, PGCs 
undergo MES-mediated chromatin modifi cation to activate proliferation genes, 
divide symmetrically to expand syncytial GSC population, and ultimately give rise 
to germline tissues. Meanwhile, each SGP differentiates asymmetrically into fi ve 
proximal cells and one distal tip cell (DTC). The proximal cells eventually turn into 
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  Fig. 3.1    Germline organization in  C. elegans . ( a ) Germline specifi cation relies on maternally 
inherited germ granules, called P granules. P granules contain RNA and proteins required for 
germline determination and are progressively segregated into a series of P blastomeres (high-
lighted as turquoise cells) during embryonic development. P4 will eventually divide into two PGCs 
(Z2 and Z3, turquoise) at the ~100-cell stage. ( b ) In postembryonic development, the Z2 and Z3 
PGCs will continue to proliferate and comprise the future germ cell population after hatch, which 
are supported by the DTCs ( red ) and sheath cells developed from Z1 and Z4 SGPs ( white ). The 
DTCs locate at the distal ends of gonad arms, acting as the niche for GSC maintenance and prolif-
eration. Germ cells proliferate mitotically ( turquoise ) in the distal region; when progressing into 
the meiotic region, germ cells become meiotic ( light blue ) and undergo sperm ( purple dot ) differ-
entiation at the L4 stage and oogenesis ( yellow ) later during adulthood. The matured oocyte goes 
through spermatheca and becomes self-fertilized egg ( orange ) in the uterus. ( c ) The DTC projects 
processes and surrounds the distal end of the gonad arm. Those germ cells adjacent to the DTC 
remain mitotic; otherwise, they turn into meiotic differentiation program. This is controlled via 
LAG-2/GLP-1 Notch-like signaling pathway. In brief, the DTC-expressed LAG-2 triggers the acti-
vation of its receptor GLP-1 and downstream FEB-1/2 signaling in GSCs. FEB-1/2 maintain 
mitotic proliferation fate by promoting mitosis-specifi c mRNA translation via inhibiting GLD-1/
NOS-3 and by suppressing meiosis-specifi c mRNA translation via inhibiting GLD-2/3. When 
germ cells progress toward the proximal end, they lose the DTC signaling; thus, GLD-1/NOS-3 
and GLD-2/3 take the lead to switch on meiotic program. Abbreviation:  PGC  primordial germ cell, 
 SGP  somatic gonad precursors,  DTC  distal tip cell,  GSC  germline stem cell       
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sheath cells, forming single layer intimately surrounding the germ cells. The DTC, 
at the distal end of each germline arm, forms processes that stretch out proximally 
along germline surface and functions as a niche to maintain the adjacent GSCs 
(Fig.  3.1c ). During the L4 larval stage, the polarity of the germline forms. As new 
cells continue proliferating at the distal end, the other germ cells are pushed toward 
the proximal side and farther away from the DTC. Only GSCs and early germ cells 
at the distal end remain mitotic. In contrast, those germ cells progressing to the 
proximal end switch fate from mitotic proliferation to meiotic differentiation and 
undergo spermatogenesis during the L4 stage, followed by oogenesis starting at 
adulthood (Fig.  3.1b ). In adulthood, oogenesis can continue throughout the whole 
reproductive period until sperm exhaustion.  

3.2.2     Molecular Mechanism Controlling GSC Maintenance 
and Activity 

 In  C. elegans , GSCs are located at the most distal end of the germline. The somatic 
DTC extends thin cytoplasmic processes that encircle the most distal end germ cells 
and serves as a niche for adjacent GSCs (Fig.  3.1c ) (Li and Xie  2005 ; Xie  2008 ). 
When DTC is killed by laser ablation, the germline mitotic region diminishes 
(Kimble and White  1981 ). Conversely, DTC relocation results in the development of 
ectopic proliferating germ cells at the corresponding position, and DTC  duplication 
leads to doubling of germ cell pools (Kidd et al.  2005 ; Kipreos et al.  2000 ; 
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Lam et al.  2006 ). The DTC promotes mitotic proliferation of GSCs via 
GLP-1/Notch signaling. LAG-2, a notch-like signaling ligand, is expressed in the 
DTC and activates its receptor GLP-1, located on the surface of GSCs (Fig.  3.1c ) 
(Crittenden et al.  1994 ; Fitzgerald and Greenwald  1995 ; Henderson et al.  1994 ). 
The activation of GLP-1/Notch signaling is necessary and suffi cient for GSC main-
tenance and proliferation. In the loss-of-function mutants of  glp - 1 , all of the germ 
cells progress into meiotic differentiation, leading to a complete loss of the GSC 
population (Fitzgerald and Greenwald  1995 ). Conversely, gain-of-function muta-
tions of  glp - 1  promote GSC overproliferation and the formation of germline tumor 
(Berry et al.  1997 ). 

 In response to the activation of GLP-1/Notch signaling, a battery of downstream 
RNA regulators cooperate to promote GSC self-renewal and prevent cell differen-
tiation (Fig.  3.1c ) (Byrd and Kimble  2009 ; Kimble and Crittenden  2005 ). In brief, 
GLP-1 can transcriptionally activate  fbf - 2  (along with other unidentifi ed targets) 
(Lamont et al.  2004 ). FBF-2 is a pumilio-like RNA-binding translational repressor 
that can work together with another pumilio-like protein FBF-1 to repress the 
expression of  gld - 1  and  gld - 3  via binding to their 3′-untranslated regions (UTRs) 
(Crittenden et al.  2002 ; Eckmann et al.  2004 ). GLD-1 together with NOS-3 and 
GLD-3 together with GLD-2 form two parallel regulatory branches to control mei-
otic entry in the germline. In one branch, GLD-1 functions as a translational repres-
sor that acts through regulatory elements present in the 3′-UTR of mitosis-promoting 
genes and represses their expression posttranscriptionally. NOS-3, a Nanos family 
of RNA-binding proteins, physically interacts with FBF-1 and promotes GLD-1 
accumulation (Hansen et al.  2004 ). In the other branch, GLD-2, a cytoplasmic 
poly(A) polymerase and translational activator, activates meiosis-promoting genes 
while GLD-3, a member of the bicaudal-C family of RNA-binding protein, enhances 
the poly(A) polymerase activity of GLD-2 and antagonizes the FBF-mediated 
repression (Eckmann et al.  2002 ,  2004 ; Wang et al.  2002 ). Together, GLP-1/Notch 
signaling and FBF-GLD proteins constitute the control hub for GSC maintenance in 
adults (Fig.  3.1c ).   

3.3     GSC Arrest Promotes Longevity in  C. elegans : Trade-Off 
Between Reproduction and Longevity? 

 As mentioned in the introduction, we now know that the aging process is under the 
control of various regulatory pathways (Blagosklonny et al.  2010 ; Kenyon  2010b ). 
Altered activity of those pathways by genetic or pharmacological methods can 
effectively infl uence organism lifespan. The fi rst of such pathways was character-
ized in  C. elegans  and named the insulin/IGF-1 signaling (IIS) pathway. Mutations 
of  age - 1  or  daf - 2 , the worm homolog of phosphoinositide 3-kinase (PI3K) or insu-
lin/IGF-1 receptor, respectively, were shown to increase  C. elegans  adult lifespan by 
two-folds (Friedman and Johnson  1988 ; Kimura et al.  1997 ; Samuelson et al.  2007 ). 
IIS activation is transduced through PDK-1 (PIP3-dependent kinase 1) and AKT- 
1/2 (AKT/protein kinase B) and inhibits the transcriptional activity of the FOXO 
forkhead transcription factor, DAF-16. Loss-of-function mutations of  pdk - 1  or 
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 akt - 1    / 2  increase  C. elegans  lifespan (Paradis et al.  1999 ; Paradis and Ruvkun  1998 ) 
while the increased lifespan associated with  daf - 2  or  age - 1  mutants is suppressed by 
mutations in  daf - 16  (Ogg et al.  1997 ). Following  C. elegans  studies, the IIS pathway 
has been shown to regulate lifespan also in yeast, fruit fl ies, and mice (Longo et al. 
 2005 ). In human, several insulin receptor and IGF-1 receptor variants are linked to 
extremely long life in Ashkenazi Jewish centenarian and Japanese centenarian, 
respectively (Kojima et al.  2004 ; Suh et al.  2008 ). Furthermore, a number of AKT 
and FOXO3 variants have been implicated to be responsible for human exceptional 
longevity, as shown in multiple independent genetic association studies (Anselmi 
et al.  2009 ; Flachsbart et al.  2009 ; Pawlikowska et al.  2009 ; Willcox et al.  2008 ). 

 To date, the IIS pathway has been well recognized as a remarkable conserved 
mechanism to modulate the aging process across species. However, when fi rst iden-
tifi ed, its life-extending effect was suspected to be a result of fertility trade-off. 
Could it be possible that the  daf - 2  and  age - 1  mutants live longer simply because of 
their comprised reproductive abilities and consequent allocation of energy resources 
from reproduction to somatic maintenance? Several lines of evidences do not agree 
with this assumption. First of all, sterility alone, either by physical removal of whole 
gonad or using non-reproducing mutants, is not suffi cient to ensure longevity 
(Kenyon et al.  1993 ). Secondly,  fer - 15  rescue can restore normal fertility in the   
age - 1     mutants but has no effect on the lifespan extension (Johnson et al.  1993 ). In 
addition, the  daf - 2  mutants remain long lived at 15 °C, where the animals have simi-
lar reproductive ability as wild type (Tissenbaum and Ruvkun  1998 ). Last but not 
least, knockdown of  daf - 2  by RNAi only during adulthood extends lifespan without 
affecting reproduction while  daf - 2  inactivation during development reduces fertility 
with no lifespan extension (Dillin et al.  2002 ). Therefore, decreased fertility in the 
 daf - 2  mutants is likely due to its requirement during development, but not related to 
its longevity effects at adulthood. 

 So, what is the relationship between reproduction and longevity, if there is no 
simple trade-off between them? The merging view is that the reproductive system 
can produce regulatory signals that actively coordinate the metabolic state of the 
organism toward reproduction or toward survival. In the following sections, we will 
focus on the mechanistic details of how reproductive signaling might regulate lifes-
pan in  C. elegans .  

3.4     Germline, GSCs, and Longevity 

 The fi rst line of evidence that the reproductive system produces signals to regulate 
lifespan came from the classic experiments by the Kenyon laboratory (Hsin and 
Kenyon  1999 ). They showed that removal of the germline precursors Z2/3 PGCs by 
laser microsurgery results in germline-less animals that live 60 % longer than the 
mock control, while additional removal of the somatic precursors Z1/4 SGPs, which 
eliminates somatic gonad surrounding and supporting the germ cells, abrogates this 
lifespan extension (Hsin and Kenyon  1999 ). These suggest that the longevity effect 
conferred by germline ablation is not a simple consequence of sterility, but rather 
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arises from certain regulatory signals. Removal of somatic gonad may antagonize 
those longevity-promoting signals (Hsin and Kenyon  1999 ). In addition, the longev-
ity phenotype in the germline-less animals resulting from physical ablation can also 
be recapitulated using genetic mutants. Loss-of-function mutations in  mes - 1  that 
have no germ cells can live twofold longer, and the  glp - 1  mutants that arrest germ 
cell proliferation can live 1.5-fold longer (Arantes-Oliveira et al.  2002 ). In both 
studies of  mes - 1  and  glp - 1 , the presence of somatic gonad is required for the longev-
ity effects. 

 In the adult germline, different stages of proliferative and differentiated germ 
cells, including GSCs, mitotic germ cells, meiotic germ cells, oocytes, and sperms, 
are present at one time (Fig.  3.1b ). Which of those specifi c germ cell groups contrib-
ute to the lifespan regulation? Surprisingly, several different sperm-defi cient ( fem - 1 , 
 fog - 1 ,  fog - 2 , or  fog - 3 ) or oocyte-defi cient ( daz - 1 ) mutants all exhibit normal lifes-
pan without extension (Arantes-Oliveira et al.  2002 ). It indicates the negligible 
functions of gametogenesis in the regulation of organism lifespan. This is particu-
larly unexpected for the oocyte-defi cient mutants, given that vast energy is invested 
during oocyte formation. These observations further support that the lifespan exten-
sion conferred by germline defi ciency is not a simple passive result of energy real-
location. On the other hand, both GLP-1/Notch signaling and FBF-GLD proteins 
are required for GSC maintenance and proliferation. Interestingly, loss-of-function 
mutations of  glp - 1  that arrest GSCs promote longevity, while  glp - 1  gain-of-function 
mutations or  gld - 1  loss-of-function mutations that cause GSC overproliferation in 
contrast shorten lifespan (Arantes-Oliveira et al.  2002 ). These observations reveal 
the crucial function of GCSs in regulating longevity. Furthermore, in the temperature- 
sensitive  glp - 1  mutants, GSC arresting upon temperature shift can always lead to 
increased longevity, even at day-1 adulthood when the whole germline development 
is completely accomplished (Arantes-Oliveira et al.  2002 ). Thus, GSC arrest itself 
is suffi cient to promote longevity, and the lifespan regulatory signals could directly 
associate with the presence of GSCs. 

 Importantly, this GSC longevity regulatory mechanism is evolutionarily con-
served. In  Drosophila , adult fl ies lacking GSCs live 50 % longer than the controls 
(Flatt et al.  2008 ). In mice, ovary transplantation from young females increases the 
lifespan of older female recipients (Cargill et al.  2003 ), suggesting that unknown 
lifespan-enhancing endocrine signals are produced from mammalian ovary tissues.  

3.5     Signaling Pathways Regulating Longevity in Response 
to Gonadal Signals 

3.5.1     Steroid Hormone Control from the Reproductive System 

 Reproductive tissues are crucial functional parts of the endocrine system. Steroid 
hormones synthesized and released from the reproductive system can systemically 
coordinate the whole body physiology. Consistently, steroidal signaling has been 
implicated as a key factor contributing to the regulation of GSC longevity (Fig.  3.2 ). 
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This includes the bile acid-like steroids (dafachronic acids (DA)), its receptor DAF- 
12, and several enzymes involved in DA synthesis, such as DAF-36/Rieske-like 
oxygenase, DHS-16/3-hydroxysteroid dehydrogenase, and DAF-9/cytochrome 
P450 (Lee and Schroeder  2012 ). Loss-of-function mutations of  daf - 12 ,  daf - 36 ,  dhs - 
16    , or  daf - 9  completely abrogate the longevity in the germline-less animals con-
ferred by the  glp - 1  mutations or Z2/3 laser ablation (Beckstead and Thummel  2006 ; 
Gerisch et al.  2001 ; Wollam et al.  2012 ). Moreover, DA supplementation restores 
longevity in the  daf - 9 ; glp - 1 ,  dhs - 16 ; glp - 1 , and  daf - 36 ; glp - 1  double mutants back to 
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  Fig. 3.2    Longevity regulation in germline-defi cient  C. elegans . Germ cell loss works in concert 
with somatic gonad, intestine, and neuronal cells to regulate lifespan extension. In somatic gonad, 
steroid synthesis via DAF-36, DHS-16, and DAF-9 generates hormone ligands, like DA and 
PREG, for DAF-12 activation. DAF-12 promotes longevity via regulating downstream target gene 
expression and via assisting FOXO/DAF-16 nuclear localization in the intestine. DAF-16 activa-
tion also requires KRI-1 and neuronal  mir - 71  activity. Once DAF-16 enters nucleus, it activates 
assorted downstream targets through forming distinct complexes with different factors. When 
DAF-16 interacts with TCER-1, PHI-62, and FTT-2, it is known to regulate the gene  dod - 8 . DAF- 
16 also plays a central role in regulating  lipl - 4  and other lipolysis genes. With the aid of  lipl - 4 , 
FOXA/PHA-4 regulates autophagy gene expression, e.g.,  lgg - 1 ,  bec - 1 , and  unc - 51 . On the other 
hand, NHR-80 and NHR-49 activate the expression of SCD, including  fat - 6 , to alter lipid composi-
tion by increasing oleic acid synthesis. These subsets of regulatory modules do not work self- 
suffi ciently; instead, they belong to a closely linked network and may have partial dependency on 
others. These fi ndings also suggest there is cross-tissue endocrine signaling to communicate the 
whole organism in the germline-depleted scenario and to achieve lifespan extension. Abbreviation: 
 DA  dafachronic acid,  PREG  pregnenolone,  SCD  stearoyl-CoA-Δ9-desaturases       
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that of  glp - 1  but has no effect in extending the shortened lifespan of  daf - 12 ; glp - 1  
(Gerisch et al.  2007 ; Wollam et al.  2012 ). Thus, DA biosynthesis and its transcrip-
tional activation of DAF-12 are both required in promoting longevity of the 
germline- less animals.  

 As mentioned above, an intact somatic gonad is required for the longevity of the 
germline-less animals, suggesting somatic gonad as a source of life-extending sig-
nals. Notably, DA supplementation can restore longevity of the whole gonad- 
defi cient worms lacking both germline and somatic gonad, which requires the 
presence of  daf - 12  (Gerisch et al.  2007 ). In addition, DAF-12 transcriptional activi-
ties are stimulated by germline loss, but further removal of somatic gonad dimin-
ishes this induction, which can be rescued by supplying DA exogenously (Yamawaki 
et al.  2010 ). These indicate that DA biosynthesis and DAF-12 signaling are both 
involved in mediating life-extending signals from the somatic gonad. In wild-type 
animals, those signals may be hindered by the presence of germline. Besides DA, 
 C. elegans  also contain several other hormonal steroids that are present in humans, 
including pregnenolone (3β-hydroxy-pregn-5-en-20-one; PREG) and other preg-
nane and androstane derivatives (Broue et al.  2007 ). Some of those steroids are also 
involved in the regulation of longevity in the germline-less animals. For example, in 
the  glp - 1  mutants, PREG levels are elevated in a DAF-9-dependent fashion. 
Moreover, PREG supplementation restores longevity in the  daf - 9 ; glp - 1  double 
mutants, but fails to do so in the  daf - 12 ; glp - 1  mutants, suggesting the involvement 
of PREG in mediating gonadal longevity signals (Broue et al.  2007 ). However, nei-
ther DA nor PREG supplementation is suffi cient to extend lifespan in wild type or 
further increase longevity of germline-defi cient animals. Therefore, there must be 
also other signaling components mediating the longevity effects conferred by germ-
line loss.  

3.5.2     Regulation of Intestinal FOXO Activity Upon 
Germline Loss 

 The FOXO forkhead transcription factor DAF-16 serves as another central regula-
tor of longevity by germline defi ciency (Fig.  3.2 ). Null mutation of  daf - 16  com-
pletely abolishes the longevity of the germline-ablated animals (Hsin and Kenyon 
 1999 ) and the  glp - 1  germline-defective mutants (Arantes-Oliveira et al.  2002 ; 
Berman and Kenyon  2006 ). Despite ubiquitous distribution in all worm tissues, 
DAF-16 activities in the intestine may be particularly critical to mediate the lon-
gevity effect brought about by germline loss. Upon laser microsurgery of germline 
precursor cells or in the  glp - 1  germline-defi cient mutants, DAF-16 is translocal-
ized to the nucleus in intestinal cells during the fi rst day of adulthood, but its sub-
cellular localization remains unchanged in other tissues (Berman and Kenyon 
 2006 ; Lin et al.  2001 ). Similar to mammalian FOXO transcription factors, translo-
cation of DAF-16 from the cytoplasm to the nucleus triggers its activation, and 
three conserved AKT phosphorylation sites are required for its cytoplasmic reten-
tion. Substitution of those three consensus sites with alanines generates a 
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constitutively nuclear DAF-16 protein (referred to as DAF-16 AM) (Lin et al. 
 2001 ). Importantly, expression of this mutated form of DAF-16 AM within the 
intestine fully restores the longevity of the  glp - 1 ; daf - 16  double mutants, showing 
the functional signifi cance of DAF-16 nuclear localization in this tissue (Berman 
and Kenyon  2006 ). The worm intestine is not only a digestive organ, but also a key 
metabolic and endocrine organ to store lipid and release humoral signals to the rest 
of the organism. Thus, activation of DAF-16 in the intestine by germline signals 
may generate secondary effects and hence have global impacts on organism 
longevity. 

 Multiple factors genetically act upstream of DAF-16 in response to germline 
loss. First of all, DA/DAF-12 signaling assists DAF-16 nuclear localization in the 
germline-less animals. Loss-of-function mutations of either  daf - 9 ,  daf - 36 ,  dhs - 16 , 
or  daf - 12  substantially compromise the nuclear translocation of DAF-16 in the 
intestine, and DA supplementation restores DAF-16 nuclear localization in the 
  glp - 1     double mutants with those DA biosynthesis genes (Gerisch et al.  2007 ; Libina 
et al.  2003 ; Wollam et al.  2012 ). Noteworthily, expression of constitutively nuclear 
localized DAF-16 AM fails to restore longevity in  glp - 1 ;  daf - 16 ;  daf - 12  mutants 
(Berman and Kenyon  2006 ). It suggests that DAF-12 may not only facilitate DAF- 
16 nuclear translocalization, but also aid its transcriptional activation or have other 
unidentifi ed downstream pathways. Secondly, scientists also apply unbiased genetic 
screens to search for other components involved in the germline longevity signal-
ing.  kri - 1  (Berman and Kenyon  2006 ) and  tcer - 1  (Ghazi et al.  2009 ) are two genes 
identifi ed in large-scale RNAi screens that remarkably suppress the longevity of the 
 glp - 1  mutants but have no effect on wild-type lifespan. KRI-1, a worm homolog of 
the human KRIT/CCM1 protein, is expressed in the intestine and is required for the 
intestinal nuclear localization of DAF-16 in the  glp - 1  mutants (Berman and Kenyon 
 2006 ). In the presence of DAF-16 AM,  kri - 1  loss-of-function mutations cannot 
abrogate the longevity of the  glp - 1  mutants (Berman and Kenyon  2006 ). Thus, 
KRI-1 is likely a downstream intestinal factor of the germline longevity signaling 
pathway, and its primary function is to promote DAF-16 nuclear localization in this 
tissue. As a transcription elongation factor, TCER-1 works together with DAF-16 in 
regulating the expression of specifi c target genes in response to germline depletion. 
 tcer - 1  is specifi cally upregulated in the nuclei of intestine and neurons in the 
germline- less animals, and its intestinal upregulation is dependent on  kri - 1 , but not 
 daf - 12  (Ghazi et al.  2009 ). Although loss-of-function mutations of  tcer - 1  do not 
affect DAF-16 nuclear localization in the germline-less animals, they reduce the 
induction of several DAF-16 target genes and abrogate the longevity (Ghazi et al. 
 2009 ). Conversely, TCER-1 overexpression signifi cantly triggers specifi c DAF-16 
target gene expressions, along with lifespan extension by 15 %, which is dependent 
on DAF-16 activity (Ghazi et al.  2009 ). The mammalian homolog of TCER-1, 
TCERG-1, associates with RNA polymerase II and regulates transcription elonga-
tion and pre-mRNA splicing (Carty et al.  2000 ; Goldstrohm et al.  2001 ; Lin et al. 
 2004 ; Pearson et al.  2008 ; Smith et al.  2004 ; Sune and Garcia-Blanco  1999 ). 
A plausible model is that germline removal triggers the formation of specialized 
transcriptional complexes including TCER-1, DAF-16, and other unidentifi ed 
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factors, which modulate the expression of a specifi c subset of genes that are crucial 
for organism longevity. This is supported by the fi ndings that TCER-1 and DAF-16 
physically interact with FTT-2 (14-3-3 protein) and PHI-62 (RNA-binding protein) 
to regulate  dod - 8  (putative steroid dehydrogenase) expression, and both  ftt - 2  and 
 phi - 62  are required for the longevity in germline-less animals (Li et al.  2007 ; 
McCormick et al.  2012 ). However, the expression of  sod - 3  (Mn++ superoxide dis-
mutase), another  daf - 16  downstream target, does not require  ftt - 2  nor  phi - 62  
(McCormick et al.  2012 ). This reveals that DAF-16 may form a variety of com-
plexes with different factors to exert diverse regulatory functions on multiple sub-
sets of downstream genes and together create a network that promotes organism 
longevity (Fig.  3.2 ). 

 Interestingly, recent studies have also implicated neuronal microRNA  mir - 71  in 
the regulation of DAF-16 nuclear localization and longevity in the germline-less 
animals (Boulias and Horvitz  2012 ). In a large screen of microRNA loss-of- function 
mutants,  mir - 71  loss-of-function was identifi ed to shorten wild-type lifespan by 
40 %. More importantly, loss of  mir - 71  fully abrogates the longevity in the  glp - 1  
mutants or the germline-ablated animals and also blocks intestinal nuclear localiza-
tion of DAF-16 and its target gene expressions in those germline-less animals 
(Boulias and Horvitz  2012 ). Conversely,  mir - 71  overexpression modestly increases 
lifespan in wild type and further enhances the  glp - 1  longevity. This increased lon-
gevity fully requires DAF-16 and TCER-1 activities within the intestine but is not 
affected by DAF-12. Although broadly expressed in multiple tissues,  mir - 71  activ-
ity within neurons is particularly important to mediate the longevity effects by 
germline loss. Thus,  mir - 71  acts in a cell nonautonomous manner to regulate DAF- 
16 activity in the intestine. A complex crosstalk among the reproductive system, 
neurons, and intestine systemically regulates the organism aging process (Fig.  3.2 ).  

3.5.3     Interaction with the IIS Pathway in the Regulation 
of Longevity 

 As mentioned above, the IIS pathway is the fi rst identifi ed, the best characterized, 
and the most conserved longevity mechanism to date. Whether and how does the 
germline longevity signaling interact with the IIS pathway? So far, the evidences 
suggest that these two mechanisms largely work independently (Kenyon  2010a ; 
Panowski and Dillin  2009 ). First, germline defi ciency and reduced  daf - 2  activity 
have synergistic effects genetically in promoting longevity. Ablation of germ cells 
in the  daf - 2  loss-of-function mutants further enhances already increased lifespan in 
the mutants (Hsin and Kenyon  1999 ). Second, DAF-16 responds to germline loss 
signals differently from reduced IIS. Removal of germline causes DAF-16 localiza-
tion in intestinal nuclei at adulthood, while  daf - 2  loss-of-function mutants display 
DAF-16 nuclear accumulation in all somatic cells throughout life (Henderson and 
Johnson  2001 ; Lee et al.  2001 ; Lin et al.  2001 ). Third, as discussed above, multiple 
factors are required to promote longevity in the germline-less animals, including 
 daf - 12 ,  kri - 1 ,  tcer - 1 , and  mir - 71 . However, none of those components are necessary 
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for the longevity conferred by reduced  daf - 2  activity (Berman and Kenyon  2006 ; 
Gems et al.  1998 ; Ghazi et al.  2009 ; Hsin and Kenyon  1999 ). 

 Nevertheless, the IIS pathway is likely involved in mediating the lifespan extend-
ing signals from the somatic gonad. In wild-type animals, removal of somatic gonad 
precursors abrogates the longevity brought by ablating germline precursors. 
However, in the strong  daf - 2  loss-of-function mutants, longevity remains even with 
whole gonad depletion (Hsin and Kenyon  1999 ), indicating that the somatic gonad 
promotes longevity via reducing IIS. Furthermore, a subset of DAF-16 target genes 
is induced by both  daf - 2  reduction and germline removal, such as  sod - 3 ,  gpd - 2  
(glyceraldehyde 3-phosphate dehydrogenase), and  dod - 8  (Murphy et al.  2003 ). 
Interestingly, the inductions of  sod - 3  and  gpd - 2  both require the presence of somatic 
gonad (Yamawaki et al.  2008 ). Thus, the somatic gonad may exert infl uence through 
a regulatory network that at least partially overlaps with the IIS pathway, while 
germ cells act in parallel with the somatic reproductive tissue to regulate lifespan in 
a counterbalancing manner.   

3.6     Metabolic Reprogramming in Mediating GSC Longevity 

 Following the removal of germline and activation of a series of downstream signal-
ing pathways, what might be the mechanisms that confer longevity? Although not 
conclusive, recent studies reveal that the germline removal actively modulates the 
organism metabolic state, especially the lipid metabolism. This metabolic repro-
gramming may play a crucial role in promoting longevity. 

3.6.1     LIPL-4 Lysosomal Lipid Signaling 

 The germline-less  glp - 1  mutants have substantial fat accumulation in the intestine 
and also in the hypodermis, another major fat storage tissue in  C. elegans  (Ashrafi  
 2007 ; Yokota et al.  2002 ). On the other hand, they have reduced levels of Nile red 
staining signals, which labels worm lysosomal-like organelles involved in lipid 
metabolism (Greenspan and Fowler  1985 ; Wang et al.  2008 ). To understand the 
mechanisms by which germline signals regulate lipid metabolism, scientists 
screened through an RNAi library targeting various key metabolic genes and identi-
fi ed a group of genes whose inactivation specifi cally increase Nile red staining lev-
els in the  glp - 1  mutants (Wang et al.  2008 ). Interestingly, most of those genes are 
involved in catalyzing lipid hydrolysis, fatty acid transport and β-oxidation, and 
citric acid cycle, revealing an altered lipid metabolic state in the germline-less ani-
mals (Wang et al.  2008 ). Importantly, further characterization of one candidate, 
 lipl - 4 , showed that its knockdown completely abrogates longevity of  glp - 1  and its 
overexpression robustly extends lifespan in gonad intact wild-type animals (Wang 
et al.  2008 ). 

  lipl - 4  expression is upregulated in the germline-less animals in a  daf - 16 - and  kri -
1  - dependent  manner (Wang et al.  2008 ) (Fig.  3.2 ). LIPL-4 is a lysosomal acid 
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lipase, and its overexpression alone suffi ciently promotes longevity through 
 triggering the nuclear localization of LBP-8, a lysosomal lipid chaperone. This 
allows LBP-8 to deliver a lipid messenger oleoylethanolamide (OEA) to the nucleus 
and to consequently activate nuclear hormone receptors NHR-80 and NHR-49 
(Folick et al.  2015 ). Activation of this lysosome-to-nucleus lipid-signaling pathway 
promotes a metabolic shift toward lipid catabolism (Folick et al.  2015 ). Further 
studies to fully understand the signaling role of lysosomes will be crucial to unveil 
the metabolic link between GSCs and longevity.  

3.6.2     NHR-80/NHR-49 Mediated Fatty Acid Metabolic Changes 

 Not only total lipid content increases in the germline-less animals, but also lipid 
composition is altered in those animals. The monounsaturated oleic acid (OA, 
C18:1(n-9)) levels and the ratio of OA/stearic acid (SA, C18:0) are specifi cally 
increased in the germline-less animals (Goudeau et al.  2011 ). In  C. elegans , OA is 
synthesized from SA by stearoyl-CoA-Δ9-desaturases (SCDs),  fat - 6 , and  faf - 7  and 
is the key precursor for a variety of polyunsaturated fatty acids (PUFAs) (Watts and 
Browse  2002 ). Loss-of-function mutations of both  fat - 6  and  fat - 7  abrogate longev-
ity of  glp - 1 , which can be perfectly rescued if OA is supplied exogenously (Goudeau 
et al.  2011 ). This suggests that elevation of OA synthesis is necessary for the lon-
gevity in the germline-less animals. However, OA dietary supplementation is not 
suffi cient to extend lifespan in gonad intact wild-type animals or further enhance 
longevity in the germline-less animals (Goudeau et al.  2011 ). The induction of OA 
synthesis is not mediated by  daf - 16  or  daf - 12  but requires other nuclear hormone 
receptors, including  nhr - 80  and  nhr - 49  (Brock et al.  2006 ; Goudeau et al.  2011 ) 
(Fig.  3.2 ). 

 Knockdown of  nhr - 80  by RNAi or mutation completely blocks  glp - 1  longevity, 
but has no effect on the lifespan of wild type or other long-lived conditions, such as 
 daf - 2  mutants, dietary restricted worms, or worms with reduced mitochondrial 
functions (Goudeau et al.  2011 ). NHR-80 is expressed in both neurons and intes-
tine, and only its intestinal levels are dramatically increased in germline-less ani-
mals, suggesting the intestine as its functional site in mediating the germline signals 
(Goudeau et al.  2011 ). Interestingly,  nhr - 80  overexpression leads to further lifespan 
extension in the  glp - 1  mutants, but is not suffi cient to prolong wild-type lifespan 
(Goudeau et al.  2011 ). Thus, activating ligands of NHR-80 are likely generated in 
the  glp - 1  mutants, which are absent in wild type. 

 On the other hand,  nhr - 49  expression is also upregulated in the  glp - 1  mutant and 
is required for its longevity (Ratnappan et al.  2014 ). NHR-49 and NHR-80 form a 
nuclear complex and regulate fatty acid desaturation coordinately (Pathare et al. 
 2012 ; Ratnappan et al.  2014 ).  nhr - 49  also controls the induction of a variety of 
genes involved in fatty acid beta-oxidation in the  glp - 1  mutant, including  acs - 2 ,  acs - 
22    ,  acdh - 11 , and  hacd - 1  (Ratnappan et al.  2014 ). Those fatty acid beta-oxidation 
genes are required for the longevity of the  glp - 1  mutant, suggesting an increased 
lipid catabolism in germline-less animals despite their increased fat content levels.  
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3.6.3     Autophagy 

 Autophagy is a cellular process where cells deliver unnecessary or dysfunctional 
cellular organelles and protein aggregates to the lysosomes for degradation and 
recycling. This process is crucial for a healthy turnover of cellular organelles and 
proteins and also produces energy from unwanted waste under nutrient starvation. 
Interestingly, autophagy has been revealed as a crucial link between lipid metabo-
lism and germline-loss-associated longevity. Autophagy is induced in the germline- 
less animals, as seen by the accumulation of autophagic particles in the intestine and 
hypodermis (Lapierre et al.  2011 ). Consistently, several autophagy genes, like  unc - 
51     (ULK1 homolog),  bec - 1  (Beclin1 homolog), and  lgg - 1  (LC3 homolog), are 
upregulated in the  glp - 1  mutant (Lapierre et al.  2011 ). Importantly, inactivation of 
those autophagy genes by RNAi specifi cally abrogates longevity of the  glp - 1  
mutant, but does not affect wild-type lifespan (Lapierre et al.  2011 ). The induction 
of autophagy in the germline-less animals requires the activity of the FOXA fork-
head transcription factor, PHA-4 (Lapierre et al.  2011 ). PHA-4 has been previously 
identifi ed as required for dietary restriction-mediated longevity (Panowski et al. 
 2007 ). Adult-specifi c knockdown of  pha - 4  abrogates  glp - 1  longevity with minor 
shortening effects on wild-type lifespan (Goudeau et al.  2011 ). Autophagy has also 
been linked to lipid catabolism where it stimulates lipolysis in lysosomal compart-
ments (lipophagy) (Singh et al.  2009 ). Interestingly, overexpression of the LIPL-4 
lipase alone leads to increased autophagic particles in the hypodermal seam cells. 
Knockdown of  pha - 4  or of autophagy genes blocks the lifespan extension conferred 
by  lipl - 4  overexpression (Goudeau et al.  2011 ). These fi ndings suggest a possible 
induction of lipophagy mechanisms following germline removal and its crucial 
roles in regulating longevity (Fig.  3.2 ). 

 How can lipid metabolism infl uence lifespan? Current hypotheses include lipo-
philic signaling, alteration of lipid composition or distribution, and lipotoxicity 
(Ackerman and Gems  2012 ). A study found that lipolytic products and intermedi-
ates participate in specifi c cellular signaling and can systemically infl uence the 
whole organism activity (Haemmerle et al.  2011 ), which unveils a previously under-
appreciated aspect of lipolysis. Interestingly, a lipolytic product OEA has been 
identifi ed to activate NHR-49/NHR-80 nuclear hormone receptor complex and con-
sequently promote longevity (Folick et al.  2015 ). Lipid composition of saturated 
versus unsaturated fat may decide oxidative stress tolerance capacity; the ratio of 
short- versus long-chain length, or the lipid turnover rate, may all affect fat profi le 
contributed by healthy or unhealthy lipid (Shmookler Reis et al.  2011 ). Yet, more 
supporting biochemical evidence is required to back up this model. On the other 
hand, in the mammalian system, it has long been supposed that good fat or bad fat 
could also be defi ned by where it locates. Indeed, visceral fat or fat in non-adipocyte 
is considered deleterious and may cause metabolic syndromes while subcutaneous 
fat or adipocyte fat is recognized fi ne (Huffman and Barzilai  2009 ; Schaffer  2003 ). 
In  C. elegans , yolk lipoprotein ectopic accumulation has been observed post- 
reproductively and may lead to age-related tissue dysfunction. Long-lived  daf - 2  
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mutants display lower yolk levels after reproduction; and RNAi knockdown of yolk 
genes extends worm lifespan (Murphy et al.  2003 ). Hence, ectopic accumulation of 
fat may lead to lipotoxicity and thus trigger aging. Up to now, it is still under debate 
which of these hypotheses is correct, notwithstanding that they might not be mutu-
ally exclusive with each other.   

3.7     Perspectives 

 During evolution, the maximum reproductive success is the ultimate purpose of all 
organisms. In the wild, the animals that lack the germline will not continue living, 
so why does this germline-mediated regulatory mechanism exist? Interestingly, 
germline proliferation is under tight control of nutrient availability. Several nutrient- 
sensing pathways regulate germline proliferation and maintenance, such as IIS, 
TOR, and dietary restriction (Narbonne and Roy  2006 ). Under unfavorable environ-
mental conditions, germline proliferation is expected to stall. This is carried out by 
several developmental and reproductive arrest checkpoints in  C. elegans . In particu-
lar,  C. elegans  can enter into an adult reproductive diapause in response to starva-
tion, during which only a few GSCs are maintained in the germline. Animals can 
survive in this diapause state for extremely long time until nutrient becomes avail-
able and will reconstitute the germline and resume full reproductive capacity. We 
could expect that the germline-mediated longevity mechanism might be responsible 
for the long-term survival under diapause. In the wild, these mechanisms could 
assist animals survive through harsh environment and ensure the maximum repro-
ductive success. 

 In the past, lifespan extension sounded like an unrealistic dream. Through 
decades of efforts, scientists have demonstrated that lifespan can be prolonged via 
various genetic mechanisms. Nevertheless, there are still many questions in the fi eld 
of germline-regulated longevity. Loss of germ cells drives signaling responses in 
neurons, intestine, and somatic gonads that lead to enhanced somatic maintenance 
and healthy aging. How do different tissues crosstalk with each other? The lipid 
metabolism in intestine is altered in germline-less animals. What are the intestinal 
receptors interacting with the germline-less signals? What are the downstream 
mechanisms of lipid metabolism that directly affect lifespan? Somatic gonad regu-
lates lifespan via  daf - 12  lipophilic signaling. How does  daf - 2  IIS signaling pathway 
intervene in  daf - 12  signaling? All these interesting questions (and many more to 
come) remain to be answered. There is always more knowledge of aging waiting for 
us to be explored and amazed.     
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  4      Age-Related Changes to  Drosophila 
m . Male Germline Stem Cells 

             Hila     Toledano      and     D.     Leanne     Jones    

    Abstract  
  A decline in the regenerative potential of adult tissues is one of the most apparent 
hallmarks of aging. As tissue regeneration is facilitated by resident stem cells, 
this age-related decline has been attributed to altered stem cell behavior. The male 
germline of  Drosophila melanogaster  has provided a valuable model system for 
studying the effects of aging on stem cells, due to the presence of both somatic 
and germline stem cells that reside within the same environment. Stem cells can 
be easily identifi ed and manipulated genetically to allow for precise tracking of 
age-related changes in vivo. In this chapter we discuss the age-related decline in 
spermatogenesis in  Drosophila . Specifi cally, we outline intrinsic changes both to 
stem cells and to the local microenvironment, known as the stem cell niche. 
Elucidation of mechanisms underlying these age-related changes has provided 
new paradigms that have been used to guide work in more complex mammalian 
stem cell systems.  
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4.1         Introduction 

 Adult stem cells are rare populations of tissue-specifi c cells that govern homeostasis 
and repair throughout the lifespan of an organism. These potent stem cells allow 
replenishment of gametes, skin, blood, and intestinal cells, for example, by continu-
ally providing new cells to replace the spent ones. In other tissues, such as the lung 
or skeletal muscle, stem cells lie dormant and are activated to replace damaged 
cells, following injury or stress. The regenerative potential of all adult stem cells 
relies on the ability to divide asymmetrically, with respect to cell fate, such that one 
of the cells will initiate differentiation along a specifi c lineage, while the other 
daughter cell maintains stem cell characteristics in a process that is referred to as 
stem cell self-renewal (Morrison and Spradling  2008 ). One of the hallmarks of the 
aging process is a gradual loss in the ability of tissues to maintain homeostasis and 
proper repair of damage (Jones and Rando  2011 ). In tissues maintained by stem 
cells, this strongly implies an age-related decline in adult stem cell functionality. 

 Germ cells are highly specialized cells that form gametes, and they are the only 
cells within an organism that contribute genes to offspring. Germline stem cells 
(GSCs) sustain gamete production, both oogenesis (egg production) and spermato-
genesis (sperm production), in many organisms. Since the genetic information con-
tained within germ cells is passed from generation to generation, the germline is 
often referred to as “immortal.” Therefore, it is likely that germ cells possess unique 
strategies to protect and transmit the genetic information contained within them 
indefi nitely. However, aging often leads to a dramatic decrease in gamete produc-
tion and fecundity. In addition, single-gene mutations affecting longevity can have 
a converse effect on reproduction (Partridge et al.  2005 ). Studies examining age- 
related changes in GSC number and activity, as well as changes to the stem cell 
microenvironment, have provided insights into the mechanisms underlying the 
observed reduction in gametogenesis over the lifetime of the organism (Jones  2007 ).  

4.2     The Stem Cell Niche 

 The dynamic balance between the production of new stem cells and differentiating 
progenitor cells is subject to the demands of the tissue and, ultimately, regulated by 
the integration of intrinsic factors and extrinsic cues. Such extrinsic signals are pro-
vided both by circulating systemic factors and by the local stem cell microenviron-
ment, known as the stem cell  niche  (Schofi eld  1978 ). 

 Stem cell niches are composed of both cellular and acellular components that act 
together to regulate stem cell quiescence, activation, division, and survival, to pre-
cisely control the number of stem cells and differentiating progeny (Jones and 
Wagers  2008 ). Within the local niche, adjacent support cells and cell-cell/cell- 
extracellular matrix contacts supply growth factors and polarity cues to infl uence 
cell fates. In many tissues, the vasculature is also a critical component of the niche, 
which supports stem cell function by providing access to circulating growth factors 
and metabolites (Conboy et al.  2005 ; Mirzadeh et al.  2008 ; Shen et al.  2008 ; 
Tavazoie et al.  2008 ; Yoshida et al.  2007 ). In sum, the niche acts as rheostat that 
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integrates local and systemic signals to determine stem cell proliferation rate stem 
cell and daughter cell fate, and to ensure tissue homeostasis and proper repair after 
tissue damage. 

 In aged organisms, the net age-related decline in stem cell function is the sum of 
changes that occur in all three compartments: stem cells, niche, and systemic circu-
lating factors. Therefore, the age-related decline in stem cell functionality is best 
studied in a whole organism model, throughout its lifespan, and ideally would 
include analysis of the stem cells, the niche, and the systemic milieu, 
simultaneously. 

 The ability to conclusively identify stem cells within complex mammalian tis-
sues, combined with a relatively long lifespan, has complicated a thorough analysis 
of the effects of aging on mammalian adult stem cells, the corresponding niche, and 
circulating factors. However, work in model organisms, such as the fruit fl y 
 Drosophila melanogaster , has provided an excellent foundation for probing the 
coordination of organism, tissue, and cellular aging for several reasons: (1) fl ies 
possess adult stem cells that are functionally analogous to their mammalian coun-
terparts; (2) stem cells, niche components, and differentiated cells can be easily 
identifi ed at a single- cell resolution in vivo; (3) a wide variety of genetic tools are 
available to manipulate gene expression in a cell-type and temporal fashion; and (4) 
conserved signaling pathways exist that regulate stem cell behavior and organism 
aging (Wang and Jones  2011 ).  

4.3     The  Drosophila  Testis Stem Cell Niche 

 In  Drosophila , the testis is a long coiled tube, and spermatogenesis proceeds in a 
spatiotemporal manner, from the apical tip to the base. Male germline stem cells 
(GSCs), somatic cyst stem cells (CySCs), and a cluster of 10–12 somatic cells called 
the hub are located at the apical tip of the testis (Fig.  4.1 ). GSCs and CySCs lie adja-
cent to and are in direct contact with hub cells, forming a rosette-like structure 
(Fig.  4.1 ) (Fuller  1993 ; Hardy et al.  1979 ). When a GSC divides, one daughter cell 
remains in contact with the hub and retains stem cell identity, while the other daughter 
cell is displaced away from the hub and initiates differentiation as a gonialblast (GB). 
GBs undergo four rounds of mitotic amplifi cation divisions with incomplete cytoki-
nesis to produce a cyst of 16 interconnected spermatogonia. On average, two CySCs 
encapsulate a each GSC and aids in regulating GSC self-renewal, and cyst cells 
derived from CySCs ensure differentiation of the developing spermatogonia (Kiger 
et al.  2000 ; Leatherman and Dinardo  2008 ; Matunis et al.  1997 ; Tran et al.  2000 ).  

 The architecture and function of the testis stem cell niche are infl uenced by spa-
tially restricted production and secretion of the JAK-STAT ligand Unpaired (Upd), 
exclusively by hub cells (Fig.  4.1 ) (Harrison et al.  1998 ; Kiger et al.  2001 ; Tulina 
and Matunis  2001 ). JAK-STAT signaling acts intrinsically within CySCs to regulate 
CySC self-renewal and maintenance. In addition, activation of Stat92E, the single 
Stat orthologue in  Drosophila , in CySCs is also important for regulating the behav-
ior of adjacent GSCs in a non-autonomous manner (Flaherty et al.  2010 ; Leatherman 
and Dinardo  2008 ,  2010 ; Lim and Fuller  2012 ). Activation of Stat92E within GSCs, 
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however, appears to be important for regulating hub cell-GSC adhesion, rather than 
proliferation (Leatherman and Dinardo  2010 ). In addition to the JAK-STAT path-
way, Hh (Amoyel et al.  2013 ; Michel et al.  2012 ; Zhang et al.  2013 ) and BMP 
(Kawase et al.  2004 ; Leatherman and Dinardo  2010 ; Michel et al.  2011 ; Shivdasani 
and Ingham  2003 ; Zheng et al.  2011 ) signaling also play important roles in regulat-
ing stem cell behavior within the testis stem cell niche. Therefore, successful sper-
matogenesis requires adequate signaling between hub cells, CySCs, and GSCs to 
coordinate proper function of each cell population. 

 In addition to GSCs that self-renew to maintain the stem cell pool, replacement 
of lost GSCs can also occur by symmetric GSC divisions, as observed by live cell 
imaging and lineage tracing (Salzmann et al.  2013 ; Sheng and Matunis  2011 ). 
Furthermore, spermatogonia can dedifferentiate to reacquire stem cell properties to 
contribute to tissue maintenance (Brawley and Matunis  2004 ; Sheng et al.  2009 ). 
Thus, germline maintenance relies on an intricate balance of renewal/differentia-
tion/dedifferentiation of germ cells that is guided by the niche. This regeneration 
strategy in place in the testis is highly effective in young adults, but it gradually 
declines over time.  

4.4     Intrinsic Age-Related Changes to Male GSCs 

 All aspects of spermatogenesis, including stem cell self-renewal, germline differen-
tiation, and gamete maturation, appear to be affected by aging (Boyle et al.  2007 ; 
Cheng et al.  2008 ; Toledano et al.  2012 ; Wallenfang et al.  2006 ). Quantifi cation of 
GSC number in testes of aged (30–35- and 50-day-old) males revealed a signifi cant 
decrease in the average number of GSCs over time (Fig.  4.2 ), which appear to be 
lost as a consequence of detachment from the hub, followed by differentiation and/

Spermatogonia

GSC

GB

CySC
a

b

Cyst cell

  Fig. 4.1    The  Drosophila  male stem cell niche: ( a ) schematic representation of the stem cell niche 
at the apical tip of the testis. Hub cells ( red ). Germline stem cell ( GSC )/progenitor gonialblast 
( GB )/spermatogonia cells ( green ). Cyst stem cell ( CySC ,  light gray ), cyst cells ( dark gray ). ( b ) 
Dual immunofl uorescence image of the testis tip. Fluorescent in situ hybridization (FISH) to detect 
expression of the JAK-STAT ligand  upd  marks the hub ( red ). Antibody staining against Vasa 
( green ) marks the germ cells. Eight GSCs, indicated by white dots, form a rosette around the apical 
hub (Adapted from Toledano et al.  2012 )       
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or cell death (Boyle et al.  2007 ; Wallenfang et al.  2006 ). The remaining GSCs prog-
ress through the cell cycle more slowly; therefore, both GSC loss and decreased cell 
division appear to contribute to the decrease in spermatogenesis observed in older 
males (Boyle et al.  2007 ; Wallenfang et al.  2006 ). Phase contrast analysis of testes 
from older males also shows increased defects in mitotic amplifi cation divisions, 

Young

a

c d

b

Aged

  Fig. 4.2    Aging of the  Drosophila  testis. ( a ,  b ) Phase contrast images (in the same magnifi cation, 
scale bar 250 μm) of testes dissected from ( a ) a young male (1 day old) or ( b ) an aged male 
(50 days old). Note the dramatic reduction in testis size.  Asterisks  mark apical tip of the testis. ( c , 
 d ) Immunofl uorescence images of testis tips from ( c ) a young or ( d ) aged male stained for Fas3 
( red , hub) and Vasa ( green , germ cells). Note the reduced number of GSCs (indicated by  white 
dots ) (Adapted from Boyle et al.  2007 )       
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although the mechanisms underlying this aspect of germline aging have not been 
investigated in depth (Boyle et al.  2007 ).  

 Using clonal marking strategies, it was demonstrated that GSCs have an approxi-
mate half-life of 14 days (Wallenfang et al.  2006 ). Therefore, one would predict 
that, given a starting pool of approximately 10 GSCs, testes should be devoid of 
germline stem cells by 7 weeks; however, testes of 50-day-old males contained an 
average of fi ve GSCs/testes (Boyle et al.  2007 ) (Fig.  4.2 ). This observation indi-
cated that a mechanism must be in place to maintain a minimum stem cell pool. One 
intriguing observation that was made by using clonal analysis was that the pool of 
GSCs appeared to progress toward clonality over time (Wallenfang et al.  2006 ). 
Therefore, either a few stem cells are more robust and maintained throughout the 
lifetime of the fl y or, alternatively, dedifferentiating spermatogonia could aid in 
repopulation of the niche. Interestingly, studies have indicated that spermatogonial 
dedifferentiation does not decline with age and, therefore, could be a major mecha-
nism supporting GSC maintenance during aging (Wong and Jones  2012 ). 

 Some insights were provided by studies examining centrosome positioning in 
male GSCs (Cheng et al.  2008 ; Yamashita et al.  2003 ). As mentioned above, 
 Drosophila  male GSCs typically divide in an asymmetric fashion with respect to the 
hub, with the daughter cell destined to differentiate being displaced away from the 
hub. During interphase, the mitotic spindle is oriented perpendicularly to the hub to 
facilitate this asymmetric outcome, and centrosome positioning regulates this ste-
reotypical orientation of the mitotic spindle (Yamashita et al.  2003 ). The mother 
centrosome in the GSC is located adjacent to the hub, whereas the daughter centro-
some migrates to the opposite side (Yamashita et al.  2007 ). In young adults, GSCs 
remain oriented perpendicularly to the hub throughout the cell cycle. However, as 
fl ies age, the percentage of GSCs with misoriented centrosomes, in which neither 
centrosome is located at the GSC-hub interface, increases to about 40 % of total 
GSCs in 30-day-old fl ies (Cheng et al.  2008 ). The age-related accumulation in 
GSCs bearing misoriented centrosomes was attributed primarily to the dedifferen-
tiation process, as mitotic spindles in mitotically dividing spermatogonia are orien-
tated randomly (Cheng et al.  2008 ). GSCs with misoriented centrosomes do not 
enter mitosis, but they can restart the cell division once the centrosomes restore their 
perpendicular positioning (Cheng et al.  2008 ). 

 The extra time required for reorientation of the mitotic spindle could be one con-
tributing factor to the decline in the mitotic index observed in GSCs of aged males 
(Boyle et al.  2007 ; Wallenfang et al.  2006 ). In addition, studies have demonstrated 
that the level of cell cycle regulatory factors is altered in male germ cells (Boyle 
et al.  2007 ; Inaba et al.  2011 ). For example, the levels of cyclin E, a regulator of 
progression through the G1 phase of the cell cycle, were increased in GSCs of aged 
males, consistent with an arrest or extension of G1 (Boyle et al.  2007 ). In addition, 
String (Stg), the  Drosophila  homologue of the dual-specifi city phosphatase Cdc25, 
which promotes cell cycle progression, is highly expressed in both germline and cyst 
stem cells and is rapidly downregulated in differentiating progeny. However, with 
increasing age, Stg expression declines specifi cally in GSCs, but not in the somatic 
CySCs. Loss and gain of function analysis showed that Stg is required for stem cell 
maintenance and division, and constitutive expression of Stg in the  germline rescued 
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the age-related decrease in GSC division and CySC number (Inaba et al.  2011 ). 
Thus, further investigation into the age-related decline in Stg expression might lead 
to additional insights into mechanisms regulating aging of the male germline. 

 Interestingly, a recent report noted that one of the core histones, histone H3, is 
asymmetrically segregated during male GSC divisions (Tran et al.  2012 ). With 
every cell cycle, newly synthesized H3 is segregated to the daughter gonialblast, 
while the original pool of H3, presumably carrying the appropriate posttranslational 
modifi cations, is maintained in the GSC. If increasing age were to alter the fi delity 
of H3 segregation, this could be an epigenetic mechanism leading to changes in 
gene expression and germline differentiation.  

4.5     Aging of the Male Germline Stem Cell Niche 

4.5.1     Somatic Cyst Cells 

 Communication between germ cells and somatic cyst cells is essential for regulating 
GSC proliferation and spermatogonial differentiation and dedifferentiation (Kiger 
et al.  2000 ; Leatherman and Dinardo  2008 ; Matunis et al.  1997 ; Sheng et al.  2009 ; 
Tran et al.  2000 ). Therefore, changes to CySC behavior over time could  contribute 
to altered germ cell behavior in a non-cell autonomous manner. Staining for Zfh-1, 
a transcription factor expressed in cyst cells, including CySCs, revealed a signifi cant 
decrease in the average number of early cyst cells in aged males, similar to what was 
observed for GSCs (Wong and Jones  2012 ). However, despite an  age- related 
decrease in early cyst cell numbers, those cyst cells that remain are more active as 
revealed by an increased percentage of early somatic cells that are  progressing 
through S-phase (Wong and Jones  2012 ). The increase in cyst cell activity is remi-
niscent of the behavior of somatic cells in the complete absence of germ cells, as in 
the case of agametic animals (Gönczy and DiNardo  1996 ), which may refl ect a 
decline in antiproliferative signals normally emanating from germ cells. Alternatively, 
the increase in early cyst cell activity with age may represent a mechanism by 
remaining cyst cells to compensate for the age-related loss of somatic cells.  

4.5.2     The Apical Hub 

 The apical hub cells are specifi ed early in embryogenesis (Boyle and DiNardo  1995 ), 
and later during adulthood, hub cells appear to be nondividing and relatively stable 
with respect to gene expression (Gönczy and DiNardo  1996 ; Voog et al.  2008 ,  2014 ). 
However, the ability of hub cells to support stem cell behavior changes dramatically 
with age (Boyle et al.  2007 ; Toledano et al.  2012 ). Over time, the 10–12 hub cells 
appear to become disorganized, and a consistent decrease in the expression of the 
 Drosophila  homologue of E-cadherin (DE-cadherin) has been observed (Boyle et al. 
 2007 ). DE-cadherin is expressed highly at hub cell-hub cell and hub cell-GSC junc-
tions and is required for maintenance of both male and female GSCs (Inaba et al. 
 2010 ; Song and Xie  2002 ; Song et al.  2002 ; Voog et al.  2008 ; Yamashita et al.  2003 ). 
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 Remarkably, however, roughly 40 % of testes from aged (50-day-old) males 
showed no detectable expression of a key self-renewal signal,  upd . As activation of 
the JAK-STAT pathways regulates the behavior of both CySCs and GSCs, the 
decreased expression of  upd  could contribute to loss of CySCs and/or decreased 
cell-cell adhesion between GSCs and hub cells directly, as well as decreased GSC 
proliferation indirectly, by way of altered STAT activity in CySCs. Constitutive re- 
expression of  upd  in hub cells suppressed the loss of GSCs of aged males, but had 
no effect in young males, indicating that loss of  upd  expression could be a major 
contributing factor to the age-related decline in spermatogenesis (Boyle et al.  2007 ). 
The effects of aging on Hh signaling or the BMP pathway in the  Drosophila  testis 
has not been analyzed to date. Interestingly, studies have suggested that decreased 
expression of self-renewal factors in the murine testis might also contribute to 
decreased spermatogenesis in this system (Oatley and Brinster  2012 ; Ryu et al. 
 2006 ; Zhang et al.  2006 ). 

 The decrease in  upd  expression in hub cells appears to be due, in part, to the 
activities of both RNA-binding proteins (RBPs) and small RNAs (both microRNAs 
(miRNAs) and endogenous small interfering RNAs (endo siRNAs)). The evolution-
arily conserved RBP, Imp, possesses K homology (KH) domains that bind the 3′ 
untranslated region (3′UTR) of  upd  to stabilize the mRNA. In hub cells, Imp appears 
to counteract endo-siRNAs that target  upd  mRNA and, thus, contributes to the 
maintenance of niche function in young adults (Toledano et al.  2012 ). However, in 
testes of older males, the levels of Imp were signifi cantly reduced specifi cally in hub 
cells (Toledano et al.  2012 ). The age-related decrease in Imp also appears to be due 
to the activity of a small RNA, in this case the conserved heterochronic miRNA  let -
 7 , which targets  Imp  mRNA (Ambros  2011 ; Toledano et al.  2012 ). Expression of 
 let - 7  is faintly detected in testes from young males; however, in older males,  let - 7  
expression is strongly induced in hub cells  (Table  4.1 ; Toledano et al.  2012 ). An 
age-related increase in  let - 7  in hub cells leads to a decrease in Imp, which in turn 
exposes  upd  mRNA to targeting by endo-siRNAs. Therefore, elevated levels of the 
heterochronic miRNA  let - 7  in the hub cells of aged males trigger a cascade of post-
transcriptional events that result in decreased JAK-STAT signaling and impaired 
niche function over time (Toledano et al.  2012 ).  

 Notably, constitutive expression of Upd or Imp that is not susceptible to  let -7    - 
mediated  degradation in hub cells suppresses GSC loss in older males (Boyle et al. 
 2007 ; Toledano et al.  2012 ). Nonetheless, forced Upd/Imp expression was not suf-
fi cient to fully rescue defects in spermatogonial proliferation and differentiation, 
confi rming that aging independently modulates other stages of spermatogenesis.  

4.5.3     Systemic Signals 

 Numerous studies have indicated that stem cells within a variety of tissues and spe-
cies are infl uenced by insulin/IGF signaling (Shim et al.  2013 ). The insulin signal-
ing pathway, which is conserved in  Drosophila , encodes a single insulin/IGF-like 
receptor ( dInR ) and seven insulin-like peptides ( dILPs ) in its genome (Brogiolo 
et al.  2001 ; Ikeya et al.  2002 ; Puig et al.  2003 ). Experiments have clearly demon-
strated that insulin signaling directly regulates the rate of GSC proliferation in the 
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 Drosophila  ovary (Ikeya et al.  2002 ; LaFever and Drummond-Barbosa  2005 ; Yu 
et al.  2009 ) and regulates the maintenance of female GSCs indirectly by preserva-
tion of the niche (Hsu and Drummond-Barbosa  2009 ). Clonal analysis demonstrated 
that  dInR  function is also required cell autonomously for GSC maintenance in the 
 Drosophila  testis, suggesting that male GSCs are competent to receive and respond 
to insulin signaling directly (McLeod et al.  2010 ; Ueishi et al.  2009 ). Importantly, 
dInR appears to regulate GSC maintenance independently of the JAK-STAT path-
way (McLeod et al.  2010 ; Wang et al.  2011 ). 

 Three dILPs,  dILP2 ,  dILP3 , and  dILP5 , are expressed in insulin-producing cells 
(IPCs) in the brain, secreted into the circulating hemolymph, and act to regulate InR 
activity systemically (Brogiolo et al.  2001 ; Ikeya et al.  2002 ; Kramer et al.  2003 ; 
Puig et al.  2003 ). While a signifi cant source of dILPs is in the brain, expression of 
 dILP5  and  dILP7  has been reported in the ovary and female reproductive tract, 
where they regulate the onset of vitellogenesis and coordinate the strong and swift 
response of the female reproductive program to nutrition (Slaidina et al.  2009 ; Yang 
et al.  2008 ). In contrast,  dILP2  and  dILP3  are expressed in somatic cyst cells in the 
testis that encapsulate spermatocytes and differentiating cysts at the basal end of the 
testis (McLeod et al.  2010 ; Wang et al.  2011 ). Therefore, decreased production of 
brain-derived and/or locally produced dILPs, as a consequence of aging, could con-
tribute to a reduction of dInR signaling in GSCs in the testis, and consequently a 
loss of GSCs and a decrease in proliferation rate. Indeed, using a phosphoinositide 
3-kinase reporter, Hsu et al. found a decrease in insulin signaling in the ovaries of 
aged females (Hsu and Drummond-Barbosa  2009 ). Studies have yet to dissect the 
relative effects of aging on local dILPs versus brain-derived dILPs and the subse-
quent contribution to aging-related changes in tissue homeostasis.   

    Conclusions 

 Studies performed in the  Drosophila  male germline have established important 
paradigms for how stem cell niches are established and maintained over time. 
Both autonomous and non-autonomous mechanisms have been elucidated that 
contribute to decreased stem cell activity in the male germline upon aging 
(Fig.  4.3 ). Importantly, changes such as decreased expression of self-renewal 
factors and decreased cell-cell adhesion appear to be conserved in more complex 
mammalian systems (Jones and Rando  2011 ). Future studies should focus on a 
thorough analysis of age-related changes in gene expression, due to both genetic 
and epigenetic mechanisms, and additional signaling pathways known to regu-
late the behavior of stem cells and support cells in the testis. In addition, given 
the integral role of metabolic pathways in regulating lifespan of organisms as 
diverse as yeast and nonhuman primates, it will be interesting to investigate 
whether key metabolic programs might be central players in coordinating organ-
ismal, tissue, and cellular aging. 

 Altogether, it is clear that the remarkable ability of stem cells to maintain tis-
sue homeostasis and repair damage relies on a complex tuning of local cues and 
systemic signals. Compromised niche function over time may lead to the selec-
tion of stem cells that acquire the ability to self-renew independently of the niche 
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and/or progenitor cells that acquire self-renewal capabilities (Li and Neaves 
 2006 ). Such cells could be the precursors to cancer stem cells that arise to con-
tribute to tumorigenesis in variety of tissues. Furthermore, investigating how the 
process of aging affects tissue homeostasis has important implications for stem 
cell-based therapies. The use of tissue replacement in regenerative medicine will 
require the isolation, propagation, and transplantation of stem cells. Expansion 
and manipulation of tissue stem cells from older individuals for autologous 
transplants may prove to be more diffi cult due to autonomous changes that occur 
with age (Rheinwald and Green  1975 ). In addition, it is not yet clear how age 
affects the reprogramming of tissues or the expansion of induced pluripotent 
stem cells from older patients (Isobe et al.  2014 ). Therefore, stem cells trans-
planted into older individuals may be unable to initiate self-renewing divisions 
and functionally replace damaged or diseased tissues without co-transplantation 
of “younger” niche cells or mobilization of endogenous stem cells from func-
tional niches. Continuing studies to identify niche components and thoroughly 
characterize the effects of aging on both stem cells and the niche will be critical 
for the implementation of stem cell-based therapies to treat degenerative dis-
eases, particularly in older individuals.     

Local Niche:
-Change in number/organisation of support cells
-Decreased cell-cell adhesion
-Loss of self-renewal signals

-Loss of GSCs and CySCs
-Decreased proliferation of GSCs
-Increased proliferation of early
 cyst cells

Changes in levels of
circulating factors

Systemic factors:

Stem cells:

  Fig. 4.3    Mechanisms 
contributing to age-related 
changes in stem cell 
behavior in the  Drosophila  
testis       
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      Aging of Intestinal Stem Cells 
in  Drosophila Melanogaster  
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    Abstract  
   Drosophila m . has a long history of major contributions to basic biology and 
biomedical research. Not surprisingly, the recent identifi cation of several 
 multipotent stem cell populations in the  Drosophila  fl y digestive tract has 
 generated an immense enthusiasm in the research community. This experimental 
model provides a unique opportunity to study adult somatic stem cells, using the 
power of fl y genetics. Over the past few years, research in this fi eld has focused 
on the characterization of the signaling pathways and mechanisms that control 
stem cell function and tissue repair in the intestine. Importantly, the rapid aging 
and short lifespan of  Drosophila  make this model ideal to investigate the impact 
of aging on stem cell populations and test the contribution of somatic stem cells 
to normal healthspan and lifespan. This chapter presents recent fi ndings that 
 elucidate the mechanisms causing age-related loss of tissue homeostasis in the 
fl y intestine, as well as strategies of stem cell-specifi c genetic manipulation that 
signifi cantly impact physiology in aging animals and can extend lifespan.  

5.1         Introduction 

 With the identifi cation of stem cell populations in the developing larval brain and 
the gonads, studies in  Drosophila  have been pivotal to the discovery of fundamental 
processes that regulate stem cell biology in many other stem/progenitor 
 compartments. For example, many conserved mechanisms that control asymmetric 
cell division and cell specifi cation were fi rst identifi ed in larval neuroblasts 
(Knoblich  2010 ), while studies of the germline stem cells in the fl y testis and ovary 
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lead to the fi rst demonstration of the concept of stem cell niches (Decotto and 
Spradling  2005 ; Fuller and Spradling  2007 ). Although these models have 
 signifi cantly contributed to our understanding of stem cell biology, they provided 
only limited insight into the impact of aging on somatic multipotent stem cell 
 populations and the infl uence of these progenitors on the maintenance of healthy 
tissues and normal longevity. 

 The recent identifi cation of multipotent stem cell populations in the fl y gastroin-
testinal tract has revolutionized aging research in  Drosophila . While previous 
 studies had vastly focused on the mechanisms allowing the protection of somatic 
cells, the possibility that adult somatic cells are maintained by tissue-specifi c pro-
genitors opened up new research avenues. Importantly, combined with the short 
lifespan and the power of fl y genetics, this new experimental system provides a 
unique opportunity to directly address in vivo questions that were previously inac-
cessible. For example, what is the impact of aging on the mechanisms that control 
somatic stem cell proliferation, cell-fate decision, and differentiation of progenitors 
in this tissue? How do stem cell populations in the intestine infl uence metabolism 
and physiology in young and old animals? Is  Drosophila  longevity limited by the 
fi tness of somatic stem cell populations? Can lifespan be extended by stem cell-
specifi c manipulations? 

 This chapter presents recent studies that provide new answers to these questions 
and discuss the aspects of stem cell aging in the fl y intestine that remain to be 
investigated.  

5.2     Stem Cell Populations in the  Drosophila  Digestive Tract 

  Drosophila  adult organs have been thought to be strictly postmitotic for decades. 
Surprisingly, while powerful lineage tracing methods have been developed in this 
genetic model to study progenitors in developing tissues and stem cell populations 
in gonads (Lee and Luo  1999 ; Perrimon  1998 ), these methods have only recently 
been used to investigate the possibility of the existence of other tissue-specifi c stem 
cells in the adult fl y. These breakthrough studies have identifi ed several multipotent 
stem cell populations in the fl y digestive tract and established that many of these 
adult tissues are maintained by specialized progenitor pools (Fig.  5.1 ).  

5.2.1     Cardia and Stomach 

 Multipotent stem cells (GaSCs) have been identifi ed in the cardia (also called pro-
ventriculus – Fig.  5.1 ), a structure that connects the crop, the esophagus, and the 
anterior midgut (Singh et al.  2011 ). These progenitors were found to continuously 
give rise to cells that compose the cardia itself as well as the crop, under unstressed 
conditions, suggesting that they are multipotent and constantly proliferate. 

 The central section of the fl y midgut generates an acidic environment, analogous 
to the mammalian stomach (Shanbhag and Tripathi  2009 ). The epithelium of this 
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region, including the copper cells responsible for the acidifi cation, interstitial cells, 
and endocrine cells, is maintained by a specialized population of multipotent gastric 
stem cells (GSSC – Fig.  5.1 ) (Strand and Micchelli  2011 ). These cells are relatively 
quiescent but rapidly proliferate in response to specifi c tissue damage. The 

Proventriculus

Anterior midgut

Posterior midgut

Hindgut

Malpighian
tubules

Stomac

  Fig. 5.1    Stem cell populations in the  Drosophila m . digestive tract       
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induction of GSSC proliferation by stress suggests that the behavior of this cell 
population may change over time. However, potential age-related changes in these 
tissues and effect of aging on the GaSC and GSSC populations remain to be tested.  

5.2.2     Malpighian Tubules 

 Similar to the kidneys in mammals, the excretory function in  Drosophila  is fulfi lled 
by specialized organs, the Malpighian tubules. It has been recently recognized that 
this tissue is maintained by a multipotent stem cell population, the renal and nephric 
stem cells (RNSCs – Fig.  5.1 ) (Singh et al.  2007 ). These cells are capable of self- 
renewal and give rise to progenitors that can differentiate in all the cell types that 
compose the tubule (i.e., renalcytes, principal cells, and stellate cells). The mecha-
nisms that control SC proliferation and differentiation in this lineage are starting to 
be elucidated (Singh et al.  2007 ; Zeng et al.  2010 ). However, the impact of aging on 
the maintenance and turnover of this tissue remains unknown.  

5.2.3     Hindgut 

 The most posterior portion of the intestine is formed by the hindgut. Recently, pro-
liferating cells have been identifi ed in the most anterior segment of the hindgut, the 
hindgut proliferation zone (HPZ) (Takashima et al.  2008 ). The anterior portion of 
the HPZ is composed of a stem cell population, the spindle cell zone (SCZ), which 
maintains the hindgut epithelium (Fig.  5.1 ). Contrary to all other stem cell lineages 
identifi ed in the adult fl y digestive tract, these stem cells give rise to a clearly identi-
fi ed transit-amplifying progenitor population. 

 While these cells were fi rst described as continuously proliferating (Takashima 
et al.  2008 ), additional studies have demonstrated that the SCZ stem cell population 
is mostly quiescent in healthy young animals (Fox and Spradling  2009 ). Interestingly, 
proliferation of stem cells and transit-amplifying cells is dramatically increased in 
response to tissue damage (Fox and Spradling  2009 ). As the aging intestine is char-
acterized by a chronic exposure to a damaging environment (see below), it is 
expected that aging can affect the proliferative behavior of these hindgut progenitor 
cells. In addition, the  Drosophila  hindgut has recently been described as a model of 
infection- and oncogene-mediated cell dissemination and metastasis (Bangi et al. 
 2012 ; Christofi  and Apidianakis  2012 ). However, this process remains to be inves-
tigated in the context of the aging hindgut epithelium.  

5.2.4     Posterior and Anterior Midgut 

 The intestinal stem cells (ISCs – Fig.  5.1 ) population, present in the posterior and 
anterior midgut, was the fi rst multipotent stem cell population described in the 
digestive tract (Micchelli and Perrimon  2006 ; Ohlstein and Spradling  2006 ). ISCs 
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were fi rst identifi ed as small diploid cells interspaced between the large absorptive 
cells that compose most of the epithelium (enterocytes, ECs) and located in close 
contact with the basal membrane (Baumann  2001 ). However, only recent lineage 
tracing experiments have demonstrated that ISCs continuously proliferate and 
maintain the intestinal epithelium by producing new ECs and enteroendocrine cells 
(EEs) (Micchelli and Perrimon  2006 ; Ohlstein and Spradling  2006 ). Following the 
discovery of ISCs, the  Drosophila  midgut has rapidly emerged as an ideal model 
system to study the mechanisms that control intestinal homeostasis and all aspects 
of tissue-specifi c stem cells, under unchallenged conditions or during tissue repair 
(Biteau et al.  2011 ; Jiang and Edgar  2012 ; Wang and Hou  2010 ). 

 Interestingly, ISCs continuously proliferate at low rate, replacing the entire epi-
thelium several times throughout the life of the animal, in particular in females that 
have a much higher nutritional demand to accommodate egg production (Jiang et al. 
 2009 ). Normal tissue turnover requires a variety of signals that control ISC self- 
renewal, proliferation, and differentiation, including the following pathways:

•    Notch (Bardin et al.  2010 ; Ohlstein and Spradling  2007 ; Perdigoto et al.  2011 )  
•   Insulin (Amcheslavsky et al.  2009 ; Biteau et al.  2010 ; Choi et al.  2011 ; 

Kapuria et al.  2012 )  
•   Epidermal growth factor (EGF) (Biteau and Jasper  2011 ; Buchon et al.  2010 ; 

Jiang et al.  2011 ; Xu et al.  2011 )  
•   PDGF/VEGF receptor (Pvr) (Bond and Foley  2012 ; Choi et al.  2008 )  
•   Target of rapamycin (TOR) (Amcheslavsky et al.  2011 ; Kapuria et al.  2012 )  
•   Janus kinase – signal transducer and activator of transcription (JAK-STAT) 

(Beebe et al.  2010 ; Lin et al.  2010 ; Liu et al.  2010 )  
•   Hippo (Karpowicz et al.  2010 ; Ren et al.  2010 ; Shaw et al.  2010 ; Staley and 

Irvine  2010 )  
•   Wnt/wingless and adenomatous polyposis coli (APC) (Cordero et al.  2012 ; 

Lee et al.  2009 ; Lin et al.  2008 )    

 In addition, cell proliferation is rapidly induced in the intestine in response to 
stress and infection, in order to replace damaged differentiated cells and maintain 
the integrity of the epithelium. This proliferative response directly involves the 
 activation of ISCs themselves, as no transit-amplifying cell population exists in the 
midgut, and relies on the induction of many conserved signaling pathways, such as:

•    Jun N-terminal kinase (JNK) (Biteau et al.  2008 ; Buchon et al.  2009a ; Jiang et al. 
 2009 )  

•   JAK-STAT pathway (Buchon et al.  2009a ,  b ; Cronin et al.  2009 ; Jiang et al. 
 2009 ; Zhou et al.  2013 )  

•   p38 (Park et al.  2009 )  
•   Nrf2 (Hochmuth et al.  2011 )    

 While the impact of aging on RNSCs, GaSCs, GSSCs, and the SCZ remains to 
be investigated, the age-related changes that impair ISC function in older fl ies are 
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starting to be elucidated. These mechanisms include extrinsic and intrinsic signals, 
which are largely related to the chronic infl ammatory state that develops in the 
aging intestinal epithelium, and cause uncontrolled ISC proliferation and differen-
tiation defects. In addition, this stem cell population has proven to be a valuable 
model to address critical questions regarding the infl uence of stem cell-mediated 
tissue homeostasis on physiology and longevity.   

5.3     Age-Related ISC Hyper-proliferation 

 ISCs were fi rst characterized as a slow cycling stem cell population. Only a few 
cells, out of the thousands of ISCs dispersed in the midgut, are undergoing mitosis 
at any given time in young animals. However, ISC proliferation dramatically 
increases with age (Biteau et al.  2008 ; Choi et al.  2008 ). This hyper-proliferation is 
reminiscent of the response to tissue damage, which relies on an increased ISC 
proliferation to replace damaged differentiated cells (Amcheslavsky et al.  2009 ; 
Buchon et al.  2009b ; Choi et al.  2008 ; Cronin et al.  2009 ; Jiang et al.  2009 ). This 
insight led to the current model that proposes that the chronic activation of the 
mechanisms that control tissue repair is the primary cause of the changes observed 
in the aging intestine and age-related disruption of the ISC function. 

 The aging process in the posterior midgut includes changes in the intestinal envi-
ronment, in particular in the gut microbial fl ora, and the activation of both non-cell- 
autonomous and intrinsic signals that ultimately drive uncontrolled ISC proliferation 
(Fig.  5.2 ). However, many questions remain unanswered. For example, the mecha-
nisms that contribute to the changes in bacteria population are still not fully under-
stood; the specifi c contribution of each signaling pathway remains unclear; and it 
has yet to be tested whether some aspects of the intestinal and ISC aging are inde-
pendent of the gut fl ora and stress responses and directly related to an intrinsic aging 
process in ISCs.   

5.4     Environmental Changes and Extrinsic Signals 

5.4.1     Role of Age-Related Changes in the Intestinal Flora 

 Like the intestine in other animals, the  Drosophila  midgut hosts a variety of com-
mensal, food-borne, and pathogenic bacterial populations (Hooper and Gordon 
 2001 ; Sansonetti  2004 ). Flies have evolved a variety of mechanisms to accommo-
date benefi cial fl ora and defend the intestinal epithelium against pathogens (Ryu 
et al.  2010 ). Interestingly, dramatic changes in the intestinal fl ora occur during 
aging in mammals (Tiihonen et al.  2010 ; Woodmansey  2007 ). Supporting the notion 
that similar changes in gut fl ora strongly contribute to the aging process of the intes-
tinal epithelium in  Drosophila , maintaining fl ies in an axenic environment prevents 
age-induced ISC proliferation and intestinal dysplasia (Buchon et al.  2009a ). 
However, it is still lacking a clear description of age-related changes in the 
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composition and/or size of bacterial populations in the midgut of older fl ies. 
In  addition, the reasons for these potential changes remain unclear. Several non-
exclusive mechanisms may drive these alterations, such as defects in the immune 
system (i.e., immunosenescence); decay of the peritrophic membrane, a structure 
essential to protect the intestinal epithelium against bacterial infections (Kuraishi 
et al.  2011 ); changes in intestinal function and chemical properties; and selection or 
expansion of more virulent bacterial strains over time. Importantly, two recent stud-
ies have started to address this question and suggest that a collapse of proper immune 
signaling in the gut itself and the adipose tissue, another essential immune organ in 
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fl ies, plays a fundamental role in dysbiotic changes occurring in older animals 
(Chen et al.  2014 ; Guo et al.  2014 ). Yet, further investigations will be required to 
test all the possible factors contributing to age-related changes in microbiota and 
fully understand the underlying age-related molecular changes.  

5.4.2     Bacterial Infection and Tissue Damage: The ISC Response 
to Enterocyte- and Muscle-Derived Proliferative Signals 

 After establishing that bacteria that populate the intestine play a major role in the 
age-related degeneration of this tissue, one essential question emerges: how do 
changes in the gut fl ora infl uence intestinal homeostasis and ISC proliferation in 
older fl ies? Answers to this question came from the study of the mechanisms that 
control intestinal regeneration in response to bacterial infection and tissue damage 
(Fig.  5.2 ). 

 Production of reactive oxygen species (ROS) is one of the major responses of the 
intestinal epithelium to cope with bacterial infection, and specifi c mechanisms to 
fi ght against this oxidative stress have been identifi ed in  Drosophila  (Ha et al.  2009 , 
 2005a ,  b ). Interestingly, antioxidant molecules, such as N-acetylcysteine and gluta-
thione, prevent induction of ISC proliferation after bacterial infection (Buchon et al. 
 2009a ), while exposure to ROS-generating molecules dramatically increases ISC 
proliferation (Biteau et al.  2008 ; Choi et al.  2008 ), indicating that this oxidative 
burst directly impacts ISC proliferation. 

 The increased ROS production and the recognition of bacteria themselves lead to 
the stimulation of multiple signaling pathways in ECs and the establishment of both 
an antimicrobial and an infl ammatory response, which are essential for the survival 
of the organism (Buchon et al.  2009a ,  b ; Cronin et al.  2009 ; Jiang et al.  2009 ). One 
major component of this response is the activation of the JNK signaling pathway in 
ECs, which induces the production of interleukin-like cytokines (unpaired, Upds). 
This secretion of Upds by ECs leads to the activation of the JAK-STAT signaling 
pathway in ISCs, directly promoting their proliferation (Buchon et al.  2009a ,  b ; 
Jiang et al.  2009 ). At the same time, this infl ammatory signal causes the activation 
of JAK-STAT in the visceral muscle that surrounds the intestinal epithelium. This 
results in the upregulation of the expression of the EGF ligand  vein , which in turn 
further promotes stem cell proliferation through the activation of the EGFR-MAPK 
signaling pathway in ISCs (Buchon et al.  2010 ; Jiang et al.  2011 ). 

 Similar to the response to bacterial infection, damage to the intestinal epithe-
lium, such as DNA damage or disruption of the basal membrane, promotes ISC 
proliferation and tissue repair through the activation of the same stress-responsive 
signaling pathways (Amcheslavsky et al.  2009 ). 

 Over the last few years, it has become clear that during normal aging, similar 
mechanisms are chronically activated in the intestine. For example, high levels of 
ROS and increased activity of the JNK pathway are detected in ECs of older fl ies 
(Biteau et al.  2008 ; Hochmuth et al.  2011 ), and the expression of proliferative sig-
nals such as EGF ligand and Upd cytokines is greatly elevated in the aging fl y 
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midgut. In addition, the artifi cial activation of the mechanisms that promote ISC 
proliferation in response to infection or tissue damage recapitulates the dysplastic 
phenotype observed in old animals. Finally, recent evidence suggests that the mus-
cles that surround the gut epithelium deteriorate with age (Larson et al.  2012 ), a 
process that may indirectly affect ISCs, through the deregulation of muscle-derived 
proliferative signals (in particular the ligand  vein ). 

 Taken together, these studies strongly suggest that chronic activation of the non-
cell- autonomous mechanisms that control tissue repair in young animals signifi -
cantly contributes to the uncontrolled ISC proliferation and intestinal dysplasia 
observed in older fl ies. However, it is important to note that the current model 
remains to be conclusively validated, as the effects of stress signaling pathways in 
ECs on age-related changes in the ISC regulation and intestinal homeostasis have 
yet to be directly investigated.  

5.4.3     Other Cell-Cell and Tissue-Tissue Interactions 

 Interestingly, other cell types and tissues have been shown to interact with ISCs and 
the midgut epithelium to control stem cell proliferation and the function of the intes-
tine. While little is known about the potential effect of aging on these other interac-
tions, it is important to take these into account when trying to elucidate the complex 
mechanisms that affect ISC in aging fl ies, as defects in these mechanisms may 
directly contribute to the ISC hyper-proliferation and differentiation defects 
observed in the intestine of old fl ies. 

 Within the intestinal epithelium, all the different cell types constantly communi-
cate to maintain homeostasis. Undifferentiated EC-committed daughter cells (i.e., 
enteroblasts, EBs) are capable of repressing ISC proliferation through the mainte-
nance of E-cadherin-mediated cell-cell interactions (Choi et al.  2011 ). This interac-
tion is directly regulated by the activity of the insulin receptor pathway in EBs, a 
conserved signaling pathway that is strongly infl uenced by aging (see below). At the 
same time, secretory cells (i.e., enteroendocrine cells, EEs) indirectly control ISC 
proliferation by regulating muscle-derived production of dilp3 (insulin) and vein 
(EGF) (Amcheslavsky et al.  2014 ; Scopelliti et al.  2014 ). Hence, while age-related 
defects in these feedback mechanisms have not yet been investigated, impaired sig-
naling in EBs and/or EEs may signifi cantly contribute to the uncontrolled prolifera-
tion of aging ISCs. 

 The complex interactions between ISCs, ECs, and the surrounding visceral mus-
cle were described before. In addition to this regulatory network, other neighboring 
tissues infl uence the cells of the intestinal epithelium. The tracheal system, which 
delivers oxygen to all tissues in the fl y, also provides an essential factor that pro-
motes EC survival (Li et al.  2013 ). Loss of this signal, dpp ( decapentaplegic , a 
member of the bone morphogenetic protein family), induces a strong compensatory 
ISC proliferation. In addition, the intestine is innervated by a complex neuronal 
network. These neurons control the adaptation of the intestinal function and excre-
tion to nutrient availability and reproduction (Cognigni et al.  2011 ). Age-related 
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changes in these organs have not yet been identifi ed, but it is conceivable that 
 misregulation of the signals originating from these tissues participates to the decline 
in intestinal function in older animals. 

 Finally, ISCs are regulated by systemic factors, including the activity of the 
insulin signaling pathway and nutrient availability. In  Drosophila , insulin-like pep-
tides (dilps) are secreted by multiple tissues. Notably, dilp2, dilp3, and dilp5 are 
produced by the neurosecretory insulin-producing cells (IPCs) in the brain (Teleman 
 2010 ). Relevant to the regulation of ISCs, dilp3 is also expressed in the visceral 
muscle surrounding the intestine and regulates the proliferation and number of 
ISCs in the intestine in response to changing nutritional conditions (O’Brien et al. 
 2011 ). Importantly, modulation of the Insulin signaling pathways is the one of the 
most widely conserved mechanisms that affects aging and longevity, from worm to 
mammals (Fontana et al.  2010 ; Kenyon  2010 ; Partridge et al.  2011 ). Indeed, reduc-
ing insulin signaling systematically or specifi cally in ISCs prevents age-related 
intestinal dysplasia (Biteau et al.  2010 ). Similarly, changes in nutrient availability 
that are known to affect insulin signaling, aging, and longevity modulate ISC pro-
liferation (McLeod et al.  2010 ). These observations thus support the notion that, in 
 Drosophila , age-related changes in metabolism and insulin signaling impact the 
biology of ISCs and that alterations of insulin signaling infl uence aging and extend 
lifespan, at least in part, by controlling the function of the stem cell pool in the 
intestine in old fl ies.   

5.5     Cell Intrinsic Induction of ISC Proliferation 

 In addition to signals received from ECs and other surrounding cells and organs in 
response to tissue damage and infection, ISCs are capable of directly sensing 
changes in their environment and intracellular state and adapt their proliferation rate 
to these challenging conditions. As a consequence, cell-intrinsic mechanisms also 
signifi cantly contribute to the changes in ISC regulation that take place in the intes-
tine of aging fl ies. 

5.5.1     Redox State and Stress Signals in Aging ISCs 

 Supporting the notion that ISC themselves are stressed in the aging intestine, high 
levels of ROS are detected in old ISCs (Hochmuth et al.  2011 ), and ISCs accumu-
late damaged macromolecules with age, as shown by the activation of the DNA 
damage response (γH2AX) and presence of DNA lesions (8-oxo-deoxyguano-
sine) (Park et al.  2012 ). Furthermore, overexpression of antioxidant proteins (the 
peroxiredoxin Jafrac1 and Gclc, an enzyme in the glutathione biosynthetic path-
way) in ISCs and EBs is suffi cient to reduce ISC proliferation and delay the pro-
gression of the intestinal dysplastic phenotype (Biteau et al.  2010 ; Hochmuth 
et al.  2011 ). These intracellular prooxidant conditions lead to the cell-autonomous 
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activation of multiple signaling pathways that promote ISC proliferation, includ-
ing the JNK and MAPK p38 pathways (Biteau et al.  2008 ; Park et al.  2009 ). At 
the same time, the Nrf2  signaling pathway, which promotes ISC quiescence under 
normal conditions, is inactivated, further increasing ISC proliferation rate 
(Hochmuth et al.  2011 ). Importantly, genetic modulations of these signaling path-
ways that revert the infl uence of aging on their activity are suffi cient to prevent 
age-related tissue degeneration in the posterior midgut (Biteau et al.  2010 ; 
Hochmuth et al.  2011 ; Park et al.  2009 ), demonstrating the critical role of the cell-
autonomous activation of stress signaling in the aging of the intestinal stem cell 
population. 

 In addition to the response to oxidative stress, ISCs are capable of responding 
directly to changes in the epithelium integrity and cell-cell interactions, through 
the inactivation of the Hippo pathway. Decreased activity of this pathway in ISCs 
leads to the activation of the transcription factor Yorkie and results in increased 
ISC proliferation (Ren et al.  2010 ; Shaw et al.  2010 ). Therefore, age-related 
changes in the architecture of the intestinal epithelium are likely to lead to the 
activation of Yorkie and also participate to the establishment of a chronic ISC-
proliferative state.  

5.5.2     Role of Mitochondrial Function in ISC Aging 

 As discussed previously, the increasingly prooxidant ISC microenvironment and the 
intracellular redox imbalance appear to be the major causes of the increased 
 proliferation of aging ISCs. In addition to the ROS produced by ECs as part of the 
immune response, it has recently been recognized that mitochondria in aging ISCs 
themselves are an additional source of ROS (Rera et al.  2011 ). This recent study 
suggests that the mitochondrial function in the intestine declines with age. 
Importantly, reverting these effects of age by increasing the expression of the fl y 
homolog of the PGC1 transcription factors is suffi cient to promote mitochondrial 
activity, decrease the accumulation of ROS in aging ISCs, and prevent ISC hyper-
proliferation. These recent fi ndings further confi rm that age-related intracellular 
changes in ISCs directly affect their function in older animals.   

5.6     Age-Associated Defects in the ISC Lineage 

 In mammalian organs, age-related changes in the proliferative behavior of stem/
progenitor cells are often accompanied by defects in the mechanisms that control 
cell-fate decision and differentiation in aging tissues (Brack and Rando  2007 ; Kim 
et al.  2012 ; Rossi et al.  2008 ). This can generate an imbalance between the different 
cell types that compose the tissue and/or lead to the production of nonfunctional 
cells, signifi cantly contributing to age-related loss of tissue function. Similarly, in 
the aging  Drosophila  intestine, ISC hyper-proliferation results in a defective lineage 
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that produces large numbers of abnormal cells (Biteau et al.  2008 ). Therefore, a 
 better understanding of the mechanisms that control ISC self-renewal and cell-fate 
decision in young animals is essential to fully elucidate the mechanisms that drive 
dysplasia in the intestine of older fl ies. 

5.6.1     The Posterior Midgut Lineage: Description of the Lineage 

 Lineage tracing analyses and the use of many cell-specifi c markers have allowed the 
elucidation of the ISC lineage in  Drosophila  posterior midgut (Fig.  5.3 ). These mul-
tipotent stem cells were fi rst described as generating at least three different cell 
types, nonproliferating undifferentiated progenitors (enteroblasts, EBs), which dif-
ferentiate in either enterocytes (ECs) or enteroendocrine cells (EEs) (Micchelli and 
Perrimon  2006 ; Ohlstein and Spradling  2006 ). However, it has recently been recog-
nized that the ISC lineage is much more complex than what was originally thought. 
ISCs primarily asymmetrically divide to give rise to another ISC and a daughter that 
will undergo differentiation. Yet, ISCs have also been shown to symmetrically 
divide and generate two ISCs or two daughter cells (de Navascues et al.  2012 ; 
Goulas et al.  2012 ; O’Brien et al.  2011 ). In addition, it has recently been found that 
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ISCs can give rise to two distinct types of daughter cells: EBs, committed to the 
absorptive lineage (ECs), and pre-EEs, which differentiate into secretory cells 
(Biteau and Jasper  2014 ; Zeng and Hou  2015 ).   

5.6.2     Molecular Mechanisms Controlling the ISC Lineage 

 While the intestinal lineage is relatively well characterized, the mechanisms that 
regulate the balance between self-renewal and differentiation remain largely 
unclear. In this regard, ISC seems to share some similarities with larval neuro-
blasts, as suggested by the asymmetric segregation of some components of the 
Par complex (Goulas et al.  2012 ), which may specify the EB cell fate during cell 
division. In addition, it has been suggested that the wingless/Wnt signaling path-
way is required for ISC maintenance and may control self-renewal (Lin et al. 
 2008 ). Also, the balance between self-renewal and differentiation can be dynami-
cally regulated, in particular during the regrowth of the intestine in response to 
re-feeding after a period of starvation, a process that may involve the insulin 
signaling pathway (O’Brien et al.  2011 ). Several models have been developed to 
describe the mechanisms that control the decision between self-renewal and dif-
ferentiation (de Navascues et al.  2012 ; Kuwamura et al.  2012 ; Perdigoto et al. 
 2011 ). However, it has been recently found that endocrine cells directly control 
their own production, through the Slit/Robo2 signaling pathway, ensuring that 
Prospero-expressing daughter cells, which are committed to the secretory lin-
eage, are only produced when EEs are missing in the immediate ISC vicinity 
(Biteau and Jasper  2014 ). 

 In addition to self-renewal signals, multiple conserved signaling pathways have 
been shown to be critical for the differentiation of ISC daughter cells. Notably, the 
Notch signaling pathway is absolutely required for the differentiation of EBs into 
ECs, while the JAK/STAT pathway is involved in the differentiation of EEs (Beebe 
et al.  2010 ; Lin et al.  2010 ; Ohlstein and Spradling  2007 ). Defects in these signaling 
pathways result in the accumulation of ISCs and/or an impaired balance between 
EEs and ECs. It is likely that all these signaling pathways form a complex regula-
tory system that precisely controls cell differentiation. For example, the Notch sig-
naling pathway induces the TOR pathway in EBS to promote cell growth (Kapuria 
et al.  2012 ). However, most of the molecular interactions between the components 
of these pathways in ISCs remain to be identifi ed, and the impact of aging or stress 
response on this network is not yet understood (see below).  

5.6.3     Age-Related Defects in the ISC Lineage 

 As described in the previous section, the ISC lineage in young fl ies is characterized 
by the segregation of many molecular markers that clearly identify the different cell 
types that compose the midgut (Fig.  5.3 ). On the contrary, the architecture of the 
epithelium in the aging intestine is severely disturbed. In particular, a large number 
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of nonfunctional cells accumulate in the epithelium, disrupting the monolayer 
 organization. These cells express stem/progenitor cell makers and show character-
istics specifi c of differentiated cells, such as increased ploidy, at the same time 
(Biteau et al.  2008 ) demonstrating that the cells produced by highly proliferating 
ISCs in older animals are not capable of properly differentiating. Interestingly, 
reducing the activity of the Notch signaling pathway is suffi cient to prevent the 
accumulation of these misdifferentiated cells without preventing age-related ISC 
hyper-proliferation (Biteau et al.  2008 ), suggesting that perturbation of Notch sig-
naling between ISCs and their daughter plays an important role in the age-related 
loss of tissue homeostasis in the aging intestine. 

 At least, three non-exclusive models can be proposed to explain the observed 
differentiation defects in the aging lineage:

•    Aging may directly impact ISCs themselves and the intestinal lineage through 
the intrinsic activation of stress signals in ISCs and a direct effect on the mecha-
nisms that govern cell-fate decision, differentiation, and the balance between 
symmetric and asymmetric ISC division. Thus, investigating the molecular 
 interactions between the JNK/p38 pathways and the Notch/JAK pathways may 
be critical to understand the differentiation defects observed in the old intestine.  

•   It is also possible that uncontrolled ISC proliferation and the dramatic increase 
in the number of daughter cells produced indirectly affect cell-cell interactions 
that are essential for the proper differentiation of ISCs daughter cells. Supporting 
this hypothesis, correct E-cadherin-mediated interactions between ISCs and EBs 
are essential for the activation of the Notch signaling pathway in differentiating 
cells (Maeda et al.  2008 ).  

•   High activities of several stress signaling pathways have been reported in aging 
endocrine cells, including the JNK and Nrf2 pathways. Due to their role in main-
taining the proper cellular balance in young animals (EEs versus ECs), it is plau-
sible that age-related changes in cell signaling in EEs signifi cantly contribute to 
the deterioration of the ISC lineage.    

 A careful analysis of the intestinal lineage in older fl ies will be required to dis-
tinguish between these models and provide information regarding the interactions 
between the mechanisms that control the intestinal lineage and the signaling path-
ways known to be infl uenced by the aging process.   

5.7     Influence of Intestinal Stem Cell Function 
on Healthspan and Longevity 

 One of the most important questions regarding the relationship between stem cell 
function and aging is: can healthspan and/or lifespan be ameliorated by stem cell- 
specifi c manipulations that prevent or revert the effects of age on progenitor cells? 
The  Drosophila  midgut has proven to be an ideal experimental model to start 
addressing this problem. 
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 Several characteristics specifi c to this  Drosophila  intestine have allowed these 
studies:

•     The GI tract is the only somatic tissue maintained by resident stem cell popula-
tions in Drosophila .    

 Multiple progenitor pools have been identifi ed in the intestine. While reports have 
suggested the existence of a stem cell population in the adult fl y brain (Fernandez-
Hernandez et al.  2013 ; von Trotha et al.  2009 ), it remains unclear if the presence of 
these proliferating cells is essential for the long-term maintenance of the central 
nervous system. Also, contrary to other invertebrates, germline stem cells have a 
controversial effect on longevity in  Drosophila  (Barnes et al.  2006 ; Flatt et al.  2008 ).

•     Optimal intestinal function is essential for metabolic and immune homeostasis .    

 In  Drosophila , the intestine is one of the major organs where metabolism, in 
particular cholesterol and lipid homeostasis, and immune response are regulated 
(Buchon et al.  2009b ; Cronin et al.  2009 ; Karpac et al.  2013 ; Sieber and Thummel 
 2012 ). Accordingly, age-related intestinal dysplasia correlates with dramatic 
changes in the intestinal fl ora, as well as lipid and glucose metabolism (Biteau et al. 
 2008 ,  2010 ). In addition, the integrity of the intestinal epithelium correlates with the 
age and life expectancy of fl ies under many different culture conditions (Rera et al. 
 2012 ), confi rming the central role of the gut in the maintenance of healthspan.

•     The function of ISCs can be easily and specifi cally manipulated in vivo .    

 As discussed in previous sections, the major identifi ed cause of tissue degenera-
tion in the aging midgut is the uncontrolled ISC proliferation that results from the 
chronic activation of tissue repair mechanisms. Thus, using powerful genetic tools, 
it is relatively easy to specifi cally manipulate the ISC proliferation rate in the adult 
fl y to infl uence tissue homeostasis. 

 For all these reasons, it has been possible to demonstrate that ISC function 
directly correlates with healthspan and longevity and that optimizing the ISC prolif-
eration rate to preserve tissue homeostasis in the aging intestine is suffi cient to 
extend lifespan (Fig.  5.4 ). Indeed, manipulations that strongly prevent ISC prolif-
eration and impair tissue repair not only render animals sensitive to infection or 
tissue damage but also shorten lifespan under unchallenged conditions (Apidianakis 
et al.  2009 ; Biteau et al.  2010 ; Buchon et al.  2009a ; Cronin et al.  2009 ; Jiang et al. 
 2009 ). On the other hand, conditions that chronically promote ISC proliferation also 
shorten lifespan (Apidianakis et al.  2009 ; Biteau et al.  2008 ). However, optimal 
conditions have been identifi ed: ISC-specifi c manipulations that prevent tissue dys-
plasia without blocking tissue turnover (e.g., overexpression of antioxidant proteins, 
overexpression of the dPGC1, or the moderate inhibition of the insulin, EGF, or 
JNK signaling pathways) prevent age-related metabolic decay and result in long- 
lived fl ies (Biteau et al.  2010 ; Rera et al.  2011 ).   
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    Conclusions 
 In only a few years, the discovery of ISCs and studies exploring their infl uence 
on tissue homeostasis and longevity have had a major impact on aging research 
in  Drosophila . The fl y intestine has become an exceptionally powerful model to 
investigate the mechanisms by which aging affects stem cells, progenitors, dif-
ferentiated cells, the stem cell niche, and the systemic environment in the same 
biological system. 

 These studies have shed new light on the role of the intestinal fl ora, immunity, 
mitochondrial function, and stress responses in the control of epithelial homeo-
stasis throughout the life of an organism. In addition, for the fi rst time, these 
studies have demonstrated that preventing the effects of age on a specifi c somatic 
stem cell population is a viable strategy to preserve healthspan and extend lon-
gevity of an invertebrate organism. 

 As for many discoveries fi rst made using  Drosophila , it can be anticipated 
that the mechanisms of stem cell aging which are rapidly being elucidated in the 
 Drosophila  intestine will provide new concepts valuable to the study of the infl u-
ence of aging on stem cell function in aging organs throughout the animal king-
dom, including in vertebrates.     
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  6      Aging of Murine Hematopoietic 
Stem Cells  
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    Abstract  
  Hematopoietic stem cells (HSCs) are unique in their ability to self-renew and 
differentiate into all mature blood lineages. The equilibrium between these 
 processes is crucial for tissue maintenance during the lifetime of the organism. 
However, with age the functionality of HSCs declines, resulting in development 
of anemias, defi ciencies of immune response, and increased risk of hematopoi-
etic malignancies. Aged HSCs are characterized by preferential differentiation 
toward myeloid lineage, impaired self-renewal, and engraftment. Recent 
 evidence provides clues to the understanding of these processes on cellular and 
molecular levels. Key components contributing to stem cell aging are shifts in 
the transcriptome and epigenome, accompanied by dysfunction of DNA repair 
pathways. In this chapter we will focus on studies and conceptual models of 
murine HSC aging.  

6.1         Introduction 

 Organismal aging is associated with functional decline of many tissues. In the 
hematopoietic system, aging is associated with a decreased immune response, an 
increased incidence of hematopoietic cancers, anemia, and several autoimmune 
 disorders (Balducci et al.  2008 ). A growing body of data supports the notion that at 
least some of these changes originate from dysfunctional hematopoietic stem cells 
(HSCs). Functional decline of HSCs is believed to be orchestrated by the interplay 
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between cell-intrinsic and cell-extrinsic factors. Insight into the mechanism 
 underlying HSC aging can be obtained from molecular studies in mice. This chapter 
provides an overview of our current understanding of the mechanisms of murine 
HSC aging.  

6.2     Characteristics of Murine HSCs 

 In the mouse, HSCs constitute a small proportion (<0.01 %) of all bone marrow 
cells. However, their extensive proliferative capacity ensures a daily production of 
over 10 11  blood cells (Lansdorp  1998 ). All types of mature hematopoietic and 
immune cells are generated and regenerated by HSCs, in an intricate process of 
stepwise gradual differentiation (Fig.  6.1 ). The abilities to self-renew and to 
 differentiate into multiple lineages are the defi ning properties of the HSCs (also see 
Box  6.1 ).  

     Box 6.1      Hematopoietic stem cell  – adult multipotent stem cell that is able to self- 
renew and differentiate into all mature types of immune and hematopoietic cells. 

  Functionally defi ned HSC  – a cell that can support long-term robust multilineage 
repopulation of a host, whose own hematopoietic system was ablated (e.g., by irra-
diation). This defi nition is retrospective. Criteria for defi ning stemness differ from 
lab to lab and are based on either total donor cell presence (chimerism) in blood of 
transplant recipient or chimerism in specifi c mature blood populations. The time- 
scale for defi ning long-term repopulation varies but usually constitutes at least 
4 months of activity after transplantation. A very common functional HSC defi ni-
tion is its ability to support production at least 1 % of myeloid and lymphoid cells 
for 4 months after transplantation. 

  Phenotypically defi ned HSC  – hematopoietic cell expressing a panel of cell sur-
face markers characteristic for HSCs. Phenotypic defi nitions of HSCs have become 
more and more stringent over the years, coinciding with discoveries of novel mark-
ers. Marker combinations that allow to achieve isolation of highly enriched HSC 
populations include among others:

   CD150 +  CD244 −  CD48 −  (SLAM) (Kiel et al.  2005 )  
  CD45 mid  Rho −  SP (Dykstra et al.  2007 )  
  lineage −  Sca1 +  c-Kit +  (LSK) CD48 −  CD34 −  EPCR +  CD150 +  (Dykstra et al.  2011 )  
  CD45 +  EPCR +  CD48 −  CD150 +  (ESLAM) (Benz et al.  2012 )  
  LSKCD34 −  CD150 +  (Morita et al.  2010 )  
  SP LSK (Challen et al.  2010 )  
  CD45 is expressed on hematopoietic cells and allows to distinguish them from 

 non- hematopoietic populations.    

  HSC clone  – all progeny of a single HSC 
  Clone size  – proportion of differentiated cells in blood generated by an HSC 

clone  
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 Morphologically, HSCs cannot be discriminated from more differentiated pro-
genitor cells (Fig.  6.1 ). However, a panel of cell surface markers, characteristically 
expressed on HSCs, has been identifi ed. These include expression of Sca1, c-Kit, 
CD150 (one of the SLAM markers), and CD201 (EPCR) and lack of the expression 
of lineage surface markers CD48, CD244, Flt3, and CD34. Alternatively, the ability 
of HSCs to effl ux certain dyes (Rhodamine-123 (Rho) and Hoechst 33342) can be 
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  Fig. 6.1    Simplifi ed representation of the hematopoietic hierarchy and the effects of aging 
(Adapted from Verovskaya and de Haan ( 2011 )). HSCs residing in the bone marrow produce all 
the mature hematopoietic and immune cells that are found in the blood. The majority of HSCs 
resides in a quiescent G 0  state ( top left ) and becomes activated into cycling and differentiation. 
During the gradual process of multilineage differentiation, HSCs lose the ability to self-renew (as 
indicated by  round arrows ) and become more committed to a certain lineage. In aged mice, HSCs 
have been found to more actively cycle. Moreover, hematopoiesis becomes skewed toward produc-
tion of myeloid cells, while lymphoid production becomes defi cient. Regeneration of red blood 
cells and platelets is also decreased with lifespan. Processes activated with age are indicated with 
 red arrows , while decreased activity is depicted with  blue arrows. LT-HSCs  indicate long-term 
repopulating HSC,  ST-HSCs  short-term repopulating HSCs. Several described intermediate pro-
genitor states are shown on the fi gure:  MPP  multipotent progenitor cells,  LMPP  lymphoid-primed 
multipotent progenitors,  CMP  common myeloid progenitors,  CLP  common lymphoid progenitors, 
 MEP  megakaryocyte-erythroid progenitors,  GMP  granulocyte-macrophage progenitors       
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also used for purifi cation (Bertoncello et al.  1985 ; Wolf et al.  1993 ). This feature of 
HSC results from the expression of the ABC transporters P-glycoprotein and Abcg2 
(Zhou et al.  2001 ). Hoechst 33342 exclusion results in a characteristic appearance 
of primitive cells during fl uorescence-activated cell sorting (FACS), known as the 
“side population” (SP) (Goodell et al.  1996 ). A combination of multiple of these 
markers allows prospective isolation and characterization of HSCs with purity up to 
50 %, defi ned by the ability of a single cell to reconstitute hematopoiesis of a lethally 
irradiated animal (Kiel et al.  2005 ; Dykstra et al.  2007 ,  2011 ; Challen et al.  2009 ; 
Kent et al.  2009 ). 

 Aging has been shown to increase both the relative frequency and the absolute 
number of HSCs in the bone marrow of C57BL/6 mice. Initial studies using unfrac-
tionated bone marrow cells had demonstrated a competitive advantage of old cells 
when co-transplanted with equal numbers of young cells (Harrison  1983 ), which was 
attributed to higher concentrations of repopulating cells in the aged population 
(Harrison et al.  1989 ). More recent studies, using different combinations of pheno-
typic markers, confi rmed a remarkable increase in the pool size of HSC upon aging 
(Dykstra et al.  2011 ; Morrison et al.  1996 ; Rossi et al.  2005 ; Sudo et al.  2000 ). An 
example of such a phenotypic increase of primitive hematopoietic population upon 
aging is shown in Fig.  6.2 . The extent of such expansion was seven- to 16-fold 
(Dykstra and de Haan  2008 ). Furthermore, while the frequency of HSCs is similar 
among individual young mice, HSC frequencies become highly variable in old mice, 
indicating a possible loss of control of HSC pool size with age (Dykstra et al.  2011 ).  

 Despite many advances that have been made in the identifi cation of the pheno-
type of HSC, “stemness” of a (murine) HSC can only be demonstrated retrospec-
tively by its ability for robust multilineage repopulation of a myeloablated host. An 
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  Fig. 6.2    Number of phenotypically defi ned HSCs increases with age. Here we show the gating 
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of ~25-month-old animals) that have robust repopulating potential in vivo (Dykstra et al.  2011 ). 
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HSC is often defi ned by the ability of a cell to support at least 1 % lymphomyeloid 
chimerism in a recipient animal for 4 months posttransplantation (Ema et al.  2005 ; 
Miller and Eaves  1997 ). Primitive cells contributing to peripheral blood cells less 
than 1 % are usually unable to sustain robust blood production in the long-term or 
upon secondary transplantation. Therefore, they are not considered  bona fi de  stem 
cells. In contrast to studies where whole bone marrow cells were used, transplanta-
tions of purifi ed aged HSCs demonstrated a two- to sevenfold decrease in functional 
stem cell frequency  in vivo  (Dykstra et al.  2011 ; Morrison et al.  1996 ; Rossi et al. 
 2005 ; Yilmaz et al.  2006 ). Moreover, compared to young, aged HSCs have been 
shown to exhaust more rapidly upon serial transplantation (Kamminga et al.  2005 ). 
Finally, the ability of HSCs to generate cells of all different lineages changes as a 
function of age and switches toward production of myeloid cells concurrent with 
decreased lymphopoiesis (Morrison et al.  1996 ; Sudo et al.  2000 ; Liang et al.  2005 ) 
(indicated in Fig.  6.1 ).  

6.3     Not All Stem Cells Are Equal 

 Historically, it has been assumed that the HSC pool is homogeneous and all HSCs 
are uniform in their ability to produce cells of all lineages (as shown in Fig.  6.1 ). 
However, this concept was challenged by clonal studies demonstrating profound 
heterogeneity among HSCs regarding three of their key properties: (1) repopulation 
potential, (2) cycling activity, and (3) developmental program. 

 It was shown that individual HSCs display a marked diverse and unpredictable 
self-renewal capacity and repopulating activity upon transplantation into irradiated 
host mice (Dykstra et al.  2007 ; Ema et al.  2005 ). For instance, upon single-cell 
transplantation, purifi ed cells can generate highly variable numbers of circulating 
white blood cells ranging from 1 to >80 % chimerism (Dykstra et al.  2007 ; Ema 
et al.  2005 ). 

 Further, the HSCs are highly heterogeneous in regard to their cycling rate (Wilson 
et al.  2008 ; Foudi et al.  2009 ). While HSCs have a high proliferative capacity, their 
turnover is slow, what protects HSCs from accumulating mutations and prevents 
their exhaustion (Dykstra et al.  2006 ; Orford and Scadden  2008 ; Arai and Suda 
 2007 ). Analysis of cell cycle in the primitive compartment has shown that more than 
70 % of phenotypically defi ned HSCs are found in quiescent G 0  stage, opposed to 
less than 10 % of progenitor population (Wilson et al.  2008 ). Multiple other studies 
supported this notion (Wilson et al.  2008 ; Passegue et al.  2005 ; Cheshier et al. 
 1999 ). Several reports suggest presence of at least two populations within the HSC 
pool – “homeostatic” HSCs that have a turnover time of approximately 1 month and 
“dormant” HSCs that are entering the cell cycle once in around 170 days (Wilson 
et al.  2008 ; Foudi et al.  2009 ). 

 Moreover, a highly variable ability of HSCs to produce myeloid and lymphoid 
progeny is well documented. This was fi rst reported in retroviral marking studies 
where different vector integration profi les were observed in myeloid and lymphoid 
tissues (Jordan and Lemischka  1990 ). Later, experiments in animals transplanted 
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with limiting dilutions of bone marrow cells (Muller-Sieburg et al.  2002 ) and in 
single-cell transplant recipients (Dykstra et al.  2007 ) demonstrated the presence of 
at least three distinct developmental types of behavior of HSCs. These studies estab-
lished that individual cells can preferentially support myeloid cell production (so- 
called α or myeloid-biased HSCs) and lymphoid cell development (γ or 
lymphoid-biased HSCs) or be equally prone to generate both lineages (β or bal-
anced HSCs). High expression of CD150 has been demonstrated to correlate with a 
myeloid potential of HSCs (Beerman et al.  2010a ). Lymphoid-biased HSCs have 
been shown to have a relatively short lifespan and to exhaust readily upon secondary 
transplantation (Muller-Sieburg et al.  2004 ). On the contrary, myeloid-biased HSCs 
had the longest lifespan and the highest self-renewal capacity of all HSC types 
(Muller-Sieburg et al.  2004 ). 

 Distinct gene expression profi les appear characteristic to HSCs with distinct 
developmental programs. CD150 (SLAM) and SP profi ling in phenotypically iso-
lated HSCs allowed their sub-fractionation into lymphoid-biased and myeloid- 
biased subsets (Challen et al.  2010 ) (Box  6.1 ). Serial transplantation experiments 
revealed that a lower SP LSK  CD150 high  population preferentially contributed to 
LT-HSC, MPP, and CMPs (Fig.  6.1 ), while upper SP LSK  CD150 low  cells produced 
signifi cantly more CLPs. Microarray analysis carried out on those two populations 
revealed that pathways involved in cell cycling and metabolism were highly acti-
vated in lymphoid-biased HSCs (Challen et al.  2010 ). 

 During aging, the proportion of myeloid-biased HSCs in the bone marrow 
increases at the expense of lymphoid-biased and balanced HSCs (Challen et al. 
 2010 ; Beerman et al.  2010b ; Cho et al.  2008 ; Morita et al.  2010 ). Such an expansion 
of myeloid-primed HSCs is likely to result from a combination of higher self- 
renewal potential (Beerman et al.  2010b ), different response to cytokines, and lower 
metabolic activity (Challen et al.  2010 ) of this population. Moreover, while the pool 
of young HSCs is largely quiescent, a substantially higher fraction of aged HSCs is 
cycling (Morrison et al.  1996 ; Sudo et al.  2000 ; Yilmaz et al.  2006 ; Takizawa et al. 
 2011 ) (Fig.  6.1 ).  

6.4     Changes in Homing and Migration 
of Stem Cells Upon Aging  

 The ability to engraft bone marrow and to migrate throughout the body is an essen-
tial property of HSCs that allows them to exit the fetal liver and repopulate bone 
marrow in the initial stages of development. Studies in the 1960s demonstrated that 
a small number of repopulating cells is also present in the blood of mice in steady- 
state conditions (Goodman and Hodgson  1962 ). These circulating cells are capable 
of reentering available HSC niches, as demonstrated by experiments with pairs of 
parabiotic mice that share their circulation (Wright et al.  2001 ) and by transplanta-
tion of bone marrow cells into nonirradiated recipients (Ramshaw et al.  1995 ). 
Homing of cells to myeloablated or unmanipulated niches is a prerequisite in 
experimental or clinical bone marrow transplantations, where intravenous cell 
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injection is suffi cient for grafting and regeneration of the hematopoietic system 
(van Os et al.  2010 ). 

 Several studies demonstrated that upon aging, the engraftment and homing abil-
ity of HSCs decreases ~2-fold. Liang et al. demonstrated diminished short-term 
(24 h) homing of old HSCs by limiting-dilution competitive transplantation of 
young and aged HSCs (Liang et al.  2005 ). Recently, our lab confi rmed this observa-
tion by direct measurement of fl uorescent cells in bone marrow after co- 
transplantation of HSCs isolated from old and young differentially colored 
transgenic donors (Dykstra et al.  2011 ). 

 On the contrary, levels of both mobilized progenitors and transplantable HSCs 
were ~5-fold higher in peripheral blood and spleen of granulocyte colony- 
stimulating factor (G-CSF)-treated 25-month-old mice compared to young 3-month- 
old animals (Xing et al.  2006 ). Xing et al. proposed that lower adhesion of aged 
HSCs to stromal cells and increased activity of small Rho GTPases that are involved 
in regulation thereof play a role in this change (Xing et al.  2006 ). 

 Interestingly, data generated in our lab demonstrates that on a clonal level young 
and aged HSCs are similar in their migratory behavior (Verovskaya et al.  2014 ). 
When purifi ed HSCs were labeled with DNA barcodes and transplanted into irradi-
ated hosts, barcoded clones of both young and old HSCs were unequally distributed 
across the skeleton. However, administration of G-CSF led to redistribution of HSC 
around the skeleton. At the same time, clonal analysis demonstrated that the pool of 
old HSCs was composed of multiple small clones, whereas the young HSC pool 
contained fewer, but larger clones (Verovskaya et al.  2013 ). 

 The observed functional decline in aged HSCs is refl ected in their transcriptome 
and epigenome, which will be discussed in the next section. A fi nal issue that we 
will discuss is how HSCs reside in an hypoxic environment and how oxidative 
metabolism, production of reactive oxygen species (ROS), and DNA repair path-
ways are linked to diminished self-renewal and proliferative abilities of old HSCs.  

6.5     Gene Expression Changes 

 The increased number of HSCs in aged animals, accompanied by defects in their 
repopulating ability, as discussed above, suggests that changes in the transcriptional 
and epigenetic landscape occur with time. However, data describing the transcrip-
tome of old HSCs are limited (Rossi et al.  2005 ; Chambers et al.  2007a ; Noda et al. 
 2009 ; Sun et al.  2014 ) and highly variable. Our understanding of the epigenome is 
even more restricted, with only two studies recently been published (Beerman et al. 
 2013 ; Sun et al.  2014 ). In this section, we will discuss molecular mechanisms of 
HSC aging identifi ed thus far. 

 To date, three groups have independently used microarray analysis to compare 
gene expression profi le in young and aged HSCs. Categories of genes that were 
upregulated with age in HSCs included those involved in NO-mediated signal 
transduction, stress response (protein folding), and the infl ammatory response. 
Age- dependent repressed genes were enriched for those involved in the 
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preservation of genomic integrity, e.g., chromatin remodeling and DNA repair 
(Rossi et al.  2005 ; Chambers et al.  2007b ). Surprisingly, while results of all studies 
indicate that hundreds of genes are differentially expressed, only fi ve of those 
genes were overlapping among these reports. Of note, all of these studies used 
pooled samples from multiple mice to initiate the analysis. While differences in the 
panel of markers used for selection of HSCs (Box  6.1 ) could contribute to such 
discrepancies, it is also likely that the pronounced heterogeneity of individual aged 
mice that we discussed above can explain these differences. In the future, analysis 
of individual mice will be instrumental for answering this question. Nevertheless, 
below we will further discuss molecular players that were indicated in those and 
other studies. 

 Genes that have been found to be involved in HSC aging thus far include recep-
tors, chromatin modifi ers, transcription factors, and genes involved in the DNA 
damage response and cell proliferation. Two of the highly upregulated genes involve 
the surface adhesion molecules P-selectin and intercellular adhesion molecule 1 
(ICAM1) (Fig.  6.3 ) (Rossi et al.  2005 ; Chambers et al.  2007a ). Increased levels of 
P-selectin and ICAM1 are implicated in a higher mobility of those cells and can 
interfere with HSCs engraftment in bone marrow, which is strictly dependent on 
adhesion. Of these genes, P-selectin has been shown to serve as a marker for physi-
ological stress, including infl ammation, and it is therefore interesting that it has now 
been shown to be activated upon aging. It mediates the leukocyte-vascular endothe-
lium interaction involved in leukocyte extravasation and therefore appears impor-
tant for HSCs migration (Karin and Ben-Neriah  2000 ). At the same time, a decreased 
expression level of chromatin modifi ers (SWI/SNF and PRC2 core members) impli-
cates reorganization of the chromatin structure (Chambers et al.  2007a ; Beerman 
et al.  2013 ; Hidalgo et al.  2012 ). Epigenetic perturbations may propagate skewing 
toward the myeloid lineage and be involved in anemia in aged individuals, because 
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of hypermethylation of promoter regions of genes regulating lymphopoiesis and 
erythropoiesis (Beerman et al.  2013 ). Further, aged HSCs are likely to display a 
more euchromatic genome state, since genes encoding chromatin compaction tend 
to be downregulated in old HSCs (besides the abovementioned SWI/SNF remodel-
ers, expression of related chromatin remodeling genes such as Smarca4 and 
Smarca1, as well as histone deacetylases Hdac-1, Hdac-5, and Hdac-6 and a DNA 
methyltransferase Dnmt3b is decreased) (Chambers et al.  2007a ).  

 Moreover, recent RNA-Seq-based report on epigenomic state of old HSCs docu-
ments an increased occurrence of the transcription activating mark-H3K4me3 
across self-renewal genes and decreased methylation of HSC maintenance genes 
combined with hypermethylation of gene promoters associated with differentiation, 
refl ecting phenotypical HSC aging (Sun et al.  2014 ). Interestingly ribosomal bio-
genesis seems to be a particular target of aging with hypomethylation of rRNA 
genes. 

 The expression of P-selectin, one of the few proteins to be consistently upregu-
lated in aged HSCs, is regulated by NF-κB (the p65 isoform). In HSCs from aged 
mice, it has been observed that p65 accumulates in the nucleus, indicating transcrip-
tional activation. Increased abundance of this protein in the nucleus of aged HSC 
may induce upregulation of Toll-like receptor 4 (TLR-4), as well as higher levels of 
proinfl ammatory molecules in the plasma of aged individuals (Bruunsgaard et al. 
 1999 ; Ershler and Keller  2000 ). Such higher levels of proinfl ammatory cytokines 
(TNFα, IL-1β), together with increased expression of infl ammation-related genes, 
support the concept of infl ammation playing a signifi cant role in the aging process 
(Chambers et al.  2007a ). 

 Two other genes that have often been associated with the aging process are p16 
 Ink4a  and p19 Arf , which are tumor suppressors that induce loss of HSCs without induc-
ing apoptosis (Ito et al.  2004 ). Furthermore, p16  Ink4a  has been proposed as a bio-
marker of aging as its expression increases with age in mammalian tissues, including 
murine bone marrow (Krishnamurthy et al.  2004 ). The presence of p16 Ink4a  restricts 
the number of HSCs and affects their serial repopulation capacity, cell cycling, and 
apoptosis (Janzen et al.  2006 ). However, a causal role for p16 Ink4a  in the aging pro-
cess is still under discussion since an effective repression of this gene by H3K27me3 
mark in young and old HSCs was recently reported (Sun et al.  2014 ). Moreover, in 
the study from Attema et al., no increased levels of p16 Ink4a  transcripts in individual 
aged HSCs were found (Attema et al.  2009 ). The expression of p16 Ink4a  and p19 Arf  is 
mediated by the activity of Polycomb Repressive Complex 2 (PRC2). Recent stud-
ies showed upregulation of PRC2 core component in aged HSCs, suggesting in fact 
increased repression of this locus upon aging (Hidalgo et al.  2012 ; Norddahl et al. 
 2011 ). This is in line with fi ndings that have shown hypermethylation of loci tar-
geted by PRC2 during aging (Beerman et al.  2013 ). 

 Aside from the possible, if not likely, contribution of epigenetic mechanisms 
underlying stem cell aging, there are also many studies that indicate a causal role of 
genetic and genomic alterations in the aging process. A decline in the expression of 
genes involved in DNA repair, resulting in an increased rate of non-repaired DNA 
damage, is thought to be a driving factor in aging. The role of these pathways is 
described in the next section.  
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6.6     The Role of Oxidative Metabolism and DNA Repair 
in HSC Aging 

 HSCs reside in the bone marrow and are supposed to replenish blood cell produc-
tion for the entire lifetime of the organism. Both cell-extrinsic localization and cell- 
intrinsic DNA damage repair mechanisms allow HSCs to maintain their functionality. 
HSCs appear not be lodging randomly in the bone marrow, but in fact preferentially 
reside in a low oxygen environment which: (1) reduces molecular damage that 
results from oxidation by ROS, (2) determines their energy status, (3) induces path-
ways that are active under hypoxic conditions, and (4) decreases the rate by which 
DNA mutations accumulate. Apart from preventing damage by avoiding exposure 
to oxygen, HSCs implement effi cient mechanisms of DNA repair to remove delete-
rious mutations and prevent these to propagate to their progeny. To accomplish this 
ability, HSCs can employ two independent pathways, depending on the type of the 
DNA damage and their cell cycle status. We will discuss these parameters in more 
detail in this section. 

 One of the fi rst concepts suggesting a link between ROS and the aging process is 
the “free radical theory of aging,” proposed by Harman in the 1950s (Harman  1956 ). 
This theory argues that the effect of ROS on cellular components (proteins, nucleic 
acids, and lipids) may be key in determining the lifespan of the organism. Thus, if 
we consider that the lifespan of the organism is at least partially determined by the 
activity of stem cells to maintain tissue homeostasis, effective neutralization of ROS 
may be crucial for maintaining the stem cell pool. Indeed, several recent studies 
have demonstrated a role of ROS, and how managing ROS levels and, more general, 
metabolism affect proper HSC functioning. 

 The redox potential in HSCs is strictly regulated by intrinsic and extrinsic factors 
that will be described later in detail. The average O 2  concentration in BM is approxi-
mately three times lower compared to blood (Klebanov et al.  2000 ; Parmar et al. 
 2007 ). This suggests that HSCs are residing in an environment with limited avail-
ability of oxygen, which propagates glycolytic metabolism (Simsek et al.  2010 ). 
However, the content of mitochondria in HSC is relatively high compared to 
myeloid cells, which suggest that they are less active (Norddahl et al.  2011 ). 

 Although the net production from 2 glucose molecules is only 2 ATP (versus 
36–38 ATPs during mitochondrial oxidation), this metabolic landscape is compati-
ble with the low-energy requirements of HSC (Folmes et al.  2012 ) and signifi cantly 
reduces the rate of ROS production. Whether ROS levels in HSCs are mainly deter-
mined by the niche location or by the stem cell-intrinsic activation status remains to 
be further investigated. 

 Several studies have shown that ROS levels increase with proliferation and dur-
ing early steps of lineage commitment (Simsek et al.  2010 ; Jang and Sharkis  2007 ). 
These experiments have combined regular FACS staining for HSCs with DCF-DA, 
a probe enabling the measurement of ROS activity in viable cells. Using this 
approach allowed the identifi cation of two populations of ROS low  and ROS high  stem 
cells. The population of ROS high  stem cells showed functional decline upon serial 
transplantation and a typical pattern of differentiation skewing toward the myeloid 
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lineage. This clearly mimics characteristics of aged HSCs. Moreover, these ROS high  
cells express activated p38 kinase and components of the mTOR pathway, both 
involved in stress response. Treatment of ROS high  HSCs with inhibitors of both of 
these pathways was able to restore functional activity (Jang and Sharkis  2007 ). The 
comparison of the ratio of ROS low  versus ROS high  populations in aged mice showed 
a strong decline of cells expressing low levels of ROS and only a moderate increase 
in the ROS high  population. Therefore, a decrease in ROS low  stem cells may be respon-
sible for the skewing of myeloid differentiation and the impaired repopulating activ-
ity (Jang and Sharkis  2007 ). 

 The major impact of oxidation on HSCs discussed above seems to be refl ected 
also by the presence of O 2  in the hematopoietic niche. Decreased oxygen availabil-
ity activates hypoxia-inducible factor (HIF) signaling, which regulates the redox 
potential in HSCs. The HIF family of transcription factors comprises four proteins, 
among which HIF-1α is the best studied. HIF-1α levels are controlled by products 
of the Ink4a gene locus and appear to play a protective role against senescence- 
induced HSCs exhaustion. Bone marrow cells defi cient of HIF-1α showed increased 
ROS levels (Takubo et al.  2010 ). Similar phenotype with HSC exhaustion and 
increase in ROS content was observed during deletion of subfamily of transcription 
factors-Forkhead O (FoxOs 1,2,3,4) (Tothova et al.  2007 ), which regulate the 
expression of genes involved in metabolism and oxidative stress (Salih and Brunet 
 2008 ). However, the treatment of those cells with antioxidants partially rescued 
defects in HSCs defi cient for these proteins (Tothova et al.  2007 ). Thus, induction 
of cellular senescence may originate from ineffective ROS management, which on 
its turn may lead to DNA damage. Indeed, a recent study provides evidence directly 
linking cellular senescence with DNA damage (Di Micco et al.  2011 ). 

 In line with a detrimental infl uence of ROS on HSCs, it has been shown that 
endogenous DNA damage accumulates with age in normal stem cells. Multiple foci 
of phosphorylated γ-H2AX, a marker of DNA damage, were found in over 70 % of 
old HSCs (Rossi et al.  2005 ). However, the percentage of γ-H2AX-positive cells 
decreases as the cell differentiated to more committed progenitors. The alternative 
explanation would be that γ-H2AX is a marker for impaired replication and associ-
ated with stalled or collapsed replication forks. This hypothesis is in line with 
reduced expression of MDM helicase family genes that decline with age. Importantly, 
downregulation of members of this family in young HSCs led to their impaired 
engraftment – a feature characteristic of old HSCs (Flach et al.  2014 ). Furthermore, 
cellular mislocalization of PP4c (γ-H2AX phosphatase) in aged HSCs leads to 
delayed and ineffective dephosphorylation and accumulation of γ-H2AX (Flach 
et al.  2014 ). This indicates that with age, DNA damage accumulates preferentially 
in stem cells, while this is either repaired more quickly in proliferating progenitor 
cells or DNA damage-containing progenitors are eliminated. This also reiterates the 
notion of cell type-dependent effi ciency of DNA damage repair. In the next para-
graph we will further discuss how mechanisms for DNA repair are implicated in 
HSC aging. 

 To repair DNA damage, cells utilize a repair machinery that is either DNA tem-
plate dependent or template independent. So far, it has been shown that several 
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template-dependent mechanisms of DNA damage repair are active in HSCs. All of 
these are negatively affected by aging. Such repair mechanisms include non- 
homologous end joining (NHEJ) which occurs during G 0 /G 1  stages of cell cycle and 
nucleotide-excision repair (NER) utilized to remove modifi ed nucleotides. The 
effect of aging on these processes has been assessed using mutant mouse models 
with defects in these pathways (Blanpain et al.  2011 ). Both XPD TTD  mice, with 
defi ciency of NER, and Ku80 −/− animals, where NHEJ is affected, generated num-
bers of old HSCs comparable to normal mice, but their functionality was severely 
affected upon serial transplantation (Rossi et al.  2007 ; Nijnik et al.  2007 ). 

 Interestingly, a similar phenotype was observed in mTR −/−  mice, a mouse strain 
defi cient for telomerase. Telomere shortening affected the intrinsic ability of HSCs 
to self-renew (Rossi et al.  2007 ) and also limited the capacity of niche cells to sup-
port HSC homing (Ju et al.  2007 ). The decline of HSCs activity in the absence of 
telomerase could be reverted by downregulation of the DNA damage checkpoint – 
Basic leucine zipper transcriptional factor (BATF), which simultaneously resulted 
in accumulation of DNA damage in HSCs (Wang et al.  2012 ). 

 In the case of double-stranded DNA breaks, template-independent DNA repair 
takes place. This requires the activity of the protein kinase ataxia telangiectasia 
mutated (ATM). The analysis of Atm −/−  HSCs revealed a lack of long-term repopu-
lating capacity (Ito et al.  2006 ). Moreover, on the molecular level, increased ROS 
levels (much higher than those observed in normal aged HSCs) contributed to 
upregulation of p16 Ink4a  and p19 Arf  in those cells (Ito et al.  2004 ; Maryanovich et al. 
 2012 ). Malfunctioning of Atm −/−  HSCs could be rescued by the long-term treatment 
of mice with the antioxidative molecule N-acetyl cysteine (NAC). This highlights 
the antiaging properties of ROS-quenching antioxidants. Moreover, increased cel-
lular ROS levels activate the p38 MAPK pathway (Jang and Sharkis  2007 ; Ito et al. 
 2006 ), which inhibits quiescence state in Atm −/−  HSCs (Ito et al.  2006 ). 

 A schematic overview of the molecular events implicated in HSC aging is pro-
vided in Fig.  6.3 . To summarize, adult HSCs accumulate DNA damage under physi-
ological conditions  in vivo  due to a plethora of intrinsic and extrinsic factors. The 
mechanisms that we describe above are relevant for neutralizing DNA damage in 
order to maintain the pool of HSCs; dysfunctions in any of those pathways will 
inevitably cause HSCs exhaustion. 

 The functional and molecular changes that occur during aging in individual 
HSCs impact on the behavior of the entire hematopoietic stem cell pool, i.e., on how 
stem cells act in concert during the aging process. In the next section we will briefl y 
discuss various currently prevailing stem cell aging models.  

6.7     Models of HSC Aging 

 Originally it was considered that the age-related decline in functioning of a popula-
tion of HSCs was caused by cellular aging of individual stem cells and involved a 
homogeneous HSC population (Rossi et al.  2007 ; Nijnik et al.  2007 ). Such aging 
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model was dubbed the “population shift model.” This model presumes that the HSC 
population is uniform and all cells gradually accumulate damages and lose their 
ability to produce lymphoid cells and to engraft bone marrow (Muller-Sieburg and 
Sieburg  2008 ). Later, the identifi cation of distinct developmental programs of indi-
vidual HSCs and observation of changes in the representation of these HSC subsets 
with age led to the establishment of an alternative hypothesis. The “clonal selection 
model” implied that changes in the clonal make-up of the HSC pool, rather than 
changes in individual HSCs, underlie the hematopoietic aging (Cho et al.  2008 ; 
Muller-Sieburg and Sieburg  2008 ). This theory also assumes that individual HSCs 
do not change with age (Muller-Sieburg and Sieburg  2008 ). The most recent con-
ceptual view on aging combines both models: a changing pool of HSCs is simulta-
neously affected by cellular aging (Dykstra et al.  2011 ; Beerman et al.  2010a ).  

6.8     Perspectives 

 Several other mechanisms that may contribute to functional hematopoietic decline 
are currently being investigated. These include factors such as metabolism, epigen-
etic changes, polarity, the regulation of posttranscriptional gene expression, and 
hematopoietic microenvironment. 

6.8.1     Metabolism 

 A recent paper reports an increased activation of the mTOR pathway in HSCs and 
progenitors from aged mice (Chen et al.  2009 ). Administration of rapamycin (the 
inhibitor of mTOR pathway) limited the age-related expansion of the HSC pool and 
also improved their functionality so that these aged HSCs became as effective as 
young HSCs (Chen et al.  2009 ). It has also been shown that autophagy is increased 
in old HSCs and ensures their survival (Warr et al.  2013 ). Additionally, loss of 
expression of the nutrient sensing protein SIRT7 with age has been associated with 
increased HSC proliferation and skewing of hematopoiesis toward production of 
myeloid cells (Mohrin et al.  2015 ).  

6.8.2     Noncoding RNAs 

 Noncoding RNAs seem to play a pivotal role in the aging process. In the study from 
Boon et al., authors studied the role of microRNAs (miRNA) in aged cardiomyo-
cytes. MiR-34a, by suppressing the expression of its targets, leads to inhibition of 
telomere erosion, DNA damage response, and apoptosis (Boon et al.  2013 ). It leaves 
the ground for speculation that also during HSC aging certain miRNAs play an 
important role in determining their functionality and moreover specifying the cel-
lular program to preferentially differentiate into certain lineages. No data on miRNA 
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functioning in aged HSCs are currently available. However, a recent report 
 documents the importance and the potential of long noncoding (Lnc-RNAs) in 
 regulating self-renewal and lineage commitment in old HSCs (Luo et al.  2015 ). 
Two lnc-RNAs (referred to as LncHSC-1 and LncHSC-2) affect lineage commit-
ment. Whereas downregulation of LncHSC-1 led to myeloid skewing at the expense 
of B cells, LncHSC-2 promoted T lymphopoiesis (Luo et al.  2015 ).  

6.8.3     Cell Polarity 

 Recent studies have demonstrated that polar localization of the small Rho-GTPase 
Cdc42 is characteristic for young HSC (but not more committed cells), and this 
polarity is lost with age due to increased activity of Cdc42 (Florian et al.  2012 ). The 
shift from canonical to non-canonical Wnt signaling has been associated with apo-
lar Cdc42 cellular localization (Florian et al.  2013 ). Remarkably, administration of 
a chemical compound (a Cdc42 specifi c inhibitor, CASIN) allowed restoration of 
both polarity and functionality of old cells and resulted in their rejuvenation (Florian 
et al.  2012 ). Similarly reduced non-canonical Wnt5a signaling in old HSCs rejuve-
nates chronologically aged HSCs and restores polar localization of Cdc42 (Florian 
et al.  2013 ). The prospect that we may indeed be able to rejuvenate aged stem cells 
is of considerable interest for future clinical interventions.  

6.8.4     Microenvironment 

 Finally, while this chapter focuses on cell-intrinsic mechanisms of HSC aging, 
recent fi ndings indicate the potential contribution of the bone marrow microenvi-
ronment, or “niche,” to the HSC aging phenotype. To support this notion, the level 
of infl ammatory cytokine CCL5 that is shown to induce myelopoiesis at expense of 
lymphopoiesis was shown to increase upon aging (Ergen et al.  2012 ). It was also 
demonstrated that localization of hematopoietic progenitors in old bone changes 
further from endosteum and is associated with reduced cell polarity (Kohler et al. 
 2009 ). A recent report also highlights the initial role of p19 INK4d  in niche remodeling 
upon aging (Hilpert et al.  2014 ). The authors argue that loss of p19 INK4d  in the micro-
environment with age results in expansion of myeloid-biased HSCs, possibly 
through changes of expressed levels of TGF-β1 by niche cells (Hilpert et al.  2014 ). 
Therefore, it is likely that HSC aging is a complex interplay between changes in the 
HSC pool itself and the aging environment they reside in.      
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    Abstract  
  Haematopoietic aging is associated with a decline in immune function as well 
as an increased incidence of malignant transformation and thus has important 
 ramifi cations for the health of the elderly. There is increasing evidence that 
changes occur within the human haematopoietic stem cell (HSC) compart-
ment with age, including a reduced repopulating activity and perturbed dif-
ferentiation potential, and that these changes contribute to haematopoietic 
aging and related pathologies. Understanding the mechanisms driving these 
age-associated changes in HSC function could potentially translate into sig-
nifi cant public health benefi t in our aging population, by reducing the risk of 
hospitalisation and  dependency of the elderly. In this chapter we review the 
current state of knowledge of the causes and consequences of HSC aging in 
humans. Where appropriate we have highlighted the similarities and differ-
ences that have been observed between humans and mice. Although compara-
tively unexplored, the fi eld of HSC aging in humans has been advanced by 
some recent key observations, which will stimulate and direct future research 
efforts in the fi eld.  
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7.1         Introduction 

 Accumulating evidence indicates that aging of tissue-specifi c stem cells is central to 
the decline in tissue function and structure observed in the elderly, and the haemato-
poietic system is no exception. Human haematopoietic stem cells (HSC) are highly 
specialised multipotent cells residing in the adult bone marrow that are responsible 
for generating all of the blood cell lineages. Blood is one of the most highly regen-
erative tissues, with approximately 10 12  cells produced daily in the bone marrow. 
Mature blood cells have a fi nite life span, ranging from 1 to 120 days in humans, so 
their maintenance under both steady-state conditions or in response to haematopoi-
etic stress requires the lifelong activity of HSCs. HSCs were the fi rst tissue-specifi c 
stem cells to be isolated, and some aspects of HSC biology have proved paradig-
matic for other stem cell populations. Although much of our early knowledge came 
from studies of mouse HSCs, the development of xenotransplantation techniques, in 
which human bone marrow cells are injected into immunodefi cient mice, allowed 
the experimental identifi cation of a human stem cell population capable of long-
term reconstitution of the haematopoietic system in radioablated recipients. Recent 
advances in the xenograft assay and the identifi cation of novel cell surface markers 
have led to the identifi cation of clonally pure populations of human HSCs and early 
progenitors (Doulatov et al.  2010 ; Notta et al.  2011 ; Goyama et al.  2015 ) paving the 
way for more detailed research on the biology and aging of human HSCs. 

 It is becoming clear that haematopoietic stem cells are not constant throughout 
life and that changes with age occur in both HSC number and function. Evidence for 
HSC aging was fi rst established in mice, and the most extensive molecular charac-
terisation of this phenomenon has been carried out in murine models (see Chap.   6    ). 
Despite similarities in many aspects of basic biology and haematology between 
mouse and man, there are also important species-specifi c differences in terms of life 
span, evolutionary constraints, body size and hence basal metabolic rates as well as 
age-associated pathologies, making it diffi cult to simply extrapolate from mouse 
models to the human system in the study of aging (Demetrius et al.  2005 ; Demetrius 
 2006 ). Until relatively recently, there was only indirect evidence for an age- 
associated decline in HSC function in humans. However, several recent key studies 
have clearly established that as in the mouse, age-associated changes occur also 
within the human HSC compartment and are likely to exert signifi cant ramifi cations 
for the health of the aging population. In this chapter we will review the evidence 
and current state of knowledge of the molecular mechanisms responsible for HSC 
aging in humans, the clinical implications and consequences for the health of the 
elderly and the prospects for clinical intervention.  

7.2     Haematopoietic Stem Cells and the Haematopoietic 
Hierarchy 

 Mature blood lineage cells are generated throughout life from rare HSCs that are 
located in the bone marrow cavity of the femur and humerus, as well as in the ver-
tebrae, sternum and pelvis of young adults. Their location is progressively restricted 
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with age. Human HSCs are also found in relatively high numbers in umbilical cord 
blood. In response to appropriate signals, HSCs differentiate to give rise initially to 
progenitor populations, which have retained multilineage potential but have limited 
self-renewal capacity, and then to committed progenitors whose potential is pro-
gressively restricted to one of the alternative blood cell lineages (Fig.  7.1 ).  

 A number of in vivo and in vitro experimental approaches have been developed 
to identify human HSC and to study human haematopoiesis (for reviews, see 
(Goyama et al.  2015 ; Doulatov et al.  2012 )). These include colony-forming assays 
in semisolid plates in the presence of a cocktail of cytokines to give colonies of 
myeloid and erythroid cells, as well as in vitro culture on a variety of murine stromal 
cell lines capable of supporting the differentiation of primitive human progenitors 
to the different blood cell lineages (La Motte-Mohs et al.  2005 ; Baum et al.  1992 ; 
Berardi et al.  1997 ; Miller et al.  1999 ; Reynaud et al.  2003 ). In vivo assays, based 
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self-renewal capacity. MPP in turn generate progressively more committed progenitors and even-
tually terminally differentiated blood cells. Phenotypic cell surface markers are indicated next to 
each population based on data from (Doulatov et al.  2010  #230; Notta et al.  2011  #231; Majeti 
et al.  2007  #257; Manz et al.  2002  #289). The  yellow box  denotes the common phenotype 
(Lin − CD34 + CD38 − ) shared by HSC and MPP. The  pink box  denotes the common phenotype 
(CD34 + C38 + CD10 − CD7 − ) shared by myeloid progenitors. Abbreviations:  HSC  haematopoietic 
stem cells,  MPP  multipotent progenitors,  MLP  multilymphoid progenitors,  CMP  common myeloid 
progenitors,  GMP  granulocyte-macrophage progenitors,  MEP  megakaryocyte-erythrocyte pro-
genitors,  ETP  early thymic progenitors,  NK  natural killer. Lin, a collection of surface markers 
derived from all terminally differentiated populations       
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on the capacity of the stem cells to repopulate the entire haematopoietic system after 
transplantation into conditioned recipients, have also been developed using a 
 number of animal models. The most widely used in the fi eld have been immunode-
fi cient  Rag1 -,  Rag2 -null or  Scid  mice (for reviews, see (Shultz et al.  2007 ; Rongvaux 
et al.  2013 )). The xenograft model has been refi ned by targeting mutation of the 
IL-2 receptor common gamma chain gene and crossing onto the non-obese diabetic 
(NOD) background to give mice (NOD-Scid IL2rg −/− , NSG) that have impaired 
adaptive and innate immunity and so are more effi cient in engrafting human haema-
topoietic progenitors (Traggiai et al.  2004 ; Pearson et al.  2008 ; Ito et al.  2002 ; 
Shultz et al.  2005 ). Further improvement of the humanised mice models are being 
generated by the expression of human cytokines and HLA genes (reviewed in 
(Brehm et al.  2013 )). Overall, these  in vivo  animal models have been used to test 
the self-renewal, long-term reconstitution and differentiation potential of human 
HSCs and have been fundamental to characterise the age-associated changes in 
HSC phenotype. 

 Human HSCs have been isolated based on the expression of a number of cell 
surface markers, the fi rst being the sialomucin protein CD34 (Civin et al.  1984 ). 
However, the CD34 +  population consists of both multipotent and lineage-commit-
ted progenitors, and HSC can be further purifi ed by the exclusion of mature lineage 
(Lin) and CD38 markers as Lin − CD34 + CD38 −  cells (Bhatia et al.  1997 ; Hogan et al. 
 2002 ). Subsequent studies have shown that human HSCs express the CD90 (Thy1) 
antigen and identifi ed the stem cells as Lin − CD34 + CD38 − CD90 + CD45RA − , while 
multipotent progenitors (MPPs) are found in the Lin − CD34 + CD38 − CD90 − CD45RA −  
fraction ((Doulatov et al.  2010 ; Majeti et al.  2007 ) see Fig.  7.1 ). Human HSCs, like 
murine HSCs, also have the capacity to effl ux vital dyes due to the expression of the 
P-glycoprotein pump and can be isolated as rhodamine (Rho) dull cells (McKenzie 
et al.  2007 ). More recently, using a combination of all these markers, together with 
the expression of the α6 integrin CD49f, Notta et al. have isolated Lin − CD34 + CD38 
− CD45RA − CD90 + Rho lo CD49f +  cells from human cord blood, which are capable of 
lymphoid and myeloid repopulation at the single cell level and hence represent the 
purest population of long-term repopulating human HSCs to date (Notta et al. 
 2011 ).  

7.3     Age-Associated Changes in the Human HSC 
Compartment 

 In humans, advancing age is accompanied by signifi cant changes in the function 
and composition of mature blood cells. These observations, together with the 
observed decrease in activity of bone marrow with age and results from HSC trans-
plantation showing that donor age is a strong negative risk factor (Kollman et al. 
 2001 ), suggest that the proliferative and regenerative capacity of human HSC 
diminishes with age. As reviewed in Chap.   6    , changes in the HSC compartment 
with age have been well documented in mice. These age-related changes are primar-
ily characterised by an increase in the number of HSCs but a decline in their func-
tion, as indicated by decreased repopulation capacity in competitive transplantation 
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assays, as well as a reduction in the capacity to generate lymphoid lineages. 
However, differences in HSC aging have been observed between different mouse 
strains indicating that genetic variation plays an important role in HSC aging (Chen 
et al.  2000 ; de Haan and Van Zant  2009 ), making it diffi cult to directly extrapolate 
from these murine studies as to the situation in humans. 

 Until recently, the effects of age on HSCs in humans have been surprisingly 
poorly characterised. Early studies were based on indirect observations of commit-
ted progenitor or differentiated populations rather than the stem cells themselves 
(Marley et al.  1999 ; Gale et al.  1997 ). More recent studies, including work from our 
group, have sought to directly assess the frequency and in vitro and in vivo differen-
tiation potential of HSC populations isolated from the bone marrow of young and 
elderly individuals (Taraldsrud et al.  2009 ; Beerman et al.  2010 ; Kuranda et al. 
 2011 ; Pang et al.  2011 ). These studies consistently found an increase in the fre-
quency of immunophenotypic HSCs with age, assessed as either CD34 + CD38 −  or 
more stringently as CD34 + CD38 − CD90 + CD45RA −  cell populations (Table  7.1 ). 
They further suggest that MPPs may also increase in elderly bone marrow, although 
to a lesser extent than primitive HSCs. In contrast, the pool of CD34 +  cells, which 
includes both multipotent and lineage-committed progenitors, remains unchanged 
(Table  7.1 ). Functional analysis did not reveal a signifi cant difference in the engraft-
ment effi ciency of elderly compared to young CD34 +  cells in xenotransplantation 
experiments in NSG mice (Kuranda et al.  2011 ). However, since the frequency of 
CD34 + CD38 −  HSCs is increased in the CD34 +  population of the elderly, this sug-
gests that there is a per cell decrease in stem cell repopulating activity with age. This 
was indeed found to be the case when limiting numbers of more purifi ed 
CD34 + CD38 − CD90 + CD45RA −  HSCs were transplanted in NSG mice (Pang et al. 
 2011 ), showing that in humans, as in mice, aging is associated with a decrease in 
HSC function.

   In addition to decreased repopulating activity, CD34 + CD38 − CD90 + CD45RA −  
HSCs from elderly individuals appeared to be less effi cient at reconstituting lym-
phoid cells and are more myeloid biased than young HSC in engraftment assays 
(Pang et al.  2011 ). Consistent with a loss of lymphoid potential, the frequency of 
early lymphoid progenitors (CLP and B/NK progenitors) and committed B cell pre-
cursors is reduced in human bone marrow with age, while myeloid lineage progeni-
tors (early myeloid, CMP, GMP, MEP) and committed myeloid cells remain stable 
(Table  7.1 ). Furthermore, elderly HSCs exhibit a diminished capacity to generate B 
cells in vitro in differentiation assays on stromal cells (Kuranda et al.  2011 ; Pang 
et al.  2011 ). Age-related changes in the differentiation potential of elderly HSCs are 
associated with increased expression of genes specifying myeloid fate and function 
and downregulation of genes involved in lymphopoiesis (Pang et al.  2011 ). 
Altogether these studies clearly show that aging in humans is associated with an 
increase in phenotypic HSCs, but that the stem cells that accumulate with age are 
functionally defi cient, both in terms of repopulating activity and differentiation 
potential (summarised in Fig.  7.2 ). In this respect, human HSC aging resembles the 
C57BL6 mouse model of aging (see Chap.   6    ).  

 The molecular mechanisms responsible for the changes in human HSC function 
with age are still being elucidated. In mice it has been demonstrated that HSCs are 
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not homogeneous and that they can be further stratifi ed into subpopulations which 
have a myeloid-biased or lymphoid-biased/balanced differentiation potential 
(Muller-Sieburg et al.  2002 ; Challen et al.  2010 ; Dykstra et al.  2007 ). Continuing 
from this observation, it was shown that the age-associated myeloid skewing in 
output observed in mice refl ects a selective expansion of myeloid-biased stem cells 
in the aging HSC pool (see Chap.   6    ). At present, the existence of distinct lineage- 
biased subpopulations has not been demonstrated directly in human HSCs. It there-
fore cannot yet be stated conclusively whether the age-dependent increase in 
myeloid output seen in humans represents a relative shift in distinct clonal HSC 
subpopulations as in the mouse (the so-called clonal-shift model of HSC aging) or 
is the result of uniform age-associated changes in all stem cells.  

7.4     Molecular Mechanisms of HSC Aging 

7.4.1     Accumulation of DNA Damage 

 DNA damage is recognised as one of the major mechanisms driving age-associated 
decline in cell function and thereby leading to eventual tissue and organismal failure 
(reviewed in (Lombard et al.  2005 )). Both human and mouse aging are associated 

Environmental changes

Cell-intrinsic changes

Adipocytes, Bone remodeling
Pro-inflammatory cytokines

ROS, DNA damage
cell cycle changes

Telomere shortening

Gene expression deregulation

Response to cytokines

Polarity ?
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progenitors
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Myeloid potential maintaines
myeloproliferative diseases
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Epigenetic changes

  Fig. 7.2    Overview of human HSC aging. Although phenotypic HSC increase with age, both 
regenerative capacity and lymphoid potential of HSC is diminished. In contrast, myeloid potential 
is stable or even increased, leading to a propensity towards myeloproliferative disease. Potential 
mechanisms leading to the decline of HSC functions are indicated above the arrow and include 
both intrinsic modifi cations of HSC and environmental changes within the bone marrow milieu. 
Decreased cell polarity with age has not yet been demonstrated in human HSC       
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with a decline in the effi ciency of DNA repair pathways (Gorbunova et al.  2007 ) and 
an accumulation of various types of DNA damage in somatic tissues (Sedelnikova 
et al.  2004 ,  2008 ; Wang et al.  2009 ). A key role for DNA damage in aging is 
 evidenced by the observation that many human premature aging syndromes are 
associated with defects in the normal mechanisms of genome surveillance and 
repair (Best  2009 ). DNA damage within stem cell pools is likely to be particularly 
damaging to organismal viability, as it has the potential to not only impact upon the 
size of the stem cell population itself but also upon the function and integrity of 
progenitor lineages. 

 Two studies have investigated DNA damage in aging human HSCs by comparing 
the number of foci of phosphorylated histone H2AX (γH2AX), an early response to 
DNA double-stranded breaks (DSB), in immunopurifi ed haematopoietic stem pop-
ulations from humans of different ages (Rube et al.  2011 ; Yahata et al.  2011 ). Both 
studies demonstrated that aging was associated with a signifi cant increase in the 
frequency of γH2AX foci in CD34 + CD38 −  HSCs. The study by Yahata et al. ( 2011 ) 
demonstrated that this age-associated increase in DSB was correlated with an 
increase in the intracellular concentration of reactive oxygen species (ROS), sug-
gesting that oxidative stress is an important driver of DNA damage in aging HSCs. 
Further, they demonstrated that experimentally inducing ROS and DNA damage in 
HSCs led to a decrease in HSC reconstitution potential. As ROS are a normal cell- 
intrinsic by-product of oxidative metabolism and cell cycling, it is possible that this 
increase in ROS and DNA damage refl ects an increase in the portion of HSCs that 
have entered cycle with age. Similarly, increased ROS and DNA damage is also 
observed when HSCs are forced into cycle by transplantation, and this is also cor-
related with loss of HSC repopulation capacity (Yahata et al.  2011 ). Overall, this 
study demonstrates that DNA damage due to oxidative stress does increase in 
human HSCs with age and that this damage impacts upon normal HSC function, in 
terms of reconstitution in engraftment assays. Consistent with these fi ndings, gene 
expression profi ling in human HSCs indicated that aging is associated with the 
upregulation of genes involved in DNA damage repair, hinting at the possibility that 
aged HSCs have activated repair pathways (Pang et al.  2011 ). As discussed above, 
the number of human HSCs is increased with age, suggesting that the effects of 
DNA damage are not simply due to cytotoxic and cytostatic depletion of the stem 
cell pool and are more likely to refl ect functional changes. It will be interesting to 
determine whether the effects of increasing intracellular ROS and DNA damage 
also induce other aspects of HSC aging, such as changes in differentiation potential 
and an increased incidence of mutations and chromosomal translocations observed 
in haematological malignancy. 

 Surprisingly, several studies have revealed important differences between how 
mouse and human HSCs respond to DNA damage. In response to low levels of ion-
ising radiation, normally quiescent mouse haematopoietic stem and progenitor cells 
(Lin − c-Kit + Sca-1 + Flk2 − ) appear relatively resistant to apoptosis and instead survive 
the damage by undergoing non-homologous end joining, which is an innately error- 
prone DNA repair pathway (Mohrin et al.  2010 ). In contrast, human HSCs 
(Lin − CD34 + CD38 − ) appear to adopt apoptosis as the default programme in response 

D. Garrick et al.



135

to radiation-induced damage (Milyavsky et al.  2010 ). Thus, these two studies 
 suggest that humans and mice have adopted different approaches to survive 
 genotoxic damage within the HSC compartment, with mice favouring immediate 
survival of the stem cell pool, but at the risk to long-term fi tness in the form of 
 mutagenic change during repair, and humans favouring removal of the damaged 
cells. It remains to be seen whether this surprising observation refl ects technical 
differences between these studies or is indicative of an evolutionary response to the 
different life spans of these two mammals (Lane and Scadden  2010 ).  

7.4.2     Telomere Shortening 

 As well as DSB, another form of DNA damage that has been characterised with age 
in human HSCs is telomere shortening. In most human somatic cell types, the telo-
mere loses some 50–200 bp of terminal repeat sequence with every round of cell 
division as a result of incomplete end replication (reviewed in (Greenwood and 
Lansdorp  2003 )). When telomeres reach a critically short threshold, cells are trig-
gered to either enter a senescent state or to undergo apoptosis (Bodnar et al.  1998 ). 
In some cases, and particularly in the germ line, telomeres are protected against 
shortening by the activity of telomerase (Morin  1989 ). While telomerase is not 
expressed in most somatic tissues (Kim et al.  1994 ), telomerase activity is readily 
detectable in both human (CD34 + CD38 − ) and mouse (Thy-1.1 lo Sca-1 + Lin − Mac- 
1  − CD4 − c-kit + ) HSCs and haematopoietic progenitors, albeit at low levels (Yui et al. 
 1998 ; Morrison et al.  1996 ; Broccoli et al.  1995 ). Despite this telomerase compe-
tence, telomere shortening has been observed with advancing age in human HSCs 
and progenitor populations (Vaziri et al.  1994 ) suggesting that these low levels of 
telomerase activity are not suffi cient to completely protect against telomere shorten-
ing in the HSCs of aged individuals. That telomere maintenance is critical for nor-
mal HSC function throughout life is suggested by the observation of acute bone 
marrow failure in dyskeratosis congenita and acquired aplastic anaemia, diseases 
associated with defi ciencies in telomerase core components (reviewed in (Townsley 
et al.  2014 )). Further, telomerase knockout mice exhibit impaired HSC function 
including a myeloid-lymphoid skewing (Ju et al.  2007 ) typical of normal age- 
associated changes in both mouse and human HSCs. However, this skewed pheno-
type is mainly due to changes extrinsic to the HSC themselves, including effects of 
telomere shortening on the stem cell niche (Ju et al.  2007 ) and the systemic environ-
ment (Song et al.  2010 ). Thus, the intrinsic effects of telomere shortening on HSC 
function are currently unclear.  

7.4.3     Cell Cycle Changes and Senescence 

 HSCs are predominantly a quiescent population. In humans it has been shown that 
only a small proportion (~10 %) of HSCs are in cycle at any time (Pang et al.  2011 ; 
Laurenti et al.  2015 ). This primarily quiescent state appears important to minimise 
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replication-associated mutations which could otherwise accumulate in this 
 long- lived cell type, and in mice it has been shown that disruption of HSC quies-
cence leads to the accumulation of DNA damage and eventual stem cell exhaustion 
(Cheng et al.  2000 ; Walter et al.  2015 ). In a recent study, cell cycle profi ling of 
human HSCs (Lin − CD34 + CD38 − CD90 + CD45RA − ) isolated from the bone marrows 
of young (20–35 years) and old (>65 years) individuals revealed that aging was 
associated with a signifi cant increase in the proportion of cells which had exited the 
quiescent (G 0 ) state and entered G 1  (Pang et al.  2011 ). Consistent with this observa-
tion, this study also found that among the genes upregulated with aging, there was 
signifi cant enrichment for genes involved in cell cycle progression. 

 The relationship between quiescence and DNA damage is complex. While osten-
sibly protecting against replication-driven DNA damage, it appears that this quies-
cent state may also contribute to the accrual of long-term DNA damage with age, 
due to the attenuation of checkpoint control and DNA damage response pathways in 
quiescent cells (Rossi et al.  2007 ; Beerman et al.  2014 ). Consistent with this, it 
appears that the cells emerging from quiescence with age are functionally attenu-
ated and may be undergoing cell cycle arrest in G 1  due to the activation of cell cycle 
checkpoints in response to DNA damage, leading to an eventual senescence-like 
state. In support of this, the age-associated increase in the number of HSCs in G 1  
does not translate into expansion of downstream progenitors ((Kuranda et al.  2011 ; 
Pang et al.  2011 ) and Table  7.1 ). Furthermore, it has been reported that expression 
of the G 1  checkpoint protein p16 INK4a  increases with age in the HSC compartment 
and that p16 INK4a  deletion improves HSC function in old animals (Janzen et al. 
 2006 ). It will be interesting in the future to isolate live HSCs at different stages of 
the cell cycle, so that the properties of this emerging G 1  population can be investi-
gated directly at the molecular and functional levels.  

7.4.4     Epigenetic Changes 

 Epigenetics refers to forms of information that regulate gene expression and thereby 
infl uence cellular phenotype, but that does not involve modifi cations of the DNA 
sequence itself. Epigenetic signals can be extremely plastic, making them ideal for 
controlling dynamic changes in gene expression profi les that drive cell fate determi-
nation, lineage commitment and differentiation. The most important forms of epi-
genetic information known at present are changes in chromatin structure due to 
chemical modifi cations of DNA (DNA methylation and hydroxymethylation), cova-
lent modifi cations of the histone proteins and remodelling of nucleosomes, as well 
as the subnuclear localisation of genes. Widespread changes in epigenetic chroma-
tin structure and nuclear organisation have been observed during aging in a number 
of organisms, including yeast,  C. elegans ,  Drosophila  and mammals (reviewed in 
(O’Sullivan and Karlseder  2012 )). 

 It is now clear from studies in human and mouse that epigenetic signals are criti-
cally important in maintaining HSC differentiation plasticity and multipotentiality 
by priming cells for the expression of different lineage-associated transcription 
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programmes and that this permissive epigenetic programme becomes progressively 
restricted following lineage choice and commitment (Maes et al.  2008 ; Weishaupt 
et al.  2010 ). Thus, perturbation of the normal epigenetic state of HSCs could poten-
tially have signifi cant effects on phenotypic plasticity and differentiation output, 
similar to those observed with aging. Indeed, recently published high-throughput 
epigenomic profi ling studies in mice have demonstrated that aging is associated 
with genome-wide changes in the epigenetic state of mouse HSCs, contributing to 
gene expression changes that underlie some of the observed functional alterations, 
including perturbed self-renewal and differentiation potential (Beerman et al.  2013 ; 
Taiwo et al.  2013 ; Sun et al.  2014 ). 

 While comparable epigenomic studies are still awaited in humans, emerging 
lines of evidence suggest that, as in the mouse, epigenetic change is also likely to be 
an important driver of the functional changes observed with age in human HSCs. 
Perhaps the epigenetic signal, which has been best characterised during HSC aging 
in humans, is DNA methylation. DNA methylation is the addition of a methyl group 
to the pyrimidine ring of cytosine residues, which are usually located within the 
symmetrical dinucleotide CpG, to form 5-methylcytosine (5-meC). Methylation of 
genomic DNA is associated with transcriptional repression and is a key regulatory 
mark in both normal development and in disease (Schubeler  2015 ). The genome-
wide levels of promoter DNA methylation have been compared between human 
CD34 +  haematopoietic progenitors from cord blood and adult bone marrow (Bocker 
et al.  2011 ). This study found signifi cant age-associated changes in DNA methyla-
tion, which exhibited a bimodal distribution; ~60 % of changed genes showed 
depleted methylation with age, and ~40 % had gained methylation. Interestingly, 
there was a signifi cant overlap between genes which became hypomethylated in 
human HSPC with age and those that become hypomethylated during myeloid dif-
ferentiation, leading the authors to speculate that these age-associated methylation 
changes may explain the myeloid-biased output observed in aged HSCs, by allow-
ing the premature activation of the myeloid programme and loss of stem cell plastic-
ity (Bocker et al.  2011 ). These fi ndings now need to be confi rmed in more purifi ed 
populations of human HSCs and by comparing adult HSCs from different ages, but 
are highly consistent with the bimodal pattern of DNA methylation changes with 
age which have been reported in adult mouse HSCs (Taiwo et al.  2013 ; Sun et al. 
 2014 ) as well as the functional changes observed in mice lacking DNA methyltrans-
ferases (Challen et al.  2014 ). Together these studies suggest that DNA methylation 
could play a key role in maintaining HSC plasticity and suggest that age-associated 
changes in DNA methylation could underlie important aspects of the aging HSC 
phenotype. 

 Covalent histone modifi cations have been shown to play a key role in stem cell 
plasticity and lineage choice (Bernstein et al.  2006 ; Mikkelsen et al.  2007 ). The 
study of histone modifi cations in human HSCs has shown that lymphoid and 
myeloid loci that are not expressed in HSCs, but that will be expressed in down-
stream committed progenitors, are marked by high levels of active histone modifi ca-
tions (H3K4me2 and H4ac) in HSCs (Maes et al.  2008 ). These studies support the 
idea that priming of lineage-specifi c loci in HSC precedes lineage commitment and 
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that these epigenetic modifi cations contribute to the ability of the stem cell to 
 generate both lymphoid and myeloid lineages. Further, it was shown that these 
 histone modifi cations precede changes in subnuclear localisation during activation 
of haematopoietic loci (Guillemin et al.  2009 ). Given the importance of histone 
modifi cations in establishing permissive chromatin states in HSCs, age-associated 
changes in these histone marks could affect the differentiation potential of the stem 
cell. Indeed, it has recently been shown in mice that HSC aging is associated with 
genome-wide changes in both activating (H3K4me3) and repressive (H3K27me3) 
histone modifi cations. In particular, with age there is an increase in the number of 
peaks of H3K4me3, as well as an expansion and strengthening of existing peaks, 
changes which positively correlate with increased gene expression (Sun et al.  2014 ). 
It will now be important to carry out similar genome-wide studies in human HSCs 
and to characterise the functional signifi cance of these epigenetic changes on the 
HSC phenotype. Moreover, there is a need to extend these analyses to include other 
histone modifi cations and to profi le aspects of chromatin compaction and hetero-
chromatin status. Intriguingly, loss of heterochromatin structure and its associated 
histone mark H3K9me3 has been observed during aging in a number of organisms, 
leading to the proposal that a decline in heterochromatin integrity may be a common 
feature of aging (Tsurumi and Li  2012 ). That age-associated loss of heterochroma-
tin is likely to be functionally important in driving the aging phenotype is strongly 
supported by the observation that similar widespread changes are observed in 
human syndromes of premature aging such as the Hutchinson-Gilford progeria syn-
drome (HGPS) (Shumaker et al.  2006 ). Extensive changes in nuclear architecture 
are also observed during cellular senescence, which is closely linked to tissue and 
organismal aging (reviewed in (Chandra and Narita  2013 )), again strengthening the 
idea that the regulation of heterochromatin is likely to play an important role in the 
process of aging. 

 Another dimension of epigenetic information that has emerged relatively recently 
is noncoding and regulatory RNAs, which are highly conserved through evolution 
and appear to be important regulators of gene expression. miRNAs are a class of 
small noncoding RNAs of approximately 22 nucleotides in length that mediate post-
transcriptional downregulation of gene expression either by translational inhibition 
or mRNA degradation (Wu and Belasco  2008 ; Filipowicz et al.  2008 ). There is 
substantial evidence that the expression of miRNAs is altered during aging and cel-
lular senescence (Smith-Vikos and Slack  2012 ). While there have been no studies 
on the role of miRNAs in aging in the HSC compartment to date, studies in both 
mice and humans have identifi ed miRNAs which regulate aspects of HSC biology 
that are perturbed with age, including cell cycle control (Lechman et al.  2012 ), stem 
cell pool size (Guo et al.  2010 ), engraftment capacity (O’Connell et al.  2010 ; Ooi 
et al.  2010 ), and lymphoid vs. myeloid differentiation potential (Ooi et al.  2010 ; 
Gerrits et al.  2012 ). It will now be of interest to compare the expression of these and 
other miRNAs between HSC isolated from young and old individuals. Another 
class of noncoding RNA, the long noncoding RNAs (lncRNA), can also act to regu-
late expression of downstream target genes, frequently by modifying their epigen-
etic state and chromatin structure (reviewed in (Batista and Chang  2013 ; Yang et al. 
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 2014 )). Recent studies in mice have identifi ed lncRNAs with HSC- or HSC/MPP- 
restricted expression profi les (Cabezas-Wallscheid et al.  2014 ; Luo et al.  2015 ), and 
several of these have been shown to regulate important aspects of HSC biology, 
including self-renewal and lineage commitment. Intriguingly, a signifi cant propor-
tion of these molecules showed altered expression with age (Luo et al.  2015 ). 
However, at present the impact of lncRNAs on human HSC biology, and their 
involvement in the aging phenotype, has not yet been thoroughly explored.  

7.4.5     Responses to Bone Marrow Environment 
and Inflammation 

 The above sections have discussed molecular pathways driving HSC aging, which 
are intrinsic to the stem cells themselves. It is increasingly clear that cell extrinsic 
factors associated with an aging bone marrow microenvironment also infl uence the 
changes in HSC function observed with age. In humans, as in mice, aging is asso-
ciated with changes in bone density and bone marrow cellular composition (Syed 
and Hoey  2010 ). Furthermore, there is an age-related increase in adipogenesis in 
the bone marrow, which has been shown to exert a negative effect on HSC localisa-
tion and function (Naveiras et al.  2009 ; Tuljapurkar et al.  2011 ). In the mouse 
model, it has been demonstrated that an aged microenvironment alone is suffi cient 
to induce changes in the properties of HSPC from young animals towards an aging 
phenotype, including a decline in clonality and myeloid skewing (Vas et al.  2012 ). 
This reduced clonality is in turn believed to underlie the emergence with age of 
clones bearing oncogenic-predisposing mutations and the age-associated increase 
in myeloid leukaemias (see below). Similarly, our group has recently demonstrated 
that changes in the bone microstructure induced in a mouse model of osteoporosis 
result in a reduction of B lymphoid output, similar to that which is observed with 
age (Lescale et al.  2015 ). Furthermore, aging is associated with reduced adherence 
of HSPC to bone marrow stromal cells, which has been attributed to elevated levels 
of the Rho GTPase Cdc42 in HSCs from old mice (Xing et al.  2006 ; Kohler et al. 
 2009 ). Strikingly, this increase of Cdc42 leads to loss of stem cell polarity and has 
been shown to play a critical role in the aging phenotype (Florian et al.  2012 ). The 
age-associated upregulation of Cdc42 is driven by a shift towards non-canonical 
Wnt signalling in HSCs from old mice (Florian et al.  2013 ). While the contribution 
of Cdc42 to HSC aging has not yet been investigated in humans, recent evidence 
suggests that Wnt signalling may also be perturbed with age in human HSCs 
(Khoo et al.  2014 ). 

 As well as changes in cellularity, aging in humans is also associated with an 
increase in the serum concentration of infl ammatory cytokines even in the absence 
of acute infection or physiological stress (Singh and Newman  2011 ). This age- 
associated low-grade chronic infl ammation, known as “infl ammaging,” is believed 
to have an impact upon the aging bone marrow microenvironment (Franceschi et al. 
 2007 ; Abdelmagid et al.  2015 ). Indeed, elevated levels of the infl ammatory cyto-
kines Rantes/Ccl5 and Mig (monokine induced by IFNγ) are observed in the bone 
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marrow of old mice (Ergen et al.  2012 ), and HSCs showed an upregulation with age 
of genes involved in the infl ammatory response, consistent with the idea that these 
cells are exposed to an infl ammatory microenvironment (Chambers et al.  2007 ). 
There is accumulating evidence that HSCs are very sensitive to diverse infl amma-
tory cytokines and stress signals. In particular, the major pro-infl ammatory cytokine 
TNFα, which stimulates downstream activation of NFkB, results in an impaired 
maintenance of human HSCs, a myeloid-skewed differentiation output and overall 
depletion of reconstitution potential in xenograft models (Dybedal et al.  2001 ). 
Excessive signalling by TNFα and IFNγ has been associated with human HSC dis-
orders, including some cases of bone marrow failure and myelodysplastic syndrome 
(Kitagawa et al.  1997 ). Further, HSCs also express Toll-like receptors (TLRs) 
through which they respond directly to ligands from pathogenic microbes, and it has 
been shown that TLR stimulation by microbial ligands biases the differentiation 
potential of human HSCs in favour of myeloid commitment at the expense of lym-
phoid output, a mechanism which is thought to be important for the rapid produc-
tion of effector cells of innate immunity (De Luca et al.  2009 ). Overall, given that 
the primary responses of HSCs to infl ammatory cytokines and infectious signals 
(impaired reconstitution potential and myeloid-biased differentiation output) are 
very similar to the changes observed in HSC function with age, it is likely that pro-
infl ammatory environment of the aging bone marrow is an important driver of 
human HSC aging (reviewed in (Woolthuis et al.  2011 )). As infl ammatory cytokines 
such as TNFα and IFNγ also perturb the differentiation potential of MSCs in favour 
of adipogenesis at the expense of osteoblastogenesis (Laschober et al.  2011 ), the 
infl ammatory milieu of the aged bone marrow also contributes to the altered cellu-
larity of the bone marrow niche described above, which in turn impacts upon HSC 
function.   

7.5     Clinical Impact of Human HSC Aging and Future 
Prospects 

 Possibly the most important effect of HSC aging in terms of health, longevity and 
quality of life in the aged result from its contribution to the phenomenon of immu-
nosenescence, the general decline or dysregulation of immune function which is 
observed with age. While immunosenescence is a catch-all phrase encompassing a 
wide range of immune-associated abnormalities, probably the most clinically 
important aspect of immunosenescence is a decline in adaptive immunity (Hakim 
and Gress  2007 ). The elderly exhibit a reduced capacity to mount effective immune 
responses to newly encountered pathogens, which contributes to an increased fre-
quency and severity of bacterial and viral infections (Thompson et al.  2003 ; Janssens 
and Krause  2004 ). Further, this enhanced susceptibility to opportunistic infection is 
exacerbated by an impaired response to prophylactic vaccines in terms of both the 
quantity of antibody produced (Bouree  2003 ; Sasaki et al.  2011 ) and cell-mediated 
immune responses (Kang et al.  2004 ). While this decline in adaptive immunity is 
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also caused by qualitative changes in mature T and B cell populations (Dorshkind 
and Swain  2009 ; Gruver et al.  2007 ), it is believed that functional changes in the 
aging HSC compartment, in particular the age-associated decline in lymphoid dif-
ferentiation potential, contributes to this immune senescence. 

 As in most tissues, aging is associated with an almost exponential increase in the 
incidence of haematological malignancy (Edwards et al.  2002 ). In contrast to the 
short-lived committed progenitors and differentiated effector blood cells, it is 
believed that the long-lived HSCs are the likely target for the multiple genetic and/
or epigenetic hits leading to oncogenic transformation in several malignancies 
(Kikushige and Miyamoto  2014 ). Among the genes which are upregulated with age 
in human HSCs, there is a signifi cant enrichment for genes involved in age- 
associated haematological disease and in particular genes implicated in myeloid 
malignancies and acute myeloid leukaemia signalling, including  AURKA ,  HOXA9  
and  MYC  (Pang et al.  2011 ). The general reduction in stem cell fi tness and concomi-
tant reduced competition within the stem cell niche is likely to contribute to the 
emergence with age of stem clones bearing adaptive oncogenic mutations (Marusyk 
and DeGregori  2008 ). Indeed recent reports have demonstrated that clonal haema-
topoiesis and the subsequent emergence of pre-leukaemic clones bearing oncogenic 
mutations (particularly in epigenetic modifi ers such as DNMT3A, TET2 and 
ASXL1) is an important aspect of aging (Jaiswal et al.  2014 ; Xie et al.  2014 ). 
Further, as well as effects on haematological malignancy, an indirect effect of the 
age-associated decline in immune function could be defi cient immune surveillance 
and a decline in immune response to non-haematological neoplasms, for which 
there is evidence in aging mice (Gruver et al.  2007 ). 

 HSC aging can also impact upon the health of the elderly in a number of other 
ways. The enhanced myeloid output of HSC observed with age is likely to contrib-
ute to the increased tendency towards infl ammatory disease, which is observed in 
the elderly. Changes in HSC function could also affect the recovery of homeostasis 
after stress or injury in the elderly, and HSC aging has been suggested as the cause 
of the higher rate of unexplained anaemia observed with age (Guralnik et al.  2004 ). 
This is consistent with the reduced repopulating activity of HSC from aged donors 
observed in xenografts (Pang et al.  2011 ). Finally another very important clinical 
corollary of HSC aging arises in the context of HSC transplantations, where it is 
known that increased donor age is a signifi cant prognostic indicator of poor out-
come (Kollman et al.  2001 ). The shorter telomeres in HSCs may contribute to the 
reduced success of HSC transplants involving elderly donors, as the transplant pro-
cess induces signifi cant further shortening in engrafted cells (Notaro et al.  1997 ). As 
the transplant process also causes an increase in ROS and DNA damage in trans-
planted HSCs (Yahata et al.  2011 ), the higher baseline levels of accumulated dam-
age in HSCs from elderly donors could also impact upon engraftment success. 

 Elucidating the mechanisms of HSC aging promises to reveal opportunities for 
potential therapeutic intervention to improve the health of the elderly. The relative 
accessibility of HSCs, together with the existence of robust protocols for HSC 
transplantation opens the door for the transplant of autologous HSCs that have 
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been genetically or pharmacologically treated ex vivo. But how real are the 
 prospects for making old HSCs young again? Recently, this fi eld has been stimu-
lated by studies of Florian et al. demonstrating reversal of the aging phenotype in 
murine HSCs by inhibition of the Rho GTPase Cdc42 and non-canonical Wnt sig-
nalling (Florian et al.  2012 ,  2013 ). Furthermore the strong implication of epigene-
tic pathways in the aging HSC phenotype presents particularly exciting prospects 
for clinical intervention. Unlike genetic events, epigenetic changes are plastic and 
potentially reversible by pharmacological intervention. Epigenetic therapeutics 
represents a major area of research interest, and several molecules targeting epi-
genetic processes are currently being tested at both preclinical and clinical stages 
(Tan et al.  2007 ; Creasy et al.  2012 ). However, as epigenetic modifi ers are ubiqui-
tously expressed, one of the disadvantages of therapeutically targeting the epigen-
etic processes themselves is that there is a high potential for nonspecifi city and 
widespread deleterious side effects. For this reason, the potential implication of 
noncoding RNAs in the process of HSC aging is particularly interesting, because 
such regulatory RNAs could present therapeutic targets that offer a higher degree 
of specifi city than the chromatin modifi ers themselves. Taking an alternative 
approach, it was recently demonstrated that the epigenetic state could be repro-
grammed by dedifferentiating aged HSCs to form induced pluripotent stem (iPS) 
cells (Wahlestedt et al.  2013 ). HSCs derived from these iPS cells exhibited a repop-
ulating potential in competitive transplant assays, which was similar to young 
HSCs. The increase in ROS and DNA damage which is observed in HSCs follow-
ing transplants (Yahata et al.  2011 ) has suggested that clinical transplant protocols 
may benefi t from the addition of antioxidant therapy to reduce stem cell damage 
and improve engraftment (Hao et al.  2011 ). Indeed in mice it was shown that feed-
ing transplant recipients on a diet supplemented with the antioxidant N-acetyl-L-
cysteine during the reconstitution period led to a signifi cant decrease in DNA 
damage in incoming HSCs and a concomitant improvement in quantity and quality 
of engraftment (Yahata et al.  2011 ).  

7.6     Concluding Remarks 

 Although still in its infancy, the study of HSC aging in humans has progressed in 
recent years, and the causes and consequences of HSC aging are beginning to 
emerge (summarised in Fig.  7.2 ). Guided by observations from mice and exploiting 
improvements in isolation procedures, functional models and recent technological 
advances which have rendered large-scale genomic analyses accessible to the rare 
HSC population, the coming years promise signifi cant further advance (Doulatov 
et al.  2012 ). In particular, it will now be important to carry out genome-scale methy-
lome and chromatin profi ling analyses on HSCs from different ages and to investi-
gate the potential role played by more recently discovered epigenetic signals such 
as ncRNAs. As haematological decline has important consequences for the health 
of the elderly, there is a compelling clinical need for further rapid progress, and this 
promises to be a stimulating and dynamic fi eld in the years to come.     
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    Abstract  
  Skin is a complex organ consisting of two very different tissue compartments, 
the epidermis and the dermis, which comprise cells of diverse origin and  function. 
Establishing and maintaining the functionality of skin requires not only tightly 
regulated processes of maturation and differentiation of the individual cellular 
components but also extensive and well-coordinated interactions between those 
different compartments. As yet, this intricate interdependence is far from being 
disclosed to a satisfactory extent. Accordingly, our understanding for dysregu-
lated conditions like skin aging is still largely insuffi cient. Despite the fact that 
skin aging is readily visible and morphologically well defi ned, the underlying 
molecular mechanisms driving that process are still a matter of debate as is the 
role of stem cells therein. Furthermore, the aging of skin is peculiar as it is not 
only driven endogenously but is largely accelerated and aggravated by external 
infl uences, mainly, UV radiation, what is refl ected by the term “photoaging.” 
By foregrounding human skin, this chapter aims at compiling the present 
 concepts of both intrinsic and extrinsic skin aging.  

8.1         The Human Skin 

 With about 15 % of body weight, the skin is the largest organ of humans. Covering 
the entire body surface, it provides a physical barrier between organism and 
 environment, thus safeguarding us against aggressive chemicals and microbes as 
well as physical impacts, e.g., by irradiation. Simultaneously, the inside-out barrier 
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protects the organism against loss of water and electrolytes. Skin also participates in 
the body’s thermoregulation by control of blood perfusion and sweat gland activity. 
Furthermore, by innate and adaptive mechanisms, skin is intensively involved in 
immunologic defense, and it keeps us informed about our surroundings as it com-
prises all the sensory elements for the perception of tactile stimuli, temperature, 
pain, and pressure.  

8.2     The Tissue Architecture of Human Skin 

 This highly diverse functionality results from a considerable complexity in the 
 histological organization of the skin. In general, the skin is divided in three 
 compartments: the stratifi ed epithelium of the epidermis, the dermis that is the 
 connective tissue responsible for the mechanical properties, and the subcutaneous 
tissue containing pads of adipocytes (panniculus adiposus). 

 The epidermis is a multilayered cornifying epithelium fi rmly anchored to the 
underlying dermis by a basement membrane. The vascularized dermis is rich in 
extracellular matrix (ECM) proteins, contains nerves and the variety of sensorial 
receptors, and includes – besides vascular and neural cells – fi broblasts as major cell 
type. Below begins without sharply defi ned transition the subcutaneous tissue that 
covers and upholsters the underlying muscles, tendons, and bones. 

 Further components of the skin are specialized appendages such as skin glands, 
hair follicles (HFs), and nails. In particular, HFs had become important objects for 
stem cell research in recent years. 

 Here, we will concentrate on the epidermis and dermis, being well aware of the 
fact that we dismiss many important aspects, i.e., innervation by neuronal cells; sup-
port by blood vessels; immune surveillance and response by infl ammatory cells, 
including mast cells; and all contributions by the  panniculus adiposus . 

8.2.1     Epidermis and Keratinocytes 

 The ectodermally derived epidermis is a stratifi ed epithelium consisting to 90–95 % 
of keratinocytes. Its external surface is the impermeable  stratum corneum . The epi-
dermal thickness is about 100 μm, but varies considerably according to the regional 
properties of the skin (Kanitakis  2002 ). The continuous desquamation is compen-
sated by permanent proliferation of the keratinocytes in the basal epidermal cell 
layer. Those newly generated cells fuel the stratifi cation of the epidermis and 
undergo the process of keratinocyte differentiation on their way upward fi nally end-
ing as terminally differentiated horn squames (corneocytes). Thereby, the morpho-
logically defi nable layers of the epidermis,  stratum basale, stratum spinosum, 
stratum granulosum , and  stratum corneum , all represent distinct and sequential 
steps of differentiation. Examples of molecular markers indicating differentiated 
stages are cytokeratins, cytoskeletal elements of the class of intermediate fi laments 
that are abundant in epidermal keratinocytes, and further structural proteins involved 
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in cellular adhesion and in formation of the cornifi ed envelope during terminal 
 differentiation (Alberts et al.  2004 ; Löffl er et al.  2007 ). 

 While the robustness of the epidermal sheet relies on intense cohesion of the 
keratinocytes via adherent junctions and desmosomes, its fi rm connection to the 
basement membrane is brought about by specifi c adhesive structures called hemides-
mosomes. This complex assembly of adhesion proteins and basement membrane 
constituents, termed dermoepidermal junction (DEJ), has been shown to crucially 
regulate growth, regeneration, and tissue homeostasis of the epidermis. 

 The  stratum basale  is the layer comprising the undifferentiated keratinocytes 
with mitotic potential: here also the epidermal stem cells are located in association 
to their stem cell niche that is at least in part defi ned by a particular arrangement of 
ECM (Muffl er et al.  2008 ). In the suprabasal zone, the expression of differentiation- 
specifi c genes is induced which culminates in the  stratum corneum  in cornifi cation, 
i.e., formation of anucleated horn squames. 

 Besides keratinocytes, the epidermis contains the pigment producing melano-
cytes and Langerhans cells (LC), antigen-presenting dendritic cells serving as out-
post sentinels of the skin’s immune system.  

8.2.2     The Dermis and the Fibroblasts 

 Nutritive and mechanical support of the epidermis is provided by the dermis. This 
fi broelastic tissue mainly consists of dense ECM of high stability and elasticity, 
whereas the density of interspersed cells is rather poor. Major dermal components 
are collagens and elastic fi bers. Collagen fi brils account for the tensile strength of 
the skin, and the elastic fi bers are responsible for the regaining of shape after 
mechanical impact and deformation. These fi brous elements are embedded in a 
ground substance with high water-binding capacity consisting of glycoproteins and 
glycosaminoglycans (GAGs). The predominant cells in the dermis are fi broblasts, 
spindle-shaped cells, which are the major producers of the components of the ECM. 

 The dermis is divided into two morphologically distinct zones: the subepidermal 
papillary dermis ( stratum papillare ) and the deeper reticular dermis ( stratum reticu-
lare ). The highly vascularized and innervated  stratum papillare  forms indentations 
with the epidermis, thus increasing the contact between the two compartments and 
the strength of adhesion. The  stratum reticulare  manifests a high stability and 
toughness due to its increased content of condensed fi brous material. 

 Collagen fi bers are the most prominent structural proteins in skin largely contrib-
uting to its stability. This is refl ected by their extraordinary high amount of 70 % of 
the skin’s dry weight (Gniadecka et al.  1998 ). Also in other tissues (tendons, bones, 
cartilage, etc.), collagens represent the predominant proteins crucial for rigidity. At 
present, 27 different types of collagens have been identifi ed, most of which form 
aggregates of α-polypeptide chains in triple-helical conformation. About ten colla-
gen types can be found in dermis and most of them participate in fi ber formation. 
Collagen type IV is one of the exceptions in that it aggregates to a planar meshwork 
that is the core structure of the basement membrane. The typical collagen fi brils in 
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dermis consist of more than 80 % of collagen type I and of 10–15 % of collagen 
type III (Garrone et al.  1997 ). 

 Elasticity is imparted to the fi brous assembly of the dermis by an additional sys-
tem of elastic fi bers; nevertheless, their content is rather low with about 2 % of 
dermal dry weight (Uitto et al.  1983 ). Mature elastic fi bers contain 90 % of cross- 
linked elastin that is associated to fi brillin microfi brils and a variety of additional 
glycoproteins. The dermis exhibits a high degree of organization of the elastic fi ber 
system with thin microfi brils attaching to the basement membrane in the DEJ. Deeper 
down in the  stratum papillare , these microfi brils merge and by association with 
elastin become thicker. In the  stratum reticulare , those bundles combine to thick 
mainly horizontally oriented elastin fi bers. 

 The extrafi brillar, amorphous matrix comprises in part GAGs and proteogly-
cans. These molecules are strongly hydrophilic with high binding capacities for 
water as well as ions, thus having properties of hydrogels. GAGs are large acidic 
mucopolysaccarides of repeating disaccharide units, and according to their sul-
fate group content and sugar composition, they are distinguished into four classes: 
hyaluronan, chondroitin sulfate and dermatan sulfate, heparin sulfate, and keratin 
sulfate. Proteoglycans are covalent complexes of GAG chains linked to a core 
protein and can be highly diverse and functionally specialized. They can bind and 
release growth factors and proteases thereby modulating signaling events and 
ECM remodeling. Similar functions are exerted by other adhesive glycoproteins 
found in dermis such as thrombospondins and tenascin (Bornstein and Sage 
 2002 ). Another important representative is cellular fi bronectin, a glycoprotein 
secreted by fi broblasts as a primordial ECM component in regenerative pro-
cesses. Fibronectin fi bers formed in the fi brin clot of healing wounds guide the 
migration of fi broblasts and serve as templates for the deposition of collagen 
fi brils (Velling et al.  2002 ). 

 It is obvious that the complex composition of the dermal ECM correlates with 
the vast multiplicity of functional demands the skin is confronted with. Therefore, 
age-dependent declines in appearance and physiology of the skin have to be viewed 
in the context of alterations – mostly disturbances – of dermal quality.   

8.3     The Aged Skin 

 Because skin mirrors already early signs of aging, improvement of skin quality 
receives more and more attention. Macroscopically, aged skin differs from young 
skin with regards to wrinkles, elasticity, and pigmentation. Further signs are dry-
ness, fragility, impaired wound healing, and pathologic changes such as the devel-
opment of benign neoplasms and carcinogenesis. These are the functional 
consequences of aberrances affecting moisture regulation, immunological responses, 
sweat production, thermoregulation, skin barrier sensory functions, proliferation, 
and DNA repair (Fritsch  2009 ; Giacomoni et al.  2000 ; Schneider et al.  2003 ; 
Zouboulis  2003 ). Reduction of these skin functions is often associated with skin 
diseases known to increase with age (Zouboulis  2003 ). 
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 Skin aging can be divided into an intrinsic and an extrinsic process. Intrinsic skin 
aging describes a time-dependent process that is also called chronologic, natural, or 
cutaneous aging. Being the mechanical border between the internal organs and the 
environment, the skin is also exposed to exogenous noxae. Therefore, extrinsic skin 
aging describes the changes which are due to cumulative infl uences of the environ-
ment mainly ultraviolet (UV) radiation, thus coined with the term photoaging (Kohl 
et al.  2009 ; Krutmann et al.  2008 ). Correspondingly, it is a combination of many 
possible factors that causes those alterations in the aging skin. While gene muta-
tions and changes in cell metabolism as well as hormonal balance are examples for 
intrinsic factors, exposure to radiation (UV and infrared, IR); chemicals; toxins, in 
particular cigarette smoke; as well as pathogens and mechanical stress belongs to 
the extrinsic factors (Makrantonaki and Zouboulis  2007 ,  2011 ; Zouboulis and 
Makrantonaki  2011 ). 

8.3.1     Intrinsically Aged Skin 

 Intrinsic skin aging affects the skin by a slow irreversible degeneration of the tissue 
(Uitto  1997 ). The changes start in the twenties; however, aging remains hidden over 
decades. Finally, intrinsically aged skin has a delicate appearance called “cigarette 
paper” skin, as it is thin and transparent and has fi ne wrinkles. It shows less elastic-
ity, increased fragility, and dryness. The skin loses the underlying fat and muscle 
tissue and due to bone loss, skin shrinks away from the bone causing sagging of the 
skin (Sjerobabski-Masnec and Situm  2010 ; Langton et al.  2010 ). 

 While young skin is characterized by an extensively undulated dermoepidermal 
junction (DEJ) forming the so-called rete ridges, one commonly cited characteristic 
of skin aging is the fl attening of this DEJ. Thereby, rete ridge structures decrease 
and the contact area between epidermis and dermis reduces by about 35 % (Moragas 
et al.  1993 ). It is suggested that this fl attening contributes to the increased fragility 
of aged skin and may also lead to reduced nutrient transfer between epidermis and 
dermis (Langton et al.  2010 ; Lavker  1979 ). With fl attening of the DEJ, also epider-
mal thickness is supposed to decline. This, however, is still a matter of some debate. 
While some studies reported no changes in epidermal thickness (Whitton and 
Everall  1973 ; El-Domyati et al.  2002 ), others reported on epidermal atrophy (Lavker 
 1979 ; Branchet et al.  1990 ; Wu et al.  2012 ; Moragas et al.  1993 ; Lock-Andersen 
et al.  1997 ). The observed epidermal atrophy seems to affect mainly the  stratum 
spinosum , while the  stratum granulosum  und  stratum corneum  remain unchanged 
(Lavker  1979 ). Epidermal atrophy goes along with a decrease in mitotic activity of 
the basal keratinocytes causing a decline in epidermal cell renewal (Engelke et al. 
 1997 ; Grove and Kligman  1983 ). 

 Aging affects also other cells of the epidermis. Beginning at the age of 30, the 
amount of melanocytes decrease by up to 20 % per decade (Gilchrest et al.  1979 ) 
and the number of LCs shows a decline from 1,200 to 800/mm 2 . In addition, LCs are 
described to exhibit morphological changes and impaired function (Grewe  2001 ; 
Bhushan et al.  2002 ) resulting in impaired immune response. 
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 Parallel to the epidermis also the dermis shows signs of atrophy. Because of 
alterations in the matrix, dermal thickness decreases by about 20 % (Shuster et al. 
 1975 ; Baumann  2007 ). Whether this is due to a loss in collagen is still a matter of 
debate (Lovell et al.  1987 ; Shuster et al.  1975 ). There is, however, no doubt that 
changes in structure and distribution of collagen type I occur, making the collagen 
bundles less organized and thinner with age (Fenske and Lober  1986 ; Waller and 
Maibach  2006 ). In parallel, the degree of cross-linking increases (Paul and Bailey 
 1996 ; Bailey  2001 ; Yamauchi et al.  1988 ). In addition, the amount of GAGs, the 
water-holding fi lling material between the collagen bundles, decreases with age 
(Ghersetich et al.  1994 ; Bernstein et al.  1996b ; Fleischmajer et al.  1972 ), explaining 
the reduced hydration of the skin and possibly the impairment of cell movement and 
nutrition. Furthermore, the elastic fi ber system in the dermis gets considerably 
reduced over the decades of life. At the age of 80 years, the loss of elastic fi bers is 
as high as 50 %, which is mainly due to the progressive thinning of the skin and 
results in dramatic loss of elastic properties (Frances et al.  1990 ). All this correlates 
with a reduced number of dermal fi broblasts (Gunin et al.  2011a ; West  1994 ) and 
mast cells (West  1994 ).  

8.3.2     Extrinsically Aged Skin 

 Due to its induction by environmental noxae, extrinsic skin aging is restricted to 
sites such as face, décolleté, forearm, or hand (Berneburg et al.  2000 ). In particular, 
UV radiation is supposed to be responsible for 80 % of the alterations involved 
(Fisher et al.  1996 ). In affected skin, normal architecture is disrupted leading to 
deep wrinkles, leathery appearance, less elasticity, diffuse hyperpigmentation, and 
lentigines (Kohl et al.  2009 ; Berneburg et al.  2000 ). As a result of excessive UV 
exposure, these changes can be observed in part already early in life as “premature” 
aging. Nevertheless, these changes are not completely independent of the altera-
tions caused by intrinsic aging, and it is often diffi cult to classify the observations 
as intrinsic or extrinsic skin aging since the morphological shifts of the extrinsic 
process often superimpose the signs of intrinsic skin aging (Krutmann et al.  2008 ). 

 In contrast to intrinsically aged skin, which shows a rather atrophic phenotype, 
extrinsic aging is often correlated with thickening of almost all layers of the skin 
(Krutmann et al.  2008 ). For epidermal thickening, controversial results are described. 
The epidermis is thereby described as acanthotic, atrophic, or even unchanged 
(Hughes et al.  2011 ; Krutmann et al.  2008 ; Berneburg et al.  2000 ; Yaar and Gilchrest 
 2001 ; Sandby-Moller et al.  2003 ). Furthermore, this is accompanied by aberrant 
epidermal differentiation and adhesion, leading to loss of polarity. Here, the reduc-
tion of β1 integrin which conveys adhesion to the DEJ seems to be instrumental 
(Yaar and Gilchrest  2001 ; Bosset et al.  2003 ). The DEJ appears even more fl attened 
as described for intrinsically aged skin (Fig.  8.1a, b ) and shows a reduced amount 
of collagen type VII, the main component of the anchoring fi brils, further destabi-
lizing the DEJ (Contet-Audonneau et al.  1999 ; Craven et al.  1997 ).  
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  Fig. 8.1    The dermal texture of human skin changes substantially with age. Young (buttock of a 
27-year-old male) ( a ,  c ,  e ,  g ) versus photoaged skin (cheek of a 75-year-old female) ( b ,  d ,  f ,  h ) 
processed for different histological and immunofl uorescence stainings, respectively: ( a ,  b ) hema-
toxylin and eosin staining for morphological survey; ( c ,  d ) Movat-pentachrome staining for the 
simultaneous demonstration of different tissue components (cell nuclei in  dark blue , cytoplasm in 
 red , collagens in  yellow , GAGs in  light blue ); ( e ,  f ) resorcin fuchsin with thiazine-picric acid stain-
ing for the visualization of elastic fi bers in  black-violet , collagen fi bers in  red , and nuclei in  dark 
brown ; and ( g ,  h ) immunofl uorescence analyses for the localization of elastin in  red  and fi brillin in 
 green with blue  counterstain for cell nuclei. The intense indentation of the DEJ zone of young skin 
has largely disappeared in old skin ( a ,  b ). Collagen fi bers are homogenously distributed and 
enriched in the dermal  str. reticulare  of young skin but diminished in the photoaged skin where few 
condensed fi ber bundles persist ( c ,  e  vs.  d ,  f ). Oppositely, GAGs are enhanced in the dermis of 
photoaged in contrast to young skin ( c ,  d ) as is the staining for elastin, which, however, appears 
aggregated in the photoaged dermis ( e ,  f ). The organization of elastin fi bers has completely 
changed towards amorphous aggregates with increased elastin content in photoaged versus young 
skin ( g ,  h ). The loss of elastin fi bers and the accumulation of elastotic material ( red ) is particularly 
obvious in (h), whereas fi brillin-containing microfi brillar assembly ( green ) seems, at least in part, 
to be maintained.  Bars  in (f) (for  a – f ) and in (h) (for  g – h ) = 100 μm       

 In sun-damaged skin, also melanocytes are adversely affected. They are 
 irregularly arranged throughout the basal epidermal layer and show strong 
 variation in size, morphology, and melanin content. This explains the appearance 
of  hyperpigmentation despite the fact that the number of melanocytes declines 
(Breathnach and Wyllie  1964 ; Gilchrest et al.  1979 ). 
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 The most prominent changes in extrinsically aged skin are, however, seen in the 
dermis where the severity of changes correlates with the degree of UV damage. 
Solar elastosis is the most obvious and well-described alteration of the ECM 
(Kligman  1969 ). It describes an accumulation of fragmented elastic fi bers (Mitchell 
 1967 ). Although the exact composition is not yet known, elastin and fi brillin, the 
main components of the elastic fi bers, as well as fi bronectin and GAGs could be 
detected histochemically (Chen et al.  1986 ; Montagna et al.  1989 ; Mera et al. 
 1987 ; Sams and Smith  1961 ), as also illustrated in Fig.  8.1 . It is suggested that the 
fragmentation of GAGs in areas of solar elastosis contributes to loss of their 
hydrating properties (Bernstein et al.  1996b ; Waller and Maibach  2006 ; Tzellos 
et al.  2009 ). In photoaged dermis, the content of collagen types I and III is gener-
ally decreased (Griffi ths et al.  1993 ; Warren et al.  1991 ; Bernstein et al.  1996a ), 
and it is discussed that it is replaced by the elastotic material (Fig.  8.1c–f ). 
Accordingly, mature collagen fi bers can no longer be detected (Bernstein et al. 
 1996a ; El-Domyati et al.  2002 ; Schwartz et al.  1993 ) or are very thin and partly 
fragmented (Scharffetter-Kochanek et al.  2000 ). Different from intrinsically aged 
skin, the number of fi broblasts increases, and they adopt a stellate phenotype with 
a highly activated rough endoplasmic reticulum, indicative for increased meta-
bolic activity (Uitto  1986 ). In addition, mast cells and mononuclear cells are 
attracted in extrinsically aged skin (Lavker and Kligman  1988 ; Krutmann  2003 ; 
Gunin et al.  2011b ).   
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Fig. 8.1 (continued)
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8.4     Mechanism of Aging 

 What are the molecular mechanisms underlying the aging process of the skin? A 
detailed review on mechanisms causing fi broblast aging was recently provided 
(Tigges et al.  2014 ). As we hypothesize that the major target of skin aging is the 
postmitotic tissue of the dermis rather than the constantly renewing epidermis, we 
here largely concentrate on mechanisms contributed to dermal aging. 

8.4.1     Signaling Cascades and MMPs 

 Many studies showed that intrinsic and extrinsic skin aging have some common 
features, like the engagement of the same signaling pathways (Fisher et al.  2002 ). 
For example, in both cases, the MAPK pathway is dysregulated and so are the MAP 
kinases JNK and p38 age-dependently overexpressed (Chung et al.  2000 ; Fisher 
et al.  1998 ). The activation of these kinases upregulates the transcription factor 
AP-1 (Sardy  2009 ; Fisher et al.  2002 ), leading to an increased expression of the 
matrix-metalloproteinases MMP-1, MMP-3, and MMP-9, which are instrumental 
in the degradation of a lot of ECM components and matrix remodeling (Fisher et al. 
 1996 ,  2002 ; Angel et al.  2001 ). Furthermore, the effect of matrix degradation can be 
intensifi ed by the potential of AP-1 to also downregulate the synthesis of dermal 
collagen by blocking the effects of TGFβ (Fisher et al.  2002 ).  

8.4.2     Theory of Free Radicals/ROS 

 Free reactive oxygen species (ROS) are endogenously formed or exogenously 
induced and play a major role in extrinsic and intrinsic skin aging. It was shown that 
the ROS level in skin rises with age, while the cellular mechanisms to reduce the 
ROS level decline (Makrantonaki and Zouboulis  2007 ; Rhie et al.  2001 ). 

 High ROS level leads to the activation of the MAPK signaling pathway by acti-
vating some surface receptors like for EGF, TNF-α, insulin, and IL-1 and in turn 
causing upregulation of the MMPs, as it was described before (Klotz et al.  1999 ). 
Thus, a high ROS level could trigger MAPK signaling, AP-1 activation, and MMP 
expression thus being causal for the high amount of degraded collagen in aged skin. 
The main source for ROS in intrinsically aged skin is the mitochondria. About 
1–5 % of the oxygen input is converted into ROS under normal physiological condi-
tions, and it was shown that with age defects in the mitochondrial respiratory chain 
lead to a further increase of the ROS level (Trounce et al.  1989 ; Yen et al.  1989 ). In 
UV-exposed skin, additional ROS is produced by energy transfer from UV-absorbing 
chromophores, such as NADH − /NADPH, tryptophan, ribofl avin, or  trans -urocanic 
acid (Hanson and Simon  1998 ), thereby explaining the even higher amounts of 
MMPs and consequently the increase in matrix degradation. 

 One important aspect in this context is the mutation rate of mitochondrial DNA 
(mtDNA). Due to its unprotected state (histone-free), mitochondrial DNA is 
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especially susceptible to oxidative damage. As the mtDNA mainly codes for 
 proteins being part of the oxidative phosphorylation, mutations of the mtDNA lead 
to defects and further increase the production of ROS; a vicious circle is established 
(Camougrand and Rigoulet  2001 ; Ozawa  1995 ). 

 It is suggested that mtDNA mutations play a role in intrinsic as well as in extrin-
sic skin aging. However, in extrinsically aged skin, clearly higher levels of mtDNA 
mutations are achieved (Berneburg et al.  1997 ). The causal relation between mt 
mutations and extrinsic aging could be confi rmed by in vitro studies using fi bro-
blasts bearing constitutive mtDNA mutations that impaired the function of the respi-
ratory chain. Impressively, those cells, when cultured in skin equivalents, mimicked 
the abovementioned features of extrinsic aging, including MMP overexpression, and 
reduced support of keratinocyte proliferation (Krutmann  2011 ; Majora et al.  2009 ).  

8.4.3     Cellular Aging, Replicative Senescence, and the Role 
of Telomeres 

 Even under optimal conditions, fi broblasts in cell culture have a life span limited to 
50–70 cell divisions having resulted in the concept of “replicative senescence” 
(Hayfl ick and Moorhead  1961 ; Hayfl ick  1965 ). One potential mechanism for this 
“Hayfl ick limit” came about with the description of the end replication problem 
(Olovnikov  1973 ; Watson  1972 ) that during every round of replication leads to loss 
of 50–200 nucleotides from the 5’-ends of linear chromosomes, the telomeres 
(Harley et al.  1990 ; Levy et al.  1992 ). Nevertheless, these telomeres provide only a 
temporary protection as, when they progressively shorten under a critical length, 
the cells suffer from induction of apoptosis or senescence (Lombard et al.  2005 ; 
d’Adda di Fagagna et al.  2003 ; Herbig et al.  2004 ). Thus, critical telomere shorten-
ing is supposed to be responsible for the accumulation of senescent and function-
ally impaired fi broblasts in aging skin (Campisi  1996 ). However, this hypothesis is 
merely based on results with cultivated cells in vitro, and it is still controversially 
discussed if it is also valid for the situation in the skin in situ (Cristofalo et al.  2004 ; 
Rubin  2002 ; Maier and Westendorp  2009 ). Senescence, as commonly assessed by 
the expression of a specifi c β-galactosidase, the senescence-associated β-gal pH6.0, 
was originally described for aged skin (Dimri et al.  1995 ). However, verifi cation 
still needs to be awaited. Similarly, the role of telomere loss is a matter of debate. 
Investigating telomere lengths in different-aged skin, an age-dependent reduction 
was described; however, the degree of telomere length reduction was generally very 
limited (Sugimoto et al.  2006 ; Lindsey et al.  1991 ). This may be attributed to the 
fact that the constantly regenerating epidermis expresses telomerase, the enzyme 
able to counteract telomere loss, and that fi broblasts only proliferate rarely in vivo, 
thereby bypassing proliferation-dependent telomere loss. This does not exclude 
that upon stress, e.g., UV radiation, telomeres of individual cells get damaged and 
may suffer from accelerated telomere loss (Leufke et al.  2013 ). However, it strongly 
suggests that telomere loss is not the driving force in the process of skin aging but 
that it is rather a consequence of damage and insuffi cient telomerase activity, 
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respectively. One major factor in this damage-dependent scenario is ROS (Ayouaz 
et al.  2008 ), thus further strengthening its pivotal role in skin aging.  

8.4.4     Molecular Mechanisms of Matrix Alterations 

 Aging of skin is accompanied by a large variety of structural changes. Because of 
their high half time, many matrix components are predisposed for accumulating 
damages and modifi cations leading to molecular aging. So, the half-life of fi brillar 
collagen is 15–95 years and for proteoglycans 11–23 years, and elastin and fi brillin 
persist in the tissue from embryogenesis on for the whole life of the organisms 
(Naylor et al.  2011 ). 

 In aged skin, proteolytic enzymes, such as MMP-1, MMP-2, MMP-3, and MMP- 
9, cause fragmentation of the collagens, proteoglycans, and elastic fi bers (Ashworth 
et al.  1999 ; Birkedal-Hansen et al.  1993 ; Berton et al.  2000 ; Murphy and Docherty 
 1992 ). Additionally, glycation of the matrix components causes the formation of 
intermolecular cross-links which makes the molecules less soluble and, even more 
important, blocks further degradation of the fragments (Rock and Fischer  2011 ; 
Bailey et al.  1998 ). Finally, an increase in protein oxidation is seen, especially in 
UV-exposed skin where protein oxidation is induced by high ROS levels. This as 
well provokes the formation of protein aggregates, which resist more strongly to 
degradation (Sander et al.  2002 ). Therefore, accumulating alterations in the matrix 
disturb the mechanical and structural integrity of the skin and thus are most likely 
the molecular basis for the deteriorated appearance of aged skin.  

8.4.5     Development of Solar Elastosis in Extrinsically Aged Skin 

 Solar elastosis, as described above, is most likely not restricted to destructive pro-
cesses, i.e., degradation of preexisting elastic fi bers, but it includes as well a dys-
regulated neosynthesis of elastin and fi brillin without proper macromolecular fi ber 
assembly thus contributing to the accumulation of elastotic material (Jenkins  2002 ). 
The expression of the mainly responsible proteolytic enzymes like elastase or 
MMPs has been found to be enhanced by NF-κB, which gets activated by UV (Kohl 
et al.  2011 ). An additional consequence of dermis-specifi c NF-κB activation is an 
enhanced release of cytokines by the epidermal keratinocytes. Among these cyto-
kines are IL1-α and GM-CSF that induce the expression of elastase in the fi bro-
blasts (Nakajima et al.  2012 ; Imokawa  2008 ) and pro-infl ammatory cytokines like 
IL-6, IL-8, VEGF, and TNF-α which are capable of attracting infl ammatory cells 
(Yaar and Gilchrest  2007 ; Yamamoto and Gaynor  2001 ). These are not only per se 
producers of proteolytic enzymes, but also they produce and deliver ROS into their 
surroundings thereby extending the damaging effect on the dermal matrix. Therefore, 
the UV-provoked infl ammatory reaction is legitimately suspected to play an impor-
tant role in matrix degradation associated with aged skin (Rijken and Bruijnzeel-
Koomen  2011 ; Rijken and Bruijnzeel  2009 ).  
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8.4.6     Loss of Mechanical Stimulation 

 Physiology and synthetic potential of the fi broblasts in the dermis are dependent on 
the tensile stress the cells are subjected to (Ingber et al.  2014 ). The cells sense these 
mechanical cues via their integrin receptors by which they are attached to the 
 surrounding ECM, e.g., to the collagen fi brils. When they come under tensile forces, 
either external ones or generated by cellular contractibility, the cells adopt a 
stretched shape. Modifi cation and degradation of the ECM components cause loss 
of adhesion points for the cells’ integrins, cellular detachment, and deprivation of 
the positive mechanical input that, under normal conditions, ensures the synthetic 
phenotype of fi broblasts (Kessler et al.  2001 ). In consequence, a vicious circle is 
started that leads to increased ROS, proteolysis and a reduction of collagen, as well 
as ECM neosynthesis (Fisher et al.  2008 ,  2009 ). As this process is self-energizing, 
the fi nal result is a dramatic loss of ECM content and structural integrity of the 
dermis.  

8.4.7     Estrogen Depletion 

 Intrinsic skin aging is fundamentally influenced by hormonal changes. In par-
ticular in females in postmenopausal age, the blood concentrations of estrogen 
and progesterone drop considerably, and this is accompanied by the typical 
features of skin aging, i.e., dryness, epidermal atrophy, diminution of collagen, 
loss of elasticity, wrinkle formation, and impaired wound healing (Bolognia 
et al.  1989 ; Brincat  2000 ; Rittie et al.  2008 ; Sumino et al.  2004 ). Most impor-
tantly, hormone replacement therapies could remarkably alleviate these prob-
lems (Rittie et al.  2008 ; Zouboulis and Makrantonaki  2011 ). Although this 
knowledge is still mainly empirical, several indications of underlying molecu-
lar mechanisms exist, e.g., of a specific activation of the MAPK- and insulin-
signaling pathways as well as of an upregulation of protective antioxidative 
enzymes by the ligand-stimulated estrogen receptor (Yan et al.  2011 ; Jackson 
et al.  2011 ). Estrogen stimulation of old fibroblasts, on the other hand, did not 
abrogate expression of genes correlated with extrinsic skin aging (S. 
Gundermann and P. Boukamp, unpublished results), suggesting that estrogen 
 deficiency in all its complexity stands for a major pathway in the regulation of 
intrinsic skin aging.   

8.5     Stem Cells in Skin and Aging 

 Can all this be related to stem cell aging? As described, skin represents a highly 
complex tissue and accordingly contains a broad stem cell repertoire, including resi-
dent epidermal and mesenchymal stem cells (MSCs), migratory melanocytic stem 
cells derived from the embryonic neural crest (NC), and dendritic precursor cells 
differentiating into Langerhans cells. 
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8.5.1     Evidence for Epidermal Stem Cell Aging 

 One hypothesis of skin aging is that stem cells of the epidermis decrease in num-
ber and change their function with age, leading to the characteristic phenotype 
commonly described for aging skin (Weinberg  2006 ). However, and still largely 
underappreciated, most of the presently available data point to a different direc-
tion. Comparison of epidermal stem cells from young and old mouse skin neither 
identifi ed signifi cant differences in stem cell number and gene expression profi le 
nor in telomere length (Giangreco et al.  2008 ; Stern and Bickenbach  2007 ). 
Bickenbach and coworkers further investigated old mouse epidermal stem cells for 
their ability to contribute to different tissues during development. Using a blasto-
cyst implantation assay, they unequivocally demonstrated that neither the prolif-
erative potential nor multipotency of the epidermal stem cells did decrease with 
aging (Liang et al.  2004 ). 

 Alternatively, it was recently reported that the frequency and cell cycle kinetics 
of the transit-amplifying (TA) cells, the proliferative active descendants of the stem 
cells, were altered in aged mouse epidermis. Performing long-term repopulation 
in vivo and colony formation in vitro, Charruyer et al. reported that TA cell fre-
quency was increased with aging and that the aged TA cells persisted longer. This 
argues for age-dependent alterations in TA cell kinetics with an increase in the pro-
portion of cycling keratinocytes, as well as an increase in cell cycle duration 
(Charruyer et al.  2009 ). Due to the experimental setup, however, it has to remain 
elusive whether this change in cell kinetics is intrinsically regulated in the aging TA 
population or whether environmental infl uences may be the reason for this pheno-
typic shift. 

 Using well-established murine HF stem cell models, Doles and Keyes ( 2013 ) 
came to a quite different conclusion. Keratin 15 (K15)-positive cells are one of the 
best characterized stem cell populations in the HF. Utilizing a K15 promoter- 
reporter mouse model, they showed that the K15 stem cell population increased 
with age. However, their clonogenic capacity was strongly diminished. They also 
showed functional impairment when measuring the response to ionizing radiation 
and demonstrated rapid development of skin lesions upon phorbol ester treatment. 
Global analysis of transcript expression demonstrated that in addition to the stem- 
like signature, the old stem cells were markedly altered in critical signal transduc-
tion cascades. In particular, Jak-Stat signaling was shown to be responsible for 
inhibiting stem cell function. In their study, Doles and Keyes for the fi rst time pro-
vided evidence that HF stem cells are susceptible to age-associated changes and 
may contribute to aging phenotypes (Doles and Keyes  2013 ). 

 Unfortunately, the markers identifi ed for murine HF stem cells do not account for 
human HF populations. Even more so, the identity of the stem cells of the interfol-
licular epidermis (IFE), which predominates in human skin, is largely elusive as 
recently reviewed (Boehnke et al.  2012 ). On the other hand, there is functional 
evidence that also human IFE contains a stem cell population which consists of 
slowly cycling cells and which comprises less than 1 % of the basal keratinocytes 
(Muffl er et al.  2008 ). When activated, these cells express telomerase activity, which 
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allow them to counteract proliferation-dependent telomere loss. Accordingly, 
 age- dependent telomere loss appears marginal (Harle-Bachor and Boukamp  1996 ; 
Krunic et al.  2009 ), and therefore, it is unlikely to be a driving force of epidermal 
stem cell aging. 

 Based on early studies which demonstrated different colony-forming ability for 
stem cells, TA cells, and differentiating keratinocytes, it was suggested that aged 
human keratinocyte stem cells exhibit decreased colony-forming ability (Barrandon 
and Green  1987 ). A fi rst study on human HF stem cells also reported on a decrease 
in stem cell-related holoclones with age (Lecardonnel et al.  2013 ). Due to the small 
sample size, the authors were not able to sort for potential stem cell populations and 
instead investigated rather undefi ned cell populations. Although not studied exten-
sively, our studies do not confi rm this notion. We have, as yet, no indication that 
keratinocytes from older donors exhibit a different growth profi le as determined by 
their proliferation potential in 2D cultures nor that they display reduced engraftment 
and long-term regeneration in 3D organotypic cultures (Boukamp and Stark, unpub-
lished). It is noteworthy that also skin grafts from older individuals can essentially 
outlive their donors (Gallico et al.  1984 ; Pellegrini et al.  1999 ). Thus, maintaining 
an appropriate functional physiology into old age seems essential for survival of 
epidermal stem cells. This further supports the notion that they may be different 
from stem cells from other tissues (Winter and Bickenbach  2009 ). 

 Taken together, the concept of inhibiting epidermal stem cell function and/or 
number, as a major driving force of skin aging is intriguing. However, studies 
addressing this issue are still limited and the fi ndings are controversial. In conse-
quence, further detailed studies are needed to thoroughly investigate the aging pro-
cesses of mouse but particularly also of human skin.  

8.5.2     Aging of the Epidermal Melanocyte and Langerhans Cells 

 Two other types of cells resident in the epidermis are essential protagonists in skin 
physiology. These are the Langerhans cells (LCs) and the melanocytes. 

 LCs represent the dendritic cell subset which provides the fi rst immune barrier 
for invading pathogens and in addition have been implicated in tolerance induction 
(for review see (McKenzie et al.  2006 )). They originate from bone marrow precur-
sors and were described as a nonlymphoid tissue contingent of dendritic cells in the 
skin (Schuler and Steinman  1985 ). LCs are unique in their development compared 
to other dendritic cells in that they are long-lived and exhibit self-renewal capacity 
in the epidermis. For this reason, it is presently still unclear whether self-renewal 
is a trait of all LCs or whether a population of LC precursor cells exists in the epi-
dermis that are responsible for the observed stem cell characteristic (Lako et al. 
 2002 ; Ghigo et al.  2013 ). It is further suggested that a local pool of proliferating 
hematopoietic precursor cells exist that populate the skin during embryonic devel-
opment (Hoetzenecker et al.  2005 ; Gago et al.  2009 ; Schuster et al.  2009 ) or, 
respectively, that fetal liver-derived LC precursors with myelo-monocytic 
 phenotype, similar to primitive yolk sac macrophages, contribute substantially 
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(Hoeffel et al.  2012 ). Furthermore, recently two types of bone marrow-derived LCs 
were described,  long- term and short-term LCs. Long-term LCs are transcription-
ally regulated by the inhibitor of DNA binding, ID2, a TGFβ1 target gene, thus 
suggesting that TGFβ signaling is not only required for the development of LCs 
(Hacker et al.  2003 ) but also absolutely essential for LC homeostasis. Accordingly, 
TGFβ-defi cient mice lack LCs completely (Borkowski et al.  1996 ), and TGFβ 
receptor-defi cient mice show reduced numbers of them (Slominski and Paus  1993 ; 
Kel et al.  2010 ). An excellent review on the regulatory networks controlling LCs in 
skin was recently provided by (Hieronymus et al.  2014 ). Addressing LC develop-
ment and function during aging of mice, no differences in the life span of LCs and 
apoptosis rate in aged versus young mice were found; nevertheless, their frequency 
and maturation were reduced in a stepwise fashion starting at 12 months of age (Xu 
et al.  2012 ). In agreement with these observations, Sprecher et al. proposed that the 
age-dependent decrease in LC density could result from a defi ciency in local pro-
genitors (Sprecher et al.  1990 ). Xu et al. also reported on a distinct aging-specifi c 
miRNA gene expression profi le which might interfere with LC-related signaling 
pathways and elicit age-related developmental and functional defects in the LCs. 
In general, aging of LCs can be considered a combination of both, loss of LC num-
ber and function (Xu et al.  2012 ). 

 Similar as LCs, also melanocytes represent an important cellular fraction of the 
epidermis. They are specialized neural crest-derived cells that synthesize and dis-
tribute the pigment melanin packed in melanosomes to their neighboring keratino-
cytes. Located in the basal layer of the IFE, they spread their dendrites and contact 
up to 38 basal keratinocytes, thereby achieving transfer of melanosomes over a 
defi ned distance. In humans, melanocytes are located throughout all regions of the 
skin, i.e., the IFE, dermis, and HF, while in mouse skin, melanocytes are largely 
restricted to HFs with the exception of hairless regions such as ear, tail, and ventral 
paws. In mice, melanocyte precursor cells, the melanoblasts, are primarily formed 
in the neural crest during embryogenesis and then migrate through the dermis and 
epidermis into the bulge region of the developing HF. This process is dependent on 
c-kit and its ligand, the stem cell factor SCF (reviewed in (Sarin and Artandi  2007 ). 
During hair cycle, the quiescent bulge melanocyte stem cells proliferate and move 
into the outer root sheath of the HF (Nishimura et al.  2005 ). Upon differentiation 
and movement into the lowest part of the HF, the bulb, they gain the ability for pro-
duction of melanin, which then is transferred as melanosomes into adjacent kerati-
nocytes, thereby giving rise to the pigmentation of the growing hair. 

 Hair graying is a prominent feature of aging, but also in the IFE pigmentation is 
generally decreasing with age, as excellently reviewed by Sarin and Artandi ( 2007 ). 
This process is associated with loss of melanocytes and melanocyte stem cells 
(Steingrimsson et al.  2005 ). Actually, it was shown that the number of unpigmented 
melanocytes decreases with age rendering elderly skin (age >70 years) almost free 
of them (Commo et al.  2004 ). This implies that hair graying is due to age-dependent 
depletion rather than dysfunction of the melanocytes. The molecular mechanism for 
melanocyte depletion is still elusive. It is assumed that oxidative damage as a result 
of melanin synthesis may be involved, an argument supported by the fact that no 
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melanocyte loss was seen in albino mice (Johnson and Jackson  1992 ). Another 
potential mechanism is age-dependent telomere loss, which may, upon a critical 
length, drive the cells into senescence or apoptosis. However, when we surveyed 
human skin from different-age donors for melanocytes, we did not detect that they 
declined from the IFE with age (Krunic et al.  2009 ). This questions the hypothesis 
that loss of melanocytes is a general consequence of skin aging. It is also of interest 
to note that hair graying can already occur at early age in healthy humans and may 
long precede the aging process of other tissues thus making these individuals an 
excellent cohort for studying the mechanisms behind melanocyte aging.  

8.5.3     Stem Cell Aging in the Dermis 

 Last but not least, dermal stem cells are supposed to contribute to skin aging. 
Unfortunately, stem cells in the dermis have been characterized poorly, as yet, 
although the dermis represents a larger reservoir for adult stem cells than epidermis 
and hair follicles together (Shi et al.  2006 ). 

 A minor subpopulation of stem cells in the dermis fulfi lls the common criteria of 
mesenchymal stem cells (MSCs). In general, these MSCs are considered to be a cell 
pool with high regenerative capacities to ensure maintenance of tissue function and 
homeostasis throughout the life span. 

 In 2001, Toma et al. were the fi rst to isolate MSCs from the murine dermis, and 
they called them skin-derived precursor cells (Toma et al.  2001 ). Some years later, 
multipotent stem cells were also isolated from the human dermis (Chen et al.  2007 ; 
Lorenz et al.  2008 ; Lysy et al.  2007 ; Toma et al.  2005 ). Besides differentiating into 
cells of the mesenchymal lineage, cutaneous MSCs are also able to differentiate 
in vitro into insulin-producing pancreatic cells (Shi and Cheng  2004 ), hepatocytes 
(Lysy et al.  2007 ), and keratinocytes (Crigler et al.  2007 ; Medina et al.  2006 ). 
Furthermore, MSCs were shown to trans-differentiate in vitro into neurons, Schwann 
cells, and astrocytes (Toma et al.  2001 ,  2005 ; Dyce et al.  2004 ; Gingras et al.  2007 ; 
Shih et al.  2005 ; Fernandes et al.  2006 ; McKenzie et al.  2006 ). 

 In skin, MSCs have been localized in the connective tissue sheath surrounding 
the HF, the follicular papilla, and in the adipose tissue of the hypodermis (Jahoda 
et al.  2003 ; Lako et al.  2002 ; Hoogduijn et al.  2006 ). 

 The mechanisms of MSC aging in general are described in detail in Chap.   11    , so 
that we here only refer to dermally derived MSCs. Accordingly, Gago et al. reported 
on an age-dependent functional depletion of the stem cell pool in the human skin 
(Gago et al.  2009 ). In their study, they analyzed skin-derived precursors isolated 
from more than 100 individuals from 8 months to 85 years and fi nally showed that 
the aging process diminished their cell pool and/or their differentiation potential 
(Gago et al.  2009 ). Although the underlying mechanism is unclear, this age- 
dependent decline could contribute to an impaired tissue homeostasis. 

 The “classical” bone marrow-derived MSCs are defi ned by their potential to dif-
ferentiate into three linages, i.e., bone, cartilage, and fat (da Silva Meirelles et al. 
 2008 ; Chen et al.  2007 ). Unfortunately, molecular markers differentiating dermal 
MSCs from fi broblasts are rare. A recent study comparing the expression profi le of 
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MSCs from bone marrow, skin, and adipose tissue with dermal fi broblasts 
 demonstrated that fi broblasts express the same immune-phenotypic markers and the 
same gene transcripts that are known to be expressed in stem cells (Brohem et al. 
 2013 ). Since selection for MSCs is presently still restricted to selective media (MSC 
basal medium), a certain bias remains. It is also noteworthy that also the crude mass 
population of dermal fi broblasts is able to differentiate into the three abovemen-
tioned lineages (Junker et al.  2010 ; Brohem et al.  2013 ). This fi nding strongly 
argues for the high intrinsic plasticity of fi broblasts and casts major doubts on our 
present understanding of dermal MSCs. Correspondingly, we have substantial evi-
dence for dermal fi broblast to promote the aging process (Tigges et al.  2014 ). In 
particular, we can now show that extrinsic skin aging induces a phenotype that is 
best described by programming of the dermal fi broblasts to a chondrocyte trans-
differentiation phenotype (Gundermann et al.  2015 ). As this specifi c phenotypic 
switch relies on a rise in TGFβ, the age-dependent upregulation of TGFβ is appar-
ently an important molecular trigger in the process of extrinsic and potentially also 
intrinsic skin aging. Moreover, we found that fi broblasts having undergone this phe-
notypic switch drastically lose their potential to support epidermal keratinocytes in 
3D organotypic cultures, which prompted us to hypothesize that the dermal fi bro-
blasts are in the driver’s seat at the process of skin aging.   

    Conclusions 

 Skin aging is a multiplex process as it encompasses a multitude of endogenous 
changes still poorly understood as well as numerous extrinsic noxae attacking 
the tissue, inducing molecular damage, and triggering cellular responses, which 
become superimposed on the intrinsic changes. We propose that physical impacts 
mainly hit the dermal fi broblasts in skin that are then reprogrammed to become 
drivers in the aging process while the epidermal keratinocytes are merely 
responders being less susceptible to damage than the fi broblasts. 

 Whether there is a particular role for stem cell aging remains a matter of 
debate. There is still an urgent need of improved understanding of the different 
stem cell types that requires reliable means to precisely defi ne, isolate, and main-
tain pure stem cell populations. Indeed, neither MSCs nor epidermal stem cells 
are at present suffi ciently well defi ned for human skin (reviewed in Boehnke 
et al.  2012 ), thus making all statements about stem cell aging in human skin still 
highly biased. We even would go further and challenge the concept that aging 
must affect stem cells directly. Protection and support of the dermal fi broblasts 
may be suffi cient to prevent many of the signs commonly related to skin aging. 
Clearly, this cannot provide a total prevention of aging skin. The fact that the 
menopausal decline in skin texture caused by estrogen depletion can be largely 
reverted by hormone replacement therapy (for review see (Thornton  2013 )) sug-
gests that certain aspects of the aging process can be modulated – presumably by 
amelioration of the cellular microenvironment. In line with this, skin aging is 
defi nitively a more severe process in females than in males, thus questioning the 
general approach in searching for global molecular programs in aging of the dif-
ferent tissues without the gender aspect being accounted precisely and 
carefully.     
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  9      Aging of Mammalian Intestinal 
Stem Cells  

             Tobias     Sperka      and     Lenhard     Rudolph    

    Abstract  
  The intestinal epithelium forms the internal barrier towards all components of 
nutriment and a multitude of bacteria. It is the most rapidly renewing tissue in 
mammals and keeps up basic homeostatic function over most of the organism’s 
lifespan. Its stress capacitance is lowered with progressive age, though. This 
remarkably high capacity of regeneration requires the maintenance of functional 
stem cells. DNA damage accumulation has been implicated in limiting organ 
maintenance; thus, checkpoint and repair mechanisms have been devoted to keep 
up genomic integrity of stem and progenitor cells. Checkpoints engaged include 
p53, as well as upstream regulators (Exo1, ATM, ATR, Chk1) and downstream 
targets (p21, PUMA). Repair or clearance of damaged cells blocks cancer devel-
opment but may dampen organ maintenance thus speeding up aging. Depending 
on the context, modulation of checkpoint responses allows accelerating or slow-
ing down aging and age-related malignancies. The result depends on the cells 
affected, the level and kind of DNA damage accumulation and the clearance of 
damaged cells.  

9.1         Introduction 

 Aging is considered a multifactorial process affecting different molecular systems 
(Finkel et al.  2007 ), whose individual contributions remain to be specifi ed. According 
to one hypothesis, aging-associated tissue deterioration is supported by a functional 
decline of somatic stem cells (Sperka et al.  2012b ). The different types of tissues 
found in mammals depend to various degrees on stem cell-based self-renewal for 
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homeostatic maintenance or stress-induced regeneration. High-turnover organs like 
the haematopoietic system or the intestine are strictly dependent on stem cell- 
mediated self-renewal since ablation of those causes organ failure in a matter of 
weeks (Lorenz et al.  1951 ) or days (Sangiorgi and Capecchi  2008 ), respectively. The 
intestine may thus suffer aging-related declines in stem cell functionality to various 
degrees dependent on the situation or the external insult. 

 We will put a focus on molecular checkpoint mechanisms that have evolved in 
order to preserve homeostasis in the colon and small intestine through stem and 
progenitor cells and delineate potential mechanisms contributing to aging-associated 
defi cits. An incorrect cellular quality control, inaccurate repair or improper fail-safe 
mechanisms may lead to the loss of healthy cells or survival of damaged cells thus 
causing aging-associated loss of organ maintenance, reduced stress tolerance or 
cancer formation.  

9.2     Aging and Aging-Related Pathologies of the Intestine 

 The intestine is subject to aging and the development of aging-associated patholo-
gies, some of which are linked to stem cells. The primary task of the gastrointestinal 
tract is to assure proper nutrition: the mammalian intestine seems to provide enough 
functional reserve due to its size such that aging individuals will not suffer dramatic 
nutritional problems under non-stressed conditions. However, in the elderly, intesti-
nal motor dysfunction or a lowered absorptive capacity may complicate digestive 
function (Salles  2007 ), yet a more prevalent defi ciency seems to develop in the form 
of an inability to cope with acute or chronic stress situations. Severe dietary restric-
tion in aged rats elicits much more pronounced weight loss than in young rats, 
demonstrating the reduced adaptive response at old age (Chambon-Savanovitch 
et al.  1999 ). Likewise, humans tend to become undernourished after periods of 
severe stress, making intensive nutritional care obligate (Salles  2007 ; Roberts et al. 
 1994 ). The underlying mechanisms are likely to be complex but may involve 
absorptive epithelia of lowered functionality (Woudstra and Thomson  2002 ). 

 Ischemic colitis is caused by a partial or complete block of the intestinal blood 
supply infl icting ischemia/reperfusion damage to the tissue, which in most cases is 
completely repaired by enhanced epithelial proliferation and differentiation 
(El-Assal and Besner  2004 ; Franzin et al.  1983 ; Itoh et al.  2000 ). The elderly suffer 
complications that may even pose severe health threats to certain individuals, sup-
porting the idea of reduced stress tolerance at old age (Higgins et al.  2004 ; 
Stamatakos et al.  2009 ). 

 Ionizing irradiation used during cancer treatment is another source of stress 
affecting high-turnover organs like the intestinal epithelium. Experiments compar-
ing young and older mice showed a delay in organ regeneration in the older group 
after gamma irradiation (Hamilton and Franks  1980 ; Martin et al.  1998b ), and clini-
cal practice ascertains a trend towards complications in patients beyond 60 years of 
age after receiving pelvic irradiation, which likely affects the intestine as well 
(Corazza et al.  1998 ; Corn et al.  1994 ). 
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 Most problematic with advancing age is the increasing rate of tumour develop-
ment affecting the intestine infl icting the second most cancer deaths after lung can-
cer (Fig.  9.1 ). It has recently been shown in several mouse models that intestinal 
stem cells are the cell type of origin for adenoma development (Barker et al.  2009 ; 
Powell et al.  2012 ; Sangiorgi and Capecchi  2008 ).  

 The examples above indicate that a young, healthy organism is able to respond to 
a variety of external stresses with different magnitudes. The young are able to 
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  Fig. 9.1    Cancer incidence in the small intestine, colon and rectum increases with age. ( a ) 
Intestinal cancer is the second biggest cancer threat for human beings after lung cancer. ( b ) The 
colon and rectum are much more prone to cancer development, whereas the small intestine seems 
to be more protected (The data is retrieved from the Center for Disease Control WONDER data-
base (  http://wonder.cdc.gov    ) and covers the United States cancer statistics from 1999 until 2004)       
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balance dietary starvation, ischemia/reperfusion damage or irradiation within limits 
and bring about equilibrium, whereas the old encounter complications much earlier. 
All processes mentioned are infl uenced to various degrees by the intestinal epithe-
lium and its renewal capacity suggesting that the dynamic range of appropriate 
stress responses becomes narrower upon old age. The reasons for these age- 
associated changes can be speculated upon and may partially be explained by stem 
cell dysfunction due to damage accumulation.  

9.3     Intestinal Stem Cells 

 Epithelial stem cells in the small intestine reside at the bottom of narrow invagina-
tions coined as the crypts of Lieberkühn. Dividing stem cells give rise to highly 
proliferative progenitor cells, so-called transit amplifying cells, which fi nally start to 
differentiate, producing absorptive and secretory cells (van der Flier and Clevers 
 2009 ). Differentiated cells are mainly located in epithelial extensions called villi 
where absorptive enterocytes support further breakdown of the food with subsequent 
nutrient uptake. Secretory goblet cells produce mucous, Paneth cells are involved in 
host defence, and enteroendocrine cells secrete hormones regulating digestion, 
blood fl ow and intestinal motility. Proliferation at the crypt base and apoptosis at the 
villus tip in combination with a cellular upward fl ow create a conveyor belt along the 
crypt-villus axis, which allows epithelial renewal in a matter of around 5 days 
(Fig.  9.2 ). The hierarchical organization of the colon is very similar to the small 
intestine with the exception that neither villi nor Paneth cells are generated.  

 Recent years gained further insight into stem cell biology of the gastrointestinal 
tract harnessing mouse models, which unambiguously allowed defi ning stem cells 
based on genetic marker expression and lineage-tracing experiments. Lineage trac-
ing employs restricted Cre recombinase expression in the cell type in question and 
fate mapping of all genetically labelled cellular progeny produced by this cell: epi-
thelial intestinal stem cells by defi nition are able to produce all differentiated cell 
types and persistently keep the label due to self-renewal divisions (Snippert and 
Clevers  2011 ). One of the markers for intestinal stem cells identifi ed by these means 
is the seven-transmembrane receptor Lgr5 (leucine-rich repeat-containing 
G-protein-coupled receptor 5), which is specifi cally expressed in highly prolifera-
tive crypt base columnar (CBC) stem cells in the small intestine and the colon. 
Other experiments functionally demonstrated Bmi1- (Sangiorgi and Capecchi 
 2008 ), Tert- (Montgomery et al.  2011 ), and Hopx-expressing cells (Takeda et al. 
 2011 ) to be intestinal stem cells residing at the crypt position ‘+4’, i.e. directly 
above Lgr5-expressing CBC stem cells. The ‘+4’ cells are more quiescent than the 
proliferative CBC cells and elegant experiments demonstrated an interconversion 
between the cycling CBC state and the more quiescent ‘+4’ state (Takeda et al. 
 2011 ; Montgomery et al.  2011 ; Tian et al.  2011 ; Yan et al.  2012 ). It has to be noted 
though, that the quiescent cells originally proposed to exclusively occupy crypt 
position ‘+4’ may be more variable with regard to their location (Yan et al.  2012 ; 
Itzkovitz et al.  2012 ). These data in combination with the notion that Bmi1 is 
restricted to the small intestine prompted the search for markers of quiescent intes-
tinal stem cells in the colon and led to the discovery of a subset of crypt cells 
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expressing the EGF receptor inhibitor Lrig1 (leucine-rich repeats and 
immunoglobulin- like domains 1) (Powell et al.  2012 ; Wong et al.  2012 ). Lrig1 is 
expressed in the colon and small intestine and labels quiescent stem cells that can be 
activated to proliferate upon challenge by stress like irradiation (Powell et al.  2012 ). 
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  Fig. 9.2    Architecture of the small intestine. ( a ) Haematoxylin- and eosin-stained small intestine 
section. The small intestine is composed of luminal villi and basal crypts. The outer villus epithe-
lium is composed of differentiated enterocytes, mucous secreting goblet cells ( asterisk ) and few 
enteroendocrine cells. Each villus is furthermore connected to several crypts containing proliferat-
ing cells and granular Paneth cells at the crypt bottom. ( b ) Small intestine section labelled against 
PCNA ( green ), cleaved caspase 3 ( red ) and DNA ( blue ). Basal crypts of Lieberkühn contain divid-
ing stem and transit-amplifying cells and stain positive for the proliferation marker PCNA. The 
crypt base columnar stem cells ( asterisk ) are readily visible as cone-shaped cells at the base of the 
crypt interspersed with nondividing Paneth cells ( label only blue ). Shedding of exhausted cells at 
the tip of the villus is executed by apoptosis indicated by cleavage of caspase 3 ( red ). ( c ) Location 
of stem cells according to the stem cell zone ( left ) and the position +4 model ( right )       
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In summary, the data suggest the existence of several stem cell states, which can be 
assigned in order to react to changing conditions or upcoming challenges. 

 Within the proliferating cell fraction, intestinal stem cells are more sensitive to 
ionizing irradiation than the transit-amplifying cells (Barker et al.  2007 ; Hua et al. 
 2012 ; Potten  1977 ). But it is questionable whether increased damage sensitivity 
would really be advantageous at the tissue level since total stem cell depletion would 
ultimately lead to a loss of the critical cell compartment that is required for tissue 
repair. In fact, recent experiments revealed an exception by demonstrating a rapid 
loss of Lgr5-expressing crypt base columnar stem cells upon irradiation, which is 
followed by a brief proliferative expansion of the Bmi1 ‘+4’ cells. The activated 
Bmi1 population was suggested to subsequently give rise to new cycling Lgr5- 
positive crypt base columnar stem cells and afterwards re-enter the quiescent state 
(Yan et al.  2012 ). In line with this data was the demonstration that Dll1 (delta-like 
1)-expressing secretory progenitor cells are also able to revert to cycling Lgr5- 
expressing stem cells after irradiation with ionizing radiation (van Es et al.  2012 ). 
These and other analyses reveal a cellular reserve that can be called upon under 
conditions of stress in order to preserve organ maintenance (Tian et al.  2011 ; 
Itzkovitz et al.  2012 ). The evolving concept encompasses irradiation-sensitive 
cycling intestinal stem cells and quiescent irradiation-resistant stem cells, which 
become temporarily activated in order to regenerate an irradiation injury. It will be 
interesting to determine if the stem cell composition is altered during the aging 
process and if such alteration may be involved in the changes of stress response 
evident at old age.  

9.4     Stem Cell Protection and DNA Damage Accumulation 

 Different types of molecular damage affecting proteins, RNA, DNA, mitochondria 
and other structures accumulate during aging. There is evidence that DNA damage 
contributes to stem cell and organismal aging: (1) aging-dependent accumulation of 
DNA damage is detected in various tissues of mammals including the intestine 
(Dimri et al.  1995 ; Herbig et al.  2006 ; Hasty et al.  2003 ; Lombard et al.  2005 ; Jiang 
et al.  2007 ; Dolle et al.  2000 ). The age-dependent accumulation of DNA damage 
also affects stem and progenitor cells in the intestine (Rossi et al.  2007 ; Rube et al. 
 2011 ; Hewitt et al.  2012 ; Wang et al.  2009 ). (2) Enforced regeneration during 
chronic disease is associated with the accumulation of telomere dysfunction and 
DNA damage, leading to regenerative exhaustion, disease progression and organ 
failure, for example, in ulcerative colitis (O’Sullivan et al.  2002 ). DNA damage is 
not the primary cause of these diseases, but it accumulates as a consequence of 
elevated rates of cell turnover, and the accumulation of DNA damage leads to dis-
ease progression. (3) Intestinal stem cells express telomerase and suffer telomere 
length shortening with increasing age (Schepers et al.  2011 ). (4) Studies in geneti-
cally engineered mice with defective telomere maintenance and DNA repair capac-
ity provided functional proof for the causal relation between DNA damage accrual 
and intestinal dysfunction, leading to accelerated aging (Rudolph et al.  1999 ; Murga 
et al.  2009 ; de Boer et al.  2002 ; Niedernhofer et al.  2006 ). 
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 Given the highly proliferative renewal of the intestinal epithelium in the face of 
potentially noxious and pathogenic species (Garrett et al.  2010 ), the maintenance 
of functional stem cells appears to be of utmost importance to ensure functional 
integrity of the intestine during aging. Several mechanisms could be involved in 
protecting intestinal stem cells from damage accumulation: (1) intestinal stem cells 
reside in an anatomically protected site, the crypt, which is even further occluded 
by copious amounts of mucous, greatly reducing exposure to potentially toxic 
luminal content. Paneth cells at the crypt bottom additionally secrete bactericidal 
components (Bevins and Salzman  2011 ). (2) The ABC transporter P-glycoprotein/
MDR1 is transiently upregulated in the crypt and villus during regeneration after 
ischemia- reperfusion damage (Omae et al.  2005 ) though it is not vital for basic 
function (Schinkel et al.  1997 ). The activity of a multidrug-resistant protein like 
MDR1 is able to generate a so-called side population in fl uorescence-activated cell 
sorting. Putative stem cells from the small intestine and colon have been isolated 
as a side population, but their stem cell identity was not unambiguously proven at 
the time (Dekaney et al.  2005 ; Samuel et al.  2009 ). Stem cells in various organ 
systems and cancer stem cells have been shown to express high levels of multi-
drug-resistant proteins (i.e. ATP-binding cassette – ABC transporters), likely 
increasing the resistance of stem cells to toxic substances and preventing damage 
accumulation (Dean et al.  2005 ; Visvader and Lindeman  2008 ). (3) There is evi-
dence that an asymmetric separation of damaged proteins occurs during stem cell 
division, keeping intestinal stem cells free of damaged proteins (Rujano et al. 
 2006 ). Such mechanism of asymmetric segregation of proteins has also been 
described in yeast cell division in a way that the mother will keep damaged pro-
teins away from the daughter cell (Shcheprova et al.  2008 ). It is tempting to specu-
late that this mechanism is also active in the intestine to prevent damage 
accumulation in long-living stem cells. (4) Asymmetric DNA strand segregation 
was furthermore suggested to support genomic integrity of long-lived stem cells by 
maintaining an immortal, unreplicated DNA strand in stem cells to protect these 
against replication-induced DNA mutations (Cairns  1975 ; Potten et al.  1978 ,  2002 ; 
Quyn et al.  2010 ). This concept has recently been challenged by several studies 
arguing for a random strand separation (Escobar et al.  2011 ; Schepers et al.  2011 ; 
Steinhauser et al.  2012 ) thus leaving it open if stem cells are able to modify DNA 
strand separation under certain conditions. (5) In line with the latter data indicating 
a symmetric distribution of DNA templates are fi ndings revealing a symmetric 
stem cell division in the intestinal crypt (Lopez-Garcia et al.  2010 ; Snippert et al. 
 2010 ). Furthermore, the crypt is populated by equipotent stem cells that neutrally 
compete for space at the crypt base. Cell division and cell loss support a clonal drift 
in each crypt eventually giving rise to a clone. Stem cell populations with reduced 
fi tness could thus easily be replaced by more healthy stem cells supporting organ 
maintenance during periods of stress and aging. On the other hand, damaged cells 
with a growth advantage could also take over and substitute the undamaged stem 
cell population leading to organ dysfunction and aging or to the formation of 
malignancies like cancer. In this light, it is clearly necessary to prevent damage 
accumulation via checkpoint responses in order to preserve proper organ mainte-
nance and function. 
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9.4.1     Checkpoint Responses in Intestinal Stem Cells 

 Studies on genetically engineered irradiated rodents have shed light on the 
 mechanisms protecting the intestine from DNA damage accumulation and organ 
failure. The acute survival of mice after increasing doses of gamma irradiation is 
determined by the function of either the haematopoietic system or the gastrointesti-
nal tract. Doses of around 12 Gy cause death in a matter of weeks due to failure of 
the haematopoietic system (Lorenz et al.  1951 ), whereas higher doses of around 
15–18 Gy lead to death after some days due to intestinal failure (Sangiorgi and 
Capecchi  2008 ; Hua et al.  2012 ) suggesting some kind of protection of the intestinal 
stem cells up to a certain irradiation threshold. 

 This protection is partially mediated by a tight regulation of apoptosis and pro-
liferation at stem- and progenitor level. On the one hand, stem and progenitor cells 
are protected from immediate obliteration by irradiation-induced DNA damage by 
expression of anti-apoptotic genes Bcl2 and Bcl-W (Bcl2l2). Mice knockout for 
either of the two factors suffer substantially more irradiation-induced apoptosis 
(Merritt et al.  1995 ; Pritchard et al.  2000 ; Pritchard et al.  1999 ). Interestingly, 
expression of Bcl2 is higher in the colon than in the small intestine, and the levels 
of spontaneous apoptosis rise only in the colon but not in the small intestine of Bcl2 
knockout mice (Merritt et al.  1995 ). These fi ndings are in line with the reduced 
apoptotic response in the colon compared to the small intestine (Wilson et al.  1998 ) 
indicating a higher damage tolerance or improved repair mechanisms. 

 On the other hand, the proliferating stem and progenitor cells display a higher 
sensitivity towards ionizing radiation than differentiated cells (Potten  1977 ; Wilson 
et al.  1998 ; Hua et al.  2012 ) and commence apoptosis induced by the pro-apoptotic 
p53 target gene  PUMA  (p53-upregulated modulator of apoptosis) (Qiu et al.  2008 ). 
The transcription factor p53 has previously been implicated to mediate the apoptotic 
response upon irradiation since p53 knockout mice were partially protected from 
irradiation-induced cell death (Merritt et al.  1994 ,  1997 ). This data suggests that 
organ maintenance is preserved by apoptotic removal of very damaged cells and 
demands that a surviving fraction of stem cells must be sustained as well. 

 Proliferation control via cell cycle arrest or senescence induction is another way 
of preserving organ homeostasis to allow DNA repair or permanently suppress cell 
division of a damaged cell. Key components of the DNA repair machinery are the 
protein kinases ATM and ATR, which are activated by DNA double- and single- 
strand breaks, respectively (Shiloh  2003 ; Cimprich and Cortez  2008 ). The protein 
kinases Chk1 and Chk2 are ATM/ATR targets, which slow down cell cycle progres-
sion by reducing cyclin-dependent kinase (CDK) activity mediated by activation of 
the transcription factor p53 and its targets, e.g. the CDK inhibitor p21 (Kastan and 
Bartek  2004 ). Checkpoint induction may increase the time available for proper DNA 
repair before replication or mitosis. Deletion of ATR or Chk1 leads to rapid stem cell 
depletion, which is probably linked to the essential role of these kinases in S phase 
progression of replicating cells (Cimprich  2007 ; Ruzankina et al.  2007 ; Greenow 
et al.  2009 ). However, it is currently not known whether ATR and Chk1 contribute 
to the regulation of stem cell self-renewal and quiescence. In case the damage cannot 
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be repaired, chronic checkpoint signalling triggers either cell death or permanent 
cell cycle arrest, i.e. senescence (Campisi and d’Adda di Fagagna  2007 ). 

 Critically short telomeres tend to fuse, induce fusion-bridge-breakage cycles and 
cause chronic DNA damage thus inducing permanent cell cycle arrest (O’Sullivan 
and Karlseder  2010 ; Shay et al.  1991 ). Generally, it has been demonstrated that 
intestinal stem cells are relatively resistant to radiation by quickly engaging homolo-
gous recombination and non-homologous end-joining DNA repair machineries thus 
restoring genomic integrity faster than transit-amplifying cells (Hua et al.  2012 ). 

 There is some evidence on CDK inhibitors and components of the DNA damage 
response to regulate intestinal stem and progenitor cells. Deletion of the senescence 
inducer p21 allows more stem and progenitor cells to proliferate under steady-state 
conditions and improves survival after irradiation (George et al.  2009 ). In aging 
mice with dysfunctional telomeres, p21 has been shown to limit self-renewal of 
intestinal stem cells, and co-deletion of p21 extends organ maintenance (Choudhury 
et al.  2007 ). The CDK inhibitors p27 and p57 have also been implicated to regulate 
intestinal stem and progenitor cell behaviour by regulating cell cycle progression 
and affecting differentiation. Upregulation of both factors upon deletion of Notch 
receptors causes loss of proliferating cells and a dramatic increase in differentiation 
into goblet cells (Riccio et al.  2008 ). Age-related changes in CDK inhibitor expres-
sion may thus impact on organ homeostasis through control of stem cell self-renewal 
via proliferation and differentiation surveillance. 

 Studies on senescent rodents and elderly humans have revealed changes in basal 
and stress-induced levels of apoptosis and proliferation. Elderly humans display 
with increased basal levels of apoptosis and proliferation in the small intestine 
(Ciccocioppo et al.  2002 ; Corazza et al.  1998 ). Starvation and re-feeding of senes-
cent rats are associated with increased proliferation and decreased apoptosis com-
pared to young animals (Holt et al.  1988 ; Xiao et al.  2001 ). Elevated Akt signalling 
has been implicated to mediate this effect by inhibiting pro-apoptotic Bad and 
releasing anti-apoptotic Bcl-XL (Bcl2l1) in aging rat colon (Majumdar and Du 
 2006 ). Moreover, irradiation of senescent mice revealed a stronger apoptotic 
response and a growth delay compared to younger mice (Martin et al.  1998a ,  b ). 
These data clearly demonstrate age-related changes in cellular stress response path-
ways and may contribute to the lowered stress response range in older individuals. 
The underlying mechanistic changes and the cell populations affected are far from 
being understood, though.   

9.5     Checkpoints Lead to Depletion of Damaged Stem Cells 

 As previously outlined, checkpoint genes affect intestinal stem cells under 
 conditions of stress and during normal homeostasis. Because DNA damage contrib-
utes to limitations in stem cell functionality and tissue homeostasis during aging, it 
is of special interest to study the infl uence of checkpoint genes in this context. 
Given the aging-associated decline of telomere length and telomere-associated 
DNA damage in intestinal stem cells (Schepers et al.  2011 ; Hewitt et al.  2012 ),  Terc  
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knockout mice with dysfunctional telomeres represent a valuable tool to study the 
role of checkpoint genes in DNA damage-driven aging (Rudolph et al.  1999 ). 
Studies in these aging telomere dysfunctional mice revealed some insight on the 
function of checkpoint genes infl uencing premature aging (Fig.  9.3 ). Interestingly, 
the reduced organ maintenance in mice with short telomeres is the result of 
 impairments in stem cells, e.g. in the colon or small intestine (Rudolph et al.  1999 ).  

9.5.1     Effects of p53 Deletion in Telomere-Dysfunctional Mice 

 p53 deletion in telomere-dysfunctional intestinal epithelium results in improved 
maintenance but chromosomal instability of intestinal stem cells, leading to defects 

Telomere dysfunction
DNA-damage accumulation

chromosomal instability

Essential for
S-phase

progression

Elimination of
chromosomal
instable cells

PUMAp21

p53

Chk1

ATR
Exo1ATM

Telomere function
ROS prevtention

Stem cell functionality

  Fig. 9.3    Deletions of checkpoint genes infl uence DNA damage-induced impairment of somatic 
stem cells. Telomere dysfunction and other types of DNA damage lead to activation of the p53 
pathway. In this context, deletions of checkpoint genes have positive ( green ) or negative ( red ) 
effects on stem cell functionality. Loss of transcriptional targets of p53 (such as p21 or PUMA 
(p53-upregulated modulator of apoptosis)) increases functionality and tissue maintenance. By con-
trast, the deletion of p53 itself leads to chromosomal instability of stem cells and accelerated tissue 
aging. The p53-dependent depletion of genetically instable stem cells is tissue protective. Upstream 
of p53 and deletion of ataxia telangiectasia mutated ( ATM ) accelerate stem cell dysfunction by 
increasing telomere dysfunction. Impairment of exonuclease 1 ( Exo1 )-mediated activation of ATR 
inhibits p53-dependent DNA damage responses and prolongs stem cell function without inducing 
chromosomal instability at the stem cell level. Although not directly tested in telomere-dysfunc-
tional mice, deletion of ATR or its downstream kinase checkpoint kinase 1 ( Chk1 ) is expected to 
have immediate adverse effects owing to its essential role in S phase progression       
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in stem cell differentiation and accelerated atrophy of the intestinal epithelium 
(Begus-Nahrmann et al.  2009 ). These results indicate that p53 has a tissue- protective 
effect by removing chromosomally instable stem cells from aging somatic tissues. 
Decreased responsiveness of ATM–p53-dependent checkpoints occurs in aging 
mouse tissues (Feng et al.  2007 ). It is possible that this age-dependent loss of p53 
checkpoint function contributes to the acceleration of tissue atrophy during aging.  

9.5.2     Effects of Altered Expression of p53 Target Genes 

 Telomere dysfunction and irradiation-induced DNA damage also lead to increased 
expression of p53 target genes in somatic stem cells (Choudhury et al.  2007 ; Sperka 
et al.  2012a ). In the context of telomere dysfunction, upregulation of p21 expression 
is associated with decreased self-renewal and functionality of stem cells, and dele-
tion of p21 signifi cantly rescues both stem cell self-renewal and their ability to 
maintain tissue integrity in the intestinal epithelium (Choudhury et al.  2007 ). 

 Telomere dysfunction also leads to an upregulation of PUMA (p53-upregulated 
modulator of apoptosis), a downstream target of p53 that is required for p53- 
dependent depletion of adult stem cells (Liu et al.  2010 ). Similarly to p53 deletion, 
PUMA deletion rescued the maintenance of intestinal stem cells in aging telomere- 
dysfunctional mice (Sperka et al.  2012a ). However, in contrast to p53 deletion, 
PUMA deletion did not result in chromosomal instability of intestinal stem cells but 
prolonged the maintenance of the intestinal epithelium of telomere-dysfunctional 
mice (Sperka et al.  2012a ). Cell culture studies on freshly isolated intestinal stem 
cells revealed that PUMA-dependent apoptosis and p21-dependent cell cycle arrest 
cooperate in limiting self-renewal of adult stem cells in response to telomere dys-
function. Deletion of either one of the checkpoint branches results in prolonged 
self-renewal of intestinal stem cells without inducing chromosomal instability. 
Simultaneous impairment of both checkpoint branches leads to a further increase in 
the self-renewal capacity of cultured intestinal stem cells with dysfunctional telo-
meres, but this enhancement results in chromosomal instability (Sperka et al. 
 2012a ). Thus, each branch of the p53 checkpoint can compensate for a loss of the 
other branch, hence maintaining the capacity to deplete genetically instable stem 
cells (Sperka et al.  2012a ). It is possible that chromosomal instability of stem cells 
contributes to the increased cancer risk that is observed in telomere-dysfunctional 
mice in the context of p53 deletion (Artandi et al.  2000 ).  

9.5.3     Effects of Altering Upstream Checkpoint Components 

 Altering the expression of p53 inducers also affects telomere-driven aging. Loss of 
ATM aggravates DNA damage accumulation and accelerates tissue aging in 
telomere- dysfunctional mice (Wong et al.  2003 ). The molecular mechanisms remain 
to be determined but could involve the role of ATM in oxidative stress responses (Ito 
et al.  2004 ; Maryanovich et al.  2012 ), telomere maintenance (Smilenov et al.  1997 ) 
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or replication fork stalling (Stiff et al.  2006 ). The fi rst two processes have already 
been shown to infl uence stem cell maintenance, but an effect of replication fork 
stalling in stem cell aging remains to be investigated. 

 In contrast to data on ATM, deletion of exonuclease 1 ( Exo1 ) improves stem cell 
maintenance and tissue aging in telomere-dysfunctional mice (Schaetzlein et al. 
 2007 ). Exo1 has 5'–3' exonuclease activity and is involved in DNA mismatch repair 
(Wei et al.  2003 ). Exo1 was fi rst shown in yeast to induce DNA damage signals at 
dysfunctional telomeres by DNA end resection, which leads to the generation of 
single-stranded DNA and checkpoint induction via ATR and Chk1 (Maringele and 
Lydall  2002 ). Deletion of Exo1 impairs the processing of DNA breaks in mamma-
lian cells with dysfunctional telomeres, which results in decreased generation of 
single-stranded DNA at breaks and impaired recruitment of the DNA repair factor 
replication protein A (RPA) (Schaetzlein et al.  2007 ). In telomere-dysfunctional 
mice in vivo, Exo1 deletion reduces the processing of DNA damage foci and blunts 
the induction of ATR and p53 in intestinal stem and progenitor cells. This results in 
decreased induction of cell cycle arrest and apoptosis, prolonged stem cell and tis-
sue maintenance and lifespan extension (Schaetzlein et al.  2007 ). Loss of Exo1- 
dependent DNA damage signalling in telomere-dysfunctional stem and progenitor 
cells does not lead to an increase in chromosomal instability but impairs the forma-
tion of chromosomal fusions (Schaetzlein et al.  2007 ). 

 The studies on Exo1 deletion in telomere-dysfunctional mice reveal that Exo1- 
mediated processing of dysfunctional telomeres contributes to fusion formation, 
underlining the fatal consequences of fusions for organ maintenance (Rudolph et al. 
 2001 ; Schaetzlein et al.  2007 ). These studies furthermore suggest that naturally 
shortened telomeres may be processed in different ways dependent on the repair 
machinery available producing different outcomes for the organism. Intestinal stem 
cells are able to engage DNA repair machineries involving non-homologous end 
joining (NHEJ) (Hua et al.  2012 ). NHEJ had been implicated in telomere process-
ing (Verdun and Karlseder  2007 ), and deletion of key NHEJ components DNA- 
PKcs (DNA protein kinase catalytic subunit) or Ku86 caused further lifespan 
reduction in aging telomere-dysfunctional mice (Wong et al.  2007 ; Maser et al. 
 2007 ; Espejel et al.  2004 ). DNA-PKcs or Ku86 deletion led to enforced intestinal 
atrophy due to additional impairments in stem and progenitor cell proliferation in 
mice with short telomeres compared to mice with wild-type levels of DNA-PKcs or 
Ku86 (Espejel et al.  2004 ). Levels of chromosomal fusions were unchanged in the 
intestinal epithelium of Terc and DNA-PKcs double knockout mice (Maser et al. 
 2007 ) indicating that the alternative processing of dysfunctional telomeres in the 
absence of DNA-PKcs was disadvantageous causing enforced intestinal atrophy. 

 Deletion of DNA mismatch repair factors, Msh2 or Pms2, both reduced intesti-
nal atrophy in aging telomere-dysfunctional mice (Martinez et al.  2009 ; Siegl- 
Cachedenier et al.  2007 ). Neither telomere length nor signs of chromosomal 
instability were changed signifi cantly, but checkpoint induction via p53 was 
reduced. The mechanisms involved are not fully clarifi ed but implicated reduced 
p21 induction and rescued proliferation in intestinal crypts (Martinez et al.  2009 ; 
Siegl-Cachedenier et al.  2007 ). Interestingly, lifespan in the double knockout mice 
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is not rescued since both knockouts produce an increased tumour load in mice with 
long telomere reserves, which is not suppressed in late-generation telomerase 
knockout mice (Martinez et al.  2009 ; Siegl-Cachedenier et al.  2007 ). 

 The examples above demonstrate the altered physiological effects of the DNA 
damage pathways engaged in the context of dysfunctional telomeres. Careful modu-
lation of those may allow extending organ maintenance without increasing the dan-
ger of enhanced tumour formation.   

9.6     Cancer 

 Recently, intestinal stem cells have been identifi ed to be the cells of origin for intes-
tinal adenoma formation (Barker et al.  2007 ; Sangiorgi and Capecchi  2008 ). 
p53-dependent checkpoint induction prevents DNA damage and mutation accrual in 
stem cells thus preventing tumour development at the cost of reduced organ mainte-
nance. On the other hand, cancer incidence is increasing with progressive age 
(Fig.  9.1 ). It has already been shown that amplitudes of checkpoint responses 
decline with age potentially supporting accumulation of DNA mutations (Feng 
et al.  2007 ). Additionally, higher expression levels of Bcl2 in the colon compared to 
the small intestine (Merritt et al.  1995 ) may dispose the colonic stem and progenitor 
cells to higher damage tolerance and support the elevated neoplastic 
transformation. 

 The mutation spectrum accumulating with increasing age suggests additionally 
epigenetic mechanisms to play a role: in the small intestine only point mutations 
accumulate with progressive age, whereas the heart in comparison accumulates 
large genomic rearrangements (Dolle et al.  2000 ). The accumulation of DNA point 
mutations suggests insuffi ciencies in mismatch repair pathways, which can be 
caused by silencing of the mismatch repair gene  Mlh1  (Issa  2004 ). Methylation of 
genomic CpG islands has been shown to increase with progressive age (Issa et al. 
 1994 ) supporting inactivation of Mlh1 (Weisenberger et al.  2006 ). It will be interest-
ing to analyse if age-associated increasing methylation of tumour suppressor genes 
like mismatch repair genes supports tumorigenic transformation and tumour devel-
opment (Yatabe et al.  2001 ).  

    Conclusions 

 DNA damage checkpoints infl uence basic mechanisms of stem cell physiology 
and also promote stem cell depletion in response to DNA damage to prevent the 
development of cancer. These responses are clearly benefi cial at a young age. 
However, the age-associated accumulation of DNA damage in a growing per-
centage of tissue stem cells can turn these protective responses into damaging 
responses, leading to stem cell exhaustion, tissue dysfunction and the selection 
of malignant stem cell clones. Alternatively, attenuation of checkpoint responses 
cooperating with epigenetic silencing of DNA repair mechanisms may contrib-
ute to damage accumulation, both supporting the outgrowth of dysfunctional 
clones. From a translational point of view, it will be important to determine the 
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accumulation of DNA damage during natural aging. Furthermore, it is necessary 
to fi gure out the point at which checkpoint activity surpasses its benefi cial effects 
but promotes organ dysfunction. Defi ned context-dependent knowledge on 
checkpoints may allow blocking pathways contributing to aging inducing organ 
dysfunction but still sustaining tumour suppression permitting healthy aging.     
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  10      Aging of Muscle Stem Cells 

             Bryon     R.     McKay       and     Gianni     Parise     

    Abstract  
  Skeletal Muscle has a remarkable adaptive and regenerative capacity, which is 
primarily due to the actions of the muscle-resident stem cell population. Aging is 
associated with a progressive loss in tissue function, which is associated with a 
decline in muscle stem cell function and total muscle stem cell pool size. Whether 
or not the loss in muscle stem cell function is instrumental to the  progression of 
age-related muscle wasting (termed sarcopenia) is somewhat  controversial. 
However, the evidence suggests that muscle stem cell dysfunction is directly 
related to the loss of normal muscle regeneration and response to  normal physi-
ological stimuli, which eventually leads to the loss of functional skeletal muscle. 
Muscle stem cell dysfunction is multifactorial and the result of alterations in local 
and systemic factors that we describe as niche-related or  extrinsic  factors and 
alterations in cell signaling and cell metabolic processes, which we describe as 
 intrinsic  factors. It is the combination of intrinsic and extrinsic factors that dic-
tate the level of muscle stem cell dysfunction. Although at present it appears that 
the eventual decline in muscle stem cell function is inevitable, studies employing 
resistance exercise training regimes have shown an enhancement of the satellite 
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cell pool which may mitigate or delay the decline in muscle aging. Both intrinsic 
and extrinsic factors must be considered in the design of novel therapeutic strate-
gies to ensure successful and effi cacious  treatment of sarcopenia which is an 
important cause of morbidity and mortality and imposes a signifi cant strain on 
the health-care system.  

10.1          Overview and Importance of Muscle Stem Cells 

 Skeletal muscle is a multinucleated contractile tissue responsible for locomotion 
and plays an integral role in the maintenance of homeostasis. It is the largest organ 
in the body, accounting for 30–38 % of total body mass (Janssen et al.  2000 ). By 
virtue of its size relative to other organs, the skeletal muscle is the most metaboli-
cally active tissue (based on absolute energy consumption) and the principle site of 
protein storage in the body. Skeletal muscle is also the largest depot of glucose stor-
age in the body and thus plays a key role in glucose homeostasis. It is a dynamic 
tissue capable of complete regeneration in response to overt damage (i.e., toxin-
induced myotrauma) and possesses a remarkable ability for adaptation in response 
to physiological stimuli (i.e., exercise). For example, in response to an increase in 
energy demand (such as aerobic exercise), skeletal muscle is capable of upregulat-
ing oxidative machinery and inducing mitochondrial biogenesis, increasing the 
metabolic capacity of myofi bers (Irrcher et al.  2003 ). Alternately, in response to 
heavy loads, it is capable of increasing cross-sectional area (hypertrophy) and 
strength (Mayhew et al.  2009 ). The extensive plasticity of the skeletal muscle is due, 
at least in part, to the presence of a tissue-specifi c class of stem cells that are respon-
sible for muscle maintenance and tissue repair (Mauro  1961 ). Muscle-resident stem 
cells are indispensable for muscle regeneration, and the eventual dysfunction of 
these cells due to the aging process has been implicated in age-related skeletal mus-
cle dysfunction. There are several potential mechanisms by which the aging process 
may adversely affect this important cell population. Although it has not been fully 
elucidated, the role of muscle stem cell dysfunction and importantly the loss of 
these progenitors in advanced age potentiate the decline in the functional capacity 
of skeletal muscle with age. This chapter will explore several aspects of aging, 
which appear to hinder muscle stem cell function and how muscle stem cell dys-
function leads to inappropriate tissue remodeling and ultimately a decline in muscle 
function in the later stages of life. 

 Although muscle stem cells have been touted as the most important progenitor 
for muscle growth and regeneration, there are other cell types which may contribute 
to myogenesis. Interstitial progenitor cells (Mitchell et al.  2010 ), circulating hema-
topoietic stem cells (LaBarge and Blau  2002 ), and muscle-specifi c stem cells known 
as side population cells (Gussoni et al.  1999 ) residing in skeletal muscle may also 
possess the capability to contribute to postnatal myogenesis; however, these events 
are rare, and the vast majority of the remarkable plasticity of skeletal muscle is due 
to the muscle-specifi c stem cell known as the satellite cell. The greater part of this 
chapter will focus on the satellite cell and how aging may adversely affect satellite 
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cell function and subsequent skeletal muscle mass and function. To fully appreciate 
the age-related changes in satellite cell biology, it is imperative to have a basic 
understanding of developmental myogenesis, to which the fi rst part of this chapter 
is dedicated.  

10.2     Origins of Skeletal Muscle 

 During embryogenesis all skeletal muscles, with the exception of the muscles of the 
head and eyes, are derived from precursor cells from a region of paraxial mesoderm 
called the somites. The somite contains two sub-domains – epaxial, which mainly 
gives rise to the musculature of the back, and hypaxial which gives rise to the mus-
culature of the limbs, abdomen, and thorax (Buckingham and Relaix  2007 ). The 
molecular events, which orchestrate the myogenic specifi cation of the mesodermal 
precursor cells, are a combination of positive and negative signals emanating from 
the structures surrounding the dermomyotome, such as the neural tube and noto-
chord (Charge and Rudnicki  2004 ). The main signaling molecules thought to regu-
late myogenesis in the embryo are Wnt proteins, Sonic hedgehog, and noggin which 
serve as positive growth signals and bone morphogenic proteins which serve as 
negative signals. These molecules regulate the expression of the myogenic regula-
tory factors (MRFs) and thus myogenic commitment. Following waves of migration 
and proliferation, precursor cells form premuscle masses in the limb buds, eventu-
ally giving rise to multinucleated primary muscle fi bers (Hawke and Garry  2001 ). 
Following embryonic specifi cation, during fetal development, the multinucleated 
fi bers develop contractile properties (upregulation of myosin heavy chains and actin 
fi laments) and mature into functional muscle fi bers. Importantly, during the latter 
stages of muscle development, a distinct subpopulation of precursor cells thought to 
have originated from the somites (Rudnicki et al.  1993 ; Armand et al.  1983 ) resist 
differentiation and withdraw from the cell cycle, remaining on the periphery of the 
myofi ber as a quiescent cell, maintaining unipotency as a progenitor cell (Kassar- 
Duchossoy et al.  2005 ; Relaix et al.  2005 ). Late fetal and early postnatal muscle 
development is dependent on these progenitor cells for myonuclear addition to sup-
port increases in cytoplasmic volume as the muscle fi bers mature and hypertrophy 
(Hall and Ralston  1989 ; Petrella et al.  2008 ).  

10.3     Muscle Stem Cells: “The Satellite Cell” 

 The tissue-resident stem cell known as the satellite cell is the primary driver of skel-
etal muscle regeneration and developmental growth. The “satellite cell” was named 
based on its anatomical location between the basal lamina and the plasma mem-
brane (sarcolemma) of the muscle fi ber (Mauro  1961 ). Although the initial study by 
Alexander Mauro did not classify the function of these sub-laminar cells, he specu-
lated that satellite cells may contribute to muscle regeneration (Mauro  1961 ). Over 
the next 10 years, extensive work confi rmed that satellite cells were capable of 

10 Aging of Muscle Stem Cells



198

entering the cell cycle and contributing their nuclei to existing myofi bers, suggest-
ing that these cells function as resident stem cells in adult muscle (Reznik  1969 ; 
Moss and Leblond  1970 ). This notion gained further support from studies using 
isolated single fi bers to illustrate that the satellite cell indeed was the source of myo-
blasts, which were able to proliferate and fuse together to form multinucleated myo-
tubes (Bischoff  1975 ,  1986 ). Additionally, it was discovered that satellite cells 
possessed the stem cell quality of self-renewal formally classifying satellite cells as 
a “stem cell” population (Collins et al.  2005 ). Recent work (Collins et al.  2005 ) has 
demonstrated the remarkable regenerative capacity for satellite cells when as few as 
seven satellite cells (on an intact single fi ber) were transplanted into radiation- 
ablated muscle and were able to give rise to a suffi cient number of fusion-competent 
progeny to generate thousands of myonuclei and fully repopulate the satellite cell 
compartment. It is important to note, however, that there is evidence that atypical 
progenitors such as CD45 + Sca1 +  cells (Polesskaya et al.  2003 ), PW1 +  interstitial 
cells (PICs) (Mitchell et al.  2010 ), bone marrow-derived stem cells (BMDC), and 
hematopoietic stem cells (LaBarge and Blau  2002 ; Dreyfus et al.  2004 ) can contrib-
ute to muscle repair when satellite cells have been ablated by radiation. However, 
there is little evidence illustrating that any of these cell populations can contribute 
to postnatal muscle repair under normal physiological conditions to any signifi cant 
level. It is likely that in the absence of normally functioning satellite cells or in the 
case of extreme muscle damage (i.e., cardiotoxin injection), these cells may contrib-
ute, in a limited capacity, to muscle regeneration.  

10.4     Postnatal Myogenesis 

 In postnatal muscle tissue the majority of satellite cells exist in a state of quiescence 
between the endomysium or basal lamina and the sarcolemma of the myofi ber 
(Mauro  1961 ). Figure  10.1  illustrates the anatomical location of the satellite cell 
(Pax7-positive cell) located between the myofi ber itself and the surrounding basal 
lamina in a human muscle cross section. In neonatal muscle, satellite cells consti-
tute approximately 30–50 % of all myonuclei; however, this number stabilizes in 
adult muscle to approximately 2–4 % of myonuclei (Hawke and Garry  2001 ; Kadi 
et al.  2005 ). The process orchestrating the progression of a quiescent satellite cell to 
a terminally differentiated muscle cell is known as myogenic determination or the 
myogenic program (Parise et al.  2006 ). A well-defi ned series of highly conserved 
transcriptional networks are responsible for the control of activation, proliferation, 
and differentiation and are known as the myogenic regulatory factors (MRFs). The 
MRFs are basic helix-loop-helix (bHLH) transcription factors, which form het-
erodimeric DNA-binding complexes within enhancer elements of genes that encode 
specifi c aspects of the cell cycle machinery or genes that drive terminal (myogenic) 
differentiation (Cao et al.  2006 ; Cornelison et al.  2000 ; Parker et al.  2006 ; Megeney 
et al.  1996 ; Punch et al.  2009 ). There are four main MRFs that control normal myo-
genesis: Myf5 (myogenic factor 5), MyoD (myoblast determination factor), MRF4 
(muscle-specifi c regulatory factor 4, also known as MYF6), and myogenin. Myf5 is 
required for the initiation of postnatal myogenesis and is the fi rst MRF gene that is 
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upregulated upon satellite cell activation (Cornelison and Wold  1997 ; Beauchamp 
et al.  2000 ). Both Myf5 and MyoD are upregulated in proliferating satellite cells 
(Cornelison and Wold  1997 ; Cooper et al.  1999 ), and it appears that cells that down-
regulate MyoD but retain Myf5 represent cells withdrawing from the myogenic 
program, contributing to self-renewal of the satellite cell pool (Sabourin et al.  1999 ; 
Yablonka-Reuveni et al.  1999 ; Zammit et al.  2004 ). Furthermore, it appears that 
MyoD is necessary for the transition from proliferation to differentiation as myo-
blasts from  MyoD   −/−   mice exhibit impaired differentiation and fail to upregulate 
MRF4, but these events were reversed by reintroduction of functional MyoD 
(Cornelison et al.  2000 ).  

 After suffi cient rounds of proliferation, myoblasts begin to downregulate Myf5 
and upregulate MRF4 and myogenin. Both MRF4 and myogenin are involved in the 
specifi c events that orchestrate myogenic differentiation at both the transcriptional 
and epigenetic level (Punch et al.  2009 ; Rhodes and Konieczny  1989 ). Both MyoD 
and MRF4 act upstream of myogenin (Cao et al.  2006 ; Rhodes and Konieczny 
 1989 ; McKinnell et al.  2008 ), inducing the expression of myogenin and initiating 
terminal differentiation. The temporal expression of these MRFs was confi rmed in 

  Fig. 10.1    Human muscle cross sections stained for the muscle stem cell-specifi c marker Pax7 
( red ), nuclei ( blue -DAPI), basal lamina ( orange -laminin), and the muscle cytoskeletal protein 
desmin ( green ). The  arrows  denote the anatomical location of the muscle stem cell between the 
myofi ber membrane (sarcolemma) and the basal lamina. The  fi rst panel  shows the muscle stem 
cell below the basal lamina, and the  second panel  shows that the muscle stem cells are between 
the myofi ber and the basal lamina. The  third panel  verifi es that the muscle stem cell is indeed 
between these two structures (hole where the Pax7 +  cell is sitting). The  last panel  confi rms that the 
nuclear marker used to identify the muscle stem cell (Pax7) is indeed co-localizing with the 
nucleus of a cell       
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culture demonstrating that MRF4 upregulation precedes myogenin and the upregu-
lation of myogenin is immediately followed by terminal differentiation of myo-
blasts into nascent myotubes (Smith et al.  1994a ). Thus upon activation, a quiescent 
satellite cell begins to express Myf5, followed by both Myf5 and MyoD. Following 
proliferation, the majority of proliferating satellite cells (myoblasts) downregulate 
Myf5 and upregulate MRF4 followed by the upregulation of myogenin leading to 
terminal differentiation and fusion of these cells either with the muscle fi ber or by 
fusion with each other to form nascent myotubes. A subset of myoblasts may lose 
(or never upregulate) MyoD and withdraw from the cell cycle, repopulating the 
satellite cell pool through self-renewal. 

 Regulation of the postnatal myogenic program is thought to be controlled by a 
specifi c homeodomain protein Pax7. Pax7 is a member of the paired box (Pax) 
transcription factor family and has been shown to be important for normal mainte-
nance of the satellite cell population (Seale et al.  2000 ). Currently, the precise role 
of Pax7 in myogenic specifi cation remains somewhat unclear. Although some 
studies suggest that Pax7 is not essential for postnatal muscle growth and hypertro-
phy in the short term (McCarthy et al.  2011 ), recent data demonstrate the indis-
pensable role of Pax7 in normal developmental myogenesis, postnatal myogenesis, 
and importantly the regenerative response to muscle injury (von Maltzahn et al. 
 2013 ; Lepper et al.  2011 ; Gunther et al.  2013 ). Pax7 associates with a specifi c 
histone methyltransferase complex that directs the methylation of histone H3K4 to 
induce chromatin modifi cations, which stimulates the transcription of Myf5, thus 
regulating entry into the myogenic program (McKinnell et al.  2008 ). Mice with an 
inducible knockdown of Pax7 display a progressive loss of satellite cells that is 
associated with severe muscle atrophy (von Maltzahn et al.  2013 ). The loss of cel-
lular function in induced Pax7 null satellite cells is a result of cell cycle arrest and 
MRF dysregulation, demonstrating that Pax7 is an essential regulator of normal 
satellite cell function. Interestingly, mice with a complete genetic lack of the Pax7 
gene ( Pax7   −/−  ) from conception have normal embryonic myogenesis mainly due 
to the increased activity of the Pax7 orthologue: Pax3 (Buckingham and Relaix 
 2007 ). However,  Pax7   −/−   mice demonstrate decreased body weight and inhibited 
growth and die prematurely (Seale et al.  2000 ). Although initially these mice were 
thought to lack satellite cells completely (Seale et al.  2000 ), it was later confi rmed 
that they do in fact possess satellite cells, albeit at low numbers (Oustanina et al. 
 2004 ), and these cells are rapidly lost as the animals age (Relaix et al.  2005 ). Thus, 
it appears that Pax7 is instrumental in the regulation of satellite cells but may not 
be necessary for postnatal myogenic specifi cation (Relaix et al.  2006 ). In addition 
Pax7 appears to be necessary for satellite cell self-renewal (Olguin and Olwin 
 2004 ). In a series of studies examining the potential role of Pax7 in satellite cell 
self-renewal, the forced expression of Pax7 induced cells to exit the cell cycle and 
return to quiescence. Furthermore, Pax7 was found to be absent in myogenin-pos-
itive cells illustrating a potential reciprocal inhibition between Pax7 and myogenin, 
suggesting that Pax7 must be downregulated in order for differentiation to proceed 
(Olguin and Olwin  2004 ; Olguin et al.  2007 ). Further work by Zammit et al. 
(Zammit et al.  2004 ) demonstrated that Pax7 is co-expressed with MyoD in 
 proliferating myoblasts and that the downregulation of Pax7 in these cells 
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coincided with the progression of cells into terminal differentiation, while a subset 
of cells downregulate MyoD but retain Pax7 and withdraw from the cell cycle, thus 
replenishing the satellite cell pool. Collectively, these studies suggest that Pax7 is 
involved in the coordination of normal postnatal myogenesis. Pax7 appears to be 
instrumental in the initiation of the myogenic program through the transcriptional 
activation of Myf5 and maintenance of the satellite cell pool by increasing cell 
survival and preventing differentiation, thus favoring self-renewal, at least in 
embryonic and early postnatal myogenesis (McKinnell et al.  2008 ; Gunther et al. 
 2013 ; Relaix et al.  2006 ; Olguin and Olwin  2004 ). 

 In adult life muscle fi bers are generally stable, requiring only minor myonuclear 
turnover due to subtle acquired structural or nuclear damage (Decary et al.  1997 ). 
Estimates for myonuclear turnover suggest that approximately 1–2 % of myonuclei 
are replaced on a weekly basis in rat muscle (Schmalbruch and Lewis  2000 ). If we 
extend the observation that a rat extensor digitorum longus (EDL) has approxi-
mately 2.2 million myonuclei (Viguie et al.  1997 ), then the average satellite cell- 
mediated myonuclear turnover in the EDL is ~22,000 myonuclei per week. 
Therefore even in the absence of myotrauma, the role of the satellite cell appears to 
be indispensible. Furthermore, muscle lacking functional satellite cells due to expo-
sure to radiation is unable to undergo signifi cant hypertrophy in response to chronic 
overload (Adams et al.  2002 ). This study demonstrates that satellite cell-mediated 
myonuclear addition is necessary to support signifi cant skeletal muscle hypertro-
phy. However, this theory was recently refuted by data, which illustrates that satel-
lite cells are not required for short-term muscle hypertrophy (McCarthy et al.  2011 ). 
Muscle hypertrophy was achieved in satellite cell-depleted muscle suggesting, in 
the short term, that intrinsic protein synthetic mechanisms are suffi cient to support 
signifi cant muscle hypertrophy. Skeletal muscle is an incredibly plastic tissue with 
signifi cant adaptive potential, and hypertrophy is achieved without myonuclear 
accretion from satellite cell fusion in the short term (2 weeks). However, in the long 
term there is an attenuation of hypertrophy in muscle lacking satellite cells (Fry 
et al.  2014 ), an impaired regenerative capacity, as well as an increase in tissue fi bro-
sis or extracellular matrix expansion (Fry et al.  2014 ,  2015 ). In addition, in satellite 
cell ablation studies, the control groups demonstrate muscle hypertrophy associated 
with satellite cell activation and fusion with myofi bers, which suggests that the nor-
mal physiological response to overload is a combination of increased myofi ber pro-
tein synthesis and satellite cell-mediated myonuclear accretion (McCarthy et al. 
 2011 ; Wang and Rudnicki  2012 ). Although muscle hypertrophy can occur without 
satellite cells in the short term, the absence of satellite cells completely prevents 
muscle regeneration following muscle injury. Several recent studies using different 
methods of satellite cell ablation have demonstrated that, in response to toxin- 
mediated injury and the more physiologically mediated forced exercise injury 
model, skeletal muscle fails to regenerate (McCarthy et al.  2011 ; Lepper et al.  2011 ; 
Murphy et al.  2011 ; Sambasivan et al.  2011 ). Collectively, these studies also indi-
cate that when the satellite cell population is ablated below a threshold level, muscle 
regeneration is severely impaired. This lends support to the theory that when the 
satellite cell pool is depleted below a certain level, the in vivo regenerative capacity 
of the muscle is impaired. This phenomenon is observed in diseases such as 
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Duchenne muscular dystrophy, where the satellite cell pool becomes exhausted. 
Whether or not depletion of the satellite cell pool is implicated in muscle aging 
remains controversial. Central to our understanding of muscle stem cell function is 
the regulation of this cell population by extrinsic factors and is the focus of intense 
study in the context of normal growth and dysfunction in aging.  

10.5     Regulation of Muscle Stem Cells 

 Mature skeletal muscle is known to produce a host of growth factors such as insulin-
like growth factor-1 (IGF-1) and hepatocyte growth factor (HGF) following a physi-
ological stimulus such as overload or myotrauma following injury. IGF-1 has been 
shown to activate protein synthetic machinery by its interaction with the mamma-
lian target of rapamycin (mTOR) (Frost and Lang  2011 ) and is a potent mitogen 
believed to be involved in cell recruitment to aid in tissue repair (Mourkioti and 
Rosenthal  2005 ). The expression of the MRFs appears to be regulated, in part, by 
the activity of locally produced isoforms of IGF-1 (Mourkioti and Rosenthal  2005 ; 
Chakravarthy et al.  2000 ). IGF-1 is a growth factor found in the circulation, pro-
duced in the liver and locally by the muscle fi ber itself (Mourkioti and Rosenthal 
 2005 ). Three specifi c isoforms of IGF-1, IGF-1Ea, IGF-1Eb, and IGF-1Ec, have 
been described in muscle, and each may contribute to some extent to muscle regen-
eration/repair (Chakravarthy et al.  2000 ; Rotwein et al.  1986 ; Yang et al.  1996 ). 
IGF-1Ea transcribes the full-length IGF-1 protein, which is identical to that pro-
duced by the liver (Yang et al.  1996 ). IGF-1Eb may be involved in hypertrophy or 
muscle regeneration; however, the physiological role of IGF-1Eb in human skeletal 
muscle is currently unknown. IGF-1Ec or mechano growth factor (MGF) is a splice 
variant of IGF-1Ea that may have both autocrine and paracrine functions, stimulat-
ing satellite cell proliferation and muscle hypertrophy following muscle stretch or 
muscle damage (Yang et al.  1996 ; Hill and Goldspink  2003 ). 

 IGF-1 has been shown to activate cultured porcine satellite cells through an 
mTOR-dependent mechanism (Han et al.  2008 ) and enhance the proliferative poten-
tial of murine satellite cells by activating the phosphatidylinositol 3′-kinase/Akt 
signaling pathway (Galvin et al.  2003 ). In response to exercise or injury, IGF-1 
splice variants increase within 24 h after injury in rats (Hill and Goldspink  2003 ; 
Hill et al.  2003 ); however, results from human studies are confl icting. 

 In humans, IGF-1Ec expression following isometric knee exercise can increase 
in as little as 2.5 h (Greig et al.  2006 ), suggesting that IGF-1Ec may be important 
for satellite cell proliferation. Information regarding the response of IGF-1Ea to 
exercise is equivocal, with some animal and human work demonstrating signifi cant 
increases in IGF-1Ea expression as early as 24 h post-exercise or muscle damage 
(Hill and Goldspink  2003 ; Hill et al.  2003 ; Greig et al.  2006 ; Hameed et al.  2003 ), 
while others show a marked decrease in IGF-1Ea and total IGF-1 from 4 to 12 h 
post-exercise that remained unchanged after 96 h (Psilander et al.  2003 ; Bickel et al. 
 2005 ). In humans, the IGF-1 splice variants at the mRNA level (McKay et al.  2008 ) 
and the whole muscle protein level (Philippou et al.  2009 ), co-localized with Pax7 
(using immunofl uorescent techniques) (McKay et al.  2008 ), appear temporally 
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related to MRF expression. IGF-1Ec is temporally co-expressed with Myf5, while 
IGF-1Ea and Eb are temporally co-expressed with MRF4, suggesting that alternate 
splicing of IGF-1 is associated with different phases of satellite cell progression 
(McKay et al.  2008 ; Philippou et al.  2009 ). Therefore, based on human and animal 
studies, it appears that IGF-1 may be a critical regulator of the myogenic response. 

 Other growth factors have been shown to infl uence the proliferative phase or dif-
ferentiation of satellite cells in animals or in cell culture. Figure  10.2 . shows a sche-
matic representation of some of the major molecular regulators of the myogenic 
program and illustrates the timing of the MRFs with respect to the progression of 
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  Fig. 10.2    The myogenic program from a quiescent muscle stem cell ( SC ) on the periphery of the 
myofi ber ( dark red cell ) which then is activated ( yellow cell ) and undergoes rounds of proliferation 
( orange cell ) before progressing towards terminal differentiation by either fusing together to form 
nascent myotubes or fusing with existing myofi bers. The  green arrows  denote positive regulators 
of each step of the myogenic program, whereas  red arrows  denote negative regulators of each step. 
Below is a representation of the appearance and disappearance of Pax7 and the myogenic regula-
tory factors with respect to the myogenic progression of the muscle stem cells       
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satellite cells from quiescence to differentiation. These extracellular signaling 
 molecules include basic fi broblast growth factor (bFGF), which has been demon-
strated to induce activation/proliferation and inhibit differentiation (DiMario et al. 
 1989 ); nitric oxide (NO), which has been implicated in satellite cell activation, act-
ing upstream of HGF to mediate the release of HGF (Tatsumi et al.  2002 ); Delta-1, 
which increases proliferation (Conboy et al.  2003 ); and myostatin and TGF-β, 
which inhibit activation and differentiation and maintain quiescence (McCroskery 
et al.  2003 ; Allen and Boxhorn  1987 ). Recently, angiotensin II (ANGII) has been 
implicated as an activator of quiescent satellite cells in vivo and in culture (Johnston 
et al.  2010 ). The actions of ANGII appear to regulate satellite cells through the 
angiotensin II receptor sub-type 1 (AT1), and may also play an instrumental role in 
satellite cell migration following muscle injury (Johnston et al.  2010 ). Platelet- 
derived growth factor (PDGF) and endothelial growth factor (EGF) also appear to 
increase satellite cell proliferation in culture (Hawke and Garry  2001 ). The stark 
reality is that there are many factors that infl uence satellite cell regulation, many of 
which are likely yet to be discovered. This reality underlies the complexity of under-
standing satellite cell regulation and emphasizes the challenge of understanding 
age-related satellite cell dysfunction. A growing area of interest is the role that 
infl ammation and infl ammatory markers play in regulating satellite cell function. 
Not surprisingly, the role of infl ammatory markers on satellite cell function is not 
well understood.   

10.6     Inflammation and Muscle Stem Cell Regulation 

 In young adults, myotrauma due to exercise or injury may induce damage to con-
tractile proteins and myofi brils, or larger ultrastructural disruptions, which initiates 
a signifi cant infl ammatory response (Smith et al.  1994b ; Beaton et al.  2002 ). 
Macrophage infi ltration, which is responsible for the removal of cellular debris, is 
generally accompanied by lymphocytes, which coordinate the infl ammatory 
response and importantly release factors that stimulate satellite cell proliferation 
(Allen et al.  1995 ; Cantini et al.  1995 ). Invading T lymphocytes can bind adhesion 
molecules on damaged muscle fi bers and release a host of cytokines including leu-
kemia inhibitory factor (LIF) and interleukin-6 (IL-6). In addition, damaged muscle 
fi bers secrete several cytokines (i.e., IL-6) and growth factors (i.e., IGF-1) that may 
act as chemoattractants for infl ammatory cells and satellite cells, augmenting the 
rapid repair response (Johnston et al.  2010 ; Pedersen and Febbraio  2008 ; Broholm 
et al.  2008 ; Gallucci et al.  1998 ; Tomiya et al.  2004 ). In humans, administration of 
nonsteroidal anti-infl ammatory medication (NSAID) after damaging exercise inhib-
its the exercise-induced increase in satellite cells observed in controls (Mikkelsen 
et al.  2009 ; Mackey et al.  2007 ), illustrating that infl ammation may be a key factor 
regulating the satellite cell response. 

 Cytokines released by infl ammatory cells have been shown to act on satellite 
cells in vitro ,  stimulating proliferation (Cantini et al.  1995 ). Of the factors released, 
members of the interleukin-6 family of cytokines, IL-6 and LIF, appear to be 
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 instrumental in regulating satellite cell proliferation (Cantini et al.  1995 ; Spangenburg 
and Booth  2002 ; Austin et al.  1992 ). Both LIF and IL-6 bind the gp130 receptor, 
activating Janus-activated kinase (JAK) 2, which induces the phosphorylation of 
signal transducers and activators of transcription (STAT)-3 (Spangenburg and Booth 
 2002 ; Rawlings et al.  2004 ). Phosphorylated STAT3 (pSTAT3) forms a homodimer 
(or heterodimer with other STAT proteins), which translocates to the nucleus and 
induces the transcription of target genes such as  Cyclin D1  and  cMyc,  which are 
instrumental in the initiation of the cell cycle (Rawlings et al.  2004 ). Importantly 
pSTAT3 also targets the  IL-6  gene; thus, the release of IL-6 and LIF induces the 
production of IL-6 in target cells, creating an autocrine/paracrine loop infl uencing 
satellite cell proliferation (Rawlings et al.  2004 ). Until recently these fi ndings had 
only been validated in cell culture models. In a landmark study by Serrano and col-
leagues (Serrano et al.  2008 ), IL-6 was shown to be an essential regulator of satellite 
cell function in vivo in a murine animal model. This study provided mechanistic 
evidence supporting the role of IL-6 as a regulator of satellite cell proliferation and 
that in the absence of IL-6 ( IL-6   −/−   mice), satellite cell proliferation and myonu-
clear accretion were severely blunted (Serrano et al.  2008 ). Furthermore, the defi -
ciency in proliferation observed in the IL-6 −/−  satellite cells could be rescued by the 
ectopic addition of IL-6 and IL-6-mediated proliferation via the IL-6/STAT3 axis 
(Serrano et al.  2008 ). This study provides strong evidence to support the role of 
infl ammatory cytokines in regulating muscle stem cell activity. 

 Aging is associated with alterations in basal levels of circulating infl ammatory 
mediators such as IL-6 and TNFα and a decrease in circulating growth factors. The 
changes associated with normal tissue aging confer a negative impact on the muscle 
stem cell compartment, which may impact the ability of the skeletal muscle to adapt 
and regenerate. The remainder of this chapter focuses on several aspects of the 
aging process in relation to the function and control of the muscle stem cells.  

10.7     Muscle Stem Cells and Aging 

 Aging is a complex process and is associated with many physical and metabolic 
alterations that lead to the progressive loss of function over time (Roubenoff  2003 ). 
Sarcopenia, which is an age-related condition that includes a progressive loss of 
muscle mass and strength, leads to the loss of functional capacity and an increase in 
morbidity (Roubenoff  1999 ; Beccafi co et al.  2007 ). The progressive nature of age- 
related muscle wasting leads to an increased incidence of injury and loss of auton-
omy, resulting in a signifi cant loss in quality of life and increased risk of all-cause 
mortality (Roubenoff and Hughes  2000 ; Melton et al.  2000 ). Moreover, the eco-
nomic impact of sarcopenia is staggering. Common age-related injuries are often 
associated with falls due to a loss of strength and stability. Falls represent approxi-
mately 65 % of injuries, 85 % of injury-related hospital admissions, and 58 % of 
injury-related deaths in individuals over the age of 65. These statistics translate into 
health-care costs of approximately $1 billion dollars annually in Canada and as high 
as $26 billion dollars annually in the United States (Janssen et al.  2004 ). Similar 
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trends have been observed in Australia, Great Britain, and Europe. Thus under-
standing the cellular mechanisms that lead to the onset and progression of sarcope-
nia is necessary to propose effective countermeasures. 

 The normal aging process has a profound effect on the structure and function of 
the skeletal muscle. Aged muscle undergoes progressive and seemingly unavoid-
able atrophy, with a decreased cross-sectional area accompanied by a decrease in 
muscle fi ber number and fi ber size (Grounds  1998 ; Koopman and van Loon  2009 ). 
Importantly, muscle function or quality appears to be reduced in aged muscle, dis-
playing a decrease in power and maximum force production even when corrected to 
cross-sectional area (Brooks and Faulkner  1988 ). In addition, aged muscle is far 
more susceptible to macro and micro damage compared to young muscle, and, cen-
tral to this chapter, aged muscle displays a decreased capacity for growth and regen-
eration (Grounds  1998 ; Brooks and Faulkner  1996 ). Satellite cells have been 
implicated as a signifi cant factor contributing to the inability of the muscle to repair/
remodel. An age-related impairment of the myogenic program (either impaired acti-
vation of or progression through the myogenic program) is hypothesized to be a 
signifi cant contributor to satellite cell dysfunction, leading to the onset or progres-
sion of sarcopenia. In adult muscle, satellite cells comprise only a small fraction of 
the total myonuclei (~2 %) yet possess an incredible proliferative capacity, capable 
of repairing extensive muscle injury. The size of the satellite cell pool is thought to 
remain relatively constant throughout adult life; however, it has been suggested that 
in the later stages of life, the size of the satellite cell pool begins to decline, impair-
ing the regenerative capacity of muscle. Although it is unclear at present whether 
there is an age-related reduction in the satellite cell pool size, it is clear that aging is 
accompanied by an impairment in the response of satellite cells to myotrauma in 
humans (Dreyer et al.  2006 ; McKay et al.  2013 ; McKay et al.  2012 ) and animals 
(Conboy et al.  2003 ). Several studies have attributed both intrinsic factors of the 
satellite cells (Jejurikar et al.  2006 ) as well as extrinsic factors such as age-related 
alterations to the satellite cell niche (Conboy et al.  2003 ; Carlson and Conboy  2007 ) 
as major infl uences on the dysfunction of the satellite cell population with aging.  

10.8     Muscle Stem Cell Pool Size and Aging 

 There is a progressive decline in the satellite cell pool after birth from ~30–50 % of 
total myonuclei to a relatively stable ~2–4 % of total myonuclei in adolescences and 
into adulthood. Whether or not aging is associated with a reduction in the total num-
ber of satellite cells has been the focus of many studies in animals and in humans 
and would be the simplest explanation as to why older adults suffer signifi cant skel-
etal muscle loss. Although there is signifi cant controversy in this area, there are 
several key studies in animals that highlight an age-related decline in the satellite 
cell pool. Shefer et al. (Shefer et al.  2006 ) compared the satellite cell pool in four 
groups of mice aged 3–6 months (young), 7–13 months (adult), 19–25 months (old), 
and 29–33 months (senile). Their data demonstrate a 60 % decline in satellite cells 
in the  extensor digitorum longus  (EDL) muscle between young and old mice with a 

B.R. McKay and G. Parise



207

further 17 % reduction between the old and senile groups (Shefer et al.  2006 ). 
Similar results were observed in the  soleus  muscle, and it was concluded that the 
satellite cell pool in the young was signifi cantly larger than that of all the three other 
groups. Furthermore, when grown in culture, a more robust growth rate was observed 
in satellite cells obtained from young muscle as compared to senile muscle. Other 
studies in support of these fi ndings have also reported decreased growth rates as well 
as increased susceptibility for satellite cells to undergo apoptosis in vitro and in vivo 
compared to the young (Jejurikar et al.  2006 ; Shefer et al.  2006 ; Day et al.  2010 ). 
Single muscle fi ber analysis revealed that satellite cells, expressing the marker Pax7, 
were markedly reduced in aged muscle and had a reduced myogenic capacity in 
culture (Collins et al.  2007 ). In fact, approximately 10 % of aged myofi bers did not 
possess any Pax7-positive cells (satellite cells). Importantly, the aged satellite cells 
demonstrated a marked inability to renew the progenitor pool undoubtedly contrib-
uting to the observed reduction in satellite cell number. A rather interesting observa-
tion by Collins et al. ( 2007 ) described a subpopulation of satellite cells that appeared 
unaffected by the aging process. Although the majority of aged satellite cells dis-
played altered myogenic properties, a population of relatively rare muscle stem cells 
was able to produce large colonies of functional satellite cells, which retained the 
ability to self-renew in vitro (Collins et al.  2007 ). This population likely represents 
a very small proportion of the satellite cell pool and may be a more primitive myo-
genic progenitor cell, which, for reasons unknown, has been able to avoid the adverse 
effects of aging. It may be that these cells represent a more primitive myogenic 
progenitor subpopulation, which retains a similar level of potency as satellite cells 
from young muscle. There is signifi cant heterogeneity in the satellite cell population 
(Biressi and Rando  2010 ), and it is possible that, much like in the bone marrow, 
there is a small group of stem cells that rarely divide and whose progeny is mainly 
responsible for amplifying in response to stimuli and self- renewing to maintain the 
progenitor pool. It is of note, however, that the notion that aging is associated with a 
loss in the size of the satellite cell pool does not go unchallenged. Several studies do 
not report a decline in total satellite cell number in the muscle of aged mice (Conboy 
et al.  2003 ; Dreyer et al.  2006 ). This may be a result of different enumeration meth-
ods or molecular markers used to quantify the satellite cell pool or species of animal 
used. In humans, however, it has been unequivocally shown that aged muscle 
(>65 years) has a reduced satellite cell pool. Recently Verdijk et al. (Verdijk et al. 
 2007 ; Verdijk et al.  2009 ), using the cell marker N-CAM (neural cell adhesion mol-
ecule), demonstrated that the satellite cell pool in older adults was signifi cantly 
lower compared to young men, and this was mainly a consequence of the loss of 
satellite cells associated with type II myofi bers. This was subsequently confi rmed 
using both Pax7 immunofl uorescent analysis and fl ow cytometry in older adults 
(~70 years) (McKay et al.  2012 ,  2013 ). Collectively these studies demonstrate an 
approximate 35 % reduction in the satellite cell pool in 70-year-olds compared to 
25-year-olds, the bulk of which is made up of a marked reduction in type II-associated 
satellite cells (McKay et al.  2012 ,  2013 ; Verdijk et al.  2007 ,  2009 ,  2012 ). These 
studies report an approximate 30 % reduction in muscle strength, 25 % reduction of 
type II muscle fi ber cross-sectional area (CSA), and a 20 % lower type II fi ber 
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myonuclear domain compared to young lean body mass-matched controls. 
Importantly these studies provide evidence that the reduced type II fi ber-associated 
SC content in the elderly may be an important factor in the etiology of type II fi ber 
atrophy and progression of sarcopenia (Verdijk et al.  2007 ). Whether the absolute 
number of satellite cells is an important factor for muscle aging remains a somewhat 
contentious issue; however, the literature clearly demonstrates that satellite cells in 
aged muscle become dysfunctional as a consequence of the aging process. The dys-
function can be classifi ed as  intrinsic  to the stem cells themselves or  extrinsic , relat-
ing to factors in the stem cell niche and circulating factors known to regulate satellite 
cells. It appears that the combination of these  extrinsic  and  intrinsic  factors is impor-
tant to the overall function or dysfunction of the muscle stem cell population.  

10.9     Muscle Stem Cells and Aging: Intrinsic Cell Failure 

 Muscle stem cells remain in a quiescent state on the periphery of the myofi ber and 
become activated when suffi cient cellular cues from the microenvironment initiate 
entry into the cell cycle. A major factor infl uencing the success of this process is the 
ability of the cell to recognize these signals and activate the appropriate cell signal-
ing pathways. Several studies have identifi ed key factors that appear to be altered by 
the aging process. Furthermore, nuclei in newly fused myoblasts must function 
properly to allow for adequate tissue healing and to respond appropriately to physi-
ological stimuli for the induction of adaptation. In aged muscle it appears that all of 
these aspects may be impaired to some degree. Several theories have been proposed 
to explain how quiescent cells outside the sarcolemma could acquire age-related 
damage. The most prominent of these theories involves oxidative damage to DNA 
and cellular components from years of exposure to reactive oxygen species (ROS) 
(Beccafi co et al.  2007 ; Cefalu  2011 ; Mecocci et al.  1999 ). Satellite cells and myo-
tubes (fused differentiated myoblasts) from aged humans display an age-dependent 
increase in lipid peroxidation and impaired calcium handling in in vitro experiments 
suggesting that acquired damage throughout life impairs the basic cellular processes 
in these cells which may contribute to the poor adaptive response of aged muscle 
(Beccafi co et al.  2007 ). 

10.9.1     Susceptibility to Death 

 Studies examining the proliferative ability of satellite cells isolated from aged mus-
cle and assayed in culture illustrate a basic decrease in the activation and/or prolif-
erative capacity of old cells lending support to the theory that aged satellite cells 
suffer from intrinsic failure (Conboy et al.  2003 ; McKay et al.  2012 ; Jejurikar et al. 
 2006 ; Collins et al.  2007 ). In culture, aged satellite cells and their progeny readily 
undergo apoptosis (Collins et al.  2007 ). In the presence of proapoptotic agents such 
as tumor necrosis factor-alpha (TNF-α), aged satellite cells demonstrate increased 
levels of activated caspases and seven to eightfold more fragmented DNA as well as 
a 40 % reduction in the antiapoptotic protein Bcl-2 compared to young controls 
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(Jejurikar et al.  2006 ). These data suggest that under stress, aged satellite cells are 
less capable of entering the myogenic program and fail to resist cell death, therefore 
impairing the response to injury. The subset of satellite cells that survive after 
becoming activated is able to proliferate and differentiate similarly to those of 
young muscle (Shefer et al.  2006 ; Collins et al.  2007 ). This suggests that if satellite 
cells can resist apoptosis, the intrinsic ability of some individual cells to progress 
through the myogenic program is retained. However, the amplifi cation kinetics of 
the satellite cell pool and total yield of satellite cell progeny is signifi cantly impaired 
in aged muscle (Shefer et al.  2006 ; Corbu et al.  2010 ). In addition, the ability to 
repopulate the reserve pool following proliferation appears to be signifi cantly 
reduced in aged satellite cells (Day et al.  2010 ). Interestingly, in aged animals, some 
muscle fi bers are completely devoid of satellite cells, which may indicate that some 
fi bers have completely exhausted their satellite cell pool due to impaired self- 
renewal (Shefer et al.  2006 ; Day et al.  2010 ; Collins et al.  2007 ). The intrinsic fail-
ure of satellite cells in aged muscle may be further compounded by acquired cellular 
damage. Satellite cells from aged muscle have been relatively quiescent for the 
majority of life, which makes them susceptible to damage from genotoxic mediators 
such as reactive oxygen and nitrogen species from the myofi ber and from the circu-
lation (Jang et al.  2011 ). The accumulation of cellular damage coupled with a 
reduced capacity for quiescent cells to repair damage due to lower levels of DNA 
repair proteins and decreased response to stress (Bohr  2002 ) may negatively infl u-
ence the ability of satellite cells to proliferate and resist apoptosis. Although the role 
of accumulated cellular damage in muscle stem cells has not been fully explored, it 
is very likely that acquired cellular damage contributes to the reduced myogenic 
capacity of these cells.  

10.9.2     Adoption of Alternate Cell Fates 

 Aged satellite cells that successfully resist death and become activated in response 
to injury may actually activate inappropriate signaling pathways leading to inap-
propriate cell differentiation. In normal myogenesis there is an important balance 
and temporal shift from Notch signaling to Wnt signaling pathways that orchestrate 
proper progression down the myogenic lineage (Brack et al.  2008 ). Increased levels 
of Wnt signaling in aged animals induce satellite cells to progress away from the 
myogenic lineage and adopt a fi brogenic fate (Brack et al.  2007 ). Increased muscle 
fi brosis in aging is a hallmark event of the sarcopenic process and appears to be 
mediated, at least in part, by an increased fi brotic differentiation of satellite cells. 
This not only inhibits muscle repair but also decreases the quality and function of 
the skeletal muscle, which is particularly devastating in advanced age where there is 
already a loss of functional contracting tissue. To emphasize the point, myogenic-
to- fi brogenic conversion of aged muscle satellite cells was substantially reduced 
with the injection of DKK1, a Wnt signaling inhibitor, during muscle regeneration 
(Brack et al.  2007 ). Other signaling pathways in aged muscle satellite cells involv-
ing PPARγ, and other members of the Wnt family of proteins, have also been shown 
to induce an adipogenic conversion of satellite cells (Taylor-Jones et al.  2002 ). 
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Although it is not fully known whether the age-related adoption of alternate fates by 
satellite cells actually results in greater muscle adiposity or fi brosis, this observation 
clearly demonstrates altered intrinsic ability of the satellite cell in advanced age. 
The loss of cells driven down the myogenic lineage reduces the capacity of aged 
muscle to respond to overload and to regenerate damaged tissue; however, intrinsic 
dysfunction of satellite cells represents only one potential source of muscle stem 
cell failure. In fact, some will argue that the intrinsic dysfunction is only a result of 
altered extrinsic cues driving the intrinsic response. There is certainly merit in this 
position as satellite cells are in constant communication with cues from the muscle 
fi ber, surrounding cells, and systemic environment. Theoretically, any alteration in 
the microenvironment may have an impact on intrinsic cell function.   

10.10     Muscle Stem Cells and Aging: Extrinsic Factors 

 The satellite cell niche and the systemic milieu have been identifi ed as factors in 
age-related satellite cell dysfunction. The satellite cell niche or microenvironment 
that supports the satellite cell helps regulate cell activity through physical contact 
and direct interaction with satellite cell membrane proteins (Kuang et al.  2008 ; 
Gopinath and Rando  2008 ). The basal lamina is one of the main niche components, 
which is in constant interaction with extracellular space and circulation. It is mainly 
composed of type IV collagen and several structural proteins, proteoglycans, and 
glycoproteins such as fi bronectin and laminin (Woodley et al.  1983 ). 

10.10.1     Architectural Changes to the Niche 

 With aging there is a progressive thickening of the basal lamina as a result of an 
increased deposition of collagen (Alexakis et al.  2007 ), which interferes with the 
normal extracellular matrix (ECM) functions such as the sequestration of hepato-
cyte growth factor (HGF) (Tatsumi and Allen  2004 ) and normal diffusion of key 
signaling molecules. Thickening and fi brosis of the satellite cell niche may impair 
interactions with the systemic environment and also make it considerably more dif-
fi cult for the satellite cell to degrade the ECM thus hindering satellite cell migration. 
The niche is also susceptible to an increase in adiposity and connective tissue depo-
sition from an age-related increase in the fi broblast pool in the interstitial spaces of 
the skeletal muscle (Brack et al.  2007 ; Kirkland et al.  2002 ). This may alter the 
secretion of soluble factors and the sensitivity of satellite cells to systemic factors. 
An important component of the satellite cell niche is the presence of a blood supply 
in the form of capillaries associated with individual muscle fi bers. Aging is associ-
ated with a reduction in the capillary network surrounding myofi bers and a con-
comitant reduction in vascular endothelial growth factor (VEGF) expression and 
endothelial nitric oxide synthase (eNOS) activity, which have detrimental effects to 
the local vasculature and satellite cell function (Croley et al.  2005 ; Ryan et al.  2006 ). 
Additionally, changes to the neuronal connectivity of the skeletal muscle occur with 
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aging (Larsson and Ansved  1995 ). A reduction in neuromuscular connectivity by a 
loss of functional motor units in aging has been shown to contribute to muscle atro-
phy (Larsson and Ansved  1995 ) which, coupled with increased fi brosis, alters the 
satellite cell niche architecture and may impact satellite cell function. Furthermore, 
a reduction in neuronal input may further impair normal satellite cell function via a 
reduction in electrical and neurotrophic factor stimulation (Gopinath and Rando 
 2008 ). In essence age-related changes to the architecture of the niche including 
thickening of the basal lamina, deposition of adipocytes, and loss of capillaries and 
nerves can adversely impact satellite cell function.  

10.10.2     Circulating Factors 

 Age-related changes in the microenvironment may impair satellite cell activation 
(Conboy et al.  2003 ) and even infl uence muscle progenitors to adopt alternate lin-
eages (i.e., become fi brotic (Brack et al.  2007 ) or adipogenic (Taylor-Jones et al. 
 2002 )) leading to the loss of regenerative capacity of cells in the aged niche (Carlson 
and Conboy  2007 ). As mentioned above enhanced Wnt signaling in aged mice 
induced a shift from the normal myogenic fate to an increased propensity for fi bro-
genesis (Brack et al.  2007 ). It is entirely possible that the source of Wnt proteins in 
aging may originate in tissues outside of muscle circulating to the satellite cell 
niche. It has been shown that when young muscle satellite cells are exposed to aged 
serum, there is an increase in fi brogenic conversion (Brack et al.  2007 ). In fact, 
increasing a single Wnt protein, Wnt3a, in young serum is suffi cient for driving a 
myogenic-to-fi brogenic conversion, and when administered directly into regenerat-
ing muscle, the result was increased tissue fi brosis and a reduced satellite cell pro-
liferation (Brack et al.  2007 ). The most elegant of the experiments demonstrating an 
impaired satellite cell function as a result of an aging extrinsic environment involved 
parabiotic pairings of young and old mice. In experiments utilizing parabiosis, 
young mice and old mice are stitched together via a skin fl ap allowing for an anas-
tomosis to form between the animals giving rise to essentially a single shared circu-
lation. The idea is that this model would allow for in vivo analysis of satellite cells 
exposed to an aging circulation. Heterochronic (young with an old) parabiotic pair-
ings restored the regenerative capacity of satellite cells in aged mice suggesting that 
age-related satellite cell dysfunction is indeed extrinsic in nature (Conboy et al. 
 2005 ). Consistent with this notion, the transmembrane protein, Notch, was impli-
cated in age-induced satellite cell dysfunction, as it remained inactive following 
freeze-crush myotrauma, therefore preventing satellite cell activation (as illustrated 
by 75 % reduction in replicating satellite cells) (Conboy et al.  2003 ). The forced 
activation of Notch or the exposure to a young circulatory environment via heter-
ochronic parabiotic pairing (or exposure to young serum in culture) restored the 
regenerative and proliferative response in aged muscle to the same levels observed 
to that in young animals (Conboy et al.  2003 ; Conboy et al.  2005 ). Collectively 
these experiments implicated Notch in age-related failure of satellite cells to acti-
vate in response to a traumatic cue. In humans, Notch signaling gene expression was 
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impaired in both isolated satellite cell cultures and in whole muscle homogenates in 
muscle biopsies taken from elderly men (Carey et al.  2007 ). Interestingly, resistance 
exercise training attenuated the age-related impairment of Notch-related gene 
expression, suggesting that extrinsic factors can be manipulated through exercise 
(Carey et al.  2007 ). It is important to note that when human primary myoblasts were 
cultured with serum from either young or elderly humans, proliferation and differ-
entiation effi ciencies were not altered (George et al.  2010 ). Importantly, however, 
these experiments were carried out in young cells only, and it remains unknown 
whether a young circulatory environment can have a positive impact on aged satel-
lite cells in humans. 

 As mentioned above altered signaling between the muscle fi ber and the satellite 
cell, such as seen with Notch-Delta signaling, is important in dictating satellite cell 
function. Similarly, muscle-derived growth factors are important in normal satellite 
cell regulation. In the vast majority of the time, satellite cells exist in a state of qui-
escence maintained by the interaction of the satellite cell, muscle fi ber, and other 
niche elements (Bischoff  1990a ,  b ). In studies from aging mice, there appears to be 
an increase in muscle fi ber-derived fi broblast growth factor-2 (Fgf2), which causes 
a subset of satellite cells to leave the quiescent state and lose the ability to self- 
renew (Chakkalakal et al.  2012 ). From this data it appears that inappropriate changes 
in fi ber-released growth factors may be instrumental in the reduction of the satellite 
cell pool through inducing an inability to maintain quiescence. Although it is 
unclear why there is an age-related upregulation of Fgf2 from the fi ber, it has been 
suggested that it may be an inappropriate response by the muscle fi ber attempting to 
induce repair mechanisms (Chakkalakal et al.  2012 ). Interestingly, it appears that 
blocking Fgf2 signaling at the satellite cell may have therapeutic benefi ts, prevent-
ing satellite cell loss (Chakkalakal et al.  2012 ). Satellite cells themselves may in fact 
contribute to the regulation of the extracellular matrix by directly infl uencing fi bro-
blast function (Fry et al.  2014 ). Isolated satellite cells in vitro serve to negatively 
regulate key extracellular matrix mRNA expression in fi broblasts, suggesting a 
mechanism whereby satellite cells regulate their own microenvironment to ensure 
appropriate extracellular architecture (Fry et al.  2014 ). Importantly, a reduction in 
satellite cell number appears to lead to increased tissue fi brosis in aging muscle (Fry 
et al.  2015 ), contributing to age-related tissue fi brosis and dysfunction. 

 Other key muscle-derived cytokines and growth factors such as IL-6 and IGF-1 
have been shown to change as a result of the aging process. IL-6 concentration in 
the circulation is increased in the elderly and thought to be associated with an age- 
related low-grade infl ammation. Interestingly, elevated levels of IL-6 are associ-
ated with a loss of muscle strength (Visser et al.  2002 ; Pereira et al.  2009 ). 
Prolonged elevated levels of IL-6 were shown to induce muscle atrophy (Haddad 
et al.  2005 ) and thus may also negatively impact satellite cell function. IL-6 is a 
pleiotropic cytokine with divergent effects on many tissues depending on spatial 
and temporal changes in concentration (Pedersen and Febbraio  2008 ; Frost and 
Lang  2005 ; Kishimoto  2005 ). Chronically elevated systemic IL-6 is associated 
with a proinfl ammatory environment and muscle wasting conditions such as aging, 
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sarcopenic obesity, and cancer cachexia (Roubenoff  1999 ,  2003 ). Animal studies 
using direct infusion of IL-6 into the circulation report that elevated IL-6 can 
induce a catabolic environment, promote muscle atrophy, and impair normal mus-
cle growth (Haddad et al.  2005 ; Bodell et al.  2009 ). Human studies also illustrate 
strong associations between elevated serum IL-6, lower muscle strength, and 
reduced muscle mass associated with the aging process (Visser et al.  2002 ; Pereira 
et al.  2009 ). Furthermore, it appears that systemic IL-6 can be elevated in healthy 
older (~70 years) individuals (Alvarez-Rodriguez et al.  2012 ), suggesting that IL-6 
is increased as a consequence of the normal aging process. Although the precise 
mechanisms underpinning how chronically elevated IL-6 promotes muscle catabo-
lism remain somewhat unclear, the role of the suppressors of cytokine signaling 
(SOCS) proteins has been implicated in reducing the effi cacy of anabolic signaling 
pathways such as IGF-1 in the skeletal muscle (Al-Shanti and Stewart  2012 ). 
Recent human data demonstrated altered IL-6 signaling in elderly muscle includ-
ing in satellite cells specifi cally (McKay et al.  2013 ). An age-related increase in 
IL-6 alters the satellite cell-specifi c phosphorylated signal transducer and activator 
of transcription- 3 (STAT3) protein response in type II myofi ber-associated satellite 
cells (McKay et al.  2013 ). This, coupled with an increase in muscle SOCS3 and 
SOCS1 proteins, appears to be inhibiting the normal temporal IL-6 response of the 
satellite cells, impairing proliferation (McKay et al.  2013 ). Low-grade chronically 
elevated serum IL-6 may induce an increased level of SOCS3 (and SOCS1), which 
acts to inhibit the IL-6/JAK/STAT3 axis on a local level. Following muscle dam-
age, IL-6 is produced locally and by infi ltrating macrophages to activate STAT3 
promoting cell cycle entry and satellite cell proliferation. However, in advanced 
aging chronically elevated IL-6 serves to induce a feedback mechanism through 
SOCS3 resulting in impaired IL-6/JAK/STAT3 signaling potentially impairing the 
normal satellite cell response (McKay et al.  2013 ). Interestingly in patients with 
type 2 diabetes and obesity, chronically elevated IL-6 also conferred dysfunction 
on the muscle stem cells, impairing IL-6 receptor and STAT3/SOCS signaling 
(Scheele et al.  2012 ). Therefore it appears that altered IL-6 from low-grade chronic 
infl ammation or more overt infl ammation associated with obesity and disease pro-
cesses is a major factor contributing to muscle stem cell dysfunction. However, 
this area of research is still in its infancy, and more research is required to fully 
understand the relationship between infl ammation and stem cell dysfunction. 

 In addition to cytokine dysfunction, it appears that growth factor expression is 
altered with aging. Growth hormone receptor and IGF-1 protein content and circu-
lating factors such as testosterone and IGF-1 also appear to be reduced in the elderly, 
which may reduce the anabolic capacity of aged muscle (Hameed et al.  2008 ; 
Musaro et al.  2001 ; Leger et al.  2008 ; Petrella et al.  2006 ). Since IGF-1 and testos-
terone are potent myogenic growth factors, a reduction of these factors in circula-
tion will compound the dysfunction of muscle stem cells observed in aged muscle. 

 Although there are many local and systemic factors that may regulate muscle 
satellite cell function and contribute to age-related satellite cell dysfunction, no 
circulating factor has garnered the same level of interest as myostatin. Myostatin 
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(GDF-8) is a transforming growth factor-β (TGF-β) family member that plays an 
integral role in the growth and maintenance of muscle mass (McPherron et al. 
 1997 ). The function of myostatin is highly conserved across species (McPherron 
and Lee  1997 ), and the loss or mutation of the myostatin gene results in a “double- 
muscled” phenotype (McPherron et al.  1997 ; McPherron and Lee  1997 ). Muscle 
from myostatin null mice is typically two to three times larger than wild-type 
mice, which appears to be a consequence of both hypertrophy and hyperplasia of 
muscle fi bers (McPherron et al.  1997 ). Postnatal blockade of myostatin signaling 
induces increases in muscle mass and strength, which are attributed to fi ber hyper-
trophy in adult mice (Bogdanovich et al.  2002 ; Whittemore et al.  2003 ). Myostatin 
works similarly to TGF-β signaling by binding to a type II serine/threonine kinase 
receptor activin IIb (Lee and McPherron  2001 ). This activated complex phos-
phorylates receptor-regulated Smad proteins. Smad2 and Smad3 are the primary 
Smads that mediate myostatin signaling (Huang et al.  2011 ). This canonical myo-
statin signaling pathway has been shown to inhibit satellite cell proliferation by 
upregulating the cyclin-dependent kinase (Cdk) inhibitor p21, which hypophos-
phorylates phospho- retinoblastoma (pRb) and prevents progression from G 1  to 
DNA synthesis (S phase of the cell cycle) (Thomas et al.  2000 ). Satellite cells in 
culture, treated with exogenous myostatin, illustrate a signifi cant increase in p21 
protein, a downregulation of Cdk2, and a downregulation in hyperphosphorylated 
Rb with a simultaneous increase in hypophosphorylated pRb, which prevents the 
upregulation of cell cycle machinery and prevents the cells from passing the G 1  
cell cycle checkpoint and entering S phase (McCroskery et al.  2003 ). Myostatin 
may also signal via non-Smad- mediated pathways (noncanonical), activating p38 
mitogen-activated protein kinase (MAPK) via the TAK1-MKK6 cascade (Philip 
et al.  2005 ), or by induction of the extracellular signal-regulated kinase (Erk) 1/2 
signaling (Yang et al.  2006 ), inhibiting myoblast proliferation and 
differentiation. 

 In humans there is little work demonstrating a direct relationship between myo-
statin and muscle wasting; however, there is some evidence to support the role of 
myostatin in muscle atrophy related to disease. Patients with HIV-associated muscle 
wasting demonstrate an elevation of serum and intramuscular concentrations of 
myostatin, suggesting that the upregulation of myostatin contributes to the overall 
loss of skeletal muscle. Most of the evidence supporting a role for myostatin in 
muscle wasting is derived from animal studies. In the Duchenne muscular dystro-
phy ( MDX  mouse model) animal model, the blockade of myostatin signaling in 
postnatal  MDX  mice induced an 11–30 % increase in muscle mass (Bogdanovich 
et al.  2002 ). Furthermore, the lifelong absence of myostatin ( Mstn  −/−  mouse model) 
appears to reduce the aged phenotype compared to age-matched wild-type controls 
(Siriett et al.  2006 ) suggesting that myostatin is a key contributor to sarcopenia in 
rodents. In humans, 3 days of unloading (withdrawal of weight bearing via unilat-
eral lower limb suspension) increased myostatin protein and mRNA compared to 
the control limb, suggesting that myostatin is involved in the initiation of muscle 
atrophy (Gustafsson et al.  2010 ). Interestingly, increased myostatin is accompanied 
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by increased gene expression of atrogin-1 and MuRF-1, which are E3 ubiquitin 
ligases, instrumental in the regulation of muscle atrophy (Gustafsson et al.  2010 ; 
Gomes et al.  2001 ; Bodine et al.  2001 ). In mice, normal aging is accompanied by 
approximately doubling the concentration of MSTN in muscle lysates of old ani-
mals compared to young animals (Kovacheva et al.  2010 ). This is accompanied by 
an increase in p21 protein and muscle cell apoptosis (<1 % in young vs. 8 % apop-
tosis in old) (Kovacheva et al.  2010 ). Furthermore, excess of myostatin in circula-
tion induced a signifi cant reduction in muscle mass in mice (Zimmers et al.  2002 ). 
Not surprisingly in humans, elderly men have approximately twofold higher levels 
of myostatin protein in whole muscle homogenates compared to their young coun-
terparts (McKay et al.  2012 ). Recent work in humans demonstrated that myostatin 
expression was reduced to a larger degree in young compared to elderly subjects 
(Kim et al.  2005 ). Interestingly, across a 2-day post-resistance exercise time course, 
myostatin gene expression remained over 145 % higher in older adults compared to 
young adults despite showing a time-dependent downregulation, which was similar 
to the young. Myostatin in humans and animals inhibits MyoD through increased 
Smad3 signaling (Langley et al.  2002 ; McFarlane et al.  2011 ). In humans, there is 
an age-dependent inhibition of MyoD induction in satellite cells in response to mus-
cle damage, which coincides with increased Smad3 expression, an increased pro-
portion of satellite cells staining positive for myostatin, and a reduced proportion of 
satellite cells in the cell cycle compared to young controls (McKay et al.  2012 ). 
Following muscle injury in humans, a greater proportion of satellite cells co- localize 
with myostatin in elderly men, and this is associated with a reduction of satellite cell 
activation/proliferation and a lack of progression of satellite cells into S phase of the 
cell cycle (McKay et al.  2012 ). Furthermore, the presence of myostatin was more 
prevalent in satellite cells of type II myofi bers in the elderly, which is strongly asso-
ciated with a lack of a type II satellite cell response (McKay et al.  2012 ). Therefore 
altered myostatin signaling appears to be a key contributing factor to the reduced 
myogenic response of older muscle to a physiological stimulus. Coupling increased 
myostatin with dysfunctional cytokine, Notch, and Wnt signaling, and it appears 
that the age-related muscle stem cell function is hampered at multiple levels of regu-
lation and at multiple key sights of regulation (e.g., cell cycle initiation/progression, 
differentiation transcriptional networks, calcium homeostasis, antiapoptotic 
mechanisms).   

10.11     Atypical Progenitors, Alternate Cell Populations, 
and Aging 

 By and large, the progenitor cell responsible for muscle regeneration is the muscle 
satellite cell (Relaix and Zammit  2012 ). However, under experimental conditions in 
animals, other cell populations have demonstrated myogenic potential when the 
satellite cell pool is compromised. Side population cells, bone marrow-derived stem 
cells, mesoangioblasts, pericytes, mesenchymal stem cells, and PW1 +  interstitial 
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cells (PICs) have all been shown to experimentally form myotubes in vitro and/or 
home to the satellite cell niche (Mitchell et al.  2010 ; Otto et al.  2009 ). Importantly, 
in recent studies where satellite cells were ablated by various techniques, damaged 
muscle was unable to regenerate despite the presence of many of these other cell 
types in the muscle, strongly suggesting that non-satellite cell populations do not 
contribute signifi cantly to muscle regeneration (McCarthy et al.  2011 ; Sambasivan 
et al.  2011 ). Unfortunately there is little data available that has examined the role of 
alternate progenitor populations in the context of aging. One would assume based 
on the common themes observed in tissue stem cell aging (Carlson and Conboy 
 2007 ; Brack and Rando  2012 ; Liu and Rando  2011 ) that many of the age-related 
changes that plague the satellite cell and the satellite cell niche would also impact 
the ability of non-muscle progenitors to contribute effectively to myogenesis.  

10.12     Conclusions and Future Directions 

 Evidence from studies in animals and humans demonstrates that skeletal muscle 
stem cells are profoundly affected by age. Figure  10.3  illustrates some of the basic 
differences in muscle stem cell function between young and aged muscle. Where 
the young muscle stem cells are readily activated and proliferate rapidly, aged 
 muscle stem cells show a resistance to activation and a blunted proliferative capac-
ity. Furthermore where the majority of young muscle stem cells progress towards 
terminal differentiation (myogenic commitment) and the remainder reverts back to 
quiescence renewing the stem cell pool, aged muscle stem cells adopt multiple fates 
impairing effi cient regeneration and repair of skeletal muscle. Activated muscle 
stem cells from aged muscle may begin to proliferate but become susceptible to 
apoptosis, while some progress down the myogenic lineage; others undergo a 
myogenic- to-fi brogenic or adipogenic conversion. Some aged muscle stem cells 
may activate and directly differentiate without proliferating, which may reduce the 
number for self-renewing cells and thus may decrease the absolute number of 
reserved cells.  

 Whether muscle stem cell dysfunction is a precursor to the onset of sarcopenia is 
currently under debate; however, it has been demonstrated that exercise training can 
mitigate at least some of the negative effects of aging on the skeletal muscle (Melov 
et al.  2007 ; Lanza et al.  2008 ; Aagaard et al.  2010 ) and muscle stem cell number 
(Verdijk et al.  2009 ; Leenders et al.  2013 ). Currently, research efforts are underway 
to elucidate whether exercise training actually confers a survival benefi t to the 
 muscle stem cells and whether exercise can restore and rejuvenate muscle stem cell 
function either through direct modifi cation of the proteasome or through epigenetic 
modifi cations or both. There is an emerging body of literature that focuses on 
 rejuvenating stem cell function through epigenetic reprogramming which was 
recently reviewed by Rando and Chang ( 2012 ). Although this area appears to be 
promising for the future, much work needs to be done to defi ne how epigenetic 
states of young and old stem cells differ and how stem cells of different tissue types 
differ and importantly if epigenetic modifi cations are inducible in a safe and 
 effective manner. 
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  Fig. 10.3    The myogenic program as it occurs in young postnatal muscle. After activation and 
suffi cient rounds of proliferation, muscle stem cells differentiate and fuse with existing myofi bers, 
contributing their myonuclei. A small subset of proliferating cells withdraw from the cell cycle and 
revert back to quiescence thus replenishing the muscle stem cell pool. Below is a summary of the 
dysregulation of muscle stem cells in aged muscle. The altered stem cell niche and alteration 
in local and circulating factors such as chronic infl ammation reduce the ability of muscle stem cells 
to activate and proliferate. These cells, once activated, are more susceptible to apoptosis and dem-
onstrate a reduced ability to self-renew, which reduces the total muscle stem cell pool. This is 
further exacerbated by the subset of activated cells that bypass proliferation and directly differenti-
ate, which further reduces the ability of these cells to self-renew. Furthermore, proliferating cells 
may adopt alternate cell fates, converting from myogenic lineage to a fi brotic and/or adipogenic 
lineage. Taken together these major mechanisms reduce the myogenic capacity of aged muscle 
stem cells, impacting the ability to repair and maintain healthy skeletal muscle which may contrib-
ute to the progression of sarcopenia       
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 By progressively understanding how the aging process affects muscle stem cell 
physiology, epigenetic and proteomic regulation, and ultimately the functional mani-
festations of these effects, we will be able to design appropriate strategies to mitigate 
the effects of aging on skeletal muscle. In muscle aging, it appears that in addition to 
the muscle stem cell, niche elements and circulating factors must be considered in the 
design of therapeutic strategies to ensure successful and effi cacious treatment of sarco-
penia, which is a major cause of morbidity and mortality in the aging population.     
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  11      Aging of Human Mesenchymal 
Stem Cells  

             Günter     Lepperdinger      and     Stephan     Reitinger   

    Abstract  
  Mesenchymal stem cells (MSCs) are multipotent precursors with osteogenic, 
chondrogenic, and adipogenic yet also anti-infl ammatory and tissue-protective 
properties. Due to organism aging, the controlled perpetuation and continuance 
of developmental principles comprising cellular, interstitial, and systemic cues, 
stem cell proliferation, as well as progenitor differentiation appears to become 
constricted. Over the recent years, during which abundant information regarding 
MSC biology has been gathered, also a plethora of information regarding age- 
associated changes and molecular mechanisms has been collected, which are 
comprehended in this contribution, in particular regarding insights derived from 
both in vitro and in vivo analyses which cover alterations in DNA and chromatin 
modifi cations, as well as changes in regulatory elements such as miRNAs.  
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11.1         Introduction 

 In the bone marrow, hematopoietic cells are embedded in stroma. It became clear 
over the recent years that stroma should be considered more than solely being “a pas-
sive” fi ller: it distinctly supports hematopoietic and immunologic functions and con-
trols proliferation and differentiation of corresponding progenitors. Besides  balancing 
hematopoiesis, bone marrow stroma also houses specialized multipotent non-hema-
topoietic precursors. These are better known as mesenchymal stem cells or MSCs. 

 The fi rst evidence for the presence of non-hematopoietic progenitors in the bone 
marrow was put forward by Julius Friedrich Cohnheim more than 140 years ago 
(Cohnheim  1867 ). About 100 years later Alexander Friedenstein rendered these 
particular cells more precisely (Friedenstein et al.  1970 ). According to these fi rst 
pioneering experimental studies done in culture, this particular precursor cell type 
could be separated from other cells due to its very fi rm adherence to the surface of 
plastic culture dishes. Also remarkable was their nature to rapidly grow into large 
colonies. Based on these fi rst fi ndings, the concept of the MSC being a putative 
stromal stem cell, which is likely being involved in growth, maturation, remodeling, 
regeneration, and repair of many adult tissue, was put forward in the 1970s and 
1980s (Luria et al.  1971 ; Owen and Friedenstein  1988 ). This notion, together with 
naming this cell type the MSC, was further popularized by Arnold Caplan in the late 
1980s and the 1990s (Caplan  1991 ). Besides MSC, several other names have been 
concomitantly introduced by various research teams, e.g., “multipotent adult pro-
genitors cells” (MAPCs), “marrow-isolated adult multi-lineage inducible cells” 
(MIAMI), or “very small embryonic-like stem cells” (VSELs) (Asahara et al.  1999 ; 
D’Ippolito et al.  2004 ; Jiang  2002 ; Kronenberg and Schipani  2009 ; Reyes et al. 
 2001 ). Despite this obviously confused naming, countless experimental in vitro 
studies helped to elucidate clearly distinct features of the MSC, many of which 
could only recently been corroborated in tedious in vivo studies and also in already 
completed clinical trials (for detailed information see   www.clinicaltrials.gov    ). 
Besides many unexpected aspects such as the immune modulatory properties of 
MSCs (Rasmusson  2006 ), or their abilities to also spawn non-mesodermal lineage 
precursors (Woodbury et al.  2002 ), it became evident that MSCs are subject to aging 
(Fehrer and Lepperdinger  2005 ; Sethe et al.  2006 ; Stolzing and Scutt  2006 ).  

11.2     MSC Multipotentiality 

 MSCs appear to be particularly interesting for further clinical applications and in 
tissue engineering given the fact that they can bring forth a large spectrum of meso-
dermal cell types as diverse as bone, cartilage, tendon, or fat precursor cells. By now 
it is generally accepted that the naive mesenchymal precursor cell effortlessly pro-
duces osteoblasts, prechondrocytes, and preadipocytes (Barry et al.  2001 ; Bruder 
et al.  1998 ; Cancedda et al.  2003 ; Le Blanc and Pittenger  2005 ; Prockop  1997 ). 
Besides these classical descendants, also terminally differentiated cell types, which 
are considered most widespread throughout many tissues in the body, namely, inter-
stitial stromal cells and fi broblasts, appear to be a direct offspring from MSCs. 
Furthermore, it has been also reported in the literature that MSCs can be 
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differentiated in vitro into cardiac myocytes (Wakitani et al.  1995 ), hepatocytes (Lee 
et al.  2004 ), or neuronal cells (Woodbury et al.  2000 ). Whether MSC descendants are 
also being recruited in vivo to contribute to the heart, liver, or neuronal tissue is con-
troversially discussed and would need further direct experimental confi rmation. 

 Presently, the bone marrow aspirate, subcutaneous adipose tissue, and umbilical 
cord blood are among the main sources for isolating MSCs. As mentioned above, the 
isolation procedure often relies on the MSC’s fi rm plastic adherence. Alternatively, 
primary cell isolates can be affi nity purifi ed using anti-STRO1 (Williams et al.  2013 ) 
or anti-CD271 immunoglobulins (Jarocha et al.  2008 ) to immobilize positive cells 
on magnetic beads. In neither case, the respective cell culture would solely contain 
mesenchymal stem cells or lineage-committed mesenchymal progenitors, but is 
grossly contaminated with other cells (Kuznetsov et al.  1997 ; Klepsch et al.  2013 ). 
This limitation is mostly overcome by splitting the derived cell cultures with subse-
quent very low density seeding of only a few cells per cm 2  to select for the rapidly 
growing MSCs. It is this heterogeneity of the non- hematopoietic cell isolates which 
made it very diffi cult to precisely specify single, distinct representatives of mesen-
chymal precursors within the bone marrow and other stromal tissues. 

 Accounting for missing standards, in 2006 a group of peers in the fi eld acting under 
the aegis of the “International Society for Cellular Therapy” defi ned minimal criteria 
for an isolated and culture-expanded multipotent stromal cell (Dominici et al.  2006 ): 
fi rstly MSCs should exhibit strong attachment to the surfaces of culture dishes (plastic 
adherence); secondly MSCs have to bear a set of, albeit not unique on its own but in 
combination suffi ciently selective, surface markers, which are CD90, CD73, CD105, 
CD146, and CD44, and they need to lack expression of CD34, CD45, CD31, CD11b, 
CD14 and CD19, CD79α, as well as HLA-Class II; and thirdly, MSCs have to display 
tri-lineage differentiation potential into osteoblasts, preadipocytes, and chondrogenic 
cells. In addition to the enlisted surface markers, MSCs do also express transcription 
factors that are actually prominently present in embryonic stem cells such as Oct4, 
Nanog, and stage-specifi c embryonic antigen-4 (SSEA-4) (Rastegar et al.  2010 ). 

 Only recently, it could be demonstrated in murine models that MSCs can be 
identifi ed in vivo using nestin expression as a distinguishing marker: nestin +  MSC 
contains all the bone marrow colony-forming unit fi broblastic activity, and nestin +  
cells can be propagated as nonadherent “mesenspheres” that can self-renew and 
expand in serial transplantations. Also, nestin +  cells appear to represent bona fi de 
hematopoietic stem cell (HSC) niche cells, and in putting forward a unifying con-
cept for a balanced regulation of hematopoietic and mesenchymal lineages at the 
stem cell level, this data is highly suggestive that in vivo HSC maintenance and 
MSC proliferation and differentiation are regulated in tandem (Mendez-Ferrer et al. 
 2010 ). Using nestin as a marker to specify MSCs in vivo, there are now good rea-
sons to believe that MSCs reside in a complex three-dimensional meshwork, which 
comprises a plethora of other cell types such as in the case of the bone marrow, 
HSCs, adipocytes, and endothelial cells, altogether embedded in distinct extracel-
lular matrix. Within this blend, MSCs guide differentiation of hematopoietic precur-
sor cells into mature progeny, and more than that, MSCs appear to exert another 
pertinent function, namely, maintaining blood vessel integrity (Sacchetti et al.  2007 ; 
da Silva Meirelles et al.  2008 ; Crisan et al.  2008 ). Even though most work in this 
context has focused on isolated MSCs in culture, it can be envisaged that upon 
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tissue damage and injury in vivo, MSCs are being activated and/or released from 
their perivascular niche, in order to support wound healing. 

 The current data summarizes the MSC’s potential of differentiating into many 
different tissue-determining cell types, to name only a few bone, cartilage, muscle, 
tendon, heart, liver, and blood vessels and distinguish MSC not only as an important 
virtually ubiquitously present tissue-borne stem cells, but more than that, a powerful 
asset for tissue engineering strategies and clinical cell-based therapies.  

11.3     MSC Aging 

 An obvious sign of the advancing biological age of the body is the concurrent decline of 
regenerative vigor, the weakened pace of wound healing and retarded repair capacities. 
All somatic cells are seemingly exposed to threats, such as reactive oxygen species, 
harmful chemical agents, or physical stressors, and hence against all expectation, even 
stem cells are at risk to change to the worse with age. As a last resort, cells with dispro-
portionately accumulated hazards convert to a senescence state, which is on the long run 
extending the life span of the organisms, as this particular mechanism is considered to 
potently suppress tumor development. Since single stem cells are being activated only 
on rare occasions during continuously ongoing tissue remodeling, yet more distinctly 
immediately after traumatic stress, as in this case the stem cells are being forced to enter 
the cell cycle, proliferation has to be stringently controlled, in particular to avoid onco-
genic growth and the deliberate emergence of cancer stem cells. Both intrinsic and 
extrinsic aging processes may affect stem cell properties. One possible intrinsic cellular 
aging mechanism is replicative or cellular senescence.  

11.4     MSC Aging In Vitro 

 MSCs are commonly expanded in culture, and at least there, human MSCs are not 
immortal. On the long run in vitro cultivated MSCs display replicative senescence as 
independently demonstrated by a number of investigators (Fehrer et al.  2007 ; Stenderup 
et al.  2003 ; Stolzing et al.  2008 ; Estrada et al.  2013 ; Ho et al.  2011 ; Hao et al.  2013 ; 
Gruber et al.  2012 ; Tsai et al.  2010 ; Ksiazek  2009 ; Napolitano et al.  2007 ). The in vitro 
senescent phenotype includes the following characteristic features: (1) irreversible 
arrest of cell division (in contrast to quiescence, where this lock is reversible), (2) resis-
tance to apoptotic death, and (3) the excretion of molecules normally secreted during 
wound repair and infection, such as infl ammatory cytokines, proteases, and growth 
factors, the latter having detrimental consequences for the surrounding tissue (Coppe 
et al.  2010 ; Campisi et al.  2011 ). Most of these characteristics have also been described 
and studied in MSC cultures. Interestingly, the replicative capacity of cultivated MSC 
appears to be lower compared to that of descending fi broblasts. To that end it is how-
ever not clear whether already low levels of damage or stressful perturbations in MSC 
suffi ciently stall the cell cycle for good. In good concordance with this assumption, 
MSCs do exhibit insignifi cant tumorigenicity in transplantation experiments. 
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11.4.1     Telomere Shortening 

 Absent telomerase activity and thus telomere shortening is distinctly associated 
with the in vitro senescent phenotype of MSCs. The absence of telomerase activity 
in MSCs during extensive replication leads to telomere attrition, which has been 
verifi ed by many investigators (Pittenger et al.  1999 ; Zimmermann et al.  2003 ). 
Notably, constitutive expression of the catalytic subunit of telomerase gene, hTERT, 
prevents the onset of replicative senescence and maintains the “stemness” charac-
teristics of MSCs (Simonsen et al.  2002 ). In line with this, regulated telomere main-
tenance by ectopic expression of hTERT sustains stem cell properties in MSC 
(Abdallah et al.  2005 ) and signifi cantly extended their in vitro life span. Most inter-
estingly, MSCs stalled in the cell cycle by serum deprivation transiently expressed 
telomerase activity during the S phase (Zhao et al.  2008 ). Recent work in mice sug-
gested b-catenin as a key regulator for TERT expression in murine stem cells. 
Whether periodic upregulation of telomerase activity is high enough to retain telo-
meric capping function remains to be determined, and certainly more research 
needs to be performed for the detailed understanding of how MSCs actually coun-
teract telomere shortening in vivo.  

11.4.2     Chromatin Changes 

 Comparable to somatic cells, MSCs display variant epigenetic modes during aging. 
Due to their highly specialized chromatin state, MSCs bear the risk of transforma-
tion, in particular because pluripotency genes such as  SOX2  or  Nanog  are actively 
transcribed (Yoon et al.  2011 ). Epigenetic changes have also been investigated in 
aging MSCs; however, most of the results available to date are picturing deviations 
after long-term culture when cells turned replicatively senescent (Alessio et al. 
 2010 ; Jung et al.  2010 ; Napolitano et al.  2007 ; Yu and Kang  2013 ). For instance, an 
increase in EZH2 expression was noticed in adipose-derived MSCs during succes-
sive steps of long-term culture. In parallel and whether a consequence thereof is not 
clear, these cells showed a gradual decline of their differentiation potential. This is 
in due course correlated with stable histone methylation and hypo-acetylation of 
lineage-specifi c promoters (Noer et al.  2009 ). The global methylation pattern of 
MSCs from differently aged donors appears to remain unchanged with age, yet 
distinct exceptions manifest and stand out such as differential methylation of par-
ticular genes, like  Hoxa11 , which discriminates craniofacial MSCs from skeletal 
ones (Leucht et al.  2008 ), tumor suppressor p15 (Bork et al.  2010 ), or polycomb 
group protein target genes. Although quite evident, stemness and differentiation 
potential of MSCs are varying over lifetime, and the inherent dynamics are super-
imposed to variant epigenetic manifestations. However the detailed functions of 
primary epigenetic regulatory factors such as DNA methyltransferases (DNMT), 
histone deacetylases (HDAC), proteins of the polycomb group (PcG), and microR-
NAs (miRNAs) still remain to be fully elucidated. This is mainly due to the fact that 
their actions greatly overlap and cross-regulate each other. Similarly to other cell 
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types, induction of cellular senescence by the downregulation of HDACs was also 
proposed for MSCs. Indeed, HDAC inhibitors suppress the expression of PcG 
genes, such as  BMI1 ,  EZH2 , and  SUZ12 , while at the same time activating the 
jumonji domain-containing three gene,  JMJD3 . Also expression of  EZH2  and 
 SUZ12  is regulated by the phosphorylation status of the retinoblastoma protein, 
pRB, as a consequence of HDAC inhibitor treatment (Jung et al.  2010 ).  

11.4.3     Age-Associated Expression of miRNAs 

 miRNAs, which are very short, noncoding RNAs, are considered very potent epi-
genetic regulators of gene expression. After binding to a target mRNA, miRNAs 
induce the degradation or a reduction in translatability of their specifi c target. In 
MSCs, miRNAs were found to target oncogenes, tumor suppressors, as well as dif-
ferentiation markers, which under normal circumstances are silenced in stem and 
progenitor cells, in particular because self-renewal should be promoted and lineage- 
specifi c differentiation suppressed (Imam et al.  2010 ; Urbich et al.  2008 ; Wang 
et al.  2011 ). Individual miRNAs were found to be expressed that regulate epigen-
etic regulators such as DNMT, HDAC, high-mobility group AT-hook 2 (HMGA2), 
and PcG (Benetti et al.  2008 ; Braconi et al.  2010 ; Juan et al.  2009 ; Lee et al.  2010 ). 
Only recently, data from global analysis of miRNA expression profi les in MSCs 
derived from the bone marrow of old rhesus monkeys showed the downregulation 
of miR-let- 7f, miR-23a, miR-132, miR-125b, miR-199-3p, miR-221, miR-222, 
miR-365, and miR-720 and the upregulation of miR-291a-5p, miR-558, miR-466, 
miR-466- 3p, as well as miR-766 (Yu et al.  2011 ). To date, the activity of most of 
the identifi ed miRNAs is not well comprehended. Besides miR-221 and miR-222 
(Lambeth et al.  2009 ; Lorimer  2009 ), which appear to be involved in regulation of 
genes relevant to tumorigenesis and oncogenic activity, many of the others are 
clustered together in miR-17-92, a cluster which was found to be differentially 
regulated in many cellular aging models (Grillari et al.  2010 ; Hackl et al.  2010 ). 
Notably, the downregulation of miR-365 has been associated with growth arrest 
(Maes et al.  2009 ). Regulation of miRNA expression was also found to be con-
nected to HDAC activity, as inhibition thereof was able to activate the transcription 
of the miRNAs let-7a1, let-7d, let-7f1, miR-23a, miR-26a, and miR-30a due to 
distinctly changing histone modifi cation patterns of these genes. It could be further 
shown that these miRNAs once activated strongly repress the translation of 
HMGA2, which in turn regulates the expression of senescence genes, most impor-
tantly p16 INK4A  (Lee et al.  2010 ).   

11.5     MSC Aging In Vivo 

 The presence of senescent cells in vivo, which should at least to some extent resem-
ble cells that had been replicatively aged in culture, has by now been observed in 
many aged human tissues, such as the skin (Dimri et al.  1995 ; Ressler et al.  2006 ) 
as well as in the vascular system (Vasile et al.  2001 ). It is thus plausible that stem 
cells also reach an equivalent state of senescence in vivo. Indeed for muscle satellite 
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cells, this could be shown in a very elegant series of experiments, which refi ned that 
this type of senescence termed “geroconversion” is dependent on the upregulation 
of a single cell cycle inhibitor p16 INK4a  (Sousa-Victor et al.  2014 ). Whether other 
types of stem cell pools also adopt this mechanism of geroconversion in order to 
control for functional fi tness is still unclear. What is clear is that the maximum num-
ber of MSC population doublings and the proliferation rate of the initial passage of 
the primary MSCs, respectively, appear to be dependent on the age of the donors 
(Choudhery et al.  2014 ; Bajek et al.  2012 ; Zaim et al.  2012 ; Laschober et al.  2011 ; 
Kretlow et al.  2008 ; Baxter et al.  2004 ; Digirolamo et al.  1999 ). Yet the attenuated 
proliferation potential of MSCs from aged donors appears to also rely on the with-
drawal of cells by cell death (Laschober et al.  2009 ). Conclusively MSC pools, 
which display slowing growth kinetics, also contain an increasing number of dying 
cells which augment during advancement of aging, indicative for a particular sub-
population of MSCs that fail to self-renew. 

11.5.1     MSC Numbers 

 MSCs can be selected from mononuclear bone marrow cells by low density seeding 
and subsequent cultivation thereby forming fi broblastic colonies. The respective 
number, also called colony-forming unit fi broblastic (CFU-f), can be reliably esti-
mated. Applying this method has been reported by several laboratories that total 
CFU-f decreases with age (Baxter et al.  2004 ; Caplan  2007 ; Majors et al.  1997 ; 
Muschler et al.  2001 ; Nishida et al.  1999 ; Stolzing et al.  2008 ). Around 30 % of the 
CFU-f were found to be multipotential and can thus be considered true MSCs 
(Kuznetsov et al.  1997 ). Based on this assumption, Muraglia and colleagues reported 
that the number of bi- or tri-potential colonies declined with age (Muraglia et al. 
 2000 ). In line with this, and in particular regarding the osteogenic capacity of clo-
nogenic MSCs, many reports demonstrated a signifi cant decrease in MSC numbers 
(Mueller and Glowacki  2001 ; Zhou et al.  2008 ). Besides the bone and bone marrow, 
potential sources of mesenchymal progenitor cells are the muscle (Bosch et al. 
 2000 ), vessel-associated pericytes (Collett and Canfi eld  2005 ), and blood (Eghbali- 
Fatourechi et al.  2005 ). Whether the quantity or quality of MSCs actually also var-
ies in these tissues with advancing age remains to be determined.  

11.5.2     MSC Diversity 

 Several functional studies have tackled with the question of whether age-associated 
changes other than premature or stress-induced senescence would impinge on MSC 
properties. Assuming that a young and fi t cell population withstands accrued dam-
age and the compounding of irreversible molecular changes longer than aged cells, 
a wide range of analyses have been undertaken, e.g., gross evaluations regarding the 
increased production of ROS, deviating SOD activity, whole genome gene expres-
sion profi les, and epigenetic signatures (Bork et al.  2010 ; Fehrer et al.  2007 ; Kemp 
et al.  2010 ; Kern et al.  2006 ; Laschober et al.  2011 ; Scaffi di and Misteli  2008 ; 
Stolzing et al.  2008 ; Wagner et al.  2009 ,  2010 ; Schallmoser et al.  2010 ). Also 
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deviations of the age-associated MSC differentiation capacity were reported by 
many laboratories inasmuch as osteogenic potential of MSC isolated from aged 
donors appears to signifi cantly decline, while the respective adipogenic differentia-
tion performance remained unchanged or, worse, was found to be enhanced 
(Laschober et al.  2011 ). In the context of organism aging, several laboratories have 
isolated MSCs from a number of fetal tissues, e.g., human trimester fetal MSCs 
have been isolated from the blood, liver, bone marrow (Campagnolo et al.  2001 ), 
amniotic fl uid (Tsai et al.  2004 ), placenta (In ’t Anker et al.  2004 ), and cord blood 
(Mareschi et al.  2001 ). MSCs from very young organisms exhibit a higher level of 
naivety when compared to their adult relatives (Mirmalek-Sani et al.  2006 ; 
Gotherstrom et al.  2005 ). Regarding MSCs isolated form adult tissues, bone 
 marrow-derived MSCs are certainly studied best (Pereira et al.  1995 ; Pittenger et al. 
 1999 ). Besides MSCs, which are juxtaposed to trabecular bone (Fehrer et al.  2007 ; 
Tuli et al.  2003 ), also those from adipose tissues have been investigated (Schaffl er 
and Buchler  2007 ). Further sources are the periosteum (Nakahara et al.  1990 ), 
synovium (Sakaguchi et al.  2005 ), blood vessel (Abedin et al.  2004 ), tooth pulp of 
extracted teeth (Zhang et al.  2006 ; Arthur et al.  2008 ), and other connective tissue 
types, such as the dermis and muscle (Young et al.  2001 ). In addition, there are 
reports demonstrating the existence of MSCs within peripheral blood. These results 
have been debated though and are not always reproducible (Roufosse et al.  2004 ). 
MSCs isolated from different tissues and organs actually show a high resemblance 
of phenotypic characteristics. At this point, however, it appears most likely that all 
these cell variants are MSCs that exhibit different propensities in proliferation and 
differentiation capacities. For example, a recent study demonstrated that human adi-
pose tissue contains the highest number of MSCs and umbilical cord blood the low-
est. In turn, the latter come along with greatly enhanced proliferation capacity, 
whereas human bone marrow- derived MSCs cease growth earlier (Kern et al.  2006 ). 
Fetal MSCs also appear to be less lineage committed than MSCs from adult human 
individuals (Guillot et al.  2006 ). In consequence, it has been assumed that various 
vital stem cell properties of MSCs, such as their tissue regenerative capacity, are 
largely different. Taken together, it may further be that these limitations directly 
correlate with donor age.   

11.6     MSC and “Inflamm-Aging” 

 Tissue regeneration and repair is supported by the orchestrated production and 
delivery of infl ammatory cytokines. The controlled presentation of infl ammatory 
stimuli supports wound and bone healing by sustained osteoblastogenesis (Duque 
et al.  2009 ). Infl ammation should only be transiently turned on as high doses or 
chronically soaring levels favor adipogenic differentiation. Indeed bone loss, also 
including advancement of osteoporosis in the course of autoimmune disorders of 
bone, is associated with infl ammatory dysregulation (Hardy and Cooper  2009 ; 
Mohanty et al.  2010 ). It is therefore conceivable that systemic chronic infl ammation 
impacts on MSCs. Notably, often in older people proinfl ammatory cytokines are 
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found at intermediate levels, which are considered below critical concentrations (de 
Gonzalo-Calvo et al.  2010 ). Exuberant production of proinfl ammatory cytokines is 
thought to be a consequence of lifelong antigenic burden or age-related diseases. 
This situation is often indicated by the term  infl amm-aging  (Salvioli et al.  2013 ; 
Biagi et al.  2011 ; Capri et al.  2006 ; Franceschi et al.  2000a ,  b ). Moreover, chronic 
infl ammation has been proposed a long time ago to instigate tumor formation and 
propagation (Dolberg et al.  1985 ; Dvorak  1986 ), and indeed there exists well- 
documented evidence that chronic infl ammation may, for instance, cause colon can-
cer (Hahn et al.  2008 ; Khatami  2009 ). 

 MSCs treated with increasing concentrations of interferon gamma (IFNγ) or tumor 
necrosis factor alpha (TNFα) activate CD106/vascular cell adhesion molecule 1 
(VCAM1) expression on their surface (Laschober et al.  2011 ). This marker was dif-
ferentially expressed in primary MSCs derived from bone of differently aged donors. 
Regardless of CD106 expression, proliferation and self-renewal capacities were 
unchanged. MSCs actually exhibited no apparent difference other than being more 
prone to differentiate along the osteogenic lineage. Thus, dominant aberrations within 
the MSC microenvironment may arise from systemic chronic infl ammation, which as 
mentioned above occurs regularly in elderly persons, or unbalanced infl ammatory and 
anti-infl ammatory networks as a consequence to lifelong antigenic burden or age-
related diseases (Franceschi et al.  2007 ). Such cues are likely leading to a deviation 
from properly guiding molecular signaling mechanisms during regeneration, repair, 
and tissue remodeling and may thus gear a pronounced impetus for adipogenic 
upgrowth, to name only one prominent example, bone marrow adiposities. 

 Key sources of proinfl ammatory cytokines, such as IFNγ, are T lymphocytes and 
natural killer (NK) cells. In the last few years, it became clear that MSCs exhibit 
immune regulatory properties (Chen et al.  2006 ; Dazzi et al.  2006 ; Nauta and Fibbe 
 2007 ). It could be further shown that the suppressive activity of MSCs fi rst requires 
the presence of IFNγ produced by T cells and NK cells (Krampera et al.  2006 ). This 
observation indicates that MSCs not only passively withstand infl ammatory stimuli, 
but more than that, MSCs decisively respond to infl ammatory cues, e.g., by promot-
ing the expression of indoleamine 2,3-dioxygenase, which leads to tryptophan 
depletion in lymphocytes and may, by the same token, modulate lymphocyte activ-
ity and proliferation (Frumento et al.  2002 ; Meisel et al.  2004 ). Taken together, fate 
and function of both cell classes are tightly interconnected, and age-related changes 
appear to be compensated to a certain degree by complementary modes (Tokoyoda 
et al.  2010 ).  

11.7     MSC and Age-Associated Disease 

 MSCs have the potential to ameliorate or even cure age-related degenerative dis-
eases. However, certain limitations persist, and the health status of the donor is of 
particular interest. As a showcase, MSCs isolated from patients suffering from the 
premature aging syndrome Hutchinson-Gilford disease show altered differentiation 
capacities. Hence impaired or altered stem cell potency may contribute to the 
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reduced potential of tissue homeostasis and ultimately brings about an aged 
 phenotype in an accelerated fashion (Scaffi di and Misteli  2008 ). Hutchinson-Gilford 
disease is caused by a single factor, namely, an aberrant form of the nuclear archi-
tectural protein lamina (Eriksson et al.  2003 ). 

 The etiology of the age-associated pathology of osteoarthritis (OA) is not as well 
understood. It is generally accepted that besides age, multiple other factors such as 
obesity, history of joint trauma, and joint dysplasia are responsible. Joint resurfac-
ing with tissue-engineered cartilage on the basis of isolated chondrocytes was 
shown to be greatly benefi cial. However the availability of chondrocytes is a major 
constraint of such therapy. Yet the relatively easy availability of MSCs, which 
exhibit chondrogenic potential, represented an alternative cell source. There were 
however contradicting results; while some found no signifi cant difference in num-
bers and differentiation potential irrespective of age or OA etiology when isolating 
MSCs from OA patients (Scharstuhl et al.  2007 ), others observed signifi cant reduc-
tion of chondrogenic capacity (Murphy et al.  2002 ). The latter is in line with data 
reported earlier (Muschler et al.  2001 ). 

 In the context of osteoporosis (OP), another major age-associated health compli-
cation, in which decreased bone formation is an important pathophysiological mech-
anism resulting in bone loss, was investigated. Again the fi rst results were controversial 
as in one study the number and the proliferative capacity of mesenchymal progenitor 
cells were maintained in patients with osteoporosis (Stenderup et al.  2001 ; Justesen 
et al.  2002 ), while results from another study demonstrated that stem cell growth, 
proliferative response, and osteogenic differentiation of MSCs from osteoporotic 
postmenopausal women were signifi cantly affected (Rodriguez et al.  1999 ). Working 
along these lines further recent studies showed that osteogenic lineage commitment 
genes such as  RUNX2  or  Sp7/Osterix  were downregulated in OP patients (Dalle 
Carbonare et al.  2009 ; Rodriguez et al.  2008 ; Astudillo et al.  2008 ). It also appears 
likely that systemic infl uences dominantly impact on the osteogenic commitment of 
MSCs. Serum from postmenopausal OP women applied to a human osteogenic pro-
genitor greatly inhibited osteoblastogenesis and greatly induced adipogenesis 
(Stringer et al.  2007 ; Abdallah et al.  2006 ). Hence during aging, distinct changes in 
MSCs are not only due to intrinsic modifi cations but also extrinsic alterations 
(Veronesi et al.  2012 ). Which bioactive factors or molecular parameters actually 
impinge on MSC lineage determination thereby restraining bone homeostasis and 
leading to bone marrow adiposities still needs to be elucidated (Rosen et al.  2009 ).  

11.8     Outlook 

 It is tempting to see that over the recent years, increasingly more information 
became available concerning the alterations of stem cells for tissue repair as they 
age, and it is thus considered an emerging fi eld of interest in the proliferating disci-
pline of aging research. This particular theme has become increasingly important as 
the number of MSC therapies steadily rises, while pertinent questions about molec-
ular mechanism driving MSC aging are still unanswered.     
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  12      Aging of the Hematopoietic Stem 
Cell Niches 

             Jose     A.     Cancelas       and     Kyung-Hee     Chang    

    Abstract  
  Adult hematopoietic stem cells (HSCs) reside in the bone marrow (BM) and 
provide the basis to fulfi ll the hematopoietic needs of an organism. Their prop-
erties of self-renewal and multilineage differentiation are controlled by direct 
interaction with a specifi c microenvironment – the so-called stem cell ‘niche’. 
Conceptual advances in our understanding of the composition of the HSC com-
partment suggest that changes in the BM HSC microenvironment may refl ect 
the aging process. The balance and extent of the effect of intrinsic versus 
extrinsic (environment) changes during aging on HSC are still under investiga-
tion. Growing evidence suggests that the BM HSC niche is very important in 
the regulation of cellular aging of HSCs. A young HSC niche would act as a 
protective environment, preventing HSC DNA damage, as well as replicative 
senescence through protection from radicals and toxic compounds, and preven-
tion/amelioration of aging-associated signaling pathways resulting in epigene-
tic/genetic modifi cations, hematopoietic impairments, and cancer predisposition. 
To what extent the aging of the niche contributes to the “HSC aging” phenotype 
remains unknown. The analysis of the effect of aging on the activity of these 
specialized cell “niches” and their molecular products is the focus of this 
chapter.  
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12.1         The Bone Marrow Hematopoietic Stem Cell Niche 

 In 1978, Schofi eld proposed a hypothesis in which stem cells are located in associa-
tion with other cells which determine their behavior, the so-called stem cell ‘niche’ 
(Schofi eld  1978 ). This hypothesis has been tested in multiple models in vivo and 
cumulative evidence supports it. The stem cell niche represents a complex system 
composed of the stem cells themselves, as well as diverse cellular and architectural 
“matrix” components that provide a nurturing microenvironment and inputs to regu-
late stem cell behavior. Stem cell maintenance, survival, self-renewal, and initiation 
of differentiation all depend on the intimate relationship between stem cells, their 
niche, and other environmental, systemic factors required for homeostatic regula-
tion of blood cell differentiation (reviewed in (Park et al.  2012 ; Frenette et al.  2013 ; 
Hanoun and Frenette  2013 )). While this chapter is not focused on a detailed analysis 
of the activities of each of the components of the complex BM HSC niche, we will 
provide a short review of our current understanding of the BM HSC niche to allow 
a better understanding of the effect of aging on it. 

 Mammalian BM microanatomy is complex. BM is a reticular tissue containing a 
dense network of medullary sinuses, blood cells, and their precursors packed in the 
perivascular spaces between the sinusoidal capillaries. During development, migrat-
ing HSCs populate in specialized BM microenvironments where they gradually 
become quiescent (Wilson and Trumpp  2006 ) and resistant to apoptosis (Arai and 
Suda  2007 ). This migration is not static but dynamic, and HSCs remain circulating 
in and out of the bone and spend short intervals in the systemic circulation. HSC 
residence time in the circulation is very short, just a few seconds as demonstrated in 
parabiotic mice (Wright et al.  2001 ), and many HSCs transmigrate daily following 
circadian cycles (Mendez-Ferrer et al.  2008 ) controlled by neutrophil-mediated 
infl ammatory signals (Casanova-Acebes et al.  2013 ). 

 The identifi cation of niche cells in the BM has been complicated due to their 
location within the bony skeletal tissue, the diffi culty of identifying specifi c mark-
ers that characterize subsets of stromal cells, and by the frequent infi delity of 
genetic markers for mesenchymal lineages. Because of these challenges, there 
have been confl icting reports on the cellular identity of the HSC niche. Classically, 
two types of niches have been described. The fi rst one, called the endosteal niche, 
is located in the endosteal region, populated by osteoblasts, and believed to be a 
niche maintaining quiescent HSCs (Calvi et al.  2003 ; Li and Clevers  2010 ; 
Sugimura et al.  2012 ). A second niche called the vascular niche has also been 
described where most HSCs are found in contact or near blood vessels (Kiel and 
Morrison  2008 ; Ding et al.  2012 ; Ding and Morrison  2013 ). The difference between 
these two niches is probably artifi cial since the endosteal region is rich in blood 
vessels (Lichtman  1981 ; Nilsson et al.  2001 ). 

 The identity of candidate niche cells has been explored through the expression of 
specifi c markers or through specifi c of active components known to infl uence HSC 
activity. The cell components of the niche include osteoblasts (Calvi et al.  2003 ; 
Zhang et al.  2003 ) and osteoprogenitors (Xie et al.  2009 ), nestin-positive mesenchy-
mal stem cells (MSCs) (Mendez-Ferrer et al.  2010 ), Schwann cells (Yamazaki et al. 
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 2011 ), perivascular cells (Lichtman  1981 ), and endothelial cells (Ding et al.  2012 ). 
The expression of chemokines or cytokines of the stem cell niche has demonstrated 
the relation of the aforementioned cell types with the expression of CXCL12 
(Nagasawa et al.  1996 ; Katayama et al.  2006 ; Mendez- Ferrer et al.  2008 ,  2010 ; 
Omatsu et al.  2010 ; Chow et al.  2011 ; Ding and Morrison  2013 ; Greenbaum et al. 
 2013 ), stem cell factor (SCF) (Ding et al.  2012 ), or transforming growth factor-beta 
(TGFb) (Yamazaki et al.  2009 ,  2011 ), which are important regulators of HSC migra-
tion, quiescence, and/or self-renewal. 

 In particular, different cell populations that express CXCL12 (Tzeng et al.  2011 ) 
or SCF (Ding et al.  2012 ) have been identifi ed. In the case of CXCL12, CXCL12-
abundant reticular (CAR) cells, marked by green fl uorescent protein (GFP) expres-
sion inserted in the  Cxcl12  locus, have been shown to be largely perivascular cells, 
whereas endothelial cells and bone-lining osteoblasts express lower levels of GFP 
(Ara et al.  2003 ). Ablation of CAR cells leads to a reduction in the frequency of 
HSCs, as well as lymphoid and erythroid progenitors (Nagasawa et al.  2011 ). 
Deletion of  Cxcl12  in osteoblasts using  Col2.3 - cre  expressing mice demonstrated 
no alteration in the numbers of HSCs or myeloerythroid progenitor cells (Ara et al. 
 2003 ; Nagasawa et al.  2011 ). However, these mice show signifi cantly lower levels 
of T-cell and B-cell reconstitution and fewer early lymphoid progenitors in the BM 
indicating that early lymphoid progenitors accumulate in the area adjacent to the 
endosteum (Ara et al.  2003 ). While CXCL12 from mature osteoblasts, as well as 
osteoblast progenitors, is dispensable for HSC maintenance (Ara et al.  2003 ), the 
conditional deletion of  Cxcl12  in osteoprogenitors leads to mobilization of hema-
topoietic progenitors to the peripheral blood and spleen (Ara et al.  2003 ), suggest-
ing differential roles for  Cxcl12  within the BM. Deletion of Cxcl12 in 
osteoprogenitors, but not in mature osteoblasts, reduces the number of B lymphoid 
progenitors, which is consistent with results following the deletion of CAR cells 
(Omatsu et al.  2010 ), and supports a role for osteoprogenitors in B lymphoid 
commitment. 

 Endothelial cell-specifi c  Cxcl12  deletion can be achieved using  Tie2 - cre  mice, 
which reveal that endothelial cells synthesize a relatively modest amount of 
CXCL12 compared to other stromal cells. Consequently, modest defects in HSC 
numbers and competitive reconstitution activities are observed in these mice (Ding 
and Morrison  2013 ; Greenbaum et al.  2013 ). No reductions in committed myeloid 
or lymphoid progenitors were documented, suggesting a restricted contribution of 
endothelial cell-derived CXCL12 to HSC maintenance. Using similar approaches, 
SCF has been found to be mostly expressed by endothelial and perivascular cells 
with the ability to express the leptin receptor (Ding et al.  2012 ). Since most of the 
effect of SCF is associated with the expression of its transmembrane splicing form 
(Zsebo et al.  1990 ; Williams and Majumdar  1994 ), this data suggests that endothe-
lial/perivascular SCF may mediate cell–cell contact-dependent activity in the HSC 
vascular niche. In summary, cell-specifi c gene deletion models for CXCL12 and 
SCF have shown that the endosteal niche is more likely required for lymphoid pro-
genitor activity but not HSCs, whereas the perivascular space has been hypothesized 
as being the site where HSCs and other myeloid progenitors are located.  
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12.2     Hematopoietic Stem Cell Microenvironment Aging 

 Due to the complexity of the cell interactions within the stem cell niche, it is hard to 
pinpoint the specifi c and/or relevant cell types that upon aging condition the pheno-
type of HSCs. A number of studies have demonstrated that hematopoiesis is affected 
by the aging of the hematopoietic microenvironment (Larsson et al.  2008 ; Warren 
and Rossi  2009 ; Vas et al.  2012a ,  b ) as would be expected from changes in the com-
position of the mature hematopoietic cells during their lifetime, which affects the 
composition of the cells in the neighborhood of the stem cells. The use of murine 
models of direct/reverse transplantation, and the use of transgenic animals and 
in vitro stem cell culture onto BM-derived stromal cell populations, have been cru-
cial to our understanding of the role of the microenvironment on aged stem cell 
activity. These changes are summarized below. 

 A change in the cell composition of the stem cell niche(s) occurs which probably 
correlate with variation in the composition of the stromal cell microenvironment. It 
is well known that during aging, decreased bone formation, loss of bone mass, and 
accumulation of fat in the BM become more pronounced, leading to the altered 
composition of cell types and extracellular matrix in the niche(s). It has been shown 
that aging causes trabecular degeneration, endosteal thinning, loss of osteoblastic 
activity, and skewing of their differentiation toward adipocytes in the aged marrow 
of mice and humans (Moerman et al.  2004 ; Stolzing et al.  2008 ). It has been shown 
in at least two skeletal sites of the mouse that adiposity serves to inhibit hematopoi-
esis (Naveiras et al.  2009 ). The characteristic feature of age-related bone loss is the 
uncoupling of formation from resorption leading to a net loss of bone mass. The 
etiology of this uncoupling is multifactorial and includes systemic (e.g., changes in 
endogenous gonadal steroids), cellular (e.g., increased reactive oxygen species), and 
paracrine (decrease in local growth factors that promote osteoblastic differentiation 
factors (Meunier, Aaron  et al.   1971 )). A summary of the changes in the cell compo-
sition of the aged microenvironment can be found in Fig.  12.1 . One possible mecha-
nism of the age-associated microanatomical changes in the BM stromal composition 
resides in the shift of cell fate determination of MSCs toward adipogenesis (Moerman 
et al.  2004 ; Rosen and MacDougald  2006 ). Aging of MSCs results in impaired pro-
liferation and differentiation and increased chromosomal instability (Wagner et al. 
 2010 ). The cellular origin of these changes can be recapitulated in vitro by activa-
tion of specifi c transcription factors in MSCs. One consistent fi nding is that PPARγ2, 
a critical adipocytic transcription factor, is upregulated several fold in BM from old 
versus young animals (Kawai et al.  2010 ; Kawai Paula et al.  2012 ). This correlates 
closely with the number of marrow adipocytes and inversely with bone mass. 
Activation of PPARγ2 in osteoblastic cells converts them to terminally differenti-
ated adipocytes and irreversibly suppresses their phenotype, including suppression 
of osteoblast-specifi c signaling pathways (e.g., Wnt, TGFb, BMP, and IGF-1) and 
transcriptional factors (e.g., Dlx5, Msx2, Runx2, osterix) (Geoffroy et al.  2002 ; 
Moerman et al.  2004 ; Cao et al.  2007 ; Liu et al.  2007 ; Ratajczak et al.  2011 ).  

 The myeloid skewing and impaired lymphoid differentiation potential observed 
in aged animals are probably due to both intrinsic (Kim et al.  2003 ; Dykstra and de 
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Haan  2008 ) and extrinsic signal changes (Li et al.  2001 ; Linton and Dorshkind 
 2004 ; Donnini et al.  2007 ; Zhu et al.  2007 ). The impaired generation of B cells in 
old mice reconstituted with young donor BM cells and the ineffi cient secretion of 
interleukin 7 (IL-7) by stromal cells from old mice indicate that the B lymphopoi-
etic support potential of the hematopoietic microenvironment decreases with age 
(Stephan et al.  1998 ; Li et al.  2001 ). 

 HSCs have a reduced ability to home to their niches upon transplantation into old 
recipients compared to young recipients (Liang et al.  2005 ; Rossi et al.  2005 ). 
Modulation of HSC adhesion infl uences essential cellular processes required for 
homing and engraftment, a crucial process that allows HSCs to be transplanted in the 
clinical setting. The essential role of direct cell–cell contact for the regulation of self-
renewal and differentiation of adult stem cells has been shown in various organisms 
and cell systems. Specifi c junctional complexes may play a similar role in the hema-
topoietic system. Adhesive interactions of HSCs with their niche are modulated by 
age- related alterations, as aged mice show an increased mobilization of HSCs in 
response to granulocyte colony-stimulating factor (G-CSF) (Xing et al.  2006 ; Ju 
et al.  2007 ). Various adhesion proteins have been implicated in this  interaction such 
as N-cadherin (Zhang et al.  2003 ; Xie et al.  2009 ; Sugimura et al.  2012 ), b1/b2-inte-
grin (Zanjani et al.  1999 ; Papayannopoulou et al.  2001 ; Priestley et al.  2006 ; 
Taniguchi Ishikawa et al.  2013 ), CD44 and variants (Lewinsohn et al.  1990 ; Dimitroff 
et al.  2001 ; Avigdor et al.  2004 ; Sackstein et al.  2008 ; Sackstein  2011 ), ALCAM 

Endothelial cell

Adipocyte

Granulocyte/macrophage

B-lymphocytes

Osteoblast

Osteoprogenitor

Perivasc. MSC/CARYoung HSC

Sinusoid Sinusoid

Cortical
bone

Cortical
bone

Young
microenvironment

Old
microenvironment

“Aged phenotype”
HSC

  Fig. 12.1    Comparison of cell composition of the BM of the aged microenvironment versus the 
young microenvironment. Schema depicting the relative content of differentiated cells with recog-
nized effect on HSC activity in young and old microenvironment (primary or transplanted) in a 
longitudinal section of a long bone       
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(activated leukocyte cell adhesion molecule) (Ohneda et al.  2001 ; Chitteti et al. 
 2013 ), and connexin 43 (Cancelas et al.  2000 ; Presley et al.  2005 ; Schajnovitz et al. 
 2011 ; Gonzalez-Nieto et al.  2012 ; Ishikawa and Cancelas  2012 ; Taniguchi Ishikawa 
et al.  2012 ). Of these, losses of ALCAM and connexin 43 have been shown to be 
associated with HSC aging through microenvironment- dependent effects. Germinal 
loss of ALCAM results in impaired blood production; myeloid bias; upregulation of 
aging-associated genes including Selp (Sullivan et al.  2011 ), Clu (Trougakos et al. 
 2006 ), Cdc42 (Florian et al.  2012 ), and Foxo3 (Renault et al.  2009 ); and decreased 
serial repopulation ability of aged long-term HSCs. Connexin 43-defi ciency results 
in an interesting mixed phenotype of bidirectional traffi c defect due to microenviron-
ment defects and loss of the replicative potential upon chemotherapy challenge 
resulting in senescent quiescence of HSCs due to loss of communication with the 
BM stromal cells (Gonzalez-Nieto et al.  2012 ; Taniguchi Ishikawa et al.  2012 ). 

 Stem cell mobilization is controlled by circadian rhythms (Mendez-Ferrer et al. 
 2009 ). This circadian regulation of HSC migration is likely to result in reported 
HSC immuno-surveillance functions, which affect the adaptive immune system 
(Massberg et al.  2007 ) and which is signifi cantly impaired during the aging process 
(Plowden et al.  2004 ; Solana et al.  2006 ). Circadian rhythms of circulation of HSCs 
depend on central/peripheral nervous system controlled adrenergic innervation of 
the BM (Mendez-Ferrer et al.  2008 ; Scheiermann et al.  2012 ) and neutrophil- 
mediated clearance of the stem cell niches (Casanova-Acebes et al.  2013 ). 
Specifi cally, short-living neutrophils age in circulation, and during this aging 
 process, they modulate their expression of adhesion and chemokine receptors 
L-selectin and Cxcr4. Cd62L low /Cxcr4 high  neutrophils that have “aged” in the circu-
lation infi ltrate the BM and, before they die, promote reductions in the size and 
function of the hematopoietic niche. Modulation of the niche depends on macro-
phages and the activation of cholesterol-sensing nuclear receptors. Interestingly, 
aged BM is relatively enriched in myeloid cells, and therefore, this mechanism may 
play a role in the aged niche; and the expression of nuclear receptors (including 
PPARγ2; see above) follows circadian rhythms affecting the metabolism and is 
amplifi ed by a high-fat diet (Green et al.  2008 ). 

 A change in the cytokine profi le of the BM occurs during aging. The expression 
of TGFb in the niche decreases with age (Yamazaki et al.  2009 ,  2011 ), and age-
associated telomere shortening leads to abnormal cytokine production and a func-
tional decline in mesenchymal progenitor cells, resulting in a reduced capacity of 
the aged microenvironment to support HSC engraftment and differentiation (Rando 
 2006 ). The successive shortening of telomere length with every cell division is one 
of the best described mechanisms involved in cellular aging. Telomeres are elon-
gated by the enzyme telomerase. Absence of telomerase results in persistent telo-
mere shortening and fi nally in loss of telomere function, which is associated with 
replicative senescence or apoptosis. Stem cells normally express telomerase, in con-
trast to most somatic cells. However, telomerase activity in HSCs is low, and thus, 
telomere shortening still occurs during aging and limits their proliferative lifespan 
(Allsopp et al.  2003 ; Lansdorp  2005 ). Unfortunately, telomerase overexpression 
does not result in improved serial HSC engraftment (Allsopp et al.  2003 ). 
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Furthermore, telomere dysfunction and aging limited the engraftment of trans-
planted wild-type HSCs. Telomerase dysfunction induces alterations in the BM 
microenvironment by diminishing the stromal cell compartment and reducing the 
capacity of the BM and thymic stromal cells in their hematopoiesis- supportive 
activity (Ju and Rudolph  2006 ), and in systemic alterations that result in impaired 
B-and T-cell lymphopoiesis (Song et al.  2010 ). Terc-defi ciency induced an age-
dependent dysfunctional environment that correlated with progressive telomere 
shortening and limited the engraftment of transplanted wild-type HSC (Ju et al. 
 2007 ). These results provide clear evidence that telomere shortening is neither the 
unique nor an exclusively intrinsic mechanism for cellular aging in HSCs. In con-
trast, the loss of telomeres induces age-dependent alterations in the stem cell envi-
ronment that can impair the function and engraftment of HSCs. 

 Aging of the microenvironment infl uences clonality in hematopoiesis. Clonality 
of identical pools of transduced HSCs exposed to a young or aged microenvironment 
in vivo is primarily oligoclonal within a young microenvironment, while in aged 
animals the transduced HSCs displayed reduced clonality (Vas et al.  2012a ), provid-
ing a basis to explain a predisposition to clonal expansion in aged hematopoiesis as 
a putative substrate for transformation and leukemogenesis. 

 Aging of HSCs might also be attributed to accumulation of by-products that 
upon chemical modifi cation of cellular proteins results in continuous accumulation 
of cellular defects. Two examples of these posttranslational modifi cations resulting 
in HSC aging have been well documented. Glycation of proteins leads to formation 
of cross-linked proteins (Finkel and Holbrook  2000 ). In HSCs, protein glycation 
has been demonstrated during aging and is expected to act through extrinsic and 
intrinsic pathways (Baraibar and Friguet  2013 ). Reactive oxygen species (ROS) 
arise as by-products of numerous metabolic processes and cause direct damage to 
proteins, membranes, and DNA, resulting in a vicious cycle, since accumulation of 
endogenous DNA mutations contributes to aging of HSCs (Kenyon and Gerson 
 2007 ). It has been shown that ROS can regulate HSC function in a concentration- 
dependent manner. Over time, these oxidant-damaged proteins and DNA accumu-
late and eventually disrupt cellular function. High levels of ROS can induce HSC 
senescence and apoptosis secondary to DNA damage (Ito et al.  2006 ). There is 
experimental evidence that regionally defi ned functional hypoxia plays a role in 
regulating the mesenchymal microenvironment (Fehrer et al.  2007 ) and cells iso-
lated from distinct BM locations have been associated with local hypoxic gradients 
(Parmar et al.  2007 ). However, in vivo analysis of oxygen distribution in the BM has 
not shown distinctly hypoxic regional areas (Nombela-Arrieta et al.  2013 ) suggest-
ing that HSCs are subject to similar oxygen tensions as other cells in the BM. 
Recently, a novel molecular pathway of hematopoietic microenvironment- dependent 
ROS scavenging has been reported. The integrity of this pathway is required to 
prevent HSC senescence. The loss connexin 43 function results in the loss of BM 
stromal-mediated ROS scavenging and subsequent premature senescence and/or 
apoptosis (Taniguchi Ishikawa et al.  2012 ). 

 Epigenetic mechanisms such as DNA methylation or histone acetylation regulate 
gene transcription at the chromatin level. As these modifi cations can be inherited by 
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daughter cells, they have been demonstrated to play key roles in altering the long-
term fate of HSCs, and hence, they might also be involved in the regulation of 
intrinsic HSCs (De Haan and Gerrits  2007 ) or microenvironment aging including 
MSC aging (Li et al.  2011 ). Gene expression analysis of HSCs from old mice com-
pared with those from young mice revealed that genes involved in chromatin remod-
eling and transcriptional silencing were downregulated. Moreover, old HSCs 
showed transcriptional upregulation of genes involved in infl ammatory response 
and stress, suggesting epigenetic changes, and susceptibility to modifi cation by 
microenvironment signals (Chambers et al.  2007 ). Wagner et al. suggests that the 
hematopoietic microenvironment may condition multiple transcriptional signals 
since a large number of genes were differentially expressed in human HSC/P upon 
culture with stromal cells, which affected basic cell functions including cell divi-
sion, reorganization of the cytoskeleton, and genetic stability (Wagner et al.  2007 ). 
The same group found a set of non-translated microRNAs implicated in the process 
of posttranscriptional gene expression and replicative senescence of MSCs (Wagner 
et al.  2008 ). Examples of epigenetic regulation of microenvironment aging include 
microRNA-dependent regulation and methyltransferase activity regulation. For 
instance, microRNA-34a, a known tumor suppressor that regulates silent informa-
tion regulator 1 (Sirt1) expression that was shown to induce senescence in endothe-
lial progenitors and impair angiogenesis (Zhao et al.  2010 ) and transcriptional 
expression of DNA (cytosine-5)-methyltransferase 1 (Dnmt1) isoforms, is highly 
upregulated upon contact between human HSC/P and BM stromal cells (Wagner 
et al.  2005 ).  

    Conclusion 

 There is clear evidence of the effects of the aging microenvironment as mani-
fested in modifi ed production of cytokines, chemokines, and signaling pathways 
that affect HSC senescence, migration, or differentiation. The remaining ques-
tion is whether different HSC populations respond differently to microenviron-
ment aging. Clonal analysis followed by expression analysis, metabolic profi ling, 
and functional assays will provide us with the information on the crucial mecha-
nisms responsible for microenvironment-dependent HSC aging. Results from 
this research are expected to provide novel therapeutic targets for intervention in 
the context of aging and cancer predisposition.     
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    Abstract  
  Age is the single most important prognostic factor associated with many cancers, 
including most leukemias and lymphomas. Aging is also associated with dra-
matic changes in hematopoiesis. As all mature hematopoietic cells are derived 
from multipotent hematopoietic stem cells (HSCs), age-dependent changes in 
these cells likely contribute to both alterations in hematopoiesis and increases in 
blood cancers. In this chapter, we will review the various changes in both HSCs 
and their microenvironments that could underlie the striking association between 
multiple major hematopoietic malignancies and old age. Traditionally, the asso-
ciation between aging and cancer has been explained by the requirement for suf-
fi cient time for the requisite number of oncogenic mutations to accumulate, as 
these mutations are thought to limit cancer incidence. We will describe how other 
aging-associated changes in hematopoietic stem/progenitor cells and their niches, 
including alterations in cellular fi tness, infl ammation, localization, and differen-
tiation, could substantially impact age-dependent leukemogenesis. Aging of the 
hematopoietic system is highly complicated and multifactorial, and likewise 
increased leukemogenesis in the elderly will likely belie simple explanations.  
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13.1         Introduction 

 Aging in humans and animals involves noticeable (and for those of us over 40, 
regrettable) phenotypic changes. Natural selection is relatively blind to the elderly, 
which during most of our evolutionary history was relatively rare (Medawar  1952 ; 
Kirkwood  2005 ; Williams  1957 ). The chances of a human beyond what we today 
refer to as “middle aged” contributing to the gene pool of future generations were 
low, as an earlier demise due to disease, starvation, predators, or other causes was 
more likely. The decline in the soma with age has been postulated to refl ect the lack 
of selection for somatic maintenance beyond the age when the animal is likely to 
contribute to population maintenance by passing its genes on to future generations. 

 The same reasoning should apply to cancer, as selective pressure to limit cancer 
in old animals should be minimal (DeGregori  2011 ). Thus, cancer is infrequent dur-
ing the period when any given member of an animal species is likely to contribute 
genetically to future generations in the “wild.” Although cancer does not appear to 
substantially limit survival past breeding age, this is not to suggest that cancer has 
been unimportant in vertebrate evolution. Indeed, the evolution of long-lived and 
large animals, such as vertebrates, necessarily entailed the acquisition of potent 
tumor-suppressive mechanisms (DeGregori  2011 ). Although there may have been 
some advantage for better suppression of cancer in the elderly, enhanced tumor sup-
pression probably comes with a cost, which, if it required increased energy alloca-
tion in youth, may have been disfavored. The same logic applies to somatic 
maintenance (preventing diseases of the elderly) in general. Thus, evolution has in 
effect weighed the costs and benefi ts of somatic cell maintenance and tumor sup-
pression, favoring a strategy that maximizes reproductive success. 

 Just like other tissues and systems of the organism, the hematopoietic stem cell 
(HSC) pool demonstrates clearly detectable aging-associated changes, marking the 
general decline of hematopoiesis at middle to advanced ages (Dykstra et al.  2011 ). 
Among the major features of this process are a notable decline in cell proliferation 
rates (Pietras et al.  2011 ; Bowie et al.  2006 ), decreasing lymphopoiesis due in part 
to a shift towards increased frequency of myeloid-biased cells (Pang et al.  2011 ), 
and dysregulation of gene expression (Chambers et al.  2007 ; Rossi et al.  2005 ). 
Following this functional decline in HSC pools, hematopoietic malignancies dem-
onstrate an exponential increase in incidence (  http://seer.cancer.gov/    ) starting in the 
late 40s to early 50s in humans, which is typical of most other cancers. Most research 
thus far has been concentrated around searching for defi ned sets of oncogenic muta-
tions that lead to cancer. However, the universal pattern of the age- dependent cancer 
incidence curve, common even to known animal models, casts doubt as to whether 
it is the accumulation of mutations per se that solely drives cancer evolution in aged 
populations, as different cancers seem to require distinct sets of mutations, while 
following the same incidence statistics with age. This pattern also seems to “scale” 
according to life span in different animal species (DeGregori  2011 ), despite roughly 
comparable rates of mutation across mammals (Lynch  2010a ). Together, this 
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evidence suggests that additional universal age- dependent mechanism(s) may mod-
ify the fate of oncogenic mutations leading to cancer development. 

 Societal changes have signifi cantly increased the life span of humans over the 
last century, contributing to a greater emphasis on research to understand aging- 
associated diseases such as cancer. Laboratory settings have also allowed for much 
longer life spans for mice (2–3 years) than would be experienced in nature (<1 year). 
It is well known that old age is the greatest risk factor for cancer, as the incidence 
of most cancers rises exponentially with age (Weinberg  2007 ; DePinho  2000 ). This 
rise has traditionally been linked to the occurrence of oncogenic events which are 
believed to generally improve cellular fi tness (Fig.  13.1 ) and promote clonal 
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  Fig. 13.1    Contrasting conventional and alternative models for why cancer incidence increases 
with age. ( a ) Illustrates the conventional dogma that suggests oncogenic mutations create “super 
cells” that have surpassed the fi tness optimum leading to oncogenesis. ( b ) The Adaptive Oncogenesis 
Hypothesis suggests that the incidence of cancer is not just dependent on the accumulation of muta-
tions, but the ability of these mutations to make the harboring cell more “fi t” relative to other cells 
(competitors) in the niche. This model suggests that mutations are typically maladaptive in healthy 
backgrounds due to their inability to improve optimal fi tness levels; however, in damaged pools 
(such as in aged backgrounds), these mutations improve cellular fi tness leading to increased selec-
tion for oncogenically initiated cells. Fitness is defi ned as the ability of cells of a specifi c genotype 
or epigenotype to contribute to current and subsequent cell generations due to their phenotypic 
properties (proliferative capacity, survival capabilities, maintenance of stemness, etc.)       
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 selection (Weinberg  2007 ). Based on this paradigm, the occurrence of oncogenic 
events is believed to be the main time-limiting step in cancer initiation and progres-
sion (Kennedy et al.  2012 ; Vogelstein and Kinzler  2004 ; Weinberg  2007 ; Serrano 
and Blasco  2007 ; Hoeijmakers  2009 ; Peto et al.  1975 ). However, a number of 
observations are diffi cult to explain from the standpoint of this paradigm (see 
DeGregori  2013  for the full argument), suggesting a more complex relationship 
between oncogenic mutations and cancer. Due to much higher cell division rates 
during prenatal and early postnatal periods (e.g., Bowie et al.  2006 ), a major frac-
tion of mutations should accumulate during ontogeny (Lynch  2010a ; Frank  2010 ; 
Vijg et al.  2005 ), which seems inconsistent with low cancer incidence before the 
late 40s and early 50s in humans. Besides, oncogenic mutations are frequently 
detected in normal tissues (e.g., Biernaux et al.  1995 ; Bose et al.  1998 ; Matioli 
 2002 ; Crawford et al.  2004 ; Mutter et al.  2001 ) without apparently promoting can-
cer. Thus, the accumulation of oncogenic mutations per se appears insuffi cient to 
initiate cancer. In fact, many oncogenic mutations have been shown to contribute to 
loss of HSC self-renewal (reviewed in DeGregori  2013 ), which challenges the view 
that they are typically advantageous. Finally, alterations in the niche architecture 
and declining immune function with age, which may signifi cantly alter the selec-
tive forces acting on both normal and oncogenically initiated cells, introduce addi-
tional complexity into the actual link between oncogenic mutations, aging and 
cancer.  

 Therefore, after summarizing what is currently known about HSC aging and 
malignancies associated with this process, we will discuss current attempts to 
explain the aging-dependent mechanism of carcinogenesis. It is clear that both 
aging hematopoiesis and aging-associated hematopoietic malignancies will be mul-
tifactorial. We will also describe an alternative model (adaptive oncogenesis), which 
suggests that fi tness effects of oncogenic mutations are context dependent, gener-
ally conferring disadvantages to incipient cells in highly fi t pools but gaining selec-
tive advantages within aged/damaged stem cell pools in the aged tissue 
microenvironment. This model predicts that aging alters the general adaptive land-
scape for stem cell pools, which promotes increased selection for oncogenically 
initiated cells. 

 This chapter will address a number of open questions in understanding age- 
dependent changes in hematopoiesis and increases in leukemia incidence, such as:

•    Why does the HSC pool become more biased towards the production of myeloid 
cells with increasing age, and what is the relationship between this changing 
HSC bias and declining HSC fi tness with age?  

•   How does this shift in HSC bias and HSC fi tness with age infl uence 
leukemogenesis?  

•   How do other changes in hematopoiesis with age infl uence leukemogenesis?  
•   Given that leukemias associated with aging, such as acute myeloid leukemia 

(AML), chronic myeloid leukemia (CML), and chronic lymphocytic leukemia 
(CLL), are thought to have HSC origins, what changes in HSC with age could 
account for the dramatically increased incidence of these leukemias in old age?     
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13.2     Aging-Associated Changes in Hematopoietic 
Development and Malignancies 

 The proportion of elderly people is progressively rising throughout the world, with 
the most pronounced increase in the developed world. Elderly people (>65 years 
old) are expected to comprise greater than 20 % of the global population by 2050 
(Dorshkind et al.  2009 ). This increase is posing major challenges for healthcare 
systems, as aging is associated with marked increases in a number of diseases, 
including most types of cancers (Rossi et al.  2007a ; Benz and Yau  2008 ; 
Blagosklonny et al.  2010 ). With more than 80 % of human cancers being diagnosed 
after the age of 50 (DePinho  2000 ), aging represents the single most important 
prognostic factor for many cancers, including lung, colon, prostate, and certain 
leukemias (Benz and Yau  2008 ; Edwards et al.  2002 ; Balducci and Beghe  2001 ). 
Strong associations between aging and cancer are traditionally used to support the 
mutation-centric view of clonal evolution of cancers: aging leads to an accumula-
tion of random mutations, and since (a) some of these random mutations are 
expected to activate cellular oncogenes or silence suppressor genes and (b) trans-
formation is thought to require cooperation between several oncogenic events, 
aging should translate into increased risk of cancer initiation (Serrano and Blasco 
 2007 ). On the other hand, aging is also associated with substantial cell-autonomous 
and microenvironmental changes (Henry et al.  2011 ). In principle, these changes 
are likely to modify the ability of oncogenic mutations to drive clonal expansion. 
In fact, some of the age-related changes such as increased infl ammation and 
decreased immune surveillance have been clearly implicated in carcinogenesis 
(Henry et al.  2011 ). In addition, intracellular changes such as telomere shortening 
as well as growth inhibitory changes in the microenvironment could create a sce-
nario for a strong selection for “oncogenic resistance to growth inhibitory condi-
tions” (Blagosklonny  2002 ). Thus, the effects of aging are highly complex and 
span organismal, systemic, and cellular levels (Anisimov  2009 ). Cancer develop-
ment is similarly complex. Thus it would be naïve to expect a simple relationship 
between mutational accumulation and the increasing incidence of aging-associated 
cancers. 

 One of the more notable age-related changes in hematopoiesis is immuno-
logic decline (Kirkwood  2005 ; Henry et al.  2010 ,  2011 ; Anisimov  2009 ; Greaves 
and Maley  2012 ; Greaves and Wiemels  2003 ; Naumov et al.  2006a ), which 
impairs responses to pathogens and reduces vaccination effi cacy in elderly popu-
lations. Decreased immune function is not compartmentalized; reduced immune 
cell function (and in some cases cell numbers) has been observed in both the 
myeloid and lymphoid lineages (Weiskopf et al.  2009 ; Weinberger et al.  2008 ; 
Linton and Dorshkind  2004 ). Furthermore, recent studies have indicated that 
these functional reductions result at least in part from aging-associated defects in 
HSC function, which are transferred to their lineage-committed progeny 
(Weiskopf et al.  2009 ; Linton and Dorshkind  2004 ). The causes of the aging-
associated decline in HSC and hematopoietic cell function are still under 
investigation. 
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13.2.1     Aging and HSC Fitness 

 Most of our current knowledge on the impact of aging on HSC function comes from 
studies using mouse models (Weiskopf et al.  2009 ; Linton and Dorshkind  2004 ; 
Sharpless and DePinho  2007 ; Miller and Allman  2005 ). These studies implicate 
both cell-intrinsic and cell-extrinsic factors towards impairments of age-dependent 
alterations in HSC behavior, although within animals both intrinsic and extrinsic 
infl uences are tightly interwoven and are sometimes diffi cult to disentangle 
(Chambers and Goodell  2007 ). Extrinsic factors, including changes in niche com-
position and hormone production, have been postulated to play a major role in 
declining HSC function with age (Chambers and Goodell  2007 ; Yin and Li  2010 ). 
In vivo, multiphoton intravital microscopic analysis of HSC in the bone marrow of 
young and old mice has revealed that old HSC resides further away from the endos-
teum than young HSC progenitors, indicating age-related extrinsic changes in niche 
composition that could impact HSC function (Kohler et al.  2009 ). HSC normally 
resides in the hypoxic endosteum microenvironment (Kohler et al.  2009 ; Simsek 
et al.  2010 ; Takubo et al.  2010 ). The effects of hypoxia on HSC function are just 
beginning to be delineated. It has been postulated that hypoxia regulates HSC self- 
renewal by limiting cell cycle entry (increasing self-renewal), which would limit 
potential accumulation of damage (Takubo et al.  2010 ; Eliasson et al.  2010 ). Thus, 
residing further away from the endosteum, by increasing oxidative damage to DNA, 
could increase the mutational load in HSC (although this has yet to be demon-
strated). In addition, it is believed that hypoxia limits the fl ow of extracellular fl uids 
into the endosteum niche, which reduces HSC exposure to potentially hazardous 
toxins and proinfl ammatory cytokines, some of which are known to be tumor pro-
moting (Takubo et al.  2010 ; Eliasson et al.  2010 ; Karin et al.  2006 ; Rossi et al. 
 2007b ). Indeed, aging in mice is associated with increased detection of γH2AX foci 
in HSCs (Rossi et al.  2007b ), which could refl ect DNA damage. Notably, a recent 
study showed that these foci refl ect increased replicative stress in old HSCs, coin-
ciding with decreased expression of components of the replication complex 
(MCMs) (Flach et al.  2014 ). Should mutation load increase in HSCs in old age, the 
chances for acquisition of oncogenic mutations would be increased, which could 
contribute to the increased initiation and progression of cancers in the elderly 
(whether mouse or human). Moreover, another consequence of increasing replica-
tive stress and mutational load in HSCs (as in other stem cell types) could be the 
reduction in stem cell fi tness, as DNA damage is more likely to negatively impact 
on cellular functions than improve them. Beyond the accumulation of genetic dam-
age, epigenetic drift with age also likely contributes to HSC fi tness decline 
(Chambers et al.  2007 ; Wahlestedt et al.  2013 ; Bell and Spector  2011 ; Sun et al. 
 2014 ). Moreover, other cell-autonomous changes likely contribute. Indeed, HSCs in 
old mice exhibit greater dependence on autophagy, which is selectively needed for 
old HSCs to maintain cellular energetics and survival (Warr et al.  2013 ). Notably, 
recent computational studies of changes in HSC fi tness with age indicate that cell-
autonomous accumulation of genetic and epigenetic events is insuffi cient to account 
for fi tness decline with age, instead revealing that microenvironmental alterations 
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with age are required to achieve the observed severalfold reductions in HSC fi tness 
in old age (Rozhok et al.  2014 ). 

 Aging-related, cell-autonomous changes have also been shown to contribute to 
altered HSC function (Chambers et al.  2007 ; Rossi et al.  2005 ; Chambers and 
Goodell  2007 ; Warren and Rossi  2009 ; Beerman et al.  2010a ,  b ). When highly puri-
fi ed long-term HSCs (LT-HSCs) from young or old mice are used to reconstitute 
young irradiated recipient mice, old LT-HSCs are two- to fourfold less effi cient at 
reconstitution per HSC, and their production is skewed in favor of myelopoiesis, 
with accompanying reductions in lymphopoiesis (Dykstra et al.  2011 ; Chambers 
et al.  2007 ; Rossi et al.  2005 ; Henry et al.  2010 ; Miller and Allman  2005 ; Chambers 
and Goodell  2007 ; Morrison et al.  1996 ). Thus, as defi ned above, old HSCs are less 
“fi t,” in that young competitors are better able to contribute to hematopoiesis. Aged 
mouse HSCs also exhibit decreased homing and engraftment posttransplantation 
(Morrison et al.  1996 ; Liang et al.  2005 ). 

 The hematopoietic system may attempt to compensate for decreased HSC func-
tion (and decreased production rates of mature progeny) by increasing the size of 
the HSC compartment, as indicated by the observation that the number of pheno-
typic HSCs in C57Bl/6 mice increases with age (Chambers et al.  2007 ; Rossi et al. 
 2005 ; Chambers and Goodell  2007 ; Morrison et al.  1996 ; Sudo et al.  2000 ; de Haan 
and Van Zant  1999 ; Noda et al.  2009 ). Such increased homeostatic mechanisms, 
both through increased cytokine levels and perhaps increased turnover rates for 
HSCs and other progenitors, should contribute to higher chances for mutation fi xa-
tion. Larger numbers of HSCs should also increase the target size for oncogenic 
mutations. However, increased HSC numbers have not been observed in all mouse 
strains; BALB/c and DBA/2 do not show an age-dependent increase in the numbers 
of phenotypic HSC (Van Zant et al.  1990 ; Chen et al.  1999 ,  2000 ). Still, increased 
numbers of HSCs, at least as assessed using phenotypic markers, are observed in 
elderly humans (Pang et al.  2011 ). Although the effects of aging on human HSCs 
have not been as extensively studied, human HSC function also appears to be 
affected by aging given the observation that the proliferative potential of human 
HSCs declines with age (Vaziri et al.  1994 ). In addition, bone marrow from older 
humans is less effi cient at reconstituting recipients when compared to the reconsti-
tution capacity of bone marrow derived from younger patients (Kollman et al. 
 2001 ). Therefore, based on experiments in mice and more limited observations in 
humans, it is clear that a number of age-associated alterations in the HSC compart-
ment, due both to extrinsic and intrinsic factors, could contribute to increased fre-
quencies of hematopoietic malignancies in the elderly.  

13.2.2     HSC Lineage Bias Changes with Age 

 Aging-associated changes in HSC refl ect more than just a decline in fi tness. In 
aged mice, it has been demonstrated that a developmental shift occurs, with 
reduced lymphopoiesis in favor of greater myelopoiesis. Microarray analyses of 
HSCs isolated from old mice reveal a gene expression profi le consistent with this 
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age-dependent bias towards production of myeloid cells (Chambers et al.  2007 ; 
Rossi et al.  2005 ; Chambers and Goodell  2007 ). The myeloid bias appears to be 
at least in part cell autonomous, as adoptive transfer of young and old HSC into 
young, irradiated recipients recapitulates the age-dependent bias towards myelo-
poiesis (Rossi et al.  2005 ; Dorshkind et al.  2009 ; Guerrettaz et al.  2008 ). This 
bias appears to be mediated by a shift towards greater frequency of myeloid-
biased (mb-HSCs) relative to lymphoid-biased HSCs (lb-HSCs) (Sudo et al. 
 2000 ; Muller-Sieburg et al.  2004 ; Cho et al.  2008 ), and these differentially biased 
HSCs can now be prospectively isolated and shown to transfer their developmen-
tal bias to recipient mice (Beerman et al.  2010a ,  b ; Challen et al.  2010 ; Kent et al. 
 2009 ). Notably, transplantation of mb-HSCs from young and old mice at limiting 
dilution (so that a single HSC contributes to hematopoiesis in the recipient) 
reveals a signifi cant two- to threefold reduction in engraftment for each success-
fully engrafting old mb-HSC relative to young mb-HSC (indicating a per cell 
reduction in HSC fi tness in old mice, even when similarly “biased” HSCs are 
compared) (Dykstra et al.  2011 ). It is important to note that while myelopoiesis 
becomes favored over lymphopoiesis in old mice, myeloid progenitors are not 
“more fi t” relative to the young (Dorshkind et al.  2009 ; Signer et al.  2007 ). 
Moreover, elderly humans exhibit alterations in HSC representation and decreased 
developmental potential of both lymphoid and myeloid progenitors (Pang et al. 
 2011 ; Sharpless and DePinho  2007 ; Kuranda et al.  2011 ). Notably, human BM 
cells with HSC phenotypic markers also show myeloid skewing and decreased 
repopulation potential in immunocompromised mice, suggesting decreased fi t-
ness (Pang et al.  2011 ). 

 Recently, it has been demonstrated that increases in the activation of the nonca-
nonical Wnt signaling pathways, mediated primarily through Wnt5a, are an impor-
tant contributor to HSC aging (Florian et al.  2013 ). Specifi cally, aging promotes 
increased expression of Wnt5a in long-term HSCs which leads to decreased 
β-catenin activity in the nucleus (Florian et al.  2013 ). Furthermore, Wnt5a treatment 
of young HSC induces an aging-like phenotype, indicated by increases in Cdc42 
levels, decreases in the percentage of polarized LT-HSCs, and reductions in B lym-
phopoiesis with accompanying increases in myelopoiesis in vivo (all of which are 
phenotypes observed in aged HSC (Florian et al.  2012 )). Additionally, aged 
LT-HSCs isolated from Wnt5a-haploinsuffi cient mice have reduced Wnt5a and 
Cdc42 activity, corresponding with better maintenance of B lymphopoiesis without 
accompanying increases in myelopoiesis in vivo (Florian et al.  2013 ). Transplantation 
studies revealed that reducing Wnt5a activity in aged LT-HSCs reversed the aging- 
associated, cell-intrinsic defi ciencies exhibited by a signifi cant increase in the 
capacity of these cells to make B cells. As a result of the fi ndings from this study, 
we now have a better understanding of the molecular processes that underlies 
LT-HSC aging and how this shift from canonical to noncanonical Wnt signaling 
pathways promotes aging hematopoiesis. Importantly, these studies suggest that at 
least some aspects of the aging hematopoietic phenotype are reversible by altering 
signaling, which could also provide insight into how particular oncogenic events 
may be adaptive in aged HSC pools.  
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13.2.3     The Impact of Aging on Innate and Adaptive Immunity 

 The biological consequences of aging-associated alterations in hematopoiesis and 
the impact on the ability of mature immune cells to control aging-associated cancers 
are being actively investigated. It has been extensively shown that innate and adap-
tive immune cells from older individuals exhibit reduced function and/or numbers, 
which decrease their ability to eliminate aging-associated cancers. Decreased cel-
lular function in old age has been documented in innate cells such as dendritic cells 
(DC) (reduced T-cell stimulatory capacity) and natural killer (NK) cells (reduced 
cytolytic potential) (Weiskopf et al.  2009 ; Shaw et al.  2010 ). Age-associated impair-
ment of the adaptive immune system, composed of T cells and B cells, is also 
observed in both aged mice and humans (Dorshkind et al.  2009 ; Miller and Allman 
 2005 ; Dorshkind and Swain  2009 ; Allman and Miller  2005 ) and could facilitate 
cancer development in older individuals. In mice, the production of naïve CD4 +  T 
cells (T-helper cells) declines with age (Aspinall and Andrew  2000a ,  b ). CD8 +  T-cell 
function, as measured by decreased proliferation in response to IL-2 and reduced 
expansion and differentiation upon antigenic stimulation, also declines with age 
(Weiskopf et al.  2009 ). Aging B lymphopoiesis in mice is characterized by reduc-
tions in progenitor cell populations, reduced responsiveness to growth factors such 
as interleukin-7 (IL-7), and decreases in their ability to undergo class switching. In 
humans, the aging-associated decline in B-cell lymphopoiesis appears less drastic 
compared to mice, and it has been demonstrated that B-cell lymphopoiesis in 
humans is less dependent on IL-7 stimulation (Rawlings et al.  1995 ; Prieyl and 
LeBien  1996 ). The decline in humoral responses in elderly people is largely attrib-
uted to changes in the composition of the cells comprising the B-cell repertoire 
(Weiskopf et al.  2009 ; Weksler et al.  2002 ; Weksler and Szabo  2000 ). Although the 
effects of aging on B lymphopoiesis differ between mice and humans, there is sig-
nifi cant overlap in the decline in B-cell function found in aged population from both 
species. While reductions in B lymphopoiesis in old age could contribute to reduced 
tumor immune surveillance, there has been more debate about the implications of 
perturbed B-cell development towards leukemogenesis (described below).  

13.2.4     Inflamm-aging and the HSC Repertoire 

 Aging-associated changes in HSC representation and function, some of which are 
subsequently imprinted on mature immune cells, prompt two important questions: 
(1) What factor(s) induces the aging-associated alterations in HSCs? (2) What is the 
biological cause (and consequence) of these changes? Regarding the former, 
increases in aging-associated infl ammation, dubbed “infl amm-aging,” may impinge 
on stem cell populations leading to the altered stem cell dynamics discussed in the 
previous sections. Indeed, infl ammatory cytokines have been shown to regulate 
HSC activity with cytokines such as TGF-β and TNF-α showing the capacity to 
promote quiescence by repressing HSC expansion (Pronk et al.  2011 ; Yamazaki 
et al.  2009 ; Mirantes et al.  2014 ; Pietras et al.  2014 ), while the cycling of HSCs can 
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be induced through the actions of IFN-α and IFN-γ (Essers et al.  2009 ; Baldridge 
et al.  2010 ). Furthermore, recent evidence suggests that HSC skewing towards the 
myeloid lineage in old age may be in part promoted by cytokines like TGF-β1 
(Chambers et al.  2007 ; Challen et al.  2010 ; Song et al.  2010 ) or by perturbation of 
the bone marrow microenvironment (Omatsu et al.  2010 ). “Infl amm-aging” is char-
acterized by increased levels of tumor necrosis factor-alpha (TNF-α), interleukin-6 
(IL-6), and interleukin-1β (IL-1β) in the plasma (Weiskopf et al.  2009 ; Franceschi 
et al.  2000 ). This increase in the circulating levels of infl ammatory cytokines likely 
refl ects cell-autonomous changes in myeloid gene expression resulting in microen-
vironmental alterations that could favor tumor initiation and progression (Weiskopf 
et al.  2009 ). In addition, aged HSCs themselves have been shown to exhibit proin-
fl ammatory and stress response biases in their gene expression profi les (Chambers 
et al.  2007 ). The cause of this aging-associated increase in infl ammation is still 
under investigation. However, proposed culprits of “infl amm-aging” are chronic 
infection by pathogens past reproductive ages, elevated aging-associated stress 
responses, declines in mechanisms responsible for dealing with these stresses, and 
altered cellular metabolism (Chambers et al.  2007 ; Simsek et al.  2010 ; Franceschi 
et al.  2000 ; Garaycoechea et al.  2012 ). In fact, Franceschi et al. propose that humans 
(and presumably other mammals) evolved to deal with chronic infections during our 
“normally” short lives (at least for most of our evolutionary history) (Franceschi 
et al.  2000 ). These same mechanisms, which were benefi cial for controlling infec-
tions through reproductive years, could be contributing to increased infl ammation in 
old age (of course, natural selection acted on the former to a far greater extent than 
the latter). 

 Chronic infl ammation is a well-defi ned contributor to tumorigenesis, with tumor- 
associated macrophages (TAMs) playing a key role in driving tumorigenesis 
(Franceschi et al.  2000 ). The cytokines produced by these TAMs, such as TNF-α, 
could infl uence cancer progression both by promoting proliferation of oncogeni-
cally initiated or more advanced tumor cells and by inducing death of nonmalignant 
stem and progenitor cells (thus stimulating compensatory proliferation) (Karin et al. 
 2006 ; Karin and Greten  2005 ). Infl ammation may also create a hazardous microen-
vironment, with increased ROS and cell death, thus promoting selection for onco-
genic events that confer resistance or are otherwise adaptive to this altered 
microenvironment. 

 On the HSC level, infl ammation likely induces changes in the microenvironment 
that increases exposure of HSCs to insults that could induce damage and subse-
quently lead to decreased fi tness (Chambers et al.  2007 ; King and Goodell  2011 ). 
As mentioned above, HSCs in the bone marrow of old mice reside further away 
from the protective hypoxic endosteum than their young counterparts (Kohler et al. 
 2009 ). This altered localization correlates with increased detection of γH2AX foci 
and loss of quiescence (mediated by reduced HIF-1α levels) (Takubo et al.  2010 ), 
which may result from elevated exposure to toxins and cytokines (King and Goodell 
 2011 ). Furthermore, loss of HIF-1α has been shown to alter HSC metabolism 
(Simsek et al.  2010 ), which could alter cellular fi tness. Thus, aging-associated 
infl ammation may also promote cell-intrinsic (whether genetic or epigenetic) and 
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cell-extrinsic changes, which alter cellular fi tness, subsequently leading to increased 
selection for oncogenically initiated cells. 

 Regarding the latter,  why  does the representation and fi tness of HSC change 
with age? As discussed previously, hematopoietic aging in mice and humans is 
accompanied by a skewing towards myelopoiesis. This shift is attributed at least 
in good measure to changes in the genetic program of HSC and a reduction in the 
number of lymphoid-biased HSC. From an evolutionary perspective, this shift in 
the representation of hematopoietic progenitors appears programmed, since the 
majority of the lymphocyte repertoire is established during youth. Indeed, T lym-
phopoiesis declines starting before full maturity (Dorshkind et al.  2009 ; Dorshkind 
and Swain  2009 ) and thus clearly represents an evolved program (not a conse-
quence of decreased maintenance in old age). Similarly, B lymphopoiesis declines 
gradually with age (Miller and Allman  2005 ; Milne and Paige  2006 ), similarly 
suggesting that this programmed switch in hematopoiesis (to more myeloid) pro-
vides an adaptive advantage to mammals. Thus, these changes in hematopoiesis 
are advantageous for organismal fi tness: the lymphocytic repertoire is established 
relatively early in life and can be subsequently maintained at the mature T- and 
B-cell levels. In contrast, a constant supply of myeloid cells, which do not self-
renew and represent the fi rst line of defense against pathogens (in addition to 
playing many other roles in tissue maintenance) (Cain et al.  2009 ), is required 
throughout life. 

 Notably, not all aging-associated changes are cell intrinsic. Several reports show 
that microenvironmental alterations that occur during aging alter HSC function. 
These include the reduced ability of old bone marrow stromal cells to support hema-
topoietic progenitor cell expansion, reduced adhesion of aged HSC and progenitor 
cells to bone marrow stroma, and reduced polarity of aged HSC to BM stromal cells 
(Florian et al.  2012 ; Stephan et al.  1998 ; Xing et al.  2006 ). Moreover, infl ammation 
has been shown to directly impair B lymphopoiesis (and thus favor myelopoiesis), 
by preventing B-progenitor localization to the IL-7-rich niche (Ueda et al.  2005 ). 
While infl ammation is important for animal survival in youth (for eliminating infec-
tions and repairing tissues), it can become detrimental in old age in its chronic mani-
festation (Goto  2008 ). These observations suggest that microenvironmental stimuli 
play a role in the regulation of stem and progenitor cells and the subsequent skewing 
that accompanies aging. Thus, while some myeloid skewing could be the result of 
the programs described above, additional skewing towards myelopoiesis could 
result from age-associated infl ammation (at ages beyond the point where natural 
selection has much infl uence). 

 Taken together, these data suggest that aging hematopoiesis potentially results 
from two phenomena: (1) aging-associated decline in lymphoid-biased HSC pop-
ulations resulting from a program favored by natural selection (B- and T-cell rep-
ertoires are established early, allowing hematopoiesis to focus on myeloid cell 
production, as myeloid cells are the fi rst line of defense against pathogens) and (2) 
aging-associated changes in HSC that result truly in old age (beyond much infl u-
ence from natural selection, such as due to infl ammation), which decrease the 
fi tness of HSC and subsequently progenitor cells (Fig.  13.2 ).   
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13.2.5     Aging, HSC, and Leukemogenesis: 
A Complicated Relationship 

 So how might aging-associated changes in HSC contribute to increased leukemo-
genesis? Stochastic aging-associated changes, such as infl amm-aging, could stress 
HSCs in older individuals. For example, elevated levels of proinfl ammatory cyto-
kines such as TNF-α (which is frequently increased in the serum of older individu-
als) have been shown to increase cycling of mb-HSCs (Ueda et al.  2004 ). Chronic 
infl ammation has also been associated with decreased HSC self-renewal, which is 
attributed to persistent mitochondrial ROS levels (Chambers et al.  2007 ; Goto 
 2008 ). Increased cycling of HSCs together with higher ROS levels (and subsequent 
damage to cellular macromolecules including DNA) could thus increase the chances 
for fi xation of oncogenic mutations. 

 As we argued above, reducing the fi tness of a cell population should increase 
selection for adaptive oncogenic events, thus promoting cancer development. Thus, 
an important question remains: how do changes in HSCs with age infl uence the fi t-
ness of committed progenitor cells? As described above, aging-associated defects in 
B and T lymphopoiesis are particularly apparent, which in mice can be attributed to 
both cell-intrinsic and cell-extrinsic effects of aging (Linton and Dorshkind  2004 ; 
Guerrettaz et al.  2008 ; Allman and Miller  2005 ; Miller and Allman  2003 ; Lescale 
et al.  2010 ). For T lymphopoiesis, age-dependent reductions (starting in youth) in 
T-cell production can be partially (but not entirely) ascribed to the involution of the 
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  Fig. 13.2    Model for aging-associated changes in the adaptive landscape. Aging is accompanied 
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thymus. B-cell progenitors exhibit clear cell-autonomous functional defects, such as 
reduced responsiveness to IL-7 (Miller and Allman  2003 ; Andrew and Aspinall 
 2001 ) and reduced kinase-dependent signaling (Henry et al.  2010 ). These functional 
defects have consequences, as we have shown that defective signaling and reduced 
fi tness of old B-progenitor pools lead to potent selection for oncogenes like BCR–
ABL that correct signaling defects (Henry et al.  2010 ). Moreover, stochastic model-
ing of somatic evolution in HSC pools revealed that non-cell-autonomous infl uences 
on HSC fi tness through the microenvironment were necessary to explain the age 
dependence of leukemias (Rozhok et al.  2014 ). 

 But why would B-cell progenitors in old mice exhibit functional defects, as these 
progenitors are not themselves “old” (with relatively short life spans of a few 
weeks), but were derived from old HSCs? Notably, Muller-Sieburg et al .  have 
shown that even young murine mb-HSCs (which dominate the hematopoietic sys-
tem of old mice and humans) make lymphoid progenitors with reduced function 
compared to those derived from lymphoid-biased HSCs that are predominant dur-
ing youth (Muller-Sieburg et al.  2004 ). Why would natural selection favor a mecha-
nism whereby functionally impaired B progenitors are produced in young mice? In 
one speculative scenario, we propose that fi t B lymphopoiesis is indeed maintained 
in young mice, as most B progenitors will be derived from lb-HSCs, and the few 
derived from mb-HSC will be outcompeted by those derived from lb-HSC (thus 
maintaining overall B-progenitor pool fi tness). Indeed, Challen et al. showed that in 
competitive repopulation experiments, myeloid progenitor pools were dominated 
by progeny of mb-HSCs and lymphoid progenitor pools by progeny of lb-HSCs 
(Challen et al.  2010 ). Notably, this lineage bias was amplifi ed by competition from 
progeny of HSCs with the opposing bias (i.e., lymphoid progenitors from mb-HSC 
appear to be outcompeted by lymphoid progenitors from lb-HSC) (Challen et al. 
 2010 ). Thus, only when mb-HSCs far outnumber lb-HSCs (in old animals, beyond 
the period of strong natural selection) would B progenitors actually be largely 
derived from mb-HSCs and thus exhibit reduced fi tness. 

 Notably, impaired B lymphopoiesis in old age appears to be more than just medi-
ated by changes in HSC subsets. Phenotypically distinct age-associated B cells 
(ABCs) have been shown to accumulate with advanced age in mice (Hao et al. 
 2011 ), and these ABCs exhibit heightened Toll-like receptor (TLR) responses (Hao 
et al.  2011 ) and accumulate in response to TLR signals (Rubtsov et al.  2011 ,  2013 ). 
ABCs from old mice also exhibit increased expression of TNFα, which can inhibit 
IL-7-dependent clonogenicity of pro-B cells (Frasca et al.  2012 ; Ratliff et al.  2010 ). 
Importantly, the Melamed lab has shown that depletion of mature B cells in old 
mice leads to restored B lymphopoiesis (Keren et al.  2011a ,  b ). 

 So what are the implications for leukemogenesis? Beyond the obvious effects of 
reduced lymphopoiesis on immunity against cancers, the impaired fi tness of lym-
phoid progenitors could promote selection for adaptive oncogenic mutations, as we 
have shown (Henry et al.  2010 ). While such oncogenic mutations might be expected 
to be adaptive in mb-HSC-derived B-progenitor pools (even if derived from young 
mb-HSCs), in a young animal B progenitors from lb-HSCs will dominate such 
pools (maintaining pool fi tness and thus preventing oncogenic selection). On the 
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other hand, the  lack  of lb-HSC-derived B lymphopoiesis in old animals could be 
responsible for the poor fi tness of B-progenitor pools and consequent increased 
leukemogenesis. Finally, it is also interesting to consider how alterations in B lym-
phopoiesis mediated by mature B cells (such as ABC) might impact oncogenic 
adaptation and leukemogenesis in old mice. Importantly, whether mediated by 
changes at the level of HSCs or committed B progenitors, it will be important to 
determine whether modulation of infl ammation can impinge on B lymphopoiesis 
and the adaptive landscape for oncogenesis. 

 If aging-associated mechanisms such as infl ammation are indeed a major con-
tributor to aging hematopoiesis, it stands to reason that if these insults could be 
reduced, it would lead to improvements in cellular fi tness and reduced cancer inci-
dence. Several observations support that this may be the case. First, it is notable that 
polymorphisms associated with reduced infl ammation are preferentially found in 
centenarians (Franceschi et al.  2005 ; Salvioli et al.  2009 ). Second, a history of 
infectious or autoimmune disease (and associated chronic immune stimulation) is a 
signifi cant risk factor for the development of acute myeloid leukemia (AML) or 
myelodysplastic syndrome (MDS) (Kristinsson et al.  2011 ). Third, the extent of 
hematopoietic decline varies widely between aged individuals, which may partially 
be attributed to lifestyle choice. Indeed, smoking (Malfertheiner and Schutte  2006 ) 
and obesity (Roberts et al.  2010 ; Renehan et al.  2008 ) are both linked to higher 
cancer incidence, while caloric restriction in mice (Anisimov  2009 ) and prophylac-
tics in humans (i.e., aspirin) (Thakkar et al.  2013 ; Carlson et al.  2013 ) have been 
shown to have antitumor effects. A common feature of these cancer-promoting and 
cancer-reducing contexts is the observation that they all modulate infl ammation, 
with smoking and obesity promoting infl ammation and caloric restriction and aspi-
rin reducing infl ammation.   

13.3     Aging-Associated Hematopoietic Malignancies 
in Humans: Forest or the Trees? 

 Two categories of hematopoietic cancers that show striking increases in incidence 
in individuals over 65 years of age are leukemias and lymphomas (Fig.  13.3 ). In the 
following section we will review three aging-associated leukemias, each thought to 
initiate within HSCs: chronic lymphocytic leukemia (CLL), chronic myelogenous 
leukemia (CML), and acute myelogenous leukemia (AML). We will focus on the 
etiologies of these malignancies and how aging-associated hematopoietic changes 
in stem and progenitor cell populations may promote disease evolution in older 
populations.  

13.3.1     Etiologies of Aging-Associated Cancers 

 CLL is the most common type of leukemia/lymphoma in adults, with 72 being the 
median age of diagnosis (Gaidano et al.  2012 ). CLL is characterized by the 
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accumulation of antigen-stimulated mature B lymphocytes and proliferating precur-
sor cells (Chiorazzi et al.  2005 ). Although chromosomal translocations and cytoge-
netic lesions are rare in leukemic clones at earlier points of disease progression, 
these do appear as the disease progresses (Gaidano et al.  2012 ; Chiorazzi et al. 
 2005 ). Indeed, deletions such as 13q14, 11q22-23, 17p13, 14q32, and 6p21 are 
found in over half of CLL reported cases (Gaidano et al.  2012 ). These genetic 
changes likely have profound biological effects given that they modulate the expres-
sion of microRNAs (13q14), p53 (17p13), and the ataxia telangiectasia mutated 
(ATM; 11q22-23) gene (Chiorazzi et al.  2005 ). In addition to genetic aberrations in 
malignant cells isolated from CLL patients, tumorigenic B cells also exhibit altered 
intracellular signaling. Clinically, CD38 (which augments BCR signaling) or ZAP-
70-positive B cells are associated with more aggressive forms of the disease, while 
decreased activation of these molecules usually indicates a more indolent disease 
status (Chiorazzi et al.  2005 ). Recently it has been demonstrated that HSCs from 
CLL patients are aberrant and contribute to disease progression, which confl icts 
with the prevailing view that this leukemia initiates in more mature B cells (Alizadeh 
and Majeti  2011 ; Kikushige et al.  2011 ; Damm et al.  2014 ). In fact, HSCs from CLL 
patients exhibit cell- intrinsic lymphoid lineage bias that generates clonal CLL-like 
B cells (Alizadeh and Majeti  2011 ; Kikushige et al.  2011 ). Given the clonal nature 
of B cells that arise from HSCs from CLL patients, it is likely that a selection for 
oncogenically initiated HSCs occurs, predisposing patients to this malignancy 
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resulting from additional oncogenic events at more B-lineage-committed stages. 
However, little is known regarding either the initiating genetic/epigenetic events or 
the aging-associated contexts that favor initiation and progression of this disease. 

 CML is a clonal disorder of HSCs that results in a malignant increase of myeloid 
cells, erythroid cells, and platelets in the bone marrow and the peripheral blood. The 
median age of presentation of CML is 53 years of age (Sawyers  1999 ). There is no 
clear genetic or hereditary predisposition for this disease (Garcia-Manero et al. 
 2003 ). The acquisition of the Philadelphia chromosome, resulting from a transloca-
tion and fusion of the breakpoint cluster region (BCR) gene on chromosome 22 with 
the ABL gene produces BCR–ABL, a constitutively active, pleiotropic tyrosine 
kinase capable of promoting cellular growth, proliferation, and survival indepen-
dent of growth factor regulation (Sawyers  1999 ). Notably, CML in chronic phase is 
thought to be a simple leukemia (a myeloproliferative disorder), with Bcr–Abl as 
the only recurrent mutation (Mullighan et al.  2008 ). In contrast, the more advanced 
CMLs and BCR–ABL +  ALLs show numerous additional genetic changes beyond 
the BCR–ABL translocation (Mullighan et al.  2008 ), typical of most hematologic 
malignancies and other cancers. Although the presence of BCR–ABL transcripts is 
relatively common in the general population, the clinical manifestation of CML 
only occurs in 1–2 in 100,000 individuals per year (Biernaux et al.  1995 ; Bose et al. 
 1998 ; Matioli  2002 ; Garcia-Manero et al.  2003 ). These observations indicate that 
the acquisition of the driver mutation alone is insuffi cient to cause disease; thus, 
additional factors must contribute to disease progression (or lack thereof). 

 AML is a common form of leukemia in adults with the median age of diagnosis 
being 69 (Lowenberg et al.  1999 ). AML refers to a heterogeneous subset of leuke-
mia characterized by clonal expansion of myeloid progenitors (granulocytic, mono-
cytic, erythroid, or megakaryocytic) with a reduced capacity to differentiate into 
mature myeloid cells. Unlike CML in chronic phase, AML is recognized as a het-
erogeneous disease with a vast array of driver and secondary mutations required for 
the development of the disease. These mutations can be broadly classifi ed into two 
categories: mutations that promote proliferation and those that impair differentia-
tion (Kelly and Gilliland  2002 ). For the former, activating mutations in FLT3 are the 
most frequently observed molecular defect in AML, occurring in approximately 
30–35 % of adults and 20–25 % of children with AML (Armstrong et al.  2004 ; 
Small  2006 ). Mutations that reduce differentiation include those in genes encoding 
tet methylcytosine dioxygenase 2 (TET2) and DNA (cytosine-5)-methyltransferase 
3 alpha (DNMT3A), which substantially impact on the epigenetic profi les of these 
cells (Sanders and Valk  2013 ).  

13.3.2     Why Are These Leukemias Associated with Advanced Age? 

 The fi eld of cancer research is dominated by the view that oncogenesis is rate lim-
ited by the incidence of oncogenic mutations and that these mutations are typically 
advantageous when they occur in the right cell type. Such oncogenic mutations 
(including activation of proto-oncogenes and deactivation of tumor suppressor 
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genes, whether by genetic or by epigenetic mechanisms) are thought to provide 
cells with various “Hallmarks of Cancer,” including sustained proliferative signal-
ing and resistance to growth-suppressive and cell death signals (Hanahan and 
Weinberg  2011 ). In particular, it is widely accepted that the exponential increase of 
cancer incidence with age refl ects the time required for cells to accumulate suffi -
cient numbers of genetic and epigenetic mutations to confer the cancer phenotype 
(Kennedy et al.  2012 ; Vogelstein and Kinzler  2004 ; Weinberg  2007 ; Serrano and 
Blasco  2007 ; Hoeijmakers  2009 ; Peto et al.  1975 ; Nowell  1976 ). The logic is quite 
simple: aging leads to mutations (including oncogenic mutations) eventually result-
ing in cancers such as CLL, CML, and AML. Oncogenic mutations are clearly 
required for cancer evolution, and increases in genetic/epigenetic diversity in 
somatic cells associated with aging should contribute to cancer incidence. Increased 
rates of genomic instability in some cancers can also help promote tumor evolution 
(Crawford et al.  2004 ; Agrawal et al.  2012 ; Chang et al.  2001 ). However, is the 
axiomatic attribution of the rising incidence of cancers with age primarily due to the 
accumulation of oncogenic mutations suffi ciently justifi ed? Could it be so simple 
that the aging-associated increase in cancer incidence is solely explained by the 
requirement of the time it takes to increase the accumulation of oncogenic 
mutations? 

 As referred to above, many, if not most, mutations appear to accumulate during 
ontogeny, rather than during adulthood (Lynch  1988 ,  2010a ,  b ; Frank  2010 ; Vijg 
et al.  2005 ). The maintenance of self-renewing adult tissues may require relatively 
few stem cell divisions. It is estimated that any given HSC will divide on average 
fi ve to ten times through the life of an adult mouse (from maturity to 2–3 years of 
age) (Wilson et al.  2008 ), and yet one would surmise that the generation of each 
HSC in a young mouse required far larger numbers of cell divisions (counting from 
the one-celled zygote). In fact, mouse HSCs divide more than once per day through 
fetal development up until around 3 weeks of age and then abruptly switch to rare 
cell divisions (once every few months) through old age (Bowie et al.  2006 ). 
Similarly, telomere shortening in human hematopoietic cells occurs mostly during 
ontogeny (Rufer et al.  1999 ; Weng et al.  1998 ). Thus, it is not surprising that a sub-
stantial fraction of mutations and epigenetic changes would occur and accumulate 
during ontogeny (Frank  2010 ; Vijg et al.  2005 ; Horvath  2013 ), followed by a more 
modest rate of accumulation during tissue maintenance postmaturity. That the inci-
dence of most cancers rises late in life, with kinetics that are quite disconnected 
from the time-dependent accumulation of mutations in the tissues from when these 
cancers arise, argues that age-dependent acquisition of oncogenic mutations per se 
is not a rate-limiting step in tumorigenesis.  

13.3.3     Oncogenic Mutations Do Not Always Lead to Cancer 

 Many barriers to tumor progression exist, and it is well known that multiple onco-
genic mutations are required for the emergence of clinically detectable cancers 
(Greaves and Maley  2012 ; Gatenby and Gillies  2008 ). Still, if the incidence of 
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oncogenic mutations were a rate-limiting step in tumorigenesis, one would not 
expect an abundance of oncogenic mutations in the absence of tumorigenesis. 
Nonetheless, cell clones with mutational or epigenetic inactivation of the  PTEN  or 
 INK4A  tumor suppressor genes are frequently found in histologically normal endo-
metria and breast (respectively) of cancer-free women (Crawford et al.  2004 ; Mutter 
et al.  2001 ), far outpacing the incidence of the corresponding cancers. Furthermore, 
the presence of TEL-AML1 and AML1-ETO translocations in the blood cells of 
newborns is approximately 100-fold greater than the risk of the associated leuke-
mias (Greaves and Maley  2012 ). Perhaps most surprisingly, histologically advanced 
microscopic tumors are detected in many tissues of adult humans (Greaves and 
Maley  2012 ; Almog et al.  2006 ; Naumov et al.  2006b ), but they appear to be mostly 
held in check by unknown mechanisms. In addition, even though it is thought that 
the incidence of CML is limited by the occurrence of the initiating BCR–ABL 
translocation (Vickers  1996 ), in-frame BCR–ABL fusions are detected in leuko-
cytes of approximately one in three healthy individuals (Biernaux et al.  1995 ; Bose 
et al.  1998 ), and the vast majority of which will fortunately never develop this leu-
kemia (despite persistence of the translocation in leukocytes for long enough to 
suggest an HSC origin (Matioli  2002 )). In mouse models, the expression of BCR–
ABL provides a much greater advantage to progenitor cells in an aged as compared 
with a young hematopoietic system, leading to increased clonal expansion and leu-
kemogenesis (Henry et al.  2010 ). Thus, at least in this mouse model, the occurrence 
of the same oncogenic mutation, BCR–ABL, results in very different outcomes 
depending on the age of the target tissue.  

13.3.4     Tissue Decline with Age: Tumor Suppressive 
or Tumor Promoting? 

 It is frequently argued that aging is in part the consequence of organisms attempt-
ing to repress cancer evolution (Serrano and Blasco  2007 ; Hoeijmakers  2009 ; 
Dorshkind et al.  2009 ; Campisi  2005a ,  b ; Sahin and Depinho  2010 ; Sharpless and 
DePinho  2002 ,  2004  2007 ; Hinkal et al.  2009a ,  b ). In this view, aging and tissue 
decline limit cancer development, through telomere shortening and tumor suppres-
sor gene action. Thus, preventing cancer during youth (when animals are most 
likely to contribute to future generations) requires mechanisms, such as limited 
telomere maintenance, which contribute to aging phenotypes later in life. Thus, 
aging is thought to in part represent a cost of tumor suppression. According to this 
model, aging- associated events (i.e., telomere shortening) increase the activation 
of tumor suppressor genes, which inhibits cancer at the expense of accelerating the 
aging process (Dorshkind et al.  2009 ; Sharpless and DePinho  2007 ; Campisi 
 2005a ; Sahin and Depinho  2010 ; Finkel et al.  2007 ; Jaskelioff et al.  2011 ). Indeed, 
aging-associated reductions in telomere length and function activate p53, a critical 
tumor suppressor (Sharpless and DePinho  2007 ; Wynford-Thomas et al.  1995 ). In 
addition to p53, expression of the  INK4A  locus-encoded p16 and Arf tumor sup-
pressor genes also increases with age in certain hematopoietic compartments 
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(Signer et al.  2008 ). Moreover, increases in p16 and Arf have been shown to con-
tribute to the aging- associated decline in lymphopoiesis (Signer et al.  2008 ). 
Decreasing the expression of these tumor suppressors in aged lymphoid progeni-
tors reverses the senescent phenotype, resulting in an increased susceptibility to 
transformation (Signer et al.  2008 ). However, if tumor-suppressive mechanisms 
are elevated in aging tissues, this will be at odds with the strong association 
between age and the increased incidence of most cancers and with the fact that 
interventions that delay aging (like caloric restriction) also delay cancer occur-
rence (Blagosklonny  2008 ).   

13.4     Explaining the Link Between Age and Cancer: 
An Alternative View 

 As described above, the prevalent model that the accumulation of oncogenic muta-
tions is the rate-limiting step in the evolution of aging-associated cancers may be an 
oversimplifi cation. Consideration of the extensive changes that occur during the 
aging process and how these changes may affect  selection  for the fi ttest cells will 
likely provide more insight into why cancer incidences increase with age (referred 
to as adaptive oncogenesis (Fig.  13.1 )). For example, we know that aging in humans 
is associated with HSC fi tness declines, resulting in fi tness reductions in both 
myeloid and lymphoid progenitors (Pang et al.  2011 ; Sharpless and DePinho  2007 ; 
Vaziri et al.  1994 ; Kollman et al.  2001 ; Kuranda et al.  2011 ). Thus, oncogenic muta-
tions in aged HSCs in an aged landscape that are adaptive (thus improving fi tness) 
in this context should be selected for. These same mutations would be much less 
likely to be adaptive in a young healthy HSC pool, as these cells are near a peak of 
fi tness (DeGregori  2013 ). Considering CML, we know that manifestation of this 
disease is dependent on the acquisition of the BCR–ABL oncoprotein (Randolph 
 2005 ). Thus, due to the properties that BCR–ABL expression confers to cells, it is 
easy to surmise how the expression of this oncoprotein could improve the fi tness of 
aged HSCs, conferring a selective advantage to oncogenically initiated cells in an 
aged background. Indeed, we have shown that cell signaling is impaired in lym-
phoid progenitors from old mice, promoting selection for BCR–ABL expression 
(which restores signaling) (Henry et al.  2010 ). The evolution of AML likely follows 
similar rules: selection for the more fi t, oncogenically initiated HSC in a pool of less 
fi t, and less competitive aged HSCs. For example, IDH mutations (common in 
AMLs in the elderly) have been shown to increase the self-renewal capacity of 
transformed cells (Prensner and Chinnaiyan  2011 ) and to confer a selective advan-
tage to cells when growth-promoting cytokines are limiting, but  not  when suffi cient 
cytokines are provided (Losman et al.  2013 ). Aged HSCs localize further from pro-
tective hypoxic niches (Kohler et al.  2009 ). This relocation leads to decreased 
expression of HIF-1α, which is known to regulate cellular metabolism, cytokine 
production, and self-renewal (Takubo et al.  2010 ; Eliasson et al.  2010 ). Notably, 
mutations in IDH have been shown to increase HIF-1α expression leading to 
increased self-renewal capacities (Prensner and Chinnaiyan  2011 ). We speculate 
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that in aged HSC pools (but not young), reductions in self-renewal and cytokine- 
dependent signaling will lead to selection for oncogenic mutations in genes such as 
IDH that promote these properties. The HSC origins of CLL are just beginning to 
be unraveled (Puente et al.  2011 ; Quesada et al.  2011 ), and future experiments iden-
tifying how recurrent mutations associated with malignant CLL-associated HSC 
might be adaptive in aged HSC pools could shed light on the etiology of this 
disease. 

 We have argued that long-lived multicellular organisms have evolved stem cell 
populations with high fi tness, not only as a means of effi ciently maintaining a tis-
sue, but also because high fi tness in a cell population will oppose somatic evolu-
tion (DeGregori  2011 ; Marusyk and DeGregori  2008 ; Fleenor et al.  2010 ; 
Casas-Selves and DeGregori  2011 ). Like with animal populations well adapted to 
their environments, stabilizing selection should limit changes that alter fi tness in 
a population of stem cells with high fi tness. In fact, this link between fi tness and 
the extent of positive selection has also been shown for viruses and other organ-
isms independent of their biology and may be universal (Silander et al.  2007 ). 
Thus, highly effective competition in a young healthy stem cell population should 
serve to maintain the status quo, preventing somatic evolution. Effective competi-
tion will also facilitate the elimination of the occasional damaged cell from the 
stem cell pool, helping to maintain tissue fi tness to maximize the reproductive 
success of the animal. But in stem cell pools damaged by aging, irradiation, or 
other insults, the fi tness landscape will be dramatically altered (Fig.  13.1 ; “old 
progenitor pool”). The fi tness of the stem cell pool will be reduced, promoting 
selection for mutations and epigenetic events that improve cellular fi tness (Henry 
et al.  2011 ; Marusyk and DeGregori  2008 ). Still, just as the evolution of species 
is driven by mutation, selection, and drift, our model does not negate the impor-
tance of genetic and epigenetic diversity, which increases with age and following 
carcinogenic exposure, in providing fuel for selection (Garinis et al.  2008 ). 
Moreover, it is important to reemphasize that the decline of stem cell fi tness with 
age or other insults will not just refl ect cell-intrinsic damage, but will also involve 
microenvironmental alterations (indirectly reducing the fi tness of stem cells) 
(Rozhok et al.  2014 ; Alizadeh and Majeti  2011 ; Bagby and Meyers  2009 ; 
Laconi et al.  2008 ). 

 One hypothetical mechanism behind such a context-dependent effect of onco-
genic mutations might reside in part in the coupling between the cell cycle and dif-
ferentiation machineries, demonstrated for hematopoietic and other stem cell 
systems and indicating increased differentiation in cells following increased cell 
cycling (Hindley and Philpott  2012 ; Steinman  2002 ). The general tendency of initi-
ating oncogenic mutations to affect the cell cycle machinery by most often increas-
ing cell division rates is generally explained as selectively advantageous for the 
incipient cell in a stem cell pool. However, in the long run increased cell cycling 
may be disadvantageous by purging such cells from the stem cell pool via increased 
rates of differentiation. Indeed, many oncogenic mutations engineered within 
uncompromised HSC pools in young mice lead to increased HSC cycling and 
decreased self-renewal (reviewed in DeGregori  2013 ). But in damaged and aged 
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pools, where cell cycling is decreased, oncogenic events may potentially bring the 
incipient cells closer to the self-renewal  versus  differentiation optimum, giving 
them a selective advantage over the rest of the pool.  

    Conclusion 

 In this chapter we have described how the myriad of changes in HSCs and hema-
topoiesis in general associated with aging could contribute to increased blood 
cancers in old age. Similarly to other tissues, HSCs and the hematopoietic com-
partment demonstrate clear signs of senescence with age, generally revealed in 
reduced cell signaling, decreased lymphopoiesis, and gene deregulation due to 
accumulation of DNA damage and other progressive insults, like chronic infl am-
mation. This overall decline, followed by reduced immune function and other 
systemic alterations, coincides with an increased risk of many age-related dis-
eases, including cancer. Hematopoietic malignancies fi t well within the typical 
pattern of age-associated cancers, with a steep rise in incidence that begins dur-
ing the late 40s to early 50s, which coincides with the onset of the mostly post-
reproductive period in humans and putatively refl ects relaxing selection for 
maintenance of tissue integrity. Given overall cancer incidence statistics, this 
link between age and cancer is one of the central problems in health care, as a 
clear understanding of what drives cancer at advanced ages would help develop 
better strategies of prevention and treatment. 

 Both aging and cancer are highly complex, and their causes are certainly mul-
tifactorial, and models to explain their clear association will also need to be mul-
tifaceted. We have reviewed the various changes within the hematopoietic system 
with aging that are expected to contribute to increased cancer incidence in the 
elderly, including accumulating mutations and epigenetic changes, increased 
infl ammation, decreased adaptive immunity, altered numbers and fi tness of pro-
genitors, and other alterations that could change the adaptive landscape. While 
oncogenic mutations are undoubtedly required for the evolution of cancer, the 
development of these malignancies most likely heavily depends on the forces 
that shape the population fate of these oncogenic events within the competitive 
pools of stem and progenitor cells. We discuss evidence suggesting that onco-
genic mutations per se, while being the necessary priming events, may be insuf-
fi cient to drive the development of cancerous tissue without more systemic 
alterations in the adaptive hematopoietic landscape, which in turn alters the 
selective pressures on different mutations and/or cell phenotypes within HSC 
pools. The obvious link between fi tness and the strength of stabilizing or direc-
tional selection clearly demonstrated from natural organismal populations sug-
gests that clonal progression of oncogenically initiated cells (including HSCs) 
will be shaped by similar forces in tissues. This alternative perspective needs to 
be considered when explaining links between aging and cancers, including 
hematopoietic malignancies. Overlooking the role of these forces is perhaps the 
biggest problem of our current understanding of cancer development and may 
potentially hinder development of more effi cacious strategies to deal with aging-
associated malignancies.     
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  14      Mesenchymal Stem Cells in Wound 
Repair, Tissue Homeostasis, and Aging 

             Dongsheng     Jiang     and     Karin     Scharffetter-Kochanek    

    Abstract  
  Wound healing and scar remodeling are complex, multicellular processes that 
involve coordinated regulation of many cell types and various cytokines. The 
repair capacity gradually decreases with aging, constituting a severe health 
problem that frequently affects aged individuals. The decrease in cell number 
and function of mesenchymal stem cells (MSCs) is most likely responsible for 
the decline of tissue regeneration and wound healing. MSCs are endowed with 
the unique capacity for self-renewal and differentiation into histogenetically 
distinct cell types required for tissue repair. In addition, by their potential to 
sense danger signals at the wound site, MSCs are able to adaptively respond to 
infections and unrestrained macrophage activation and thus control infl amma-
tion. These properties make them promising for the treatment of chronic non-
healing wounds in the elderly or even for rejuvenation of the skin and other 
organs. This review will focus on the physiological and therapeutic roles of 
MSCs in cutaneous wound healing in the context of age-related chronic wounds 
and will help to decipher how the aging process affects the overall wound repair 
capacity of MSCs.  
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  Abbreviations 

   AT-MSCs    Adipose tissue-derived MSCs   
  MSCs    Mesenchymal stem cells   
  BM-MSCs    Bone-marrow-derived MSCs   
  EPC    Endothelial progenitor cells   
  ESC    Epidermal stem cells   
  MHC    Major histocompatibility complex   

14.1           Introduction 

 Normal tissue repair follows a sequence of events involving clotting, infl ammation, 
granulation tissue formation with wound contraction and angiogenesis, scar remod-
eling, and reepithelialization (Fig.  14.1 ) (Wlaschek and Scharffetter-Kochanek 
 2005 ; Singer and Caplan  2011 ; Gurtner et al.  2008 ). However, chronic skin wounds 
fail to progress through the normal pattern of wound repair, but instead remain in a 
chronic infl ammatory state with little signs of healing. The prevalence of chronic 
wounds is closely related to the aging population. In industrialized countries with a 
constantly increasing aged population, diffi cult-to-treat chronic wounds represent a 
major public health problem with high socioeconomic impact. Worldwide 200 mil-
lion diffi cult-to-treat chronic wounds severely affect the quality of life of elderly 
patients. Thus, medically effective and cost-effi cient treatment modalities are 
urgently needed, and in this regard topical application of mesenchymal stem cells 
(MSCs) may qualify as promising strategy to enhance healing of chronic wounds.  

 Aging occurs on a molecular, cellular, tissue, organ, and organismal level and 
involves a variety of distinct cell types, among them MSCs. Mitochondrial dysfunc-
tion with increased levels of reactive oxygen species (ROS) contributes to DNA 
damage accumulation, telomere dysfunction, and perturbed proteostasis observed 
in aged skin with the activation of distinct cellular check point responses such as 
apoptosis, replicative senescence, differentiation, repressed self-renewal, and the 
adoption of a senescence-associated secretory phenotype (SASP) eventually lead-
ing to the overall decline of tissue and organ homeostasis, repair, and regeneration. 
Currently, the contribution of intrinsic MSC aging to skin aging and impaired tissue 
repair is not well understood, and most of the studies on MSC aging are relying on 
in vitro evidence. This is mainly due to the lack of a MSC-specifi c marker, which 
would allow tracing individual MSCs in situ in skin and other organs. Nevertheless, 
the rare and specialized MSCs are supposed to be essential for the maintenance of 
cutaneous homeostasis and integrity (wound repair) throughout life. With advanc-
ing age, the number of MSCs and possibly their function decline with the observed 
overall compromised potential for regeneration and repair of damaged cells and 
tissues. 
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 In this chapter, we present an overview of the physiological and therapeutic roles 
of MSCs on cutaneous wound repair and attempt to highlight the impact of age- 
induced changes in MSCs affecting their capacity for wound healing and scar 
remodeling. We conclude with a perspective for clinical applications with 
 MSC- based treatment for age-associated wound-healing defects.  

14.2     Mesenchymal Stem Cells in Skin Wound Repair 

 The focus of dermatological stem cell research is predominantly on the epidermis 
and the hair follicle. In contrast, the characterization of stem cells in the mesenchy-
mal compartments of the skin has largely escaped the attention of the dermatologic 
community, though the dermis represents a larger reservoir for adult stem cells than 
the epidermis and the hair follicle together (Sellheyer and Krahl  2010 ). Currently, 
no in situ aging data on MSC populations are available. Nevertheless, MSCs have 
already shown great therapeutic promise for the treatment of age-related chronic 
wounds in the recent decade. Therefore, this review will preferentially focus on 
functions and cellular mechanisms of MSCs in the repair of chronic wounds. 

14.2.1     Physiological Localization of Dermal MSCs in the Skin 
and Their Function During Wound Healing 

 In 2001, MSCs residing within the dermis were fi rst isolated. They are endowed 
with the capacity to differentiate into adipocytes, smooth muscle cells, osteocytes, 
chondrocytes, neurons and glia, and hematopoietic cells of myeloid and erythroid 

Clotting phase Early inflammatory phase Late inflammatory phase

Epidermis

Dermis

FibrinPlatelet

Neutrophil MacrophageBlood vessel

Eschar

Myofibroblast Collagen

Reepithelialisation

Fibroblast
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  Fig. 14.1    Physiological wound healing. Wound healing involves a series of partly overlapping 
phases. Clot formation ensures a fi rst sealing of the wound to prevent microbial invasion. Within a 
few hours after injury, fi rst polymorphonuclear neutrophils (PMN) and later macrophages invade 
the wound site in the infl ammatory phase of wound healing to further combat contaminating 
microorganisms and to phagocytose cellular debris. The late infl ammatory phase with macro-
phages as the prevailing infl ammatory cells is followed by granulation tissue formation with 
wound contraction and angiogenesis and the matrix remodeling phase. The arrow indicates that in 
chronic wounds, the infl ammatory phase of wound healing is prolonged and often persists, leading 
to chronic wounds which fail to progress through the pattern of normal healing       
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lineages (Toma et al.  2001 ). The perifollicular connective tissue sheath and the der-
mal papilla represent the likely anatomical niche for these multipotent dermal cells, 
a fi nding proven in animal models (Jahoda et al.  2003 ; Hoogduijn et al.  2006 ). The 
primary adult hair follicle dermal papilla and dermal sheath MSCs revealed a fi bro-
blastic morphology and were CD44 + , CD73 + , and CD90 + . These MSC subpopula-
tions were capable of dye exclusion suggesting a multidrug resistance property and 
had the capacity to differentiate into various mesenchymal lineages, such as osteo-
blasts, adipocytes, chondrocytes, myocytes, and expressed neuroprogenitor cell 
markers (Jahoda et al.  2003 ; Hoogduijn et al.  2006 ). Subsequently, MSC-like cells 
have been isolated from human dermis by other investigators (Bartsch et al.  2005 ; 
Lorenz et al.  2008 ; Vaculik et al.  2012 ); however, in these studies the detailed in situ 
localization of the reported MSC subpopulations was not illustrated. 

 During anagen hair development, connective tissue sheath and dermal papilla 
are not only remodeled but also impressively expanded (Tobin et al.  2003 ). This 
strongly suggests the presence of resident mesenchymal precursor cell populations. 
During each anagen hair development, angiogenesis occurs, which likely arises 
from mesenchymal stem cells residing in the connective tissue sheath (Jahoda et al. 
 2003 ). Moreover, the follicular connective tissue sheath serves as a crucial cell pool 
for the formation of granulation tissue, which is formed by fi broblasts, endothelial 
cells, mast cells, and macrophages, after substantial skin trauma (Jahoda and 
Reynolds  2001 ). 

 Besides the skin-resident dermal MSCs, the endogenous MSCs originated from 
other organs are reported to participate in wound healing of the skin. In fact, early 
studies on adult stem cells in the dermal compartment showed that progenitors from 
bone marrow are chemokine-dependently recruited to the site of skin injury and par-
ticipate in skin restoration. These cells express mesenchymal markers (collagen I, 
fi bronectin) and are mainly understood as progenitors of fi broblasts; therefore, they 
are designated “fi brocytes” (Bucala et al.  1994 ). Fibrocytes constitutively produce 
ECM components as well as ECM-modifying enzymes and can further differentiate 
into myofi broblasts playing a crucial role in wound healing (Abe et al.  2001 ; Quan 
et al.  2004 ). Another study showed that upon wounding, stimulated bone-marrow-
derived stem cells traffi c through both wounded and non-wounded skin and incor-
porate into skin compartments (Badiavas et al.  2003 ). This concept was strongly 
supported by a study of Opalenik and Davidson ( 2005 ). Using a luciferase and 
b-galactosidase reporter under the control of collagen I a2 chain, the authors were 
able to show that the transplanted donor bone-marrow-derived cells occurred in the 
granulation tissue of recipient mice, differentiated to fi broblasts, and contributed 
signifi cantly to total collagen I production during later stages of repair (Opalenik 
and Davidson  2005 ). Very recently, with a similar experimental strategy, these bone-
marrow-derived cells have convincingly been proven to be bone-marrow- derived 
endogenous MSCs (Seppanen et al.  2013 ). Notably, ceramide-1- phosphate (C1P) 
which is upregulated during tissue damage was identifi ed as an important chemoat-
tractant for the recruitment of bone-marrow-derived MSCs to the site of injury (Kim 
et al.  2013 ). All these studies suggest that endogenous MSCs are native constituents 
of the wound bed and play a crucial role in cutaneous wound healing.  
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14.2.2     Therapeutic Function and Cellular Mechanisms 
of Transplanted MSCs in Wound-Healing Repair 
and Skin Aging  

 Despite the lack of knowledge on physiological functions of dermal MSCs in the 
skin in situ, the therapeutic benefi ts of transplanted MSCs in accelerating wound 
healing have been extensively documented in humans and various animal models 
regardless of the source of MSCs (skin, bone marrow, adipose tissue, skeletal mus-
cle, umbilical cord blood, gingival, dental pulp, Wharton’s jelly, synovial, amniotic 
fl uid) and donor (autograft, allograft, xenograft) (De Bari et al.  2001 ; Falanga  2012 ; 
Falanga et al.  2007 ; Heo et al.  2011 ; In’t Anker et al.  2003 ; Jiang et al.  2013 ; Miura 
et al.  2005 ; Qi et al.  2014 ; Sasaki et al.  2008 ; Stoff et al.  2009 ; Tark et al.  2010 ; Wan 
et al.  2013 ; Williams et al.  1999 ; Wu et al.  2007 ; Xie et al.  2013 ; Yew et al.  2011 ; 
Zhang et al.  2010 ; Ksander et al.  2014 ). MSCs apparently also enhance the quality 
of adult wound healing with reduced scar formation and regeneration of skin 
appendages (Qi et al.  2014 ; Stoff et al.  2009 ; Wu et al.  2014 ; Jackson et al.  2012 ; 
Liu et al.  2014 ). 

 By the release of a variety of bioactive trophic molecules and immunosuppres-
sive functions, MSCs distinctly contribute to establish a regenerative microenviron-
ment, which stimulates the proliferation of lineage-specifi c cells such as fi broblasts, 
epidermal cells, and endothelial cells to repair and restore damaged tissue. The 
MSC-imprinted regenerative microenvironment also stimulates and stabilizes 
angiogenesis and vessel formation and dampens the unrestrained activation of pro-
infl ammatory M1 macrophages eventually leading to scar-reduced or even scarless 
healing in adults. Here we summarize the major mechanisms that MSCs participate 
in improving wound healing (Fig.  14.2 ).   

14.2.3     Paracrine Trophic Effects 

 Topical application and local or intravenous injection of MSCs for the treatment of 
acute and chronic wounds result in accelerated wound closure with increased epi-
thelialization, granulation tissue formation, and angiogenesis (Jiang et al.  2013 ; 
Falanga et al.  2007 ; Heo et al.  2011 ; Wu et al.  2007 ). Although there is evidence for 
MSC differentiation in the wound, most of the therapeutic effects are likely due to 
MSCs releasing soluble factors that regulate local cellular responses to cutaneous 
injury (Hocking and Gibran  2010 ). MSCs are described as a factory of cytokines, 
chemokines, and ECM molecules (Caplan and Dennis  2006 ) or even a “drugstore” 
during injury (Caplan and Correa  2011 ; Murphy et al.  2013 ). 

 Chen et al. ( 2008 ) found that compared to dermal fi broblasts, BM-MSCs 
released vascular endothelial growth factor (VEGF), insulin-like growth factor-1 
(IGF-1), epidermal growth factor (EGF), keratinocyte growth factor (KGF), angio-
poietin-1, stromal cell-derived factor-1 (SDF-1), macrophage infl ammatory pro-
tein-1 (MCP- 1), and erythropoietin, which are essential for physiological wound 
healing. Moreover, in contrast to noneffective fi broblast-conditioned medium, 
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BM-MSC-conditioned medium signifi cantly enhanced migration and proliferation 
of macrophages, keratinocytes, and endothelial cells in vitro and in vivo and enhanced 
wound healing in a mouse model of excisional wound (Chen et al.  2008 ). Injected 
MSCs accelerate wound healing via the production and release of transforming 
growth factor beta (TGF-β and VEGF which induce myofi broblast differentiation 
and angiogenesis (Jiang et al.  2013 ; Nemeth et al.  2010 ; Popova et al.  2010 ; Salvolini 
et al.  2010a ). Coculture experiments with dermal MSCs and endothelia cells suggest 
that MSCs have the potential to activate endothelial cells. This activation is mediated 
via the release of VEGF and NO with subsequent alteration of the endothelial barrier 
overall facilitating the transmigration of MSCs across the endothelium to the wound 
site (Salvolini et al.  2010b ). Injection of TNF-α-activated human AT-MSCs acceler-
ate wound closure, angiogenesis, proliferation, and infi ltration of immune cells into 
the cutaneous wound through paracrine mechanisms involving IL-6 and IL-8 in a 
rat excisional wound model (Heo et al.  2011 ). Conditioned medium from AT-MSCs 
stimulates collagen synthesis and promotes proliferation and migration of human 
keratinocytes and fi broblasts during the wound-healing process (Lee et al.  2012 ; 
Rose et al.  2008 ). Interestingly, the synthesis of therapeutically relevant trophic 
factors such as IL-6, SDF-1, HGF, and VEGF was induced in MSCs following 
activation of the toll-like receptor 3 (TLR3) (Mastri et al.  2012 ). The ligand of 
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  Fig. 14.2    Mechanisms of MSCs accelerated wound healing. MSCs participate in wound repair 
via several benefi cial mechanisms, including ( 1 ) release of trophic factors, ( 2 ) suppression of over-
whelming infl ammation, ( 3 ) transdifferentiation into or fusion with specialized cells, ( 4 ) sensing 
of the microenvironment, and ( 5 ) remodeling extracellular matrices.  ECM  extracellular matrix,  Mf  
macrophages,  PMN  polymorphonuclear neutrophil,  DC  dendritic cells,  NK  natural killer cells,  Teff  
effector T cells,  Treg  regulator T cells       
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TLR3 polyinosinic:polycytidylic acid (poly I:C), in fact, stimulates wound healing 
(Lin et al.  2012 ). These data in conjunction with the assumption that danger signals 
like virus-derived double-strand RNA (a TLR3 ligand) of virally induced tissue 
damage occur in wounds would support the notion that TRL3 activation on MSCs 
enhances tissue repair. 

 Dermal fi broblasts and myofi broblasts are mainly responsible for wound con-
traction, extracellular matrix deposition, and scar tissue remodeling during tissue 
repair (Smith et al.  2010 ). In response to cocultured MSCs, dermal fi broblasts 
upregulate integrin a 7  and downregulate ICAM1, VCAM1, and MMP11 expres-
sion suggesting that MSCs may provide important early signals to enhance der-
mal fi broblast responses to enhance tissue repair after cutaneous injuries (Smith 
et al.  2010 ). In this context, MSCs enhance the directed migration of dermal fi bro-
blasts to a gradient of soluble chemotactic agents released by MSCs (Rodriguez-
Menocal et al.  2012 ). Notably, the migration of fi broblasts was found to be 
dramatically reduced in “wound” scratch assays on cocultures of unperturbed 
MSCs with fi broblasts isolated from tissue of chronic wound patients and lowest 
when both MSCs and fi broblasts stem from biopsies of chronic wound patients 
(Smith et al.  2010 ). These data suggest that both fi broblasts and MSCs isolated 
from chronic wounds – most likely due to the hostile microenvironment of chronic 
wounds (Wlaschek and Scharffetter-Kochanek  2005 ) – reveal distinctly impaired 
functions critical for proper tissue repair. In addition to the paracrine-mediated 
enhanced fi broblast migration, MSCs from human exfoliated deciduous teeth 
were found to increase proliferation and collagen synthesis of dermal fi broblasts 
(Ueda and Nishino  2010 ). 

 Besides the conventional secretion of soluble proteins, MSC-derived exosomes 
have recently been identifi ed to effectively serve as paracrine mediators in acceler-
ating tissue repair and regeneration. This conclusion was based on the interesting 
observation that the active components consisting of 50–200 nm-sized complexes 
which were isolated from conditioned medium of human embryonic stem cells 
derived from MSCs or fetal MSCs have the potential to markedly reduce the infarct 
size in a mouse model of myocardial ischemia/reperfusion (MI/R) injury, if intrave-
nously infused 5 min before reperfusion (Lai et al.  2010a ,  b ). The MSC-secreted 
complexes were identifi ed as exosomes, organized as bi-lipid membrane vesicles of 
endosomal origin containing proteins and RNA. Exosomes are secreted through 
fusion of multivesicular bodies with MSC cell membrane. The exosomes’ cargo is 
effi ciently protected from degradation by proteases and RNase and uptaken by 
recipient cells via endocytosis or membrane fusion (Lai et al.  2011 ). 

 Impaired mitochondrial function plays an essential role in aging, reduced tissue 
homeostasis, and repair. In 2006, it was reported that mitochondria and mtDNA can 
be actively transferred from human BM-MSCs to mammalian cells with nonfunc-
tional mitochondria without cell fusion, and this transfer, in fact, rescues the aerobic 
respiration (Spees et al.  2006 ). This was confi rmed in vitro by two subsequent stud-
ies showing that mitochondria were transferred from human BM-MSCs to cocul-
tured rat cardiomyocytes (Plotnikov et al.  2008 ) or human osteosarcoma cells (Cho 
et al.  2012 ) without functional mitochondria. The evidence that the transfer of intact 
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mitochondria can contribute to tissue repair in vivo was provided very recently. 
Islam and colleagues ( 2012 ) reported that human and mouse BM-MSCs attached to 
LPS-injured mouse alveolar epithelial cells transfer intact mitochondria by forming 
connexin-43-containing gap junctions, nanotubes (e.g., fi lopodia), and microvesi-
cles (e.g., exosomes) and, thus, contribute to the repair of an injured lung in vivo 
(Islam et al.  2012 ; Prockop  2012 ). Whether the transfer of mitochondria from MSCs 
to injured or senescent cells occurs during wound healing of the skin is currently 
unclear and needs further investigation.  

14.2.4     Angiogenesis 

 Angiogenesis is an essential process in tissue repair, regeneration, and reconstruc-
tion. Signals that control endothelial cell proliferation and differentiation have been 
studied on MSCs themselves or on their target tissues and organs. MSC differentia-
tion into endothelial cells can be practically accomplished by exposure to angio-
genic factors in vitro (Oswald et al.  2004 ). Exposure to VEGF evokes the 
differentiation of MSCs into endothelial-like cells, expressing VEGFR-1, VEGFR- 2, 
and von Willebrand factor (vWF) as well as the formation of the characteristic 
capillary- like structures (Oswald et al.  2004 ). Forced expression of secreted 
Frizzled-related protein-1 enhanced MSCs surrounding neovessel in vivo and 
strongly increased PDGF-BB expression in MSCs and enhanced b-catenin- 
dependent cell-cell contacts between MSCs themselves and epithelial cells or 
smooth muscle cells in vitro (Dufourcq et al.  2008 ). After injury, the level of TGF-β 1  
in the wound dramatically increases and plays a pivotal role in the regulation of 
angiogenesis. TGF-β 1  stimulated the synthesis of VEGF and the phosphorylation of 
Akt and ERK1/2 in MSCs (Wang et al.  2008 ). On the other hand, the paracrine fac-
tors, including TGF-β 1 , VEGF, bFGF, angiogenin, procathepsin B, IL-11, and 
BMP2, all secreted by MSCs, affect endothelial cell migration, ECM invasion, pro-
liferation, and survival in vitro (Potapova et al.  2007 ) and induce angiogenesis and 
enhance wound healing in vivo (Wu et al.  2007 ). 

 Recently, MSCs have been proposed to arise from perivascular stromal cells 
including pericytes, which are localized on the abluminal side of blood vessels, 
immediately opposed to endothelial cells (Crisan et al.  2008 ; Traktuev et al.  2008 ). 
BM-MSCs express pericyte markers such as α-SMA, desmin, calponin, smoothelin, 
and NG2 (Au et al.  2008 ) and can home to skin wound sites where they may exert 
pericyte functions to support and stabilize new vessel formation (Ozerdem et al. 
 2005 ). Au et al. ( 2008 ) found that BM-MSCs elongated and co-aligned in close 
proximity to vascular tubelike structures. MSC migration towards vascular cells 
depends on PDGF-BB, a growth factor that also enhances pericyte migration. In 
vivo data suggest that pericytes are attracted to newly formed vessels (Au et al. 
 2008 ). The preferred perivascular localization of MSCs may be related to their ori-
gin and interaction with vascular structures after homing. Pericyte coverage is 
important for the stability and remodeling of blood vessels in wound healing 
(Bergers and Song  2005 ).  
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14.2.5     Immune Regulation in the Inflammatory Phase of Tissue 
Repair 

 MSCs are low immunogenic cells. Despite constitutive expression of MHC-I and 
upregulation of MHC-II induced by IFN-γ, human MSCs fail to stimulate prolifera-
tion of allogeneic lymphocytes in vitro, even in the presence of CD28-stimulating 
antibodies or B7 costimulator (Prockop et al.  2010 ), which makes allogeneic trans-
plantation of MSCs possible. MSCs have shown promising regulatory effects on 
both adaptive and innate immune systems in general and during tissue repair in 
particular. MSCs are reported to suppress proliferation and function of T-effector 
cells and induce their apoptosis by indoleamine 2,3-dioxygenase (IDO)-mediated 
tryptophan depletion (Meisel et al.  2004 ; Selmani et al.  2008 ; Akiyama et al.  2012 ; 
Ren et al.  2008 ); promote the generation of regulatory T cells (Selmani et al.  2008 ; 
Kavanagh and Mahon  2011 ; Sun et al.  2011 ; Ghannam et al.  2010 ); reduce B-cell 
activation and proliferation (Corcione et al.  2006 ; Maby-El Hajjami et al.  2009 ); 
suppress differentiation, maturation, and antigen-presenting functions of dendritic 
cells (Nauta et al.  2006 ; Aggarwal and Pittenger  2005 ); inhibit proliferation and 
cytotoxicity of natural killer cells (Selmani et al.  2008 ; Sotiropoulou et al.  2006 ; 
Aggarwal and Pittenger  2005 ); induce macrophage polarization from a proinfl am-
matory M1 to an anti-infl ammatory M2 state (Dayan et al.  2011 ; Jiang et al.  2013 ; 
Kim and Hematti  2009 ; Qi et al.  2014 ; Zhang et al.  2010 ); and inhibit neutrophil 
apoptosis and activation (Jiang and Scharffetter-Kochanek unpublished data) 
(Raffaghello et al.  2008 ; Tso et al.  2010 ). Several recent reviews provide further 
information (Prockop et al.  2010 ; Nasef et al.  2008 ; Atoui and Chiu  2012 ; Bunnell 
et al.  2010 ; Shi et al.  2010 ). 

 TNF-α released from proinfl ammatory M1 macrophages stimulates inducible 
nitric oxide synthase (iNOS) with subsequent generation of microbicidal NO •  to 
combat invading microbes during early phases of wound healing (Daley et al.  2010 ). 
By contrast to scarless fetal wound healing with little or no TNF-α release, TNF-α 
concentrations in acute physiological healing result in enhanced microbicidal activ-
ity at the expense of enhanced scar formation. Also persisting overexpression of 
TNF-α as observed in chronic wounds results in the nonhealing state (Sindrilaru 
et al.  2011 ). A vicious cycle of persistent high concentrations of reactive oxygen 
species and matrix metalloproteinase-1 activation with subsequent tissue break-
down and premature senescence of resident wound fi broblasts are responsible for 
the delay in tissue restoration (Sindrilaru et al.  2011 ). In addition, high TNF-α 
concentrations – via an autocrine loop – maintain and amplify proinfl ammatory M1 
macrophage activation (Sindrilaru et al.  2011 ; Wang et al.  2006 ). MSCs signifi -
cantly suppressed TNF-α release from macrophages in vitro and in vivo and thus 
contribute to the accelerated wound healing in various animal models (Pietila et al. 
 2012 ; Qi et al.  2014 ; Zhang et al.  2010 ). 

 TNF-α-stimulated gene 6 protein (TSG-6) has recently been identifi ed as a key 
anti-infl ammatory molecule released from activated MSCs. TSG-6 released from 
intravenously infused human MSCs decreased infl ammatory responses, reduced 
infarct size, and improved cardiac function in experimental myocardial infarction 
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(Lee et al.  2009 ). Moreover, through the interaction with CD44 on macrophages, 
MSC-derived TSG-6 attenuates zymosan-induced mouse peritonitis due to its abil-
ity to decrease the TLR2-mediated nuclear translocation of NFκB in resident mac-
rophages (Choi et al.  2011 ). Recently, our group has demonstrated that TSG-6 
released from MSCs improves wound healing by limiting macrophage activation, 
infl ammation, and scar formation in a murine model of full-thickness skin wounds 
(Qi et al.  2014 ).  

14.2.6     Transdifferentiation 

 Stem cells are believed to have tissue regeneration capacity during injury through 
self-renewal, engrafting, differentiation, and transdifferentiation into histogeneti-
cally distinct tissue cells. In vitro, MSCs have shown great potential to transdiffer-
entiate into non-mesenchymal lineages such as endothelial cells (Oswald et al. 
 2004 ), keratinocytes (Fu et al.  2006 ; Sasaki et al.  2008 ), hepatocytes (Stock et al. 
 2010 ; Wu and Tao  2012 ; Liang et al.  2012 ), cardiomyocytes (Toma et al.  2002 ; Xu 
et al.  2004 ), and neurons (Joannides et al.  2004 ; Yang et al.  2004 ). However, the 
transdifferentiation capacity of MSCs in vivo is still under debate. A mesenchymal 
population resident in neonatal murine dermis has the potential for transdifferentia-
tion into epidermal cells in a three-dimensional culture (Crigler et al.  2007 ). 
Approximately 10 % of ex vivo-expanded murine BM-MSCs differentiate into 
CD31 +  and VEGF +  endothelial cells in vivo (Al-Khaldi et al.  2003 ). Fu and col-
leagues ( 2006 ) have demonstrated the differentiation of MSCs into vascular endo-
thelial cells, epidermal cells, or sweat gland cells under different lineage-specifi c 
culture conditions. More importantly, a few percent of autograft MSCs transdiffer-
entiated into vascular endothelial cells in granulation tissues, sebaceous duct cells, 
and epidermal cells in regenerated skin in vivo in a full-thickness wound model in 
minipigs (Fu et al.  2006 ; Li et al.  2006 ). These authors also showed that wound- 
healing quality, such as the speed of reepithelialization, the number of epidermal 
rete ridges, thickness of the regenerated epidermis, the morphology, the number, 
and the arrangement of microvasculature, fi broblasts, and collagen, were markedly 
enhanced (Fu et al.  2006 ). These authors even managed to regenerate functional 
sweat gland-like structures based on transplantation of ex vivo predifferentiated 
human BM-MSCs (Sheng et al.  2009 ). In addition, Sasaki et al. ( 2008 ) demon-
strated that MSCs were recruited into wounded skin and contribute to wound repair 
by transdifferentiation into multiple skin cell type in vivo. This conclusion was 
based on the observation that markers for keratinocytes, endothelial cells, and peri-
cytes were detected on donor GFP-tagged MSCs (Sasaki et al.  2008 ). However, 
whether these cells retained their mesenchymal markers and whether they were 
functional keratinocytes or endothelial cells was not addressed in this study. 

 Unfortunately, clinical observations so far have failed to demonstrate a therapeu-
tically relevant level of long-term engraftment or transdifferentiation of transplanted 
MSCs. The concept of MSC transdifferentiation is still under discussion and may 
not refl ect what is occurring during tissue repair in vivo (Sanges et al.  2011 ; 
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Zech  2005 ; Lee et al.  2009 ). For example, BM-MSCs express cardiac-specifi c mark-
ers, retain the stromal phenotype, and do not become functional cardiomyocytes, 
which generate action potentials or display ionic currents (Rose et al.  2008 ). 
Schneider and colleagues ( 2008 ) showed that multipotent human MSCs failed to 
transdifferentiate into E-cadherin- or cytokeratin-expressing cells under optimized 
organotypic culture conditions for keratinocytes but differentiated into myofi bro-
blast-like cells with the key ability to contract and organize extracellular matrices 
(Schneider et al.  2008 ). Despite the viability and evident three-dimensional epider-
mis-like growth pattern, MSCs showed a persistent expression of mesenchymal, but 
not of epithelial markers, thus indicating a lack of epidermal differentiation (Schneider 
et al.  2008 ). Therefore, the authors argued that MSCs might rather contribute to 
wound-healing processes like wound contraction and reorganization of the newly 
deposited extracellular matrix, but do not signifi cantly contribute to transdifferentia-
tion into keratinocytes. Nevertheless, the partial cellular reprogramming, leading to 
the acquisition of at least some characteristics of the desired lineage, may possibly 
contribute to the tissue regeneration capacity of MSCs (Rose et al.  2008 ). In fact, 
emerging studies have suggested that the observed tissue regeneration of transplanted 
MSCs could be due to cell fusion of MSCs with resident cells at the wound site, thus 
enhancing cellular plasticity with subsequent changes in their developmental poten-
tial (Sanges et al.  2011 ; Zech  2005 ). It will be interesting for the future studies to 
investigate whether MSCs simply fuse with histologically distinct resident skin cells 
during wound healing.  

14.2.7     Microenvironment Sensing 

 MSCs are evolutionary optimized to sense the microenvironment to protect the sup-
portive tissue-specifi c niche for other stem cells and themselves (Meraviglia et al. 
 2014 ; Murphy et al.  2013 ). In simple organisms such as planarians, hydra, and star-
fi sh, stem cells in the mesenchyme (the blastema) are well positioned to interpret 
cues from the environment and to execute decisions about the direction of wound 
repair and tissue regeneration (reviewed in (Stappenbeck and Miyoshi  2009 )). Wnt, 
BMP, and Hox signals, neuropeptides, and microRNAs are suggested to be impor-
tant regulators in sensing the anterior-posterior axis. However, how mammalian 
MSCs communicate with the overlying epithelium and infl ammatory cells in the 
mesenchyme during wound healing is not well understood. 

 Emerging studies suggest that pattern recognition receptors (PRRs) including 
pathogen-associated molecular patterns (PAMPs) and damage-associated molecular 
patterns (DAMPs), for example, toll-like receptors (TLRs), may qualify as environ-
mental sensor of MSCs (Hwa Cho et al.  2006 ; Pevsner-Fischer et al.  2007 ; Raicevic 
et al.  2010 ; Mastri et al.  2012 ; Nurmenniemi et al.  2010 ), although their expression 
level on MSCs is very low. A recent report demonstrated that TLR4-primed MSCs 
were proinfl ammatory (MSC1), while TLR3-primed MSCs were immunosuppres-
sive (MSC2) (Waterman et al.  2010 ). The authors suggested a new MSC1-MSC2 
polarization paradigm, which has attracted much attention in the fi eld (Keating  2012 ; 
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Bunnell et al.  2010 ). However, in apparent contradiction to the fi ndings that TLR4-
primed MSCs are proinfl ammatory by Waterman et al. ( 2010 ), several studies have 
reported benefi cial effects of MSC treatment in animal models of sepsis or LPS-
induced lung injury, in which MSCs were administered within 1 h following LPS 
challenge (Nemeth et al.  2009 ; Nemeth et al.  2010 ; Delarosa et al.  2012 ; Gonzalez-
Rey et al.  2009 ). Based on the therapeutic benefi t observed in these experimental 
models, the conclusion was drawn that high concentrations of LPS did not polarize 
MSCs towards a proinfl ammatory phenotype. In addition to these in vivo fi ndings, 
upon the addition of IFN-γ and LPS (TLR4 ligand) to MSC- macrophage cocultures, 
MSCs exhibited an excellent suppressive effect on TNF-α release from cocultured 
macrophages (Jiang et al.  2013 ; Qi et al.  2014 ). It is possible that the dosage and 
duration of TLR ligands that MSCs are exposed to and model inherent differences 
are critical for MSC polarization. This also suggests that other mechanisms exist to 
fi ne-tune the environment-sensing capability of MSCs. Overall the concept of a 
sensing mechanism in MSCs is clinically relevant as this would imply that adaptive 
responses will be provided, eventually even qualifying MSCs as versatile “adaptive 
drugstores,” which – in contrast to the application of recombinant growth factors or 
a designed cocktail thereof – would have the advantage to perfectly adapt to the 
specifi c needs of defi ned wounds.  

14.2.8     Matrix Remodeling 

 MSCs also showed promising effects on the synthesis, deposition, and remodeling 
of the extracellular matrix reducing scar tissue formation and preventing skin aging. 
BM-MSCs were shown to attenuate bleomycin-induced skin (Wu et al.  2014 ) and 
lung fi brosis (Ortiz et al.  2003 ) in mice. The detailed mechanisms of how MSCs 
reduce scar formation during the remodeling phase of wound healing are far from 
being fully defi ned. It is most likely that besides dampening infl ammation in early 
phases of wound repair, antifi brotic factors released by MSCs contribute to further 
reduce fi brogenic responses (Jackson et al.  2012 ). Recently, we and others reported 
that human bone-marrow-derived MSCs injected at the wound site released the anti- 
infl ammatory factor TSG-6 and concomitantly modulate the TGF-β 3  to TGF-β 1  
ratio, resulting in reduced scar formation in murine full-thickness wounds (Liu et al. 
 2014 ; Qi et al.  2014 ). 

 Moreover, MSCs exert benefi cial effects for the prevention and reduction of skin 
aging. Transplantation of dermal MSCs from young BALB/c mice into aged mice 
resulted in a substantial increase in dermal thickness and collagen type I content in 
the dermis (Xue and Li  2011 ). Subcutaneous injection of AT-MSCs signifi cantly 
stimulated collagen synthesis and angiogenesis and also increased dermal thick-
ness, collagen density, and fi broblast numbers in the skin of hairless mice (Heo et al. 
 2011 ). These studies suggest that MSCs, especially dermal MSCs, play an impor-
tant role in improving the phenotype of aged skin, which – if untreated – is charac-
terized by severe atrophy, reduced collagen deposition, and rarefaction of elastic 
fi bers with reduced skin resilience and enhanced wrinkle formation (Kligman and 
Kligman  1986 ; Fisher et al.  2008 ). In vitro data suggest that by the activation of 
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TGF-β/Smad and p38 MAPK signaling pathways, dermal MSCs secrete various 
growth factors that control and reroute senescent neighboring fi broblasts to secrete 
and synthesize collagen or elastin, enhance extracellular matrix deposition, and thus 
may contribute to improve wrinkles and strengthen overall skin elasticity (Wang 
et al.  2008 ). Conditioned medium from AT-MSCs stimulated both collagen synthe-
sis and migration of dermal fi broblasts, which improved the wrinkling and acceler-
ated wound healing in animal models. MSC-conditioned medium also protected 
dermal fi broblasts from oxidative stress induced by chemicals and UVB irradiation 
and even has the capacity to reverse the noxious UVB-induced suppression of fi bro-
blast proliferation, reduced collagen type I synthesis, and enhanced proteolytic 
MMP-1 activity in dermal fi broblasts towards tissue homeostasis and rejuvenation 
(Kim and Hematti  2009 ). 

 A contradiction is currently obvious for effects of MSCs on myofi broblasts dif-
ferentiation and collagen deposition. In wound healing and photoaging studies, 
MSCs were found to induce myofi broblasts differentiation, collagen deposition, and 
granulation tissue formation and enhance dermal thickness (Xue and Li  2011 ; Jiang 
et al.  2013 ; Wan et al.  2013 ), while in studies on fi brosis and scar formation, MSCs 
seem to have the opposite effects with reduction in collagen synthesis and reduced 
myofi broblast differentiation (Liu et al.  2014 ; Qi et al.  2014 ; Wu et al.  2014 ). It is 
likely that microenvironmental differences of the studied models may be responsi-
ble for the apparently opposite MSC responses, and it will be especially exciting to 
decipher the underlying mechanisms in future studies. 

 In summary, MSCs exert their effects by multiple ways that stimulate tissue 
recovery on many important levels, including stimulation of endogenous progenitor 
cells, suppression of apoptosis of vulnerable cells, remodeling of extracellular 
matrices, and stimulation of new blood vessel formation. However, the majority of 
these mentioned studies were performed in vitro, and often the MSC numbers 
assessed in culture were higher when compared to physiological or therapeutic situ-
ations in vivo. Therefore, the identifi cation of MSC-specifi c markers with subse-
quent development of transgenic models to trace endogenous MSCs or the refi nement 
of state-of-the-art technology to track exogenously added MSCs in skin and tissues 
is urgently required for meaningful in vivo studies to clearly dissect MSC functions 
in situ in physiological and pathologic conditions of tissue repair and aging.   

14.3     Impact of Mesenchymal Stem Cell Aging on Wound 
Healing 

 The cellular mechanisms of aging of skin stem cells (Chap.   8    ) and in particular 
MSCs (Chap.   11    ) have been detailed in the previous chapters. Here we would like 
to emphasize the consequence of MSC aging on impaired wound healing. The most 
obvious and striking evidence that aging plays an important role in wound healing 
comes from the fact that fetal wounds can heal rapidly without scars, while in adults 
wound healing decreases with aging and frequently though not always reveal 
enhanced fi brosis and scar formation. Among other reasons, this most likely refl ects 
changes in the functional state of mesenchymal stem cells. 
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14.3.1     Age-Induced Changes in MSCs and Impact on Wound 
Healing 

 Like other stem cells, MSCs have evolutionary developed sophisticated mecha-
nisms to protect themselves during aging. For example, MSCs have a high resis-
tance to oxidative-stress-induced death, which correlates with the low level of 
intracellular reactive species by effective ROS scavenging, constitutive expression 
of antioxidant enzymes required to counteract oxidative stress, and high levels of 
total intracellular glutathione (Valle-Prieto and Conget  2010 ). Human MSCs also 
constitutively express methionine sulfoxide reductase A at high levels, an enzyme 
which is crucial for the repair of oxidized proteins and for the recovery of methio-
nine residues that effi ciently serve as scavengers for oxidants (Salmon et al.  2009 ). 
However, a recent study has shown that excessive activation of Wnt/b-catenin sig-
naling induces MSC aging through promoting the intracellular production of ROS 
despite higher expression of antioxidant enzymes (Zhang et al.  2013 ). This suggests 
that the aging process inevitably brings detrimental changes to MSCs. Aging affects 
MSC proliferation and differentiation and their cell surface marker expression pro-
fi le. The declined capacity for wound repair with age may be due to age-related 
changes in MSCs (Fig.  14.3 ).   

14.3.2     Decrease of MSC Numbers Across the Life Span 

 Like other adult stem cells, MSCs are a rare population among other cells in their 
resident tissues. For example, clonal analysis revealed that 6.4 % of the single-cell- 
derived dermal clones were tripotent and that dermal stem cells represent approxi-
mately only 0.3 % of human dermal foreskin fi broblasts (Chen et al.  2007 ). 
Unfortunately, with such a small pool, the number of MSCs declines dramatically 
with age. MSCs in human bone marrow diminish in number almost exponentially 

Epidermis

Dermis

Niche

Youthful Aged

Loss of MSC numbers Loss of MSC functions Dysfunctional niche

Epidermis

Dermis

Niche

Epidermis Epidermis

Dermis Dermis

Niche Niche

Platelet

Fibrin

MSC

Blood vesselMacrophage

Collagen

Myofibroblast

Fibroblast Niche supports MSC functions

Niche inhibits MSC functions

Physiologic

Dysfunctional

  Fig. 14.3    Impact of aging on MSCs. The decline of MSC numbers and functions in wound repair 
with age can be assigned to age-related changes at several levels, including (1) decreased numbers 
of MSCs, (2) decline in MSC functions required for wound healing, and (3) persisting proinfl am-
matory oxidative niche/microenvironment       
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from birth (1 in 10,000 nucleated cells) to the eighth decade of life (1 in 2,000,000 
nucleated cells) (Haybesworth et al.  1994 ). With increasing age, osteoprogenitor 
cells derived from MSCs in rat bone marrow display decreased potential for colony 
formation and size (Dodson et al.  1996 ) and a reduced ability to form bone (Quarto 
et al.  1995 ). The same conclusion was obtained in human MSCs. By comparing 
BM-MSCs from old and young human donors, Stenderup and colleagues ( 2003 ) 
found aging was associated with decreased proliferative capacity of osteoprogenitor 
cells, thus the decreased osteoblastic cell number (Stenderup et al.  2003 ). In the skin 
compartment, it has recently been reported that the abundance and differentiation 
potential of human skin-derived precursors (SKPs), a subpopulation of mesenchy-
mal stem cells with the capacity to differentiate into neurons and smooth muscle 
cells, decrease sharply with age (Gago et al.  2009 ). The authors found that SKPs are 
extremely diffi cult to isolate, expand, and differentiate when obtained from the 
elderly (Gago et al.  2009 ). However, it is still unclear whether human fetal skin dif-
fers in MSC numbers, location, and function from adult skin and if so which mecha-
nisms is responsible for such sharp decline in MSC numbers in adult skin of the 
elderly. Fetal tissue has the ability to rapidly heal skin wounds without a scar unlike 
adult tissue. Differences in MSCs between fetal and adult skin in the context of 
wound healing has not been extensively studied, but will be an important area for 
further investigation.  

14.3.3     Loss of Function in Aged MSCs 

 Experts in the fi eld argue that impaired wound healing in aged skin is rather induced 
by impaired stem cell mobilization or reduced ability to respond to proliferative 
signals than reduced stem cell numbers per se (Sharpless and DePinho  2007 ; 
Zouboulis et al.  2008 ), a situation similar to hematopoietic stem cells (Geiger et al. 
 2013 ) and skeletal muscle satellite cells in aged individuals (Rando  2006 ). 

 It is well known that aging perturbs cytokine and hormone networks. Similarly, 
aged MSCs reveal a signifi cantly altered cytokines prolife that is less effective in 
tissue repair (Galderisi et al.  2009 ; Kretlow et al.  2008 ; Crisostomo et al.  2006 ). By 
contrast to young BM-MSCs, aged BM-MSCs with signifi cantly higher p16 INK4a  
expression downregulate the secretion of IGF-1, fi broblast growth factor (FGF-2), 
VEGF, and hepatocyte growth factor (HGF), leading to a decline in their capacity to 
induce angiogenesis exemplifi ed by reduced tube-forming on Matrigel (Sen et al. 
 2002 ). Choudhery et al. ( 2012 ) also showed that compared to young MSCs, aged 
MSCs display signifi cantly reduced SDF-1 and VEGF expression (Choudhery et al. 
 2012 ) with severe impact on wound repair. SDF-1 is involved in homing, engraft-
ment, neovascularization, and cell proliferation. VEGF increases vascular permea-
bility, promotes angiogenesis, attracts monocytes to the site of injury, and is also 
involved in neovascularization (Matsumoto et al.  2005 ; Tang et al.  2005 ). 

 Furthermore, there is an age-related decline in overall MSC “fi tness” as sug-
gested by Stolzing et al. ( 2008 ). They found human BM-MSCs from older donors 
to have reduced CFU-F capacity and increased oxidative damage, ROS levels, and 
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p21 and p53 expression (Stolzing et al.  2008 ). In line with this, BM-MSCs from 
aged mice revealed reduced angiogenesis, proliferation, and antiapoptotic effects 
with overall reduced wound healing promoting potential (Choudhery et al.  2012 ). 
The authors compared BM-MSCs from young and aged C57BL/6 mice. By contrast 
to aged MSCs, they found a signifi cantly higher expression the antiaging NAD- 
dependent histone deacetylase Sirt1 in young MSCs. Aged MSCs revealed a reduc-
tion in VEGF, SDF-1, and AKT and a consistently increased expression of p53, 
p21, Bax, and p16 INK4a . Tube formation, wound healing, and proliferative potential 
of MSCs from young mice were signifi cantly better compared to that of MSCs from 
aged mice. This study suggests that the age-related increase in the expression of 
apoptotic and senescent genes, with the concomitantly occurring decrease in Sirt1 
expression, is at least to some extent responsible for impaired MSC functions. In 
mammalian cells, Sirt1 is known to enhance proliferation by the suppression of p53 
(Chua and Laurent  2006 ) and to inhibit cell apoptosis and senescence (Jung-Hynes 
and Ahmad  2009 ). Lamin A has been identifi ed as a direct activator of Sirt1 (Liu 
et al.  2012 ) and if mutated leads to premature aging as earlier reported for 
Hutchinson-Gilford progeria syndrome (Liu et al.  2011 ). This suggests that lamin A 
via Sirt1 induction possibly contributes to the regenerative ability of MSCs and – if 
disrupted – may play a critical role in MSC aging. In line with these fi ndings, Park 
et al. ( 2005 ) reported that the adipogenic differentiation potential of human MSCs 
sharply declines at the end of their proliferative life span. In senescent MSCs, the 
basal phosphorylation level of ERK was also signifi cantly increased, a fi nding com-
monly shared by senescent cells (Park et al.  2005 ). A striking observation suggests 
that aged bone-marrow cells rather inhibit than induce skin wound vascularization. 
Accordingly, lineage-negative (lin − ) bone-marrow cells from young mice greatly 
increase vascularization and decrease wound size in healing-impaired mice. In con-
trast, as with lin −  cells from obese diabetic mice, lin −  cells from old mice had no 
signifi cant effect on wound size, but profoundly impaired neovascularization in 
wounds (Schatteman and Ma  2006 ). These studies suggest transplantation of aged 
MSCs is likely to result in reduced therapeutic effects in older patients and may 
actually be detrimental. 

 Recently, miRNAs were found to be involved in replicative senescence (Li et al. 
 2011 ; Hackl et al.  2010 ; Scheid et al.  2002 ) and physiological aging of MSCs (Li 
et al.  2011 ). The role of miRNAs in the proliferation and differentiation of MSCs in 
the context of wound healing has also been explored (reviewed (Guo et al.  2011 )). 
Altered expression of a panel of miRNAs with upregulation of miR-31, −21, −223, 
−142, −205, −203, −18b, −19a, −130b, −16, −26b, −125b, and let-7f and downregu-
lation of miR-133a, −181, −30a-3p, −193b, −30a-5p, −204, −200b, −96, −127, 
−181c, −182, and -130a was detected in injured tissue at the stage of active granula-
tion formation in murine skin excision models (Zou et al.  2010 ; Shilo et al.  2007 ). 
Furthermore, Zou and colleagues ( 2010 ) found that TGF-β, a key growth factor 
elevated at the wound site, stimulates upregulation of miR-21 in MSCs, thus pro-
moting proliferation and differentiation of MSCs in vitro. Consistently, knockdown 
of miR-21 in the wound bed delayed the healing process (Zou et al.  2010 ). These 
results suggest that miR-21 regulates gene expression and, subsequently, the 
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behavior of MSCs in wound healing. It remains to be seen whether the changes of 
miRNA expression pattern during aging contribute to the decline in MSC potential 
and impaired wound healing and tissue regeneration in elderly.  

14.3.4     Dysfunctional Microenvironment in Aged Skin 

 Skin homeostasis is gradually lost as a consequence of the intrinsic aging process, 
ultraviolet light, and other environmental threats resulting in a dramatic change in 
the structure of dermis. The most remarkable change is referred to the switch of 
dermal fi broblasts from a collagen-synthesizing phenotype to a more proteolytic 
phenotype (Varani et al.  2004 ), which clinically translates to the gradual appearance 
of wrinkles and severe skin sagging. 

 Senescent cells mainly dermal fi broblasts develop during intrinsic aging, as a 
result of a repetitive stress response or a combination thereof. Senescent fi broblasts 
are characterized by their resistance to apoptosis and the manifestation of their 
senescence-associated secretory phenotype (SASP) with the release of a vast variety 
of proinfl ammatory factors that alter the tissue microenvironment and may affect 
MSC functions (Campisi  2005 ). In addition, age-associated immunosenescence 
leads to an elevated endogenous infl ammatory milieu (Gruver et al.  2007 ; Aw et al. 
 2007 ; Peters et al.  2009 ). We recently reported that the persistent infl ammatory 
microenvironment in chronic venous leg ulcers with elevated TNF-α and unre-
strained release of hydroxyl radical by macrophages results in the induction of 
senescent wound bed fi broblasts and impaired wound healing (Sindrilaru et al. 
 2011 ). It is tempting to speculate that such a hostile microenvironment also causes 
senescence and functional loss of MSCs, eventually promoting the state of never- 
healing chronic wounds. 

 BM-MSCs from aged donors displayed diminished long-term proliferation 
potential and elevated expression of vascular cell adhesion molecule-1 (VCAM-1; 
CD106) as a response to the infl ammatory environment (Laschober et al.  2011 ). The 
authors demonstrated that moderate levels of infl ammatory stimuli are interpreted 
by MSCs at a young age as instructive signals for osteoblastogenesis, whereas at old 
age, an infl ammatory microenvironment may effectively suppress bone remodeling 
and repair by tissue-borne MSCs, while promoting adipogenic differentiation even-
tually leads to an increase in adipose tissue (Laschober et al.  2011 ). 

 Notably, reduced b 1  integrin expression on MSCs as occurring during aging 
leads to reduced proliferation potential especially during wound healing (Piwko- 
Czuchra et al.  2009 ). Since b 1  integrins play important roles in interacting with other 
resident cells and ECM molecules, it is most likely that changes in b 1  integrin 
expression on aged MSCs disrupt downstream signaling and thus exert still not fully 
understood effects on MSC behavior during injury in the elderly. 

 Several lines of evidence suggest that defective neovascularization with aging is 
related to depressed signaling by hypoxia-inducible factor-1 (HIF-1), the master 
regulator of neovascularization, which regulates the expression of VEGF, SDF-1, 
and CXC chemokine receptor-4 (CXCR4). The function and mobilization of MSCs 
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have been shown to decrease with decline in HIF-1 signaling with age, which may 
lead to depressed neovascularization and wound healing (Hoenig et al.  2008 ). 

 The aged MSCs themselves also have impact on other cell populations in the 
environment, for example, on fi broblasts. MSCs derived from healthy donors were 
signifi cantly better than MSCs derived from chronic wound patients in stimulating 
directed fi broblast migration (Rodriguez-Menocal et al.  2012 ). Accordingly, the 
aging process is amplifi ed by the vicious feedback loop between MSCs and their 
niche.  

14.3.5     MSCs in Aging-Related Chronic Wounds: Chronic Wounds 
due to Intrinsic Aging 

 Optimal healing of cutaneous wounds requires a well-orchestrated regulation of 
complex biological and molecular events including cell migration, proliferation, 
extracellular matrix deposition, and scar remodeling. Cellular responses to infl am-
matory mediators, growth factors, and cytokines, and to mechanical forces, must be 
appropriate and precise. However, this orderly progression of tissue repair becomes 
increasingly compromised with advancing age, resulting in the increased incidence 
of chronic nonhealing wounds, like diabetic foot ulcers (Falanga  2005 ; Yao et al. 
 2012 ), pressure ulcers (Jaul  2010 ), and chronic venous ulcers (Raju and Neglen 
 2009 ). Lack of wound healing is life-threatening as invading bacteria very often 
promote infection and sepsis. Several pathogenic mechanisms that contribute to 
wound-healing failure, ranging from disease-specifi c intrinsic defi ciencies in blood 
supply, angiogenesis, and matrix turnover to extrinsic factors like infection and per-
sisting infl ammation, have major effects on MSC functions and may even deplete 
skin-resident MSCs. Thus treatment of these conditions with exogenous MSCs may 
hold substantial promise for the benefi t of our patients. 

 Diabetic foot ulcer represents the major complication of diabetes mellitus, occur-
ring in 15 % of all patients with diabetes and accounting for more than 80 % of all 
lower-leg amputations. Preclinical research has generated exciting results using 
MSCs for the treatment of diabetic wounds. Systemic or local injections of both 
BM-MSCs and AT-MSCs, or topical application of allogeneic nondiabetic 
BM-MSCs seeded in a collagen scaffold, have shown promising effects on aug-
menting wound healing and increasing angiogenesis in diabetic animal models 
(Kwon et al.  2008 ; Kim et al.  2011 ; O’Loughlin et al.  2013 ; Wan et al.  2013 ). Dash 
et al. ( 2009 ) showed that implantation of autologous BM-MSCs in diabetic foot 
ulcers of lower extremity in human patients signifi cantly accelerates the healing 
process and improves clinical parameters like ulcer size and pain-free walking dis-
tance (Dash et al.  2009 ). In a double-blind, randomized, controlled trial, BM-MSCs 
transplantation has shown to increase lower-limb perfusion and promote foot ulcer 
healing in diabetic patients (Lu et al.  2011 ). Interestingly, infusion of MSCs not 
only improves wound healing but also ameliorates hyperglycemia, improves insulin 
sensitivity, and promotes repair of pancreatic islets in type 2 diabetic rodents (Si 
et al.  2012 ; Lee et al.  2006 ). 
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 Similarly, MSCs from skin or bone marrow showed benefi cial effects in patients 
suffering from type IV pressure ulcers (Sarasua et al.  2011 ) and chronic venous 
ulcers (Ravari et al.  2011 ). In contrast, other studies did not fi nd conclusive benefi -
cial effects of MSC treatment in accelerating healing of pressure ulcers in rats (de la 
Garza-Rodea et al.  2011 ) or of lower-extremity chronic wounds in a preclinical 
study of very small sample size (Mulder et al.  2010 ).  

14.3.6     Chronic Wounds of Other Origin with Progeroid 
Syndromes 

 Chronic wounds represent unsolved problems for patients suffering from genetic 
progeroid syndromes. 

 The Hutchinson-Gilford progeria syndrome (HGPS) is a rare and fatal human 
premature aging disease, characterized by premature arteriosclerosis and degenera-
tion of vascular smooth muscle cells. HGPS is caused by a single-point mutation in 
the lamin A gene, resulting in the generation of progerin, a truncated splicing mutant 
of lamin A. Accumulation of progerin leads to various aging-associated nuclear 
defects including disorganization of nuclear lamina and loss of heterochromatin 
(Liu et al.  2011 ). HGPS affects mesenchymal lineages, including the dermis, the 
skeletal system, and the vascular smooth muscle (VSMC). Because progerin also 
accumulates during physiological aging, A-type lamins should be regarded as 
intrinsic modulators of aging within adult stem cells and their niches that are essen-
tial for survival to old age (Pekovic and Hutchison  2008 ). The expression of progerin 
in immortalized human MSCs negatively affects their molecular identity and dif-
ferentiation potential by interfering with the Notch signaling pathway, which is 
essential in stem cell regulation and maintenance (Scaffi di and Misteli  2008 ). When 
fi broblasts derived from HGPS patients were used for the induction of pluripotent 
stem cells (iPSCs), Zhang et al. observed that progerin was accumulated in MSCs 
and VSMCs differentiated from HGPS-iPSCs and, furthermore, displayed increased 
DNA damage and nuclear abnormalities. In addition, the viability of HGPS-derived 
MSCs was compromised by stress and hypoxia in vitro and in vivo (Zhang et al. 
 2011 ). The Zmpste24-null mouse, a murine model for human HGPS, shows a defec-
tive proliferative potential of bulge cells in the hair follicle niche due to a decreased 
Wnt signaling pathway, which leads to a severe dysfunction of epidermal stem cell 
renewal (Espada et al.  2008 ). A further study by Liu et al. ( 2012 ) has demonstrated 
that lamin A interacts with and activates Sirt1, whereas in the presence of progerin 
or prelamin A, Sirt1 exhibits reduced association with the nuclear matrix and 
decreased deacetylase activity and thus eventually leads to rapid depletion of adult 
stem cells in Zmpste24-null mice (Liu et al.  2012 ). Rosengardten et al. ( 2011 ) have 
found that induced expression of the mutated lamin A results in a loss of adult stem 
cells and impaired wound healing in mice, which may be due to downregulation of 
p63 with concomitant activation of the DNA damage response and premature senes-
cence programs. In addition, these mutant mice have an activated infl ammatory 
response with upregulation of a variety of genes involved in major infl ammatory 

14 Mesenchymal Stem Cells in Wound Repair, Tissue Homeostasis, and Aging



306

pathways, which is also associated with normal aging (Rosengardten et al.  2011 ). 
These fi ndings strongly support the hypothesis that lamin A regulates stem cell 
maintenance via a range of dysregulated regenerative and infl ammatory signaling 
pathways. 

 Mammalian aging is accompanied by accumulation of genomic DNA damage 
and progressive decline in the ability of tissues to regenerate. DNA damage acti-
vates the tumor suppressor p53, which leads to cell-cycle arrest, senescence, or 
apoptosis. The constitutively activated p53 mutant mice have shown segmental pro-
geria that is correlated with the depletion of adult stem cells in multiple tissues, 
including bone marrow, brain, and testes. Notably, defi ciency of Puma, which is 
required for p53-dependent apoptosis after DNA damage, rescues segmental proge-
ria and prevents the depletion of adult stem cells (Liu et al.  2010 ). Su and colleagues 
showed that the p53 family member, TAp63, is essential for maintenance of epider-
mal and dermal precursors. TAp63 −/−  mice age prematurely, develop blisters and 
skin ulcerations, lose hair follicles with age, and have an impaired wound-healing 
response. TAp63 regulates self-renewal of dermal precursors via p57 Kip2 . Loss of 
TAp63 leads to genomic instability and causes dermal precursor cells to senesce (Su 
et al.  2009 ). These fi ndings suggest that the apoptotic pathway mediated by p53 and 
its family members plays a key role in the depletion of adult stem cells after the 
accumulation of DNA damage during aging, which leads to a decrease in tissue 
regeneration. 

 Lack of CD18 (common b chain of the β 2  integrins) leads to leukocyte adhesion 
defi ciency syndrome type 1 (LAD-1), a recessively inherited disorder with impaired 
b 2  integrin function (Kishimoto et al.  1987 ; Arnaout  1990 ). Concerned individuals 
reveal phenotypes reminiscent of aging such as impaired wound healing, osteopo-
rosis, an impaired control of infections, and defective vaccine responses due to a 
hampered B- and T-cell activation (Fischer et al.  1986 ; Anderson and Smith  2001 ). 
In fact, our own studies on the CD18-defi cient mouse model also revealed impaired 
wound healing (Peters et al.  2005 ; Peters et al.  2006 ; Sindrilaru et al.  2009 ; Sindrilaru 
et al.  2007 ). Remarkably, local application of human AT-MSCs signifi cantly accel-
erates wound healing of CD18-defi cient mice, largely due to the release of paracrine 
trophic factors (Jiang and Scharffetter-Kochanek, unpublished data).   

14.4     Perspectives 

 The most prevalent difference between adult and fetal wound healing is scar forma-
tion, exclusively occurring in adult tissue repair. Relatively little is known on differ-
ences between fetal and adult dermal MSCs and the interactions between MSCs and 
their niche with aging. Identifi cation and assessment of genes responsible for ben-
efi cial MSC functions should advance our understanding of MSC physiology and 
potentially can be translated for improved MSC-based therapy in tissue repair and 
aging. In addition, understanding of whether skin MSCs retain their tissue regenera-
tion potential throughout the life span of the individual or undergo an aging process 
with an overall decreased stem cell pool and/or function remains an important area 
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of investigation. The slow progress in this area is largely due to the limitations of 
research tools such as specifi c dermal MSC markers, suitable animal models, and 
very low frequency of MSCs in situ. The mechanisms underlying tissue regenera-
tion and immune modulation by therapeutic MSC applications also require further 
elucidation, particularly the extent to which the two processes are interrelated. 
Therefore, the development of suitable tools for tracking primary MSCs in vivo in 
order to understand how to activate or stimulate regeneration of human dermal 
MSCs will be urgent tasks in the near future to foster dermal MSC-based therapies 
for medical applications.  

    Conclusions 

 Many studies suggest that dermal MSCs play important roles in tissue homeosta-
sis and regeneration during skin injury, and MSC-based therapy holds a great 
potential for the development of personalized allogeneic “off-the-shelf” medi-
cine for nonhealing wounds. For therapeutic use, ex vivo expansion of MSCs is 
often required. However, BM-MSCs and possibly also AT-MSCs are sensitive to 
expansion- induced senescence during culture. The decrease in functionality has 
caused increasing concerns on the effi cacy of MSC-based therapies (Sensebe 
et al.  2010 ). With this caveat, adipose tissue may be the better MSC source for 
therapeutic purposes, as adequate MSC numbers are easily obtained for direct 
application without any need for expansion and manipulation in vitro. Moreover, 
the majority of ongoing clinical trials involving MSCs prefer autologous sources. 
Unfortunately, MSCs from aged donors most likely reveal diminished effi cacy in 
the treatment of age-associated chronic wounds. Thus, transplantation effi cacy 
of allogeneic MSCs from healthy young donors rather than autologous MSCs 
from elderly patients with chronic wounds needs to be taken into consideration. 
Alternatively, it is already possible to isolate MSCs at young age and keep them 
under GMP conditions frozen for future use.     

  Acknowledgment   We thank Dr. Meinhard Wlaschek for his helpful suggestion and critical dis-
cussion for preparing the manuscript. We are grateful to John Wiley & Sons publications for the 
copyright permission to reproduce Fig.  14.1  in our previous publication in Wound Repair and 
Regeneration (Wlaschek and Scharffetter-Kochanek  2005 ). Our work is supported by the European 
Commission (CASCADE HEALTH-FP7-223236), the German Research Foundation (DFG 
KFO142 and DFG SFB1149), and the Baden-Württemberg Stiftung (P-BWS-ASII/15) to K.S.-K., 
and Bausteinförderung from the Medical Faculty, University of Ulm (LSBN.0100) to D.J.  

   References 

    Abe R, Donnelly SC, Peng T, Bucala R, Metz CN (2001) Peripheral blood fi brocytes: differentia-
tion pathway and migration to wound sites. J Immunol 166(12):7556–7562  

     Aggarwal S, Pittenger MF (2005) Human mesenchymal stem cells modulate allogeneic immune 
cell responses. Blood 105(4):1815–1822  

   Akiyama K, Chen C, Wang D, Xu X, Qu C, Yamaza T, Cai T, Chen W, Sun L, Shi S (2012) 
Mesenchymal-stem-cell-induced immunoregulation involves FAS-ligand-/FAS-mediated T 
cell apoptosis. Cell Stem Cell 10(5):544–555   

14 Mesenchymal Stem Cells in Wound Repair, Tissue Homeostasis, and Aging



308

    Al-Khaldi A, Eliopoulos N, Martineau D, Lejeune L, Lachapelle K, Galipeau J (2003) Postnatal 
bone marrow stromal cells elicit a potent VEGF-dependent neoangiogenic response in vivo. 
Gene Ther 10(8):621–629  

    Anderson DC, Smith CW (2001) Leukocyte adhesion defi ciencies. In: The metabolic and 
 molecular basis of inherited diseases. McGraw-Hill, New York, pp 4829–4856  

    Arnaout MA (1990) Structure and function of the leukocyte adhesion molecules CD11/CD18. 
Blood 75(5):1037–1050  

    Atoui R, Chiu RC (2012) Concise review: immunomodulatory properties of mesenchymal stem 
cells in cellular transplantation: update, controversies, and unknowns. Stem Cells Transl Med 
1(3):200–205  

      Au P, Tam J, Fukumura D, Jain RK (2008) Bone marrow-derived mesenchymal stem cells 
 facilitate engineering of long-lasting functional vasculature. Blood 111(9):4551–4558  

    Aw D, Silva AB, Palmer DB (2007) Immunosenescence: emerging challenges for an ageing 
 population. Immunology 120(4):435–446  

    Badiavas EV, Abedi M, Butmarc J, Falanga V, Quesenberry P (2003) Participation of bone marrow 
derived cells in cutaneous wound healing. J Cell Physiol 196(2):245–250  

    Bartsch G, Yoo JJ, De Coppi P, Siddiqui MM, Schuch G, Pohl HG, Fuhr J, Perin L, Soker S, Atala 
A (2005) Propagation, expansion, and multilineage differentiation of human somatic stem cells 
from dermal progenitors. Stem Cells Dev 14(3):337–348  

    Bergers G, Song S (2005) The role of pericytes in blood-vessel formation and maintenance. Neuro 
Oncol 7(4):452–464  

    Bucala R, Spiegel LA, Chesney J, Hogan M, Cerami A (1994) Circulating fi brocytes defi ne a new 
leukocyte subpopulation that mediates tissue repair. Mol Med 1(1):71–81  

     Bunnell BA, Betancourt AM, Sullivan DE (2010) New concepts on the immune modulation 
 mediated by mesenchymal stem cells. Stem Cell Res Ther 1(5):34  

    Campisi J (2005) Senescent cells, tumor suppression, and organismal aging: good citizens, bad 
neighbors. Cell 120(4):513–522  

    Caplan AI, Correa D (2011) The MSC: an injury drugstore. Cell Stem Cell 9(1):11–15  
    Caplan AI, Dennis JE (2006) Mesenchymal stem cells as trophic mediators. J Cell Biochem 

98(5):1076–1084  
    Chen FG, Zhang WJ, Bi D, Liu W, Wei X, Chen FF, Zhu L, Cui L, Cao Y (2007) Clonal analysis 

of nestin(−) vimentin(+) multipotent fi broblasts isolated from human dermis. J Cell Sci 120
(Pt 16):2875–2883  

     Chen L, Tredget EE, Wu PY, Wu Y (2008) Paracrine factors of mesenchymal stem cells recruit 
macrophages and endothelial lineage cells and enhance wound healing. PLoS One 3(4), e1886  

    Cho YM, Kim JH, Kim M, Park SJ, Koh SH, Ahn HS, Kang GH, Lee JB, Park KS, Lee HK (2012) 
Mesenchymal stem cells transfer mitochondria to the cells with virtually no mitochondrial 
function but not with pathogenic mtDNA mutations. PLoS One 7(3), e32778  

    Choi H, Lee RH, Bazhanov N, Oh JY, Prockop DJ (2011) Anti-infl ammatory protein TSG-6 
secreted by activated MSCs attenuates zymosan-induced mouse peritonitis by decreasing 
TLR2/NF-{kappa}B signaling in resident macrophages. Blood 118(2):330–338  

      Choudhery MS, Khan M, Mahmood R, Mehmood A, Khan SN, Riazuddin S (2012) Bone marrow 
derived mesenchymal stem cells from aged mice have reduced wound healing, angiogenesis, 
proliferation and anti-apoptosis capabilities. Cell Biol Int 36(8):747–753  

    Chua F, Laurent GJ (2006) Neutrophil elastase: mediator of extracellular matrix destruction and 
accumulation. Proc Am Thorac Soc 3(5):424–427  

    Corcione A, Benvenuto F, Ferretti E, Giunti D, Cappiello V, Cazzanti F, Risso M, Gualandi F, 
Mancardi GL, Pistoia V, Uccelli A (2006) Human mesenchymal stem cells modulate B-cell 
functions. Blood 107(1):367–372  

    Crigler L, Kazhanie A, Yoon TJ, Zakhari J, Anders J, Taylor B, Virador VM (2007) Isolation of a 
mesenchymal cell population from murine dermis that contains progenitors of multiple cell 
lineages. FASEB J 21(9):2050–2063  

    Crisan M, Yap S, Casteilla L, Chen CW, Corselli M, Park TS, Andriolo G, Sun B, Zheng B, Zhang 
L, Norotte C, Teng PN, Traas J, Schugar R, Deasy BM, Badylak S, Buhring HJ, Giacobino JP, 

D. Jiang and K. Scharffetter-Kochanek



309

Lazzari L, Huard J, Peault B (2008) A perivascular origin for mesenchymal stem cells in 
 multiple human organs. Cell Stem Cell 3(3):301–313  

    Crisostomo PR, Wang M, Wairiuko GM, Morrell ED, Terrell AM, Seshadri P, Nam UH, Meldrum 
DR (2006) High passage number of stem cells adversely affects stem cell activation and 
 myocardial protection. Shock 26(6):575–580  

    Daley JM, Brancato SK, Thomay AA, Reichner JS, Albina JE (2010) The phenotype of murine 
wound macrophages. J Leukoc Biol 87(1):59–67  

     Dash NR, Dash SN, Routray P, Mohapatra S, Mohapatra PC (2009) Targeting nonhealing ulcers of 
lower extremity in human through autologous bone marrow-derived mesenchymal stem cells. 
Rejuvenation Res 12(5):359–366  

    Dayan V, Yannarelli G, Billia F, Filomeno P, Wang XH, Davies JE, Keating A (2011) Mesenchymal 
stromal cells mediate a switch to alternatively activated monocytes/macrophages after acute 
myocardial infarction. Basic Res Cardiol 106(6):1299–1310  

    De Bari C, Dell’Accio F, Tylzanowski P, Luyten FP (2001) Multipotent mesenchymal stem cells 
from adult human synovial membrane. Arthritis Rheum 44(8):1928–1942  

    de la Garza-Rodea AS, Knaan-Shanzer S, van Bekkum DW (2011) Pressure ulcers: description of 
a new model and use of mesenchymal stem cells for repair. Dermatology 223(3):266–284  

    Delarosa O, Dalemans W, Lombardo E (2012) Toll-like receptors as modulators of mesenchymal 
stem cells. Front Immunol 3:182  

    Dodson SA, Bernard GW, Kenney EB, Carranza FA (1996) In vitro comparison of aged and young 
osteogenic and hemopoietic bone marrow stem cells and their derivative colonies. J Periodontol 
67(3):184–196  

    Dufourcq P, Descamps B, Tojais NF, Leroux L, Oses P, Daret D, Moreau C, Lamaziere JM, 
Couffi nhal T, Duplaa C (2008) Secreted frizzled-related protein-1 enhances mesenchymal stem 
cell function in angiogenesis and contributes to neovessel maturation. Stem Cells 
26(11):2991–3001  

    Espada J, Varela I, Flores I, Ugalde AP, Cadinanos J, Pendas AM, Stewart CL, Tryggvason K, 
Blasco MA, Freije JM, Lopez-Otin C (2008) Nuclear envelope defects cause stem cell dysfunc-
tion in premature-aging mice. J Cell Biol 181(1):27–35  

    Falanga V (2005) Wound healing and its impairment in the diabetic foot. Lancet 366(9498):
1736–1743  

    Falanga V (2012) Stem cells in tissue repair and regeneration. J Invest Dermatol 132(6):
1538–1541  

     Falanga V, Iwamoto S, Chartier M, Yufi t T, Butmarc J, Kouttab N, Shrayer D, Carson P (2007) 
Autologous bone marrow-derived cultured mesenchymal stem cells delivered in a fi brin 
spray accelerate healing in murine and human cutaneous wounds. Tissue Eng 
13(6):1299–1312  

    Fischer A, Durandy A, Sterkers G, Griscelli C (1986) Role of the LFA-1 molecule in cellular 
interactions required for antibody production in humans. J Immunol 136(9):3198–3203  

    Fisher GJ, Varani J, Voorhees JJ (2008) Looking older: fi broblast collapse and therapeutic implica-
tions. Arch Dermatol 144(5):666–672  

     Fu X, Fang L. Li X, Chang B, Sheng Z (2006) Enhanced wound-healing quality with bone marrow 
mesenchymal stem cells autografting after skin injury. Wound Repair Regen 14(3):325–335  

     Gago N, Perez-Lopez V, Sanz-Jaka JP, Cormenzana P, Eizaguirre I, Bernad A, Izeta A (2009) Age- 
dependent depletion of human skin-derived progenitor cells. Stem Cells 27(5):1164–1172  

    Galderisi U, Helmbold H, Squillaro T, Alessio N, Komm N, Khadang B, Cipollaro M, Bohn W, 
Giordano A (2009) In vitro senescence of rat mesenchymal stem cells is accompanied by 
downregulation of stemness-related and DNA damage repair genes. Stem Cells Dev 
18(7):1033–1042  

    Geiger H, de Haan G, Florian MC (2013) The ageing haematopoietic stem cell compartment. Nat 
Rev Immunol 13(5):376–389  

    Ghannam S, Pene J, Torcy-Moquet G, Jorgensen C, Yssel H (2010) Mesenchymal stem cells 
inhibit human Th17 cell differentiation and function and induce a T regulatory cell phenotype. 
J Immunol 185(1):302–312  

14 Mesenchymal Stem Cells in Wound Repair, Tissue Homeostasis, and Aging



310

    Gonzalez-Rey E, Anderson P, Gonzalez MA, Rico L, Buscher D, Delgado M (2009) Human adult 
stem cells derived from adipose tissue protect against experimental colitis and sepsis. Gut 
58(7):929–939  

    Gruver AL, Hudson LL, Sempowski GD (2007) Immunosenescence of ageing. J Pathol 
211(2):144–156  

    Guo L, Zhao RC, Wu Y (2011) The role of microRNAs in self-renewal and differentiation of 
 mesenchymal stem cells. Exp Hematol 39(6):608–616  

    Gurtner GC, Werner S, Barrandon Y, Longaker MT (2008) Wound repair and regeneration. Nature 
453(7193):314–321  

    Hackl M, Brunner S, Fortschegger K, Schreiner C, Micutkova L, Muck C, Laschober GT, 
Lepperdinger G, Sampson N, Berger P, Herndler-Brandstetter D, Wieser M, Kuhnel H, Strasser 
A, Rinnerthaler M, Breitenbach M, Mildner M, Eckhart L, Tschachler E, Trost A, Bauer JW, 
Papak C, Trajanoski Z, Scheideler M, Grillari-Voglauer R, Grubeck-Loebenstein B, Jansen- 
Durr P, Grillari J (2010) miR-17, miR-19b, miR-20a, and miR-106a are down-regulated in 
human aging. Aging Cell 9(2):291–296  

    Haybesworth SE, Goldberg VM, Caplan AI (1994) Diminution of the number mesenchymal stem 
cells as a cause for skeletal aging. In: Woo SL-Y (ed) Musculoskeletal soft-tissue aging: impact 
on mobility. AAOS Workshop, Rosemont, pp 79–87  

       Heo SC, Jeon ES, Lee IH, Kim HS, Kim MB, Kim JH (2011) Tumor necrosis factor-alpha- 
activated human adipose tissue-derived mesenchymal stem cells accelerate cutaneous wound 
healing through paracrine mechanisms. J Invest Dermatol 131(7):1559–1567  

    Hocking AM, Gibran NS (2010) Mesenchymal stem cells: paracrine signaling and differentiation 
during cutaneous wound repair. Exp Cell Res 316(14):2213–2219  

    Hoenig MR, Bianchi C, Rosenzweig A, Sellke FW (2008) Decreased vascular repair and neovas-
cularization with ageing: mechanisms and clinical relevance with an emphasis on hypoxia- 
inducible factor-1. Curr Mol Med 8(8):754–767  

     Hoogduijn MJ, Gorjup E, Genever PG (2006) Comparative characterization of hair follicle dermal 
stem cells and bone marrow mesenchymal stem cells. Stem Cells Dev 15(1):49–60  

    Hwa Cho H, Bae YC, Jung JS (2006) Role of toll-like receptors on human adipose-derived stromal 
cells. Stem Cells 24(12):2744–2752  

    In’t Anker PS, Scherjon SA, der Kleijburg-van KC, Noort WA, Claas FH, Willemze R, Fibbe WE, 
Kanhai HH (2003) Amniotic fl uid as a novel source of mesenchymal stem cells for therapeutic 
transplantation. Blood 102(4):1548–1549  

     Islam MN, Das SR, Emin MT, Wei M, Sun L, Westphalen K, Rowlands DJ, Quadri SK, 
Bhattacharya S, Bhattacharya J (2012) Mitochondrial transfer from bone-marrow-derived stro-
mal cells to pulmonary alveoli protects against acute lung injury. Nat Med 18(5):759–765  

     Jackson WM, Nesti LJ, Tuan RS (2012) Mesenchymal stem cell therapy for attenuation of scar 
formation during wound healing. Stem Cell Res Ther 3(3):20  

    Jahoda CA, Reynolds AJ (2001) Hair follicle dermal sheath cells: unsung participants in wound 
healing. Lancet 358(9291):1445–1448  

      Jahoda CA, Whitehouse J, Reynolds AJ, Hole N (2003) Hair follicle dermal cells differentiate into 
adipogenic and osteogenic lineages. Exp Dermatol 12(6):849–859  

    Jaul E (2010) Assessment and management of pressure ulcers in the elderly: current strategies. 
Drugs Aging 27(4):311–325  

         Jiang D, Qi Y, Walker NG, Sindrilaru A, Hainzl A, Wlaschek M, Macneil S, Scharffetter-Kochanek 
K (2013) The effect of adipose tissue derived MSCs delivered by a chemically defi ned carrier 
on full-thickness cutaneous wound healing. Biomaterials 34(10):2501–2515  

    Joannides A, Gaughwin P, Schwiening C, Majed H, Sterling J, Compston A, Chandran S (2004) 
Effi cient generation of neural precursors from adult human skin: astrocytes promote neurogen-
esis from skin-derived stem cells. Lancet 364(9429):172–178  

    Jung-Hynes B, Ahmad N (2009) SIRT1 controls circadian clock circuitry and promotes cell 
 survival: a connection with age-related neoplasms. FASEB J 23(9):2803–2809  

    Kavanagh H, Mahon BP (2011) Allogeneic mesenchymal stem cells prevent allergic airway 
infl ammation by inducing murine regulatory T cells. Allergy 66(4):523–531  

D. Jiang and K. Scharffetter-Kochanek



311

    Keating A (2012) Mesenchymal stromal cells: new directions. Cell Stem Cell 10(6):709–716  
     Kim J, Hematti P (2009) Mesenchymal stem cell-educated macrophages: a novel type of alterna-

tively activated macrophages. Exp Hematol 37(12):1445–1453  
    Kim EK, Li G, Lee TJ, Hong JP (2011) The effect of human adipose-derived stem cells on 

 healing of ischemic wounds in a diabetic nude mouse model. Plast Reconstr Surg 
128(2):387–394  

    Kim C, Schneider G, Abdel-Latif A, Mierzejewska K, Sunkara M, Borkowska S, Ratajczak J, 
Morris AJ, Kucia M, Ratajczak MZ (2013) Ceramide-1-phosphate regulates migration of 
 multipotent stromal cells and endothelial progenitor cells–implications for tissue regeneration. 
Stem Cells 31(3):500–510  

    Kishimoto TK, Hollander N, Roberts TM, Anderson DC, Springer TA (1987) Heterogeneous 
mutations in the beta subunit common to the LFA-1, Mac-1, and p150,95 glycoproteins cause 
leukocyte adhesion defi ciency. Cell 50(2):193–202  

    Kligman LH, Kligman AM (1986) The nature of photoaging: its prevention and repair. 
Photodermatol 3(4):215–227  

    Kretlow JD, Jin YQ, Liu W, Zhang WJ, Hong TH, Zhou G, Baggett LS, Mikos AG, Cao Y (2008) 
Donor age and cell passage affects differentiation potential of murine bone marrow-derived 
stem cells. BMC Cell Biol 9:60  

   Ksander BR, Kolovou PE, Wilson BJ, Saab KR, Guo Q, Ma J, McGuire SP, Gregory MS, Vincent 
WJ, Perez VL, Cruz-Guilloty F, Kao WW, Call MK, Tucker BA, Zhan Q, Murphy GF, 
Lathrop KL, Alt C, Mortensen LJ, Lin CP, Zieske JD, Frank MH, Frank NY (2014) ABCB5 
is a limbal stem cell gene required for corneal development and repair. Nature 
511(7509):353–357  

    Kwon DS, Gao X, Liu YB, Dulchavsky DS, Danyluk AL, Bansal M, Chopp M, McIntosh K, 
Arbab AS, Dulchavsky SA, Gautam SC (2008) Treatment with bone marrow-derived stromal 
cells accelerates wound healing in diabetic rats. Int Wound J 5(3):453–463  

    Lai RC, Arslan F, Lee MM, Sze NS, Choo A, Chen TS, Salto-Tellez M, Timmers L, Lee CN, El 
Oakley RM, Pasterkamp G, de Kleijn DP, Lim SK (2010a) Exosome secreted by MSC reduces 
myocardial ischemia/reperfusion injury. Stem Cell Res 4(3):214–222  

    Lai RC, Arslan F, Tan SS, Tan B, Choo A, Lee MM, Chen TS, Teh BJ, Eng JK, Sidik H, Tanavde 
V, Hwang WS, Lee CN, El Oakley RM, Pasterkamp G, de Kleijn DP, Tan KH, Lim SK (2010b) 
Derivation and characterization of human fetal MSCs: an alternative cell source for large-scale 
production of cardioprotective microparticles. J Mol Cell Cardiol 48(6):1215–1224  

    Lai RC, Chen TS, Lim SK (2011) Mesenchymal stem cell exosome: a novel stem cell-based 
 therapy for cardiovascular disease. Regen Med 6(4):481–492  

     Laschober GT, Brunauer R, Jamnig A, Singh S, Hafen U, Fehrer C, Kloss F, Gassner R, 
Lepperdinger G (2011) Age-specifi c changes of mesenchymal stem cells are paralleled by 
upregulation of CD106 expression as a response to an infl ammatory environment. Rejuvenation 
Res 14(2):119–131  

    Lee RH, Seo MJ, Reger RL, Spees JL, Pulin AA, Olson SD, Prockop DJ (2006) Multipotent 
 stromal cells from human marrow home to and promote repair of pancreatic islets and 
renal glomeruli in diabetic NOD/scid mice. Proc Natl Acad Sci U S A 103(46):
17438–17443  

     Lee RH, Pulin AA, Seo MJ, Kota DJ, Ylostalo J, Larson BL, Semprun-Prieto L, Delafontaine P, 
Prockop DJ (2009) Intravenous hMSCs improve myocardial infarction in mice because cells 
embolized in lung are activated to secrete the anti-infl ammatory protein TSG-6. Cell Stem Cell 
5(1):54–63  

    Lee SH, Jin SY, Song JS, Seo KK, Cho KH (2012) Paracrine effects of adipose-derived stem cells 
on keratinocytes and dermal fi broblasts. Ann Dermatol 24(2):136–143  

     Li H, Fu X, Ouyang Y, Cai C, Wang J, Sun T (2006) Adult bone-marrow-derived mesenchymal 
stem cells contribute to wound healing of skin appendages. Cell Tissue Res 326(3):725–736  

     Li Q, Ke F, Zhang W, Shen X, Xu Q, Wang H, Yu XZ, Leng Q, Wang H (2011) Plasmin plays an 
essential role in amplifi cation of psoriasiform skin infl ammation in mice. PLoS One 6(2), 
e16483  

14 Mesenchymal Stem Cells in Wound Repair, Tissue Homeostasis, and Aging



312

    Liang XJ, Chen XJ, Yang DH, Huang SM, Sun GD, Chen YP (2012) Differentiation of human 
umbilical cord mesenchymal stem cells into hepatocyte-like cells by hTERT gene transfection 
in vitro. Cell Biol Int 36(2):215–221  

    Lin Q, Wang L, Lin Y, Liu X, Ren X, Wen S, Du X, Lu T, Su SY, Yang X, Huang W, Zhou S, Wen 
F, Su SB (2012) Toll-like receptor 3 ligand polyinosinic:polycytidylic acid promotes wound 
healing in human and murine skin. J Invest Dermatol 132(8):2085–2092  

    Liu D, Ou L, Clemenson GD Jr, Chao C, Lutske ME, Zambetti GP, Gage FH, Xu Y (2010) Puma 
is required for p53-induced depletion of adult stem cells. Nat Cell Biol 12(10):993–998  

     Liu GH, Barkho BZ, Ruiz S, Diep D, Qu J, Yang SL, Panopoulos AD, Suzuki K, Kurian L, Walsh 
C, Thompson J, Boue S, Fung HL, Sancho-Martinez I, Zhang K, Yates J 3rd, Izpisua Belmonte 
JC (2011) Recapitulation of premature ageing with iPSCs from Hutchinson-Gilford progeria 
syndrome. Nature 472(7342):221–225  

      Liu B, Ghosh S, Yang X, Zheng H, Liu X, Wang Z, Jin G, Zheng B, Kennedy BK, Suh Y, Kaeberlein 
M, Tryggvason K, Zhou Z (2012) Resveratrol rescues SIRT1-dependent adult stem cell decline 
and alleviates progeroid features in laminopathy-based progeria. Cell Metab 16(6):738–750  

     Liu S, Jiang L, Li H, Shi H, Luo H, Zhang Y, Yu C, Jin Y (2014) Mesenchymal stem cells prevent 
hypertrophic scar formation via infl ammatory regulation when undergoing apoptosis. J Invest 
Dermatol 134(10):2648–2657   

    Lorenz K, Sicker M, Schmelzer E, Rupf T, Salvetter J, Schulz-Siegmund M, Bader A (2008) 
Multilineage differentiation potential of human dermal skin-derived fi broblasts. Exp Dermatol 
17(11):925–932  

    Lu D, Chen B, Liang Z, Deng W, Jiang Y, Li S, Xu J, Wu Q, Zhang Z, Xie B, Chen S (2011) 
Comparison of bone marrow mesenchymal stem cells with bone marrow-derived mononuclear 
cells for treatment of diabetic critical limb ischemia and foot ulcer: a double-blind, random-
ized, controlled trial. Diabetes Res Clin Pract 92(1):26–36  

    Maby-El Hajjami H, Ame-Thomas P, Pangault C, Tribut O, DeVos J, Jean R, Bescher N, Monvoisin 
C, Dulong J, Lamy T, Fest T, Tarte K (2009) Functional alteration of the lymphoma stromal cell 
niche by the cytokine context: role of indoleamine-2,3 dioxygenase. Cancer Res 
69(7):3228–3237  

     Mastri M, Shah Z, McLaughlin T, Greene CJ, Baum L, Suzuki G, Lee T (2012) Activation of Toll- 
like receptor 3 amplifi es mesenchymal stem cell trophic factors and enhances therapeutic 
potency. Am J Physiol Cell Physiol 303(10):C1021–C1033  

   Matsumoto R, Omura T, Yoshiyama M, Hayashi T, Inamoto S, Koh KR, Ohta K, Izumi Y, 
Nakamura Y, Akioka K, Kitaura Y, Takeuchi K, Yoshikawa J (2005) Vascular endothelial 
growth factor-expressing mesenchymal stem cell transplantation for the treatment of acute 
myocardial infarction. Arterioscler Thromb Vasc Biol 25(6):1168–1173  

    Meisel R, Zibert A, Laryea M, Gobel U, Daubener W, Dilloo D (2004) Human bone marrow stro-
mal cells inhibit allogeneic T-cell responses by indoleamine 2,3-dioxygenase-mediated trypto-
phan degradation. Blood 103(12):4619–4621  

   Meraviglia V, Azzimato V, Piacentini L, Chiesa M, Kesharwani RK, Frati C, Capogrossi MC, 
Gaetano C, Pompilio G, Colombo GI, Rossini A (2014) Syngeneic cardiac and bone marrow 
stromal cells display tissue-specifi c microRNA signatures and microRNA subsets restricted to 
diverse differentiation processes. PLoS One 9(9), e107269   

    Miura Y, Miura M, Gronthos S, Allen MR, Cao C, Uveges TE, Bi Y, Ehirchiou D, Kortesidis A, 
Shi S, Zhang L (2005) Defective osteogenesis of the stromal stem cells predisposes CD18-null 
mice to osteoporosis. Proc Natl Acad Sci U S A 102(39):14022–14027  

    Mulder GD, Lee DK, Faghihnia N (2010) Autologous bone marrow-derived stem cells for chronic 
wounds of the lower extremity: a retrospective study. Wounds 22(9):219–225  

     Murphy MB, Moncivais K, Caplan AI (2013) Mesenchymal stem cells: environmentally respon-
sive therapeutics for regenerative medicine. Exp Mol Med 45, e54  

    Nasef A, Ashammakhi N, Fouillard L (2008) Immunomodulatory effect of mesenchymal stromal 
cells: possible mechanisms. Regen Med 3(4):531–546  

    Nauta AJ, Kruisselbrink AB, Lurvink E, Willemze R, Fibbe WE (2006) Mesenchymal stem cells 
inhibit generation and function of both CD34+−derived and monocyte-derived dendritic cells. 
J Immunol 177(4):2080–2087  

D. Jiang and K. Scharffetter-Kochanek



313

    Nemeth K, Leelahavanichkul A, Yuen PS, Mayer B, Parmelee A, Doi K, Robey PG, 
Leelahavanichkul K, Koller BH, Brown JM, Hu X, Jelinek I, Star RA, Mezey E (2009) Bone 
marrow stromal cells attenuate sepsis via prostaglandin E(2)-dependent reprogramming 
of host macrophages to increase their interleukin-10 production. Nat Med 15(1):
42–49  

     Nemeth K, Keane-Myers A, Brown JM, Metcalfe DD, Gorham JD, Bundoc VG, Hodges MG, 
Jelinek I, Madala S, Karpati S, Mezey E (2010) Bone marrow stromal cells use TGF-beta to 
suppress allergic responses in a mouse model of ragweed-induced asthma. Proc Natl Acad Sci 
U S A 107(12):5652–5657  

    Nurmenniemi S, Kuvaja P, Lehtonen S, Tiuraniemi S, Alahuhta I, Mattila RK, Risteli J, Salo T, 
Selander KS, Nyberg P, Lehenkari P (2010) Toll-like receptor 9 ligands enhance mesenchymal 
stem cell invasion and expression of matrix metalloprotease-13. Exp Cell Res 316(16):
2676–2682  

   O’Loughlin A, Kulkarni M, Creane M, Vaughan EE, Mooney E, Shaw G, Murphy M, Dockery P, 
Pandit A, O’Brien T (2013) Topical administration of allogeneic mesenchymal stromal cells 
seeded in a collagen scaffold augments wound healing and increases angiogenesis in the dia-
betic rabbit ulcer. Diabetes 62(7):2588–2594  

     Opalenik SR, Davidson JM (2005) Fibroblast differentiation of bone marrow-derived cells during 
wound repair. FASEB J 19(11):1561–1563  

    Ortiz LA, Gambelli F, McBride C, Gaupp D, Baddoo M, Kaminski N, Phinney DG (2003) 
Mesenchymal stem cell engraftment in lung is enhanced in response to bleomycin exposure 
and ameliorates its fi brotic effects. Proc Natl Acad Sci U S A 100(14):8407–8411  

      Oswald J, Boxberger S, Jorgensen B, Feldmann S, Ehninger G, Bornhauser M, Werner C (2004) 
Mesenchymal stem cells can be differentiated into endothelial cells in vitro. Stem Cells 
22(3):377–384  

    Ozerdem U, Alitalo K, Salven P, Li A (2005) Contribution of bone marrow-derived peri-
cyte  precursor cells to corneal vasculogenesis. Invest Ophthalmol Vis Sci 46(10):
3502–3506  

     Park JS, Kim HY, Kim HW, Chae GN, Oh HT, Park JY, Shim H, Seo M, Shin EY, Kim EG, Park 
SC, Kwak SJ (2005) Increased caveolin-1, a cause for the declined adipogenic potential of 
senescent human mesenchymal stem cells. Mech Ageing Dev 126(5):551–559  

    Pekovic V, Hutchison CJ (2008) Adult stem cell maintenance and tissue regeneration in the ageing 
context: the role for A-type lamins as intrinsic modulators of ageing in adult stem cells and 
their niches. J Anat 213(1):5–25  

    Peters T, Sindrilaru A, Hinz B, Hinrichs R, Menke A, Al-Azzeh EA, Holzwarth K, Oreshkova T, 
Wang H, Kess D, Walzog B, Sulyok S, Sunderkotter C, Friedrich W, Wlaschek M, Krieg T, 
Scharffetter-Kochanek K (2005) Wound-healing defect of CD18(−/−) mice due to a decrease 
in TGF-beta1 and myofi broblast differentiation. EMBO J 24(19):3400–3410  

    Peters T, Sindrilaru A, Wang H, Oreshkova T, Renkl AC, Kess D, Scharffetter-Kochanek K (2006) 
CD18 in monogenic and polygenic infl ammatory processes of the skin. J Investig Dermatol 
Symp Proc 11(1):7–15  

    Peters T, Weiss JM, Sindrilaru A, Wang H, Oreshkova T, Wlaschek M, Maity P, Reimann J, 
Scharffetter-Kochanek K (2009) Reactive oxygen intermediate-induced pathomechanisms 
contribute to immunosenescence, chronic infl ammation and autoimmunity. Mech Ageing Dev 
130(9):564–587  

    Pevsner-Fischer M, Morad V, Cohen-Sfady M, Rousso-Noori L, Zanin-Zhorov A, Cohen S, Cohen 
IR, Zipori D (2007) Toll-like receptors and their ligands control mesenchymal stem cell func-
tions. Blood 109(4):1422–1432  

    Pietila M, Lehtonen S, Tuovinen E, Lahteenmaki K, Laitinen S, Leskela HV, Natynki A, Pesala J, 
Nordstrom K, Lehenkari P (2012) CD200 positive human mesenchymal stem cells suppress 
TNF-alpha secretion from CD200 receptor positive macrophage-like cells. PLoS One 7(2), 
e31671  

    Piwko-Czuchra A, Koegel H, Meyer H, Bauer M, Werner S, Brakebusch C, Fassler R (2009) Beta1 
integrin-mediated adhesion signalling is essential for epidermal progenitor cell expansion. 
PLoS One 4(5), e5488  

14 Mesenchymal Stem Cells in Wound Repair, Tissue Homeostasis, and Aging



314

    Plotnikov EY, Khryapenkova TG, Vasileva AK, Marey MV, Galkina SI, Isaev NK, Sheval EV, 
Polyakov VY, Sukhikh GT, Zorov DB (2008) Cell-to-cell cross-talk between mesenchymal 
stem cells and cardiomyocytes in co-culture. J Cell Mol Med 12(5A):1622–1631  

    Popova AP, Bozyk PD, Goldsmith AM, Linn MJ, Lei J, Bentley JK, Hershenson MB (2010) 
Autocrine production of TGF-beta1 promotes myofi broblastic differentiation of neonatal lung 
mesenchymal stem cells. Am J Physiol Lung Cell Mol Physiol 298(6):L735–L743  

    Potapova IA, Gaudette GR, Brink PR, Robinson RB, Rosen MR, Cohen IS, Doronin SV (2007) 
Mesenchymal stem cells support migration, extracellular matrix invasion, proliferation, and 
survival of endothelial cells in vitro. Stem Cells 25(7):1761–1768  

    Prockop DJ (2012) Mitochondria to the rescue. Nat Med 18(5):653–654  
     Prockop DJ, Brenner M, Fibbe WE, Horwitz E, Le Blanc K, Phinney DG, Simmons PJ, Sensebe 

L, Keating A (2010) Defi ning the risks of mesenchymal stromal cell therapy. Cytotherapy 
12(5):576–578  

           Qi Y, Jiang D, Sindrilaru A, Stegemann A, Schatz S, Treiber N, Rojewski M, Schrezenmeier H, 
Vander Beken S, Wlaschek M, Bohm M, Seitz A, Scholz N, Durselen L, Brinckmann J, 
Ignatius A, Scharffetter-Kochanek K (2014) TSG-6 released from intradermally injected 
 mesenchymal stem cells accelerates wound healing and reduces tissue fi brosis in murine full- 
thickness skin wounds. J Invest Dermatol 134(2):526–537  

    Quan TE, Cowper S, Wu SP, Bockenstedt LK, Bucala R (2004) Circulating fi brocytes: collagen- 
secreting cells of the peripheral blood. Int J Biochem Cell Biol 36(4):598–606  

    Quarto R, Thomas D, Liang CT (1995) Bone progenitor cell defi cits and the age-associated decline 
in bone repair capacity. Calcif Tissue Int 56(2):123–129  

    Raffaghello L, Bianchi G, Bertolotto M, Montecucco F, Busca A, Dallegri F, Ottonello L, Pistoia 
V (2008) Human mesenchymal stem cells inhibit neutrophil apoptosis: a model for neutrophil 
preservation in the bone marrow niche. Stem Cells 26(1):151–162  

    Raicevic G, Rouas R, Najar M, Stordeur P, Boufker HI, Bron D, Martiat P, Goldman M, 
Nevessignsky MT, Lagneaux L (2010) Infl ammation modifi es the pattern and the function of 
toll-like receptors expressed by human mesenchymal stromal cells. Hum Immunol 
71(3):235–244  

    Raju S, Neglen P (2009) Clinical practice. Chronic venous insuffi ciency and varicose veins. N 
Engl J Med 360(22):2319–2327  

    Rando TA (2006) Stem cells, ageing and the quest for immortality. Nature 441(7097):1080–1086  
    Ravari H, Hamidi-Almadari D, Salimifar M, Bonakdaran S, Parizadeh MR, Koliakos G (2011) 

Treatment of non-healing wounds with autologous bone marrow cells, platelets, fi brin glue and 
collagen matrix. Cytotherapy 13(6):705–711  

    Ren G, Zhang L, Zhao X, Xu G, Zhang Y, Roberts AI, Zhao RC, Shi Y (2008) Mesenchymal stem 
cell-mediated immunosuppression occurs via concerted action of chemokines and nitric oxide. 
Cell Stem Cell 2(2):141–150  

     Rodriguez-Menocal L, Salgado M, Ford D, Van Badiavas E (2012) Stimulation of skin and wound 
fi broblast migration by mesenchymal stem cells derived from normal donors and chronic 
wound patients. Stem Cells Transl Med 1(3):221–229  

      Rose RA, Jiang H, Wang X, Helke S, Tsoporis JN, Gong N, Keating SC, Parker TG, Backx PH, 
Keating A (2008) Bone marrow-derived mesenchymal stromal cells express cardiac-specifi c 
markers, retain the stromal phenotype, and do not become functional cardiomyocytes in vitro. 
Stem Cells 26(11):2884–2892  

     Rosengardten Y, McKenna T, Grochova D, Eriksson M (2011) Stem cell depletion in Hutchinson- 
Gilford progeria syndrome. Aging Cell 10(6):1011–1020  

    Salmon AB, Perez VI, Bokov A, Jernigan A, Kim G, Zhao H, Levine RL, Richardson A (2009) 
Lack of methionine sulfoxide reductase a in mice increases sensitivity to oxidative stress but 
does not diminish life span. FASEB J 23(10):3601–3608  

    Salvolini E, Lucarini G, Zizzi A, Orciani M, Di Benedetto G, Di Primio R (2010a) Human skin- 
derived mesenchymal stem cells as a source of VEGF and nitric oxide. Arch Dermatol Res 
302(5):367–374  

D. Jiang and K. Scharffetter-Kochanek



315

    Salvolini E, Orciani M, Vignini A, Mattioli-Belmonte M, Mazzanti L, Di Primio R (2010b) Skin- 
derived mesenchymal stem cells (S-MSCs) induce endothelial cell activation by paracrine 
mechanisms. Exp Dermatol 19(9):848–850  

     Sanges D, Lluis F, Cosma MP (2011) Cell-fusion-mediated reprogramming: pluripotency or trans-
differentiation? Implications for regenerative medicine. Adv Exp Med Biol 713:137–159  

    Sarasua JG, Lopez SP, Viejo MA, Basterrechea MP, Rodriguez AF, Gutierrez AF, Gala JG, 
Menendez YM, Augusto DE, Arias AP, Hernandez JO (2011) Treatment of pressure ulcers 
with autologous bone marrow nuclear cells in patients with spinal cord injury. J Spinal Cord 
Med 34(3):301–307  

       Sasaki M, Abe R, Fujita Y, Ando S, Inokuma D, Shimizu H (2008) Mesenchymal stem cells are 
recruited into wounded skin and contribute to wound repair by transdifferentiation into multi-
ple skin cell type. J Immunol 180(4):2581–2587  

    Scaffi di P, Misteli T (2008) Lamin A-dependent misregulation of adult stem cells associated with 
accelerated ageing. Nat Cell Biol 10(4):452–459  

    Schatteman GC, Ma N (2006) Old bone marrow cells inhibit skin wound vascularization. Stem 
Cells 24(3):717–721  

    Scheid A, Wenger RH, Schaffer L, Camenisch I, Distler O, Ferenc A, Cristina H, Ryan HE, 
Johnson RS, Wagner KF, Stauffer UG, Bauer C, Gassmann M, Meuli M (2002) Physiologically 
low oxygen concentrations in fetal skin regulate hypoxia-inducible factor 1 and transforming 
growth factor-beta3. FASEB J 16(3):411–413  

      Schneider RK, Neuss S, Stainforth R, Laddach N, Bovi M, Knuechel R, Perez-Bouza A (2008) 
Three-dimensional epidermis-like growth of human mesenchymal stem cells on dermal equiv-
alents: contribution to tissue organization by adaptation of myofi broblastic phenotype and 
function. Differentiation 76(2):156–167  

    Sellheyer K, Krahl D (2010) Skin mesenchymal stem cells: prospects for clinical dermatology. 
J Am Acad Dermatol 63(5):859–865  

      Selmani Z, Naji A, Zidi I, Favier B, Gaiffe E, Obert L, Borg C, Saas P, Tiberghien P, Rouas-Freiss 
N, Carosella ED, Deschaseaux F (2008) Human leukocyte antigen-G5 secretion by 
human  mesenchymal stem cells is required to suppress T lymphocyte and natural killer 
 function and to induce CD4+CD25highFOXP3+ regulatory T cells. Stem Cells 26(1):
212–222  

    Sen CK, Khanna S, Babior BM, Hunt TK, Ellison EC, Roy S (2002) Oxidant-induced vascular 
endothelial growth factor expression in human keratinocytes and cutaneous wound healing. 
J Biol Chem 277(36):33284–33290  

    Sensebe L, Krampera M, Schrezenmeier H, Bourin P, Giordano R (2010) Mesenchymal stem cells 
for clinical application. Vox Sang 98(2):93–107  

    Seppanen E, Roy E, Ellis R, Bou-Gharios G, Fisk NM, Khosrotehrani K (2013) Distant mesenchy-
mal progenitors contribute to skin wound healing and produce collagen: evidence from a 
murine fetal microchimerism model. PLoS One 8(5), e62662  

    Sharpless NE, DePinho RA (2007) How stem cells age and why this makes us grow old. Nat Rev 
Mol Cell Biol 8(9):703–713  

    Sheng Z, Fu X, Cai S, Lei Y, Sun T, Bai X, Chen M (2009) Regeneration of functional sweat gland- 
like structures by transplanted differentiated bone marrow mesenchymal stem cells. Wound 
Repair Regen 17(3):427–435  

    Shi Y, Hu G, Su J, Li W, Chen Q, Shou P, Xu C, Chen X, Huang Y, Zhu Z, Huang X, Han X, Xie 
N, Ren G (2010) Mesenchymal stem cells: a new strategy for immunosuppression and tissue 
repair. Cell Res 20(5):510–518  

    Shilo S, Roy S, Khanna S, Sen CK (2007) MicroRNA in cutaneous wound healing: a new para-
digm. DNA Cell Biol 26(4):227–237  

    Si Y, Zhao Y, Hao H, Liu J, Guo Y, Mu Y, Shen J, Cheng Y, Fu X, Han W (2012) Infusion of mes-
enchymal stem cells ameliorates hyperglycemia in type 2 diabetic rats: identifi cation of a novel 
role in improving insulin sensitivity. Diabetes 61(6):1616–1625  

14 Mesenchymal Stem Cells in Wound Repair, Tissue Homeostasis, and Aging



316

    Sindrilaru A, Seeliger S, Ehrchen JM, Peters T, Roth J, Scharffetter-Kochanek K, Sunderkotter CH 
(2007) Site of blood vessel damage and relevance of CD18 in a murine model of immune 
complex-mediated vasculitis. J Invest Dermatol 127(2):447–454  

    Sindrilaru A, Peters T, Schymeinsky J, Oreshkova T, Wang H, Gompf A, Mannella F, Wlaschek M, 
Sunderkotter C, Rudolph KL, Walzog B, Bustelo XR, Fischer KD, Scharffetter-Kochanek K 
(2009) Wound healing defect of Vav3−/− mice due to impaired {beta}2-integrin-dependent 
macrophage phagocytosis of apoptotic neutrophils. Blood 113(21):5266–5276  

       Sindrilaru A, Peters T, Wieschalka S, Baican C, Baican A, Peter H, Hainzl A, Schatz S, Qi Y, 
Schlecht A, Weiss JM, Wlaschek M, Sunderkotter C, Scharffetter-Kochanek K (2011) An 
unrestrained proinfl ammatory M1 macrophage population induced by iron impairs wound 
healing in humans and mice. J Clin Invest 121(3):985–997  

    Singer NG, Caplan AI (2011) Mesenchymal stem cells: mechanisms of infl ammation. Annu Rev 
Pathol 6:457–478  

      Smith AN, Willis E, Chan VT, Muffl ey LA, Isik FF, Gibran NS, Hocking AM (2010) Mesenchymal 
stem cells induce dermal fi broblast responses to injury. Exp Cell Res 316(1):48–54  

    Sotiropoulou PA, Perez SA, Gritzapis AD, Baxevanis CN, Papamichail M (2006) Interactions 
between human mesenchymal stem cells and natural killer cells. Stem Cells 24(1):74–85  

    Spees JL, Olson SD, Whitney MJ, Prockop DJ (2006) Mitochondrial transfer between cells can 
rescue aerobic respiration. Proc Natl Acad Sci U S A 103(5):1283–1288  

    Stappenbeck TS, Miyoshi H (2009) The role of stromal stem cells in tissue regeneration and 
wound repair. Science 324(5935):1666–1669  

     Stenderup K, Justesen J, Clausen C, Kassem M (2003) Aging is associated with decreased maxi-
mal life span and accelerated senescence of bone marrow stromal cells. Bone 33(6):919–926  

    Stock P, Bruckner S, Ebensing S, Hempel M, Dollinger MM, Christ B (2010) The generation of 
hepatocytes from mesenchymal stem cells and engraftment into murine liver. Nat Protoc 
5(4):617–627  

     Stoff A, Rivera AA, Sanjib Banerjee N, Moore ST, Michael Numnum T, Espinosa-de-Los- 
Monteros A, Richter DF, Siegal GP, Chow LT, Feldman D, Vasconez LO, Michael Mathis J, 
Stoff-Khalili MA, Curiel DT (2009) Promotion of incisional wound repair by human mesen-
chymal stem cell transplantation. Exp Dermatol 18(4):362–369  

     Stolzing A, Jones E, McGonagle D, Scutt A (2008) Age-related changes in human bone marrow- 
derived mesenchymal stem cells: consequences for cell therapies. Mech Ageing Dev 
129(3):163–173  

    Su X, Paris M, Gi YJ, Tsai KY, Cho MS, Lin YL, Biernaskie JA, Sinha S, Prives C, Pevny LH, 
Miller FD, Flores ER (2009) TAp63 prevents premature aging by promoting adult stem cell 
maintenance. Cell Stem Cell 5(1):64–75  

    Sun J, Han ZB, Liao W, Yang SG, Yang Z, Yu J, Meng L, Wu R, Han ZC (2011) Intrapulmonary 
delivery of human umbilical cord mesenchymal stem cells attenuates acute lung injury by 
expanding CD4+CD25+ Forkhead Boxp3 (FOXP3)+regulatory T cells and balancing anti- and 
pro-infl ammatory factors. Cell Physiol Biochem 27(5):587–596  

   Tang YL, Zhao Q, Qin X, Shen L, Cheng L, Ge J, Phillips MI (2005) Paracrine action enhances the 
effects of autologous mesenchymal stem cell transplantation on vascular regeneration in rat 
model of myocardial infarction. Ann Thorac Surg 80(1):229–236  

    Tark KC, Hong JW, Kim YS, Hahn SB, Lee WJ, Lew DH (2010) Effects of human cord blood 
mesenchymal stem cells on cutaneous wound healing in leprdb mice. Ann Plast Surg 
65(6):565–572  

    Tobin DJ, Gunin A, Magerl M, Handijski B, Paus R (2003) Plasticity and cytokinetic dynamics of 
the hair follicle mesenchyme: implications for hair growth control. J Invest Dermatol 
120(6):895–904  

    Toma JG, Akhavan M, Fernandes KJ, Barnabe-Heider F, Sadikot A, Kaplan DR, Miller FD (2001) 
Isolation of multipotent adult stem cells from the dermis of mammalian skin. Nat Cell Biol 
3(9):778–784  

D. Jiang and K. Scharffetter-Kochanek



317

    Toma C, Pittenger MF, Cahill KS, Byrne BJ, Kessler PD (2002) Human mesenchymal stem cells 
differentiate to a cardiomyocyte phenotype in the adult murine heart. Circulation 
105(1):93–98  

    Traktuev DO, Merfeld-Clauss S, Li J, Kolonin M, Arap W, Pasqualini R, Johnstone BH, March KL 
(2008) A population of multipotent CD34-positive adipose stromal cells share pericyte and 
mesenchymal surface markers, reside in a periendothelial location, and stabilize endothelial 
networks. Circ Res 102(1):77–85  

    Tso GH, Law HK, Tu W, Chan GC, Lau YL (2010) Phagocytosis of apoptotic cells modulates 
mesenchymal stem cells osteogenic differentiation to enhance IL-17 and RANKL expression 
on CD4+ T cells. Stem Cells 28(5):939–954  

    Ueda M, Nishino Y (2010) Cell-based cytokine therapy for skin rejuvenation. J Craniofac Surg 
21(6):1861–1866  

    Vaculik C, Schuster C, Bauer W, Iram N, Pfi sterer K, Kramer G, Reinisch A, Strunk D, Elbe- 
Burger A (2012) Human dermis harbors distinct mesenchymal stromal cell subsets. J Invest 
Dermatol 132(3 Pt 1):563–574  

    Valle-Prieto A, Conget PA (2010) Human mesenchymal stem cells effi ciently manage oxidative 
stress. Stem Cells Dev 19(12):1885–1893  

    Varani J, Schuger L, Dame MK, Leonard C, Fligiel SE, Kang S, Fisher GJ, Voorhees JJ (2004) 
Reduced fi broblast interaction with intact collagen as a mechanism for depressed collagen 
synthesis in photodamaged skin. J Invest Dermatol 122(6):1471–1479  

      Wan J, Xia L, Liang W, Liu Y, Cai Q (2013) Transplantation of bone marrow-derived mesenchy-
mal stem cells promotes delayed wound healing in diabetic rats. J Diabetes Res 2013:647107  

    Wang H, Peters T, Kess D, Sindrilaru A, Oreshkova T, Van Rooijen N, Stratis A, Renkl AC, 
Sunderkotter C, Wlaschek M, Haase I, Scharffetter-Kochanek K (2006) Activated macro-
phages are essential in a murine model for T cell-mediated chronic psoriasiform skin infl am-
mation. J Clin Invest 116(8):2105–2114  

     Wang XJ, Dong Z, Zhong XH, Shi RZ, Huang SH, Lou Y, Li QP (2008) Transforming growth 
factor-beta1 enhanced vascular endothelial growth factor synthesis in mesenchymal stem cells. 
Biochem Biophys Res Commun 365(3):548–554  

     Waterman RS, Tomchuck SL, Henkle SL, Betancourt AM (2010) A new mesenchymal stem cell 
(MSC) paradigm: polarization into a pro-infl ammatory MSC1 or an Immunosuppressive 
MSC2 phenotype. PLoS One 5(4), e10088  

    Williams JT, Southerland SS, Souza J, Calcutt AF, Cartledge RG (1999) Cells isolated from adult 
human skeletal muscle capable of differentiating into multiple mesodermal phenotypes. Am 
Surg 65(1):22–26  

      Wlaschek M, Scharffetter-Kochanek K (2005) Oxidative stress in chronic venous leg ulcers. 
Wound Repair Regen 13(5):452–461  

    Wu XB, Tao R (2012) Hepatocyte differentiation of mesenchymal stem cells. Hepatobiliary 
Pancreat Dis Int 11(4):360–371  

      Wu Y, Chen L, Scott PG, Tredget EE (2007) Mesenchymal stem cells enhance wound healing 
through differentiation and angiogenesis. Stem Cells 25(10):2648–2659  

     Wu Y, Huang S, Enhe J, Ma K, Yang S, Sun T, Fu X (2014) Bone marrow-derived mesenchymal 
stem cell attenuates skin fi brosis development in mice. Int Wound J 11(6):701–710   

    Xie MW, Gorodetsky R, Micevicz ED, Mackenzie NC, Gaberman E, Levdansky L, McBride WH 
(2013) Marrow-derived stromal cell delivery on fi brin microbeads can correct radiation- 
induced wound-healing defi cits. J Invest Dermatol 133(2):553–561  

    Xu B, deWaal RM, Mor-Vaknin N, Hibbard C, Markovitz DM, Kahn ML (2004) The endothelial 
cell-specifi c antibody PAL-E identifi es a secreted form of vimentin in the blood vasculature. 
Mol Cell Biol 24(20):9198–9206  

     Xue S, Li L (2011) Upregulation of collagen type 1 in aged murine dermis after transplantation of 
dermal multipotent cells. Clin Exp Dermatol 36(7):775–781  

14 Mesenchymal Stem Cells in Wound Repair, Tissue Homeostasis, and Aging



318

    Yang LY, Zheng JK, Liu XM, Hui GZ, Guo LH (2004) Culture of skin-derived precursors and their 
differentiation into neurons. Chin J Traumatol 7(2):91–95  

    Yao H, Ting X, Minjie W, Yemin C, Xiqiao W, Yuzhi J, Ming T, Weida W, Peifen Q, Shuliang L 
(2012) The investigation of demographic characteristics and the health-related quality of life in 
patients with diabetic foot ulcers at fi rst presentation. Int J Low Extrem Wounds 
11(3):187–193  

   Yew TL, Hung YT, Li HY, Chen HW, Chen LL, Tsai KS, Chiou SH, Chao KC, Huang TF, Chen 
HL, Hung SC (2011) Enhancement of wound healing by human multipotent stromal cell con-
ditioned medium: the paracrine factors and p38 MAPK activation. Cell Transplant 
20(5):693–706   

     Zech NH (2005) Plasticity of stem cells: cell-fusion versus transdifferentiation. J Reproduktionsmed 
Endokrinol 2(4):239–245  

      Zhang QZ, Su WR, Shi SH, Wilder-Smith P, Xiang AP, Wong A, Nguyen AL, Kwon CW, Le AD 
(2010) Human gingiva-derived mesenchymal stem cells elicit polarization of m2 macrophages 
and enhance cutaneous wound healing. Stem Cells 28(10):1856–1868  

    Zhang J, Lian Q, Zhu G, Zhou F, Sui L, Tan C, Mutalif RA, Navasankari R, Zhang Y, Tse HF, 
Stewart CL, Colman A (2011) A human iPSC model of Hutchinson Gilford Progeria reveals 
vascular smooth muscle and mesenchymal stem cell defects. Cell Stem Cell 8(1):31–45  

    Zhang DY, Pan Y, Zhang C, Yan BX, Yu SS, Wu DL, Shi MM, Shi K, Cai XX, Zhou SS, Wang JB, 
Pan JP, Zhang LH (2013) Wnt/beta-catenin signaling induces the aging of mesenchymal stem 
cells through promoting the ROS production. Mol Cell Biochem 374(1–2):13–20  

      Zou Z, Zhang Y, Hao L, Wang F, Liu D, Su Y, Sun H (2010) More insight into mesenchymal stem 
cells and their effects inside the body. Expert Opin Biol Ther 10(2):215–230  

    Zouboulis CC, Adjaye J, Akamatsu H, Moe-Behrens G, Niemann C (2008) Human skin stem cells 
and the ageing process. Exp Gerontol 43(11):986–997    

D. Jiang and K. Scharffetter-Kochanek



319© Springer-Verlag Wien 2015
H. Geiger et al. (eds.), Stem Cell Aging: Mechanisms, Consequences, Rejuvenation, 
DOI 10.1007/978-3-7091-1232-8_15

        M.   Gutierrez    •    D.  A.   Lamba       (*) 
  Department of Biology ,  Buck Institute for Research on Aging , 
  8001 Redwood Blvd Rm: 3-234 ,  Novato ,  CA   94945 ,  USA   
 e-mail: dlamba@buckinstitute.org  

  15      Retinal Repair Using Stem Cells 

             Mark     Gutierrez     and     Deepak     A.     Lamba    

    Abstract  
  The retina is the main light-sensing layer of the eye. Degenerations of the retinal 
cells are leading causes of blindness worldwide. This cellular loss in the mamma-
lian retina is not followed by any appreciable cellular regeneration. In this chapter, 
we will cover various age-associated retinal degenerations. We will provide evi-
dence of retinal regeneration in nonmammalian systems as well as attempts to 
rejuvenate stem cell phenotype in mammalian retinas. We will fi nish with recent 
work using pluripotent stem cells, both embryonic stem cells as well as induced 
pluripotent stem cells, to generate new retinal cells for replacement purposes.  

15.1         Introduction: The Retina 

 The retina is the innermost layer of the eye. It arises from the ventral diencephalon 
extending out as an optic placode, which subsequently indents to form a two- layered 
optic cup. The outer layer differentiates to form the retinal pigment epithelium (RPE) 
while the inner layer forms the neural retina. The neural retina has three main cellular 
layers: outer nuclear, inner nuclear, and the ganglion cell layer with two plexiform lay-
ers in between where the cells synapse. The outer nuclear layer contains the rod and 
cone photoreceptors of the eye that mediate our vision (Fig.  15.1 ). The photoreceptors 
respond to photons of light by changes in their membrane potential resulting in hyper-
polarization. The rod photoreceptors are capable of responding to low levels of light, 
and hence responsible for our night vision, while cone photoreceptors mediate high-
acuity vision in the daylight. They also provide color vision due to the presence of three 
types based on peak sensitivity to red, green, and blue spectrum.  
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 In humans and nonhuman primates, the central region of the retina is enriched 
with cones and is called the macula. The central part of the macula called  fovea 
centralis  has a pit due to the presence of only cone photoreceptors. This is the region 
of highest density of cone photoreceptors in the eye. The photoreceptors transmit 
the light information to a group of retinal interneurons called bipolar cells. These 
cells, in turn, transmit the signals to ganglion cells, either directly or through another 
class of inhibitory retinal interneurons, called amacrine cells. The ganglion cells are 
the main output neurons of the retina, whose axons combine to form the optic nerve 
to send the visual information to central visual centers. Following retinal differen-
tiation, the fi nal cell that comes out of the retinal stem cells is the Müller glial cells. 

 Outer to the photoreceptor layer is the layer of pigmented cells, called RPE. RPE 
cells are vital for the maintenance of the rods and cones. The apical end of RPE cells 
faces the photoreceptors and has microvilli, which completely engulf the outer seg-
ments of the photoreceptors. RPE cells perform multiple supportive functions. The 
RPE layer transports ions, water, and metabolic by-products from the photoreceptor 
side to the choriocapillaris on the other side. The rod and cone photoreceptors shed 
approximately 10 % of their outer segments a day. This generates enormous amount 
of cellular debris into the subretinal space and the RPE cells are responsible for get-
ting rid of photoreceptor disc debris. Additionally, RPE cells are critical for the 
normal visual cycle. The cells recycle visual cycle component, all-trans retinol, 
back to 11-cis form. The RPE layer is also part of the blood–retinal barrier, which 
may play a critical role in immune protection and immune privilege. Finally, the 
pigmented cells absorb and prevent light scattering thereby aiding in visual acuity.  

  Fig. 15.1    Schematic of the 
human retina. The fi gure 
shows the laminated retinal 
structure with the various cell 
types arranged in distinct 
layers       
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15.2     Retinal Degenerations 

 The retina is subject to a number of inherited and acquired forms of retinal degen-
erative conditions. Age-related macular degeneration (AMD) is a disease of the 
retina characterized by the degeneration of cells in the RPE and the photoreceptors 
in the central region of the retina. AMD is one of the leading causes of blindness in 
the USA. It affects approximately 10 % of the population over 65 and up to 1 in 3 
over the age of 80 years. Glaucoma and diabetic retinopathy also lead to retinal 
neuronal loss. Glaucoma primarily leads to apoptosis of ganglion cells, while dia-
betic retinopathy leads to loss of most retinal neurons secondary to a vasculopathy. 
The incidence of both of these diseases increases with age. There are also a number 
of inherited retinal disorders including Usher’s syndrome and retinitis pigmentosa 
(RP), which do not manifest until much later in life. 

 Age-related macular degeneration, the leading cause of worldwide blindness in 
the elderly, affects approximately 15 million people in the USA alone. About 1.75 
million people in USA currently have advanced age-related macular degeneration 
with associated vision loss, and the number is expected to grow to almost three mil-
lion by 2020. The disease poses a signifi cant fi nancial burden on the society account-
ing for $68 billion in direct costs in the USA. The pathogenesis of AMD is unclear 
and multiple factors may be involved in the progression of the disorder including 
chronic oxidative stress, lifelong light exposure, small RNA processing defects in 
the RPE, choriocapillaris atrophy, accumulation of lipofuscin, and infl ammation 
and complement activation (Fig.  15.2 ) (Jarrett and Boulton  2012 ; Kaneko et al. 
 2011 ; Khan et al.  2006 ). The disease starts in the macula, the region of central retina 
with highest visual acuity. There are two main forms of the AMD disorder: dry and 
wet form. The disease is characterized by the development of drusen which are 
pathological extracellular deposits containing glycolipids, proteins, and cellular 

  Fig. 15.2    Multifactorial etiology of age-related macular degeneration. A number of genetic, envi-
ronmental, local microenvironment, and age-associated factors have been linked to the develop-
ment of the disorder       

 

15 Retinal Repair Using Stem Cells



322

debris, between the RPE and the overlying Bruch’s membrane. Early AMD is asso-
ciated with more numerous soft drusen in the macula, pigmentary changes in the 
RPE, and thickening of Bruch’s membrane. Advanced forms of AMD can manifest 
as either geographic atrophy, which is the dry form, or neovascular/wet form of 
AMD. Geographic atrophy results in dysfunction and loss of the RPE and degenera-
tion of the underlying photoreceptors occurs. Wet AMD is characterized by the 
development of choroidal neovascularization following disruption of the Bruch’s 
membrane, leading to exudation, bleeding, and scar formation.  

 A number of studies have associated oxidative stress as the key driver to AMD 
(Jarrett and Boulton  2012 ). Evidences pointing to this include (a) decrease in micro-
somal glutathione S-transferase-1, an enzyme that reduces peroxides, oxidized RPE 
lipids, and oxidized retinoids, (b) increased lipid peroxidation, and (c) age- associated 
decrease in catalase activity in the human RPE. The resultant oxidant damage mani-
fests in age-related increases in autofl uorescent lipofuscin granules especially those 
containing A2E, a pyridinium bisretinoid by-product of visual pathway component 
 all-trans  retinol. A2E is a potent photo-inducible generator of ROS in the RPE 
(Sparrow and Boulton  2005 ). Additional cellular changes include 8-oxodG accumula-
tion, lipid peroxidation and glycation of end products, and mitochondrial DNA dam-
age. Linkage and genome-wide association studies have implicated genetic modulators 
of AMD risk related to many mechanistic pathways, including oxidative stress, com-
plement system dysregulation, DNA repair, mitochondrial dysfunction, neovascular-
ization, and microglial recruitment (Gorin  2012 ). The Y402H polymorphism in 
complement factor CFH has been consistently demonstrated as a signifi cant risk fac-
tor for AMD (Boon et al.  2008 ). Single nucleotide polymorphisms (SNPs) in ARMS2 
and HTRA1, two genes with strong linkage related to extracellular matrix function, 
are also associated with AMD susceptibility (Andreoli et al.  2009 ). Polymorphisms in 
the apolipoprotein E (apoE) gene modulate AMD risk as well (Thakkinstian et al. 
 2006 ). The E4 allelic variant seems to have a protective effect while the E2 allele is 
associated with increased AMD risk. Some recent SNPs in genes have suggested a 
role of cholesterol and lipid dysfunction in the development of the pathology. These 
include hepatic lipase gene (LIPC), cholesterylester transfer protein (CETP), lipopro-
tein lipase (LPL), and ATP-binding cassette, subfamily A member 1 (ABCA1). 

 Small RNAs have come into focus for their involvement in a number of develop-
mental and disease states. Recent papers have suggested a role of microRNAs, small 
RNA processing enzyme, Dicer1, and Alu RNAs in the pathogenesis of AMD 
(Kaneko et al.  2011 ; Lukiw et al.  2012 ). NF-κB-regulated microRNAs are upregu-
lated in both AMD and Alzheimer’s disease while other miRNAs including miRNA-
 9, miRNA-125b, miRNA-146a, and miRNA-155 are known to target 3′-UTR of 
CFH, thereby downregulating CFH. It has also been found that mir23a decreases in 
RPE cells from AMD donor eyes and is associated with cellular resistance to oxida-
tive stress (Lin et al.  2011 ). Recent studies looking at small RNA processing have 
identifi ed a reduction in the enzyme Dicer1, the small RNA processing protein, in 
RPE of patients with AMD (Kaneko et al.  2011 ). They however did not see a huge 
difference in microRNAs. Instead, they found a concomitant rise in Alu RNA accu-
mulation in the cells. The group found that knocking-down  DICER1  or 
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overexpressing Alu RNA activates the NLRP3 infl ammasome and triggers TLR-
independent MyD88 signaling via IL18 in RPE cells (Tarallo et al.  2012 ). These 
could provide us with novel targets to treat the disease. 

 Glaucoma is one of the leading causes of vision loss and blindness, affecting as 
many as 60 million people around the world. It is estimated that nearly 80 million 
people will have glaucoma by the year 2020 (Quigley and Broman  2006 ). Like 
AMD, the pathogenesis of glaucoma is extremely complex and poorly understood. 
Glaucoma is characterized by progressing cupping of the optic nerve head, thinning 
of the nerve fi ber layer, and retinal gliosis, all of which are associated with concomi-
tant retinal ganglion cell death. The disease is classically associated with rise in the 
intraocular pressure. Dysfunction of the trabecular meshwork in the angle of the 
anterior chamber of the eye is linked with the disease development. There are two 
broad types: angle-closure glaucoma, where the angle of the eye is narrow prevent-
ing the outfl ow of the aqueous fl uid, and open-angle glaucoma, in which case the 
meshwork itself is dysfunctional. In either case, there is rise in the intraocular pres-
sure, which due to some yet unknown mechanism, leads to selective ganglion cell 
stress and loss. Additionally, there is a subset of patients with, what is referred to as, 
normal tension glaucoma. These patients have all the changes classically described 
for glaucoma in the absence of intraocular pressure changes. 

 A number of mechanisms have been postulated to explain the pathogenesis of 
glaucoma, including chronic intermittent ischemia due to rise in pressure, accumu-
lation of reactive oxygen species, defective axon transport, loss of retrograde tro-
phic factor support, and excitotoxicity (Calkins  2012 ). Defective axon transport is 
one of the earliest changes demonstrated in animal models of glaucoma. This could 
be due to mechanic pressure on the optic nerve head at the  lamina cribrosa  or be 
secondary to ischemia. This transport blockage also prevents retrograde transport of 
neurotrophic factors such as brain-derived neurotrophic factor (BDNF) and likely of 
other neurotrophic factors from central targets back to ganglion cells, which are 
critical for survival and dendritic maintenance. All together, these result in pro-
grammed cell death of the ganglion cells by upregulation of various proapoptotic 
markers. Several approaches have been utilized to identify genetic factors that are 
associated with glaucoma and multiple loci have been linked to open-angle glau-
coma. Four genes with strong linkage include myocilin ( MYOC ), optineurin 
( OPTN ), WD repeat domain 36 ( WDR36 ), and neurotrophin 4 ( NTF4 ) (Allingham 
et al.  2009 ). Genome-wide association studies have linked additional genes includ-
ing caveolin 1 and 2 ( CAV1/CAV2 ), transmembrane and coiled-coil domains 1 
( TMCO1 ), and cyclin-dependent kinase inhibitor 2B ( CDKN2B ). 

 Diabetic retinopathy is one of the most common complications of diabetes and 
remains the leading cause of blindness among individuals in developed countries. 
Population-based studies suggest that approximately one-third of the population 
with diabetes have early signs of retinopathy and approximately one in ten has 
vision-threatening stages of retinopathy, such as macular edema and proliferative 
retinopathy (Chistiakov  2011 ). The major risk factors for diabetic retinopathy are 
hyperglycemia, high blood pressure, and duration of diabetes. Patients with diabetic 
retinopathy include the formation of microaneurysms, retinal hemorrhages, hard 
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exudates, cotton wool spots, venous abnormalities, and neovascularization. The 
 disease is associated with the loss of pericytes and endothelial cells, formation of 
acellular capillaries, thickening of the basement membrane, formation of microan-
eurysms, and neovascularization. The underlying mechanism on how hyperglyce-
mia induces these changes is unclear but may involve changes in growth factor 
expression including VEGF and IGF1, activation of diacylglycerol–protein kinase 
C pathway, accumulation of advanced glycation end products, RAS activation, and 
misregulation of polyol pathway (Simo  2011 ). 

 Following degeneration in any of the aforementioned disorders, the retina needs 
to be rebuilt as innate repair mechanisms fall short of any visual improvement. 
Current avenues of research focus on two broad categories: (1) restoration of stem 
cell characteristics in host support cells to initiate some host repair and (2) replace-
ment or generation of new cells in vitro which can then be transplanted to take over 
the function of lost cells.  

15.3     Retinal Regeneration: Endogenous Mechanisms 

 Amphibians, fi sh, birds, and mammals have all been shown to have varying degrees 
of retinal regenerative potential. This has been most prominent at the earliest stages 
of development and diminishes over time as the retina attains maturity (Del Rio- 
Tsonis and Tsonis  2003 ). Most retinal regeneration studies employ a process 
described as transdifferentiation, i.e., the ability of one cell type to take over a dif-
ferent fate. Transdifferentiation of neural retina involves three types of cells, support 
cells in the retina (called the Müller glial cells), cells from the RPE, and cells located 
in the ciliary epithelium/ciliary marginal zone at the periphery of the retina 
(Fig.  15.3 ). Regeneration via transdifferentiation involves three steps. First is the 
process of dedifferentiation where the RPE cells/Müller glial cells lose their native 
characteristics; second, they proliferate; and third and last, some of the cells differ-
entiate into retinal cells (Del Rio-Tsonis and Tsonis  2003 ; Haynes and Del Rio-
Tsonis  2004 ).  

15.3.1     Transdifferentiation from RPE Cells 

 Amphibians have a remarkable capacity to regenerate various organs and tissues 
including brain, limbs, and liver. Newt retina has been a great model to study neural 
retinal regeneration. Following removal of the entire neural retina, the eye can 
regenerate an entire complete and laminated new retina using the surrounding RPE 
cells (Stone  1950a ,  b ; Stone and Steinitz  1957 ). The process involves proliferation 
and dedifferentiation of the RPE cells into an optic placode-like stem cell. These 
cells then regenerate a new bilayered structure, which has both a new neural retina 
and a new RPE cell layer. The newly formed retina has all the different cells includ-
ing photoreceptors, bipolar cells, and ganglion cells as well as the inhibitory inter-
neurons and glial cells. The only difference lies from the fact that the newly 

M. Gutierrez and D.A. Lamba



325

developed retina is inverted in orientation (Okada  1980 ). Recent studies have shown 
that the RPE transdifferentiation into neural cells occurs only in the presence of 
underlying connective tissue, i.e., choroid (Mitsuda et al.  2005 ). The results suggest 
the possibility of choroid playing an essential role in newt retinal regeneration 
potentially by means of diffusible substances. Two secretory factors that are upregu-
lated in the choroid following newt retina removal include bFGF and IGF1. There 
is downregulation of Otx2, a key RPE gene, and upregulation of Notch pathway 
activity (Nakamura and Chiba  2007 ; Sakami et al.  2005 ). Some key regulators of 
this regeneration process include extracellular matrix components, such as laminin 
and heparin sulfate proteoglycans (Reh et al.  1987 ), as well as growth factors FGF-2 
and IGF1 (Mitsuda et al.  2005 ; Sakaguchi et al.  1997 ), among others. 

 This phenomenon of RPE transdifferentiation also occurs in the embryonic 
chicken eyes (Coulombre and Coulombre  1965 ; Park and Hollenberg  1989 ; Pittack 
et al.  1991 ). When the neural retina is dissected out from the chicken embryos 
within the fi rst 3–4 days of incubation (E3–E4), the RPE dedifferentiates and prolif-
erates to form retinal progenitors, which then differentiate to form a new retina as in 
the newt. In the chick embryo, this process is stimulated by bFGFs with contribution 
from BMPs (Haynes et al.  2007 ) while activin signaling inhibits the regeneration 
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  Fig. 15.3    Sources of endogenous retinal regeneration and repair. The fi gure highlights the three 
main sources of repair in the various species, i.e., RPE, CMZ, and Müller glia       
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(Sakami et al.  2008 ). Both FGFs and activin signaling are known to drive Pax6, 
a key transcription factor in retinal development. Recent experiments have shown 
that overexpression of Pax6 is suffi cient to stimulate the production of neurons from 
the embryonic chicken RPE (Azuma et al.  2005 ). As opposed to the newt, in chickens, 
this RPE regenerative capacity is restricted to very early embryonic development. 
The mature chicken RPE does not contribute to retinal repair. So far, the data from 
mammalian RPE suggests very little contribution, if any, to retinal repair.  

15.3.2     Transdifferentiation from Ciliary Margin 

 The peripheral margin of the retina where it meets the ciliary body has been thought 
of as another source of retinal stem cells and is called the ciliary marginal zone 
(CMZ). Retina of fi sh grows throughout life roughly matching the overall growth of 
the animal by the addition of new neurons from stem cells in the CMZ (Hollyfi eld 
 1968 ; Straznicky and Gaze  1971 ). In fact, most of the fi sh retina is generated from 
this CMZ as they grow to adult size. The CMZ cells resemble the embryonic retinal 
progenitor cells. The cells can generate clones of over 100 cells containing all the 
different retinal cell types (Wetts and Fraser  1988 ). Teleost fi sh also retain the abil-
ity to regenerate new retinal neurons following neurotoxin damage or surgical 
lesions throughout life (Hitchcock et al.  2004 ; Raymond et al.  2006 ). The chicken 
retina was largely believed to be completely developed at hatching. However, a 
study by Fischer and Reh showed that the CMZ is active in posthatch chickens 
(Fischer and Reh  2000 ,  2002 ). These cells at the retinal margin express genes com-
mon to embryonic retinal progenitors including Pax6. Injection of a combination of 
insulin IGF and EGF induces the cells in the CMZ to express progenitor markers 
and undergo proliferation. Similarly, sonic hedgehog induces proliferation in the 
adult chicken CMZ (Moshiri et al.  2005 ). A similar active CMZ has also been dem-
onstrated in adult quails (Kubota et al.  2002 ). 

 Several reports have shown that cells isolated from the ciliary epithelium of sev-
eral mammals, including mice, pig, and humans, can give rise to proliferative clones 
(neurospheres) when cultured in vitro (Ahmad et al.  2000 ; Asami et al.  2007 ; Coles 
et al.  2004 ; Kohno et al.  2006 ; MacNeil et al.  2007 ; Sun et al.  2006 ; Tropepe et al. 
 2000 ). The cells express a variety of neural progenitor markers and have been shown 
to undergo extensive proliferation. Pax6, neural progenitor gene, is required for the 
generation of these neurospheres (Xu et al.  2007 ). Upon exposure to differentiation 
conditions, these spheres were shown to express rod photoreceptors, bipolar and 
Müller glial genes. The sphere proliferation can be enhanced by exposure to Wnts, 
SCF, and PEDF (Inoue et al.  2006 ; Das et al.  2004 ,  2006a ; De Marzo et al.  2010 ). 
Despite this early hope, some recent reports have suggested that these spheres may 
not completely resemble retinal stem cells. A detailed analysis by Mike Dyer’s 
group showed that all cells in the CMZ-derived spheres, including those expressing 
neural progenitor markers, were still pigmented and exhibited other characteristics 
of normal pigmented cells (Cicero et al.  2009 ). Thus, the jury is still out on the 
existence of a CMZ in humans, which can be exploited for native retinal repair.  
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15.3.3     Transdifferentiation from the Müller Glia 

 As discussed above, the fi sh retina contains a CMZ at the retinal margin, and it 
contributes to retinal growth as the fi sh increase in size. However, this zone is not 
thought to contribute to regeneration in central retina. Instead, fi sh contains two 
other quiescent progenitor populations, the rod progenitor cells and the Müller glia 
(Johns  1982 ). Upon injury, fi sh retinal Müller glia slowly start dividing to generate 
the rod progenitor cells (Bernardos et al.  2007 ). Using transgenic fi sh with GFP 
expressed in Müller glia, several labs have demonstrated that these cells are the 
primary source of regenerated neurons in fi sh central retina. Following damage to 
retinal neurons, the retina Müller glia reenter the cell cycle and dedifferentiate 
toward a progenitor-like phenotype (Raymond et al.  2006 ; Bernardos et al.  2007 ; 
Faillace et al.  2002 ; Fausett and Goldman  2006 ; Fimbel et al.  2007 ; Kassen et al. 
 2007 ; Thummel et al.  2008 ; Vihtelic et al.  2006 ; Wu et al.  2001 ; Yurco and Cameron 
 2005 ). A number of groups are now attempting to better understand the processes 
involved in reentry of the glial cells into cell cycle with the hopes of applying it to 
mammalian regeneration (Raymond et al.  2006 ; Kassen et al.  2007 ; Cameron et al. 
 2005 ; Yurco and Cameron  2007 ). It has been demonstrated that not all glial cells 
have the capacity to regenerate the retina but that these cells are asymmetrically 
distributed (Julian et al.  1998 ). Dan Goldman’s group has identifi ed  Ascl1 , a basic 
helix-loop-helix gene expressed highly in retinal progenitors, as one that gets upreg-
ulated in Müller glia upon retinal damage (Fausett et al.  2008 ). They showed using 
morpholinos that inhibition of  Ascl1  blocks Müller glial dedifferentiation and their 
subsequent reentry into the cell cycle. This is also interesting as a recent study in 
mammalian retina demonstrated the Ascl1 expression defi nes a subpopulation of 
lineage-restricted progenitors in the mammalian retina (Brzezinski et al.  2011 ). The 
process is mediated by EGF/MAPK/Notch cascade (Wan et al.  2012 ) and Wnt/β- -
catenin signaling (Ramachandran et al.  2011 ). A recent study looked for the inducer 
of Müller glial proliferation following damage. They found that TNF-α was pro-
duced by dying retinal neurons and was necessary for expression of ASCL1 in 
Müller glia (Nelson et al.  2013 ). Another secreted factor, which has been shown to 
induce glial proliferation in the absence of injury, is CNTF. It does this through a 
STAT3-dependent mechanism (Kassen et al.  2009 ). Injury-induced Ascl1 directly 
regulates lin-28, a microRNA-binding protein. Lin-28 then represses let-7 miRNA, 
which is normally involved in repression of regeneration-associated genes including 
 ASCL1 ,  PAX6 ,  OCT4 ,  KLF4 , and  c-MYC  (Ramachandran et al.  2010 ). A detailed 
characterization study by Pam Raymond’s group into the genes involved in the 
zebrafi sh regenerative process showed that cells upregulated the Notch–Delta path-
way as well as key retinal progenitor genes,  Pax6a ,  Rx , and  Chx10 , upon reentry 
into the cell cycle (Raymond et al.  2006 ). These data suggest that regeneration and 
development use the similar molecular mechanisms and revoking a similar pathway 
in mammalian glial cells may restore regenerative capacity. 

 Like the fi sh retina, chicken retina displays some regenerative capacity (Fischer 
and Reh  2001 ). The earliest demonstration of this was using neurotoxic damage of 
inner retinal neurons with  N -methyl- d -aspartate (NMDA) in posthatch chicks 
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(Fischer and Reh  2001 ). Müller glia reenter the cell cycle and dedifferentiate into 
retinal progenitors (Fischer and Reh  2001 ,  2003 ; Fischer et al.  2002 ; Hayes et al. 
 2007 ). These Müller glial-derived retinal progenitors differentiate into amacrine 
cells, bipolar cells, and ganglion cells. There was no evidence of photoreceptor cell 
differentiation. A close examination of the Notch–Delta pathway revealed a dual 
role in the regenerative response (Hayes et al.  2007 ). Notch upregulation was indeed 
necessary for the glia to dedifferentiate and reenter cell cycle. However, after this 
initial need, Notch inhibition is necessary for differentiation of the Müller glial- 
derived retinal progenitors to form new neurons. 

 As opposed to fi sh and avian retinas, the mammalian Müller glia do not sponta-
neously reenter the cell cycle following retina damage (Chang et al.  2007 ; Close 
et al.  2006 ; Dayer et al.  2005 ; Sahel et al.  1990 ; Zhao et al.  2005 ). In order to get 
them to proliferate following damage, they require additional stimulation including 
growth factors. Ooto et al. used NMDA to induce damage in the rat inner retina 
(Ooto et al.  2004 ). They found that Müller glia underwent proliferation, though it 
was limited. They detected some of the Müller glial-derived progeny, which 
expressed markers of bipolar cells and photoreceptors. This number could be 
increased by co-injecting retinoic acid. Alternatively, overexpression of certain 
transcription factors including Math3, NeuroD1, Pax6, and Crx could generate 
bipolar and amacrine cells and photoreceptors. A number of additional publications 
have also reported similar BrdU-expressing photoreceptor cell generation following 
either retinal damage or growth factor treatment in adult rodents (Close et al.  2006 ; 
Das et al.  2006b ; Osakada et al.  2007 ; Wan et al.  2007 ; Wan et al.  2008 ; Del Debbio 
et al.  2010 ). To gain a better handle on understanding the regenerative process in 
mouse retinas, Karl et al. conducted a detailed examination of the progeny derived 
from glia following toxic damage and EGF stimulation in various transgenic strains 
of mice to track various lineages (Karl et al.  2008 ). Using this protocol, up to 10 % 
of Müller glia entered the cell cycle within 3 days. They found that almost all of the 
Müller glial-derived progenitors differentiated to amacrine cells. Consistent with 
this observation, they found that FoxN4, a transcription factor necessary for the 
amacrine cell differentiation, was one of the most highly upregulated genes in both 
the mouse and chick retina after NMDA-induced damage. Other studies using 
Wnt3a or Shh following damage have reported photoreceptor cell differentiation 
(Osakada et al.  2007 ; Wan et al.  2007 ,  2008 ). There have been no studies of func-
tional regeneration in either the chicken or the mammalian retina. Thus, it is still not 
known whether Müller glial-derived cells functionally integrate into the retinal 
circuitry. 

 Recently, the fi eld of direct reprogramming has come into a lot of focus. Direct 
reprogramming or induced transdifferentiation refers to the process that allows cells 
to directly progress from one cell fate to another without an intermediate stem cell 
fate. The earliest landmark paper describing this was the direct conversion of fi bro-
blast cells to myoblasts using a single transcription factor MyoD1 (Davis et al. 
 1987 ). More recently, a similar transdifferentiation strategy was used to generate 
neurons from fi broblast using ASCL1, BRN2, and MYT1L (Vierbuchen et al. 
 2010 ). A recent publication from Tom Reh’s lab attempted to employ the strategy to 
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restore retinal stem cell characteristics to mammalian Müller glia (Pollak et al. 
 2013 ). As described above, Ascl1a is required for retinal regeneration in the fi sh and 
is rapidly upregulated in proliferating Müller glia. However, Ascl1 is not upregu-
lated in the mouse retina after  N -methyl- d -aspartate (NMDA)-induced damage 
(Karl et al.  2008 ). Therefore, the authors induced expression of ASCL1 in Müller 
glia in either dissociated cultures or explant retinas (Pollak et al.  2013 ). They found 
that ASCL1 was suffi cient to induce neural differentiation of the glial cells. ASCL1 
remodeled the chromatin at retinal progenitor gene sites activating their expression 
while at the same time downregulating glial genes. The reprogrammed cells 
expressed early postmitotic retinal markers including Otx2, Islet1, Neurod1, Prox1, 
and Crx. Thus, direct reprogramming could serve as an alternate strategy to induce 
retinal regeneration in mammalian retinas.   

15.4     Retinal Repair: Cell Replacement 

 An alternative to fi nding ways to restore innate repair is to transplant fresh cells into 
the degenerated retina in order to restore visual function. Several potential sources 
for replacement neurons and photoreceptor cells have been hypothesized and tested. 
These include (1) dissociated differentiated retinal cells, (2) intact retinal sheets, (3) 
retinal progenitor cells, (4) neural progenitors derived from the CNS, (5) pluripotent 
stem cells, and (6) cells derived from CMZ and ciliary epithelium. The earliest pub-
lished work on rodent retinal transplantation involved transplanting embryonic rat 
eyes into the brains and skin of newborn rats (Tansley  1946 ). Upon transplantation 
in skin pockets, only mesenchyme survived while the retina matured well in case of 
brain transplantations. Subsequently, a number of other intracranial transplantation 
studies were carried out by Ray Lund’s lab, to look at axon pathfi nding. They 
showed that the axons of the transplanted cells can make contacts along the visual 
pathway and develop light responses (Lund and Hankin  1995 ; McLoon et al.  1981 ; 
McLoon and Lund  1980 ). The rats could also use functional visual cue from the 
graft site in various behavioral assays (Coffey et al.  1989 ; Klassen and Lund  1990 ). 
This early work showed that the mature nervous system is still plastic enough to 
accept new connectivity and information for functional tasks.  

15.5     Transplantation of Retinal Cells 

 More recent work has concentrated on replacement of cells within the retina. There 
are two routes that could potentially be used to replace cells: (a) injection into the 
vitreal cavity close to the ganglion cell side and (b) injection into the subretinal 
space, potential space between the photoreceptors and overlying RPE cells. 
Integration following intravitreal transplantation has been limited due to inadequate 
migration of the transplanted cells into the retina probably due to tight junctions 
between astrocytes or end feet of Müller glia (Takahashi et al.  1998 ). Cell migration 
into the photoreceptor layer is more effective in normal adult retina if a subretinal 
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approach is used (Lu et al.  2002 ; MacLaren et al.  2006 ). Developing retinal cells 
have been transplanted as intact retinal sheets (Seiler and Aramant  1998 ), retinal 
aggregates, or retinal spheres (del Cerro et al.  1991 ; Kwan et al.  1999 ) or as dissoci-
ated cell suspensions (MacLaren et al.  2006 ; Chacko et al.  2000 ; Qiu et al.  2005 ; 
Barber et al.  2013 ; Lakowski et al.  2011 ). Although retinal sheets and spheres sur-
vive and differentiate well in the subretinal space, the cells seem to self-aggregate 
into rosette and do not migrate much into the host retina from the graft site. However, 
enzymatically dissociating the developing retinas and transplanting cell suspen-
sions results in better integration of the transplanted cells (Qiu et al.  2005 ). 

 The best demonstration of photoreceptor integration in a rodent retina was by 
MacLaren et al. (MacLaren et al.  2006 ); the authors dissociated retinal cells from a 
GFP-expressing transgenic mice wherein all the rod photoreceptors are green into 
the subretinal space of wild-type mice of different ages. They found that GFP- 
expressing cells migrating into the photoreceptor layer developed the morphology 
of mature photoreceptors. The cells upon integration elaborated outer segments and 
made synaptic connections with the host bipolar cells. The transplanted cells 
expressed markers of mature rod photoreceptors including rhodopsin. In the study, 
they compared integration from different donor ages varying from embryonic mice 
to adult mice. Interestingly, they found that the most successful integration was 
from newborn rod photoreceptors obtained from mice in the fi rst postnatal week. 
Surprisingly, the most immature donor cells, from embryonic stages, were not 
effective for transplantation. These cells survived and matured but formed rosettes 
instead of integrating. A recent study from Tom Reh’s lab showed that adult mice 
can integrate just as well if their survival can be improved (Gust and Reh  2011 ). 
They found that the reason or poor integration was cell death due to the stress of 
dissociation and transplantation. Robin Ali’s group recently published a report com-
paring integration in various models of retinal degeneration ranging from slow to 
rapid degeneration (Barber et al.  2013 ). They found that a number of factors can 
infl uence integration effi ciency including integrative of the outer limiting mem-
brane of the retina formed by tight junction between glia, the gliotic status of the 
host retina, as well as speed of degeneration. Using approaches to alter the outer 
limiting membrane integrity just as ZO-1 siRNA or chondroitinase ABC can help 
enhance integration.  

15.6     Transplantation of Non-retinal Cells 

 As discussed in the previous section, neurospheres can be generated from adult 
CMZ and ciliary epithelium of mammals (Ahmad et al.  2000 ; Asami et al.  2007 ; 
Coles et al.  2004 ; Kohno et al.  2006 ; MacNeil et al.  2007 ; Sun et al.  2006 ; Tropepe 
et al.  2000 ). In order to assess if these cells can be coaxed to differentiate into 
mature photoreceptor cells, Coles et al. transplanted ciliary-derived spheres into 
newborn mice by injecting them into the vitreal cavity of a newborn mouse and 
analyzing 4 weeks later (Coles et al.  2004 ). The authors saw migration of the 
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transplanted cells to the retina and some integration into the photoreceptor layer 
as well as RPE. On account of the limited integration, the group recently tried to 
enhance integration and maturation by overexpressing two critical photoreceptor 
and RPE genes,  OTX2  and  CRX , while at the same time inhibiting  CHX10 , a pro-
genitor gene (Inoue et al.  2010 ). They reported improved morphological integra-
tion with some functional improvement on behavioral and electrophysiological 
assays. A few groups have looked at neural progenitors as a source of replacement 
neurons (Takahashi et al.  1998 ; Young et al.  2000 ). These progenitors are obtained 
from the dentate gyrus of the hippocampus, a site of active neurogenesis even in 
adult mice. Hippocampal-derived neural progenitors exhibit a high degree of 
migration into all layers of the retina, following intravitreal injection in either 
newborn mice or adult mice with retinal degeneration or ischemia (Grozdanic 
et al.  2006 ; Guo et al.  2003 ; Akita et al.  2002 ; Kurimoto et al.  2001 ). Despite their 
hippocampal origin, they develop morphologies highly reminiscent of several 
types of retinal neurons; however, they did not show an ability to differentiate into 
mature photoreceptors.  

15.7     Transplantation of Pluripotent Stem Cell-Derived 
Retinal Cells 

 Pluripotent stem cells are most commonly known as cells with “blank slates,” 
having the potential to differentiate into any cell in the developed body. Currently 
under scientifi c investigation are two main groups of pluripotent cells: embry-
onic stem cells (ESCs) and induced pluripotent stem cells (iPSCs). ESCs are 
derived from the inner cell mass of a developing embryo at the blastocyst stage 
of development (Thomson et al.  1998 ), while iPSCs are pluripotent cells gener-
ated in vitro by the insertion and subsequent expression of a group of transcrip-
tion factors: OCT4, KLF4, SOX2, c-MYC, LIN28, and NANOG (Fig.  15.4 ) 
(Takahashi et al.  2007 ; Takahashi and Yamanaka  2006 ; Yu et al.  2007 ). By virtue 
of pluripotency, these cells have the capacity to form the endoderm, mesoderm, 
and ectoderm germ layers seen in early development. Additionally, when grown 
under specifi c differentiation factors that help mimic the cellular environment of 
specifi c parts of the embryo, pluripotent cells can be urged to develop into spe-
cifi c cell fates that are seen in the developed body. Such a process that can be 
studied in vitro presents immense potential of investigating developmental biol-
ogy, drug/toxicology studies, disease modeling, and aging, among other fi elds of 
study. Building on the knowledge of the network of eye-fi eld transcription fac-
tors in the development of the vertebrate eye (Bharti et al.  2012 ; Zuber et al. 
 2003 ), scientists have been able to develop protocols with which retinal cells can 
be derived from pluripotent cells in vitro (Lamba et al.  2006 ,  2009a ; Meyer et al. 
 2009 ; Osakada et al.  2008 ,  2009 ; Phillips et al.  2012 ; Hambright et al.  2012 ). 
This knowledge may play a further role in the development of practical and safe 
cell replacement treatments for retinal degenerative disorders.  
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 To date, multiple groups have developed protocols with which retinal cell types 
may be obtained in vitro. The process of the in vitro differentiation that is generally 
under investigation by many groups is that which mimics the developmental biol-
ogy of the developing optic vesicle in vivo. This process involves the generation of 
neural rosette structures in the presence of a retinal induction medium. Pax6 and Rx 
co-expressing cells indicate the presence of neural retina and RPE progenitor cells 
(Lamba et al.  2006 ; Ikeda et al.  2005 ; Tucker et al.  2013 ). The derivation of these 
cells from pluripotent stem cells relies on the inhibition of Wnt/B-catenin signaling 
and TGFβ/BMP signaling, which is accomplished through the treatment of pluripo-
tent cells with Dickkopf-1 (DKK-1) and Noggin (Lamba et al.  2006 ) or Lefty-A 
(Ikeda et al.  2005 ). Richard-Parpaillon and colleagues have also found in 2002 that 
the overexpression of insulin-like growth factor 1 in  Xenopus  embryos induces the 
ectopic formation of eyes, indicating that the IGF pathway is also required for eye 
formation (Richard-Parpaillon et al.  2002 ). Currently, the use of small molecules is 
under investigation in order to potentially replace the use of recombinant protein 
factors. Such molecules would promise to be more fi nancially favorable to synthe-
size than recombinant protein factors and easier to handle since small molecules do 
not easily degrade as proteins do. Others use a nonspecifi c neural induction media 
followed by sorting a subpopulation of cells with optic characteristics (Meyer et al. 
 2009 ; Sridhar et al.  2013 ; Zhu et al.  2013 ). Alternatively, small molecules affecting 
the pathways are also being used to infl uence retinal differentiation of pluripotent 
stem cells (Osakada et al.  2009 ). Molecules such as LDN-193189 and K02288 have 
been identifi ed as functional analogues of Dorsomorphin, specifi c inhibitors of 

  Fig. 15.4    Induced pluripotent stem cell uses for retinal degenerations. The schematic shows the 
process involved in the use of patient-derived pluripotent stem cells and their potential for either 
replacement therapy or drug screening       
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BMP (Sanvitale et al.  2013 ). Additionally, IWR1 molecules have been shown to 
effectively suppress Wnt signaling (Chen et al.  2009 ). Whether or not these small 
molecules would effectively lead to the effi cient generation of retinal progenitors 
from pluripotent stem cells has yet to be published. Whether or not there are specifi c 
functions that are done by protein factors that are not done by their protein ana-
logues would also be interesting to investigate. 

 The transplantation of pluripotent stem cell-derived retinal cells has also seen 
signifi cant advances through continuous investigation, reinforcing the utility of the 
biotechnology. In 2009, Lamba and colleagues showed that the transplantation of 
human embryonic stem cell-derived retinal progenitors into  Crx−/−  mice, an ani-
mal model for Leber’s congenital amaurosis, led to the restoration of light sensitiv-
ity in these mice. Upon functional analysis 3–4 weeks posttransplantation in adult 
mice using an electroretinogram, the transplanted eyes responded to light stimula-
tion. Furthermore, upon histological analysis, the group observed successful inte-
gration and expression of differentiated photoreceptor markers, such as rhodopsin, 
and synaptic markers like synaptophysin (Lamba et al.  2009b ). Another group, 
Tucker and colleagues, found similar results in 2011, using a mouse iPS cell line. In 
this investigation, the group obtained mouse dermal fi broblasts in which the 
Yamanaka factors were overexpressed using retroviral vectors (Tucker et al.  2011 ). 
Then, they induced the differentiation of these iPSCs with DKK1, noggin, fi broblast 
growth factor (FGF), and IGF-1 until Pax6 was successfully expressed. These cells 
were then transplanted into severe combined immunodefi cient (SCID) mice by sub-
retinal injection. Posttransplantation analyses included electroretinographical 
assays and functional anatomical analysis by immunohistochemistry, which showed 
successful integration of Pax6 cells in the outer nuclear layer, increased retinal func-
tion, and functional anatomy. A recent study looked at the need for immunosuppres-
sion for long-term integration of human embryonic stem cell-derived retinal cells in 
mouse retinas (Hambright et al.  2012 ). They observed that immunosuppression may 
not be required in mice for long-term survival in the subretinal space as long as the 
tissue is healthy and intact. They however did not observe much photoreceptor inte-
gration. In mice where the blood–brain barrier was damaged during the surgery, the 
transplanted cells were lost to rejection. An in vivo disease environment, which may 
not have a well-preserved blood–brain barrier, will likely leak following transplan-
tation surgery and in such cases may need immunosuppression. 

 In order to infl uence RPE differentiation of pluripotent stem cells, further knowl-
edge of the developmental biology of the eye has come in handy. Once the expres-
sion of Pax6 has been achieved through the antagonism of BMP and Wnt signaling, 
such progenitors may proceed to develop into cells found in the neural retina, con-
sisting of rod and cone photoreceptors, or the RPE layer. In order to obtain RPE 
cells from this point, transcription factors, particularly MITF, are required to further 
direct differentiation (Bharti et al.  2012 ). Multiple groups have found that inducing 
the expression of MITF can be achieved by the induction of Wnt signaling after the 
induction of Pax6 expression through the use of the small molecule CHIR99021 
(Bharti et al.  2012 ; Nakano et al.  2012 ). Others such as Buchholz and colleagues 
propose that activin signaling coupled with FGF inhibition is another avenue for 
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consideration in the way of directed RPE fate induction (Buchholz et al.  2013 ). The 
same group has used nicotinamide, which acts as a poly(ADP-ribose) polymerase 
(PARP) inhibitor, enhancing the generation of RPE when used with activin A and 
FGF inhibitor SU5402. With their methods, the derivation of RPEs from human 
pluripotent stem cells can be accomplished with 80 % effi ciency, with the observa-
tion of the cobblestone-like morphology being seen within two weeks. Idelson and 
colleagues, on the other hand, have proposed that the derivation of RPEs from 
human pluripotent stem cells can be accomplished through treatment solely with 
activin A and nicotinamide after 4 weeks, at which point pigmented clusters can be 
seen in culture (Idelson et al.  2009 ). These pigmented clusters may then be manu-
ally extracted and transferred to a separate culture vessel for expansion and analysis. 
However, in terms of its practical use for patient transplantation, such a process may 
be relatively more ineffi cient, more time-consuming, and more labor-intensive than 
directed derivation of a specifi ed population. 

 In cases of retinal degenerative disorders where the primary defect lies in the 
RPE layer including macular degeneration and Best’s disease, replacement of the 
RPE cells prior to photoreceptor could obviate the need for direct neural retinal 
repair. Toward this end, a number of groups have developed methods to derive RPE 
cells from human embryonic stem cells (Idelson et al.  2009 ; Lund et al.  2006 ; 
Vugler et al.  2008 ; Haruta et al.  2004 ). Haruta et al. ( 2004 ) found that RPE cells, 
easily identifi ed by their pigmentation, spontaneously developed in monkey embry-
onic stem cell cultures when exposed to the PA6 stromal cell line. The cells survived 
transplantation to the subretinal space of a rat model of retinal degeneration and 
even improved visually mediated behaviors. Similar results were obtained by the 
groups of Lund and Lanza (Lund et al.  2006 ) with human embryonic stem cell- 
derived RPE cells; the RPE cells derived from human embryonic stem cells were 
from as many as 18 different lines. A recent study also looked at long-term survival 
of the human ES cell-derived RPE cells in RCS rats (Lu et al.  2009 ) and reported 
survival in the subretinal space for over 200 days. These promising animal results 
have led to one of the fi rst clinical trials of human embryonic stem cell products by 
Advanced Cell Technology for age-related macular degeneration and Stargardt’s 
disease. The company reported the initial fi ndings in these patients 4 months after 
the subretinal injection. There was evidence of some survival of the transplanted 
human embryonic stem cell-derived RPE cells and absence of any untoward effects 
or immunorejection 4 months after transplantation in some patients (Schwartz et al. 
 2012 ). The trial is currently approved in the USA as well as Europe. The use of 
biodegradable and biocompatible nanofi brous scaffolds is also being considered by 
researchers. The idea here is to generate polarized RPE cells on substrates, which 
can then be transplanted as a sheet instead of using a cell suspension. This will allow 
circumventing issues such as integration and cell attachment on an old and degen-
erating Bruch’s membrane. A recent report looking at attachment of human embry-
onic stem cell-derived RPE on aged basement membrane in vitro from autopsy 
samples showed poor resurfacing and function (Sugino et al.  2011 ) upon coculture 
on Bruch’s membrane. Semipermeable parylene membranes have been tested to be 
biocompatible with RPE cells (Lu et al.  2012 ). This group then went on to show that 
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a parylene–RPE coculture sheet can be injected into the subretinal space of rats with 
survival ranging from a week to a year posttransplantation (Hu et al.  2012 ; Diniz 
et al.  2013 ). The group is currently seeking approval for a phase 1 clinical trial.  

15.8     Conclusion and Future Directions 

 Age-related degenerations in the retina are an increasing health-care problem in the 
USA and worldwide. There are no effective forms of treatment for most of these 
degenerations. The fi eld of regenerative medicine has a lot of hope and at the same 
time a number of challenges to overcome before it is widely applicable. Regeneration 
of the vertebrate retina is being increasingly studied as a potential mechanism of 
repair esp. since lower animals are some adept at it. Potential of Müller glia to reen-
ter the stem cell state and regenerate lost cells will likely be the solution, and recent 
work on transdifferentiation in vitro using a single transcription factor, ASCL1, is 
very encouraging. Additional genes may, however, be needed to regenerate all the 
cells in vitro. If successful, the challenge will be on delivery of the genes in vivo. 
Viral vectors including AAVs and replication-incompetent lentiviruses may be 
used. A nonviral gene delivery system will be ideal to reduce risks and potential 
spill out. Reprogramming requires a number of epigenetic changes and stabilizing 
these will also be critical to maintenance of the newly regenerated cells and pheno-
type. Finally, small molecules, which have similar effects to the reprogramming 
genes, as well as small molecule epigenetic modifi ers might be alternate tools to 
induce reprogramming to regenerate retinal neurons. 

 Cell replacement therapy as an option to restore vision has been the holy grail. 
A number of early clinical trials have tested the concept using fetal retinal cells in either 
small aggregates or sheets in patients with macular degeneration or retinitis pigmen-
tosa. The potential of pluripotent stem cells to be able to generate millions or billions 
of these cells in vitro is tremendous. However, there are still a number of issues to be 
worked out. Immunogenicity and rejection still is a big possibility especially when 
transplanting in a disease environment. A number of groups are looking into the poten-
tial of generating HLA-matched banks of stem cells. Another alternative is the induced 
pluripotent stem cells from either patient itself or a matched donor. Induced pluripotent 
stem cells also have their own drawbacks including epigenetic memory and need to use 
oncogenes for their generation as well as the regulatory issues that may arise in the 
entire process not to mention the exorbitant costs that may be involved in generation 
and characterization of these cells prior to any retinal induction. Finally, diseases where 
both RPE and photoreceptors are affected require a combined cell therapy approach, 
and research into the best approach in terms of replacing these cells is very limited. 
However, in spite of the challenges that lay on the road to clinical trials, studies involv-
ing the use of stem cells in the treatment of retinal degenerative disorders continue to 
grow. Increases in the understanding of underlying pathological mechanisms will allow 
researchers avenues in which the optimization of retinal cell derivation in clinically 
compatible methods, the creation of more comprehensive model systems, and the 
development of new platforms for cell replacement therapy can be achieved.     
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  16      Closing the Circle: Stem Cell 
Rejuvenation and Longevity 

             Maria     Carolina     Florian      and     Hartmut     Geiger    

    Abstract  
  Many organs with high cell turnover (e.g., intestine and blood as well as the germ 
line) are composed of short-lived cells that require continuous replenishment by 
stem cells (Potten and Morris J Cell Sci Suppl 10:45–62, 1988; Morrison et al. 
Annu Rev Cell Dev Biol 11: 35–71, 1995; Fuchs et al. Cell 100(1):143–155, 
2000; Tani et al. Proc Natl Acad Sci U S A 97(20):10960–10965, 2000; 
Stappenbeck et al. Proc Natl Acad Sci U S A 100(3):1004–1009, 2003). Aging 
results in the inability of these tissues to maintain homeostasis. A number of 
theories have been proposed regarding the cellular and molecular mechanisms 
regulating aging, and genetic, behavioral, and environmental factors may all be 
involved. Declines in the functional capacity of both somatic organ cells but also 
adult stem cells impair tissue maintenance and regeneration during aging, which 
may limit lifespan and thus longevity. Tissues that depend on stem cell activity 
for long-term tissues maintenance of course will be most vulnerable to stem cell 
aging. High incidences of anemia, impaired wound healing, and intestinal dys-
function in geriatric patients indicate that such alteration can affect the health 
status of aging humans (de Craen et al. BMJ 327(7407):131–132, 2003). In addi-
tion, an age-dependent impairment of stem cell function and a reduction in 
regenerative capacity can limit stress reactions in response to diseases. Along 

mailto:carolina.florian@uni-ulm.de
mailto:hartmut.geiger@uni-ulm.de
mailto:hartmut.geiger@cchmc.org


344

these lines, “old age” represents a major risk factor for the evolution of, for 
example, liver cirrhosis as a consequence of chronic hepatitis (Poynard et al. 
J Hepatol 38(3):257–265, 2003) or various forms of leukemia. Vas et al. PLoS 
One 7(8):e42080, 2012). 

 Stem cells are defi ned by their long-term self-renewal as well as multi-lineage 
differentiation ability, which a priori should lead to “immortal stem cells.” 
Consequently, stem cells were initially thought to be endowed with unlimited 
self-renewal capacity and thus exempt from aging. However, as it has also been 
reported in this book, a measurable and successive age-dependent decline in 
stem cell activity from adulthood to old age exists, ranging from yeast to worms 
to fl ies to mice and human beings and include prominent stem cell populations 
like germ line stem cells, hematopoietic, intestinal, skin, retinoid, and muscle 
stem cells. Aging of stem cell thus (1) exists and (2) clearly contributes to tissue 
aging and (3) limits by this means healthy aging.  

16.1         Stem Cell Rejuvenation: Mechanistic Prerequisites 

 The identifi cation of mechanisms under which aged stem cells become functionally 
similar to young stem cells is an important step toward devising clinical treatments 
of aging-associated imbalance in tissue homeostasis. Attenuating or even reverting 
stem cell aging might improve tissue regeneration, lead to healthy aging, and might 
even contribute to longevity. One central prerequisite to achieve that aims though is 
that the unwanted or causal changes and also the damage that is associated with 
aging of stem cells are actually reversible or upon their halt or reversion do not fur-
ther contribute to stem cell aging. While this is obviously a very basic and logical 
requirement, if translated into biology and mechanisms, things are getting a little 
more complicated. In general tough, the observation that cellular differentiation is 
reversible, which was awarded the Nobel Prize in medicine in 2012, proved that 
stem cell specifi cation and changes in cells over time are in general not associated 
with irreversible modifi cations. So, it will be worthwhile to further explore whether, 
in contrast to what is frequently suggested, aging of stem cells can also be attenu-
ated or reversed. 

 Mechanisms of aging have been presented in this book so far on a large variety of 
organisms and types of stem cells. Such mechanisms of stem cell aging include, but 
are not restricted to, altered cellular communication; genome and telomere instabil-
ity; epigenetic alterations; changes in proteostasis; altered nutrient sensing; reactive 
oxygen species as well as mitochondrial dysfunction, primarily due to mutations in 
the mitochondrial genome; and, especially important to stem cells, aging of the stem 
cell niche (Rando  2006 ). They have been referred to as hallmarks of aging (Lopez-
Otin et al.  2013 ). In general, mechanisms that are irreversible like DNA damage, 
genomic instability, as well as mitochondrial mutations, which might be able to drive 
premature aging of stem cells (Rossi et al.  2007 ; Norddahl et al.  2011 ; Beerman et al. 
 2014 ), will not fulfi ll this critical requirement of reversibility. Reactive oxygen spe-
cies might fall here somewhat into the middle, as they list as aging inducers via 
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conferring DNA damage, for example, in skin and for mesenchymal stem cells 
(Andrade et al.  2012 ; Borodkina et al.  2014 ), while at the same time they might also 
play a more general role in signaling as well as for protein damage (Ray et al.  2012 ). 

 Genetically, data derived from studies ranging from yeast,  C. elegans ,  D. mela-
nogaster , and the mouse have shown that alterations in specifi c signaling pathways 
can limit stem cell function and induce aging. This in itself is a remarkable fi nding, 
as it implies that there are evolutionary shared mechanisms of stem cell aging, so 
that not each individual types of stem cell in a distinct organism ages at its own pace 
and mechanism. Specifi cally, alterations in developmental pathways – e. g., Wnt 
signaling (Brack et al.  2007 ; Liu et al.  2007 ; Takashima et al.  2008 ; Florian et al. 
 2013 ) or Notch signaling (Ohlstein and Spradling  2006 ; Biteau et al.  2008 ; Florian 
et al.  2013 ) – have been associated with decreasing stem cell function during aging. 
Furthermore, Wnt signaling has been linked to Klotho, a factor that is involved in 
the suppression of various aging phenotypes (Liu et al.  2007 ). Activation of Notch 
signaling initiates specifi c changes in the chromatin-modifying gene regulatory 
complexes, stem cell maintenance, and cell cycle progression (Campbell et al.  2008 ; 
Salat et al.  2008 ). In muscle precursor cells, activity of the Notch signaling pathway 
seems to be critical for regeneration (Conboy et al.  2003 ). In addition, a functional 
role of p21 has been established in activating a forward loop stabilizing senescence 
cell cycle arrest (Passos et al.  2010 ). An upregulation of the p16 Ink4a  cell cycle inhib-
itor has also been reported in aging organs, including human skin, and has been 
associated with reduced self-renewal of organ stem cells (Janzen et al.  2006 ; Ressler 
et al.  2006 ), while the NF-kB pathway has been shown to be closely related to 
infl ammation and aging (Donato et al.  2008 ). 

 Another signaling cascade that has a major role in control of longevity is the 
insulin signaling pathway (Dillin et al.  2002 ; Bartke  2008 ), together with its sibling 
and hallmark of aging, metabolic regulation of (stem) cell function, as has been 
demonstrated, for example, in the  D. melanogaster  intestinal stem cell model sys-
tem (Biteau et al.  2010 ; Guo et al.  2014 ). There is emerging evidence that these 
pathways are also affected by DNA damage (Niedernhofer et al.  2006 ; Mueller 
et al.  2014 ) and might be connected to the immune system (Guo et al.  2014 ) and that 
they control maintenance of pluripotency of stem cells (Bendall et al.  2007 ). 

 Changes in proteostasis (which refers to the control of the biogenesis, folding, 
traffi cking, and degradation of proteins) and autophagy (elimination of proteins 
from a cell) have been also associated with aging, with the underlying paradigm that 
an accumulation of nonfunctional proteins over time in a cell will result in senes-
cence or aging. Defects in proteostasis have been linked to diseases that are usually 
age associated like cardiovascular and neurodegenerative disorders (Warr et al. 
 2013 ; Brehme et al.  2014 ; Zaglia et al.  2014 ). Changes in proteostasis and autoph-
agy with aging in stem cells though have been not investigated in great detail, with 
human ES cells, intestinal as well as hematopoietic stem cells being the current 
focus of investigation (Vilchez et al.  2014 ). 

 To further link all these cellular and genetic pathways to age-associated clinical 
phenotypes, it will be crucial to clearly assess elderly patients with up-to-date geri-
atric assessment technology to avoid mixing different variables, such as disability, 
frailty, and comorbidity (Fontana et al.  2014 ). 
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 These data in aggregation indicate that in general cell extrinsic as well as stem cell-
intrinsic mechanisms can contribute to age-related decline in stem cell function and 
that most listed hallmarks and their underlying molecular pathways might contribute 
in one or the other way to stem cell aging. The causes leading to molecular alterations 
in aging stem cells and in the stem cell environment are not completely understood. 
Yet the questions of which hallmarks of stem cell aging and of which cellular pheno-
types are causally affected by which of these primarily genetically tested molecular 
pathways is still not know in detail, ultimately rendering the search for rational and 
targeted interventions to achieve attenuation of stem cell aging or even better rejuve-
nation very diffi cult. Again, as mentioned before, one central prerequisite to achieve 
stem cell rejuvenation is that the unwanted changes associated with aging of stem 
cells are actually reversible or not causally involved in maintaining the aged status.  

16.2     Rejuvenation or Attenuation of Stem Cell Aging 

 The underlying causes leading to molecular alterations in aging stem cells and in the 
stem cell environment are not completely understood and most likely a combination 
of factors contribute to stem cell aging, as discussed so far in the different chapters 
of this book. Nevertheless, as already stated, the number of these distinct factors or 
pathways seems to be not open-ended but rather limited in number. Amelioration 
and rejuvenation of stem cells are usually addressed in mammalian systems, due to 
the translational aspects of this kind of question and the somewhat delayed attention 
that aging of somatic stem cells attracted in other model organisms. It has been 
reported that aged muscle stem (“satellite”) cells, in which the aged phenotype is a 
response to Wnt signaling, can be activated to differentiate and regenerate muscle in 
aged animals as effi ciently as young muscle stem cells – either by forced activation 
of Notch or by factors in serum from young animals supplied by parabiosis (Conboy 
et al.  2003 ,  2005 ; Brack et al.  2007 ; Liu et al.  2007 ). In old mice, exposure to a 
young systemic environment increases activation of the Notch pathway improving 
satellite cell function and muscle regeneration (Conboy et al.  2003 ,  2005 ). 
Interestingly, parabiosis also increased the dendritic spine density of mature neu-
rons and improved synaptic plasticity in the hippocampus of aged heterochronic 
parabionts. At the cognitive level, systemic administration of young blood plasma 
into aged mice improved age-related cognitive impairments in both contextual fear 
conditioning and spatial learning and memory (Villeda et al.  2014 ). Especially 
growth and differentiation factor 11 (GDF11), a member of the TGF-beta superfam-
ily of cytokines, recently draw a lot of attention with respect to parabiosis as one of 
the factors found in the blood from young mice and reduced upon aging that when 
given to aged animals reverted both age-related cardiac hypertrophy as well as age- 
related dysfunction of mouse skeletal muscle. At least in the case of reverting aging- 
associated function of skeletal muscle, it was shown that GDF11 results, among 
others, in functional improvement of satellite cells and reduced markers associated 
with replication fork stalling (Flach et al.  2014 ; Sinha et al.  2014 ). In addition in 
cardiac and skeletal muscle, GDF-11 was also found to enhance vascular remodel-
ing in the brain and by this means enhance neurogenesis in aged mice (Katsimpardi 
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et al.  2014 ). Parabiosis and GDF-11 though seem to act to a great extent on more 
differentiated cells, especially in the case of the neuronal and cardiac system, as for 
these tissues very active contribution of stem cells to tissue homeostasis has not 
been reported, and as a consequence, rejuvenation should be driven by differenti-
ated cells. The molecular mechanisms though of the action of GDF-11 are not 
known yet in detail. 

 It was further reported that deletion of components of the DNA damage check-
point (Exo1, p21) attenuated loss of stem cell function, organ maintenance, and 
lifespan of telomere dysfunctional mice without increasing the cancer risk in vivo 
(Choudhury et al.  2007 ; Schaetzlein et al.  2007 ), but pharmacological targeting of 
these checkpoints is currently diffi cult and would need to be further developed. 

 Caloric restriction (CR) has been shown to extend lifespan under certain circum-
stances in most model organisms, although recently the effect of CR in nonhuman 
primates has been more critically discussed. Effects of CR can be seen in multiple, 
also stem cell-based tissues; thus, it most likely also affects aging of somatic stem 
cells, especially given that the molecular pathways that are linked to CR, like IGF-1, 
insulin, mTOR, and leptin signaling, have been all shown to affect stem cell behavior 
(Mazzoccoli et al.  2014 ). Surprisingly though, analyses on whether CR actually 
attenuates or rejuvenates stem cell aging are still rare, and only recently it was 
reported to have rejuvenating effects on murine hematopoietic stem cells (Cheng 
et al.  2014 ). In  D. melanogaster , CR was found to attenuate the age-related decline 
in the function of the male germ line stem cell, which contributed to an extension of 
the reproductive period of fl ies when subjected to CR (Mair et al.  2010 ), while short-
term CR enhanced skeletal muscle stem cell function in mice (Cerletti et al.  2012 ). 

 In this context rapamycin (which targets the mTOR pathway) has also been listed 
as a drug to halt or even revert stem cell aging. In the light of the fi nding that 
rapamycin has been one of the few drugs that resulted so far in lifespan extension 
when given to “normal” mice (Harrison et al.  2009 ; Neff et al.  2013 ) and which 
effects are also already measured in yeast (Powers et al.  2006 ), rapamycin has been 
implied in attenuation or rejuvenation of aging of in two distinct types of stem cells 
(Blagosklonny  2010 ), while the function of rapamycin on stem cell in vivo in lon-
gevity studies has not been performed yet. To note, it is likely that side effects asso-
ciated with rapamycin treatment might preclude its translation into the clinic 
(Lamming et al.  2013 ). 

 In summary, these studies provide a “proof of principle” that reversion of molecu-
lar alterations in aging stem cells represents a promising therapeutic approach to 
improve organ maintenance and function during aging and that interventions targeting 
both the molecular and the cellular level might be successful and clinically relevant.  

16.3     The Paradigm: Rejuvenation of Hematopoietic 
Stem Cells (HSCs) 

 HSCs from young and aged mice differ in their function. Aging exerts a deleteri-
ous effect on HSCs self-renewal and differentiation ability, and HSC aging is 
driven by both intrinsic and extrinsic factors (Geiger and Van Zant  2002 ; Geiger 
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et al.  2005 ; Rossi et al.  2005 ; Rando  2006 ; Ju et al.  2007 ; Mayack et al.  2010 ). 
Aged HSCs show reduced self-renewal activity determined in serial transplant 
assays (Janzen et al.  2006 ). When aged HSCs are transplanted together with 
young HSCs into lethally irradiated young recipients, aged HSCs are on average 
twofold less effi cient in contributing to hematopoiesis compared to young HSCs 
(Morrison et al.  1996 ; Chen et al.  2000 ) and exhibit a twofold reduced ability to 
home to the bone marrow (BM) (Liang et al.  2005 ). Aging also affects the dif-
ferentiation potential of HSCs. Aged HSCs are defi cient in their ability to support 
erythropoiesis, and aged HSCs do not effi ciently generate B-lymphoid progeny at 
the expense of increased myeloid cell lineage output. Aged HSCs exhibit distinct 
whole genome expression signatures (Rossi et al.  2005 ; Chambers et al.  2007 ) and 
increased double-strand breaks as detected by increased levels of gammaH2AX 
staining, a surrogate marker for DNA double-strand breaks (Rossi et al.  2007 ). 
Our data show that aged HSCs are less effi cient in their ability to adhere to stroma 
cells and exhibit signifi cantly elevated cell protrusion activity in vivo, reducing 
the time for effective interaction with the microenvironment (Xing et al.  2006 ; 
Geiger et al.  2007 ; Kohler et al.  2009 ). Thus, a defi ned canonical set of features 
phenotypically separates young from aged HSCs. It might be for this reason that 
research to improve aging of hematopoietic stem cells has gained momentum, as 
based on these phenotypes the level of attenuation of stem cell aging can be quan-
tifi ed in more detail and determined in more standard experimental settings com-
pared to other stem cell systems. 

 While multiple cell-intrinsic mechanisms for aging of HSCs have been dis-
cussed and summarized extensively elsewhere (refer to reviews by several 
authors (Geiger et al.  2013 ) (Snoeck  2005 ; Kamminga and de Haan  2006 ; Geiger 
et al.  2007 ; Rossi et al.  2008 ; Waterstrat et al.  2008 ; Beerman et al.  2010 ; Wang 
et al.  2011 ), the causative molecular mechanisms of HSC aging remain still 
largely unclear. We have recently identifi ed a novel candidate mechanism of 
HSC aging the loss of stem cell polarity. This loss of polarity is induced by ele-
vated Cdc42 activity driven by stem cell-intrinsic elevated expression of Wnt5a 
upon aging (Florian et al.  2012 ,  2013 ) and affects both proteins within the cyto-
plasm like Cdc42 itself and tubulin but also epigenetic markers in the nucleus, 
for example, the polar distribution of the acetylated form of histone 4 on lysine 
16 (H4K14Ac). Cell polarity has been well characterized in epithelial cells (pla-
nar cell polarity) and neuronal stem cells, but not so far in HSCs. One intensely 
debated paradigm holds that asymmetric distribution of cellular components at 
HSC division and, subsequently, in the daughter cells determines their fate. Such 
an asymmetric distribution of cellular components has been shown by single-cell 
immunostaining (Beckmann et al.  2007 ; Rajendran et al.  2009 ) and in a fl uores-
cent Notch-activity indicator system (Wu et al.  2007 ). It is not clear though 
whether polarity directly determines the mode of division and/or cell fate. 
Supporting a determining role for polarity in stem cell aging is a recent study 
showing that a loss of proper polarity in aged  Drosophila  germ line stem cells 
correlates with their reduced functions (Cheng et al.  2008 ). Given the established 
role of the small Rho GTPase Cdc42 in HSC polarity and differentiation, we 
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postulate that Cdc42 may coordinate cell polarity and division symmetry in 
HSCs and that an altered mode of division contributes to stem cell aging. Most 
interestingly, pharmacological inhibition of the aging-associated increase in 
Cdc42 activity ex vivo resulted in rejuvenation of aged HSCs, as indicated by the 
reversal of almost all the phenotypic parameters associated with aged HSCs in 
transplantation experiments, including the level and position of H4K16 acetyla-
tion and cell polarity (Florian et al.  2012 ). The data thus support an important 
role for a correct cytosol and epigenetic polarity for stem cell function. Along the 
same line, genetic inhibition of the elevated levels of Wnt5a, a member of the 
non-canonical Wnt signaling network, in aged HSCs resulted, via reduced activ-
ity of Cdc42, in rejuvenation of aged HSCs and restored the youthful dependence 
on canonical Wnt signaling of HSCs (Florian et al.  2013 ). 

 Besides these approaches, attenuation of HSC aging has been achieved by life-
long caloric restriction in Balb/C inbred mice (Chen et al.  2003 ) or antioxidative 
therapy with NAC (Chen et al.  2009 ), which improved the self-renewal capacity 
of aged HSCs as tested in serial transplantation assays, thereby leading to partial 
or segmental HSC rejuvenation. Inhibition of mTOR activity, which has been 
reported to be elevated in HSCs from aged mice, both in vivo and ex vivo by 
rapamycin restored the self-renewal and hematopoiesis of HSCs, most likely via 
suppression of stem cell senescence, and enabled effective vaccination against a 
lethal challenge with infl uenza virus. These results imply that rapamycin, via inhi-
bition of mTOR, has the ability to rejuvenate aged HSCs (Chen et al.  2009 ; Luo 
et al.  2014 ). In this context an interesting fi nding is also that iPS cells generated 
from aged HSCs, when reintroduced into blastocyst, give rise to young HSCs, 
establishing that aging of HSCs might be fully reversible (Wahlestedt et al.  2013 ). 
Therefore, aged HSCs can be fully rejuvenated, and the causal mechanisms of 
HSC aging do not irreversibly alter HSCs. Very recently also proteostasis was 
identifi ed as a valid target to genetically rejuvenate aged HSCs. A regulatory 
branch of the mitochondrial unfolded protein response (UPR(mt)) is mediated by 
the interplay of SIRT7 and NRF1 and is coupled to cellular energy metabolism 
and proliferation. While SIRT7 expression was reduced in aged HSCs, SIRT7 
upregulation improved the regenerative capacity of aged HSCs defi ning the dereg-
ulation of a UPR(mt)-mediated metabolic checkpoint as a reversible contributing 
factor for HSC aging (Mohrin et al.  2015 ). Whether these pharmacological and 
genetic pathways of rejuvenation are interdependent, as one would assume, has to 
be further investigated. 

 In aggregation, these observations support the notion that attenuation or even 
rejuvenation of aging of HSCs can be achieved by genetic as well as pharmacologi-
cal targeting of cell-intrinsic mechanisms. Although such observations imply that 
reversal of the cell-intrinsic parameters of aging may be suffi cient to achieve reju-
venation, HSC extrinsic factors, such as circulating cytokine levels and niche- 
specifi c factors, should perhaps also be targeted, especially in the context of 
rejuvenation in vivo. Mechanisms of HSC rejuvenation might also serve as a blue-
print or template for testing similar rejuvenation interventions in other stem cell 
systems.  
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16.4     Rejuvenation of Stem Cells and Longevity 

 A key challenge in aging research is to confi rm that molecular mechanisms of aging 
in model organisms are relevant for human aging. Another obvious question stem-
ming from stem cell aging research is whether rejuvenation of stem cells will infl u-
ence longevity. So far, there are no reports published that unequivocally determine 
that aging of a distinct type of stem cells limits lifespan, with the exception of some 
work on intestinal stem cells in  D. melanogaster  (Wang et al.  2014 ). Lifespan is 
most likely not limited by aging of just one single type of stem cell, and multiple 
parameters could be involved in determining longevity of the whole organism. On 
the other hand, drugs like rapamycin, which have been able to extent lifespan in 
mammals under certain circumstances, seem to affect multiple stem cell systems at 
once. Thus, targeting a critical and common pathway of stem cell aging, if that 
exists, might indeed serve as our fountain of youth.     
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